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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Excluding most of the contribution made by biomass, which is defined as 
organic waste such as agricultural residues and urban refuse, and land-

and water-based plant material such as trees, grasses, and algae, the United 
States consumed about 78.2 quads (1 quad = 101 5 Btu) of primary energy 
in 1979. The contribution of each energy component was 37.1 quads for 
petroleum, 19.8 quads for natural gas, 15.2 quads for coal, 3.2 quads for 
hydroelectric power, 2.8 quads for nuclear electric power, and 0.1 quad for 
electric power production from wood and waste and geothermal sources. 
Few realize that the biomass contribution, in all its forms, for the produc
tion of heat, steam, electric power, and synfuels for 1979 was about 1.9 
quads, or a contribution of about 2.3% to the total primary energy con
sumption. Thus, biomass energy consumption is equivalent to about one 
million barrels of oil per day, so it is obviously a commercial reality now. 
Indeed, as the costs of fossil energy increase and the available supplies 
shrink, especially petroleum and natural gas, we will begin to return to a 
renewable source of fixed carbon in the form of biomass to assure a con
tinuous supply of organic liquid and gaseous fuels and chemicals. 

The concept of using biomass as a primary energy source is not new. 
Wood was a major source of primary energy and chemicals in the United 
States only a relatively few years ago. As late as 1880, over 50% of the 
U.S. energy demand was supplied by wood. After 1880, fossil fuels began 
to dominate as a primary energy supply and have continued to be our 
largest source of energy to the present time. 

In the 1970s, a major effort was launched in the United States to 
develop modern technology for the utilization of biomass energy. The 
symposium on biomass as a nonfossil fuel source, presented in Honolulu, 
Hawaii in April 1979 by the Division of Petroleum Chemistry at the 
American Chemical Society/Chemical Society of Japan Joint Chemical 
Congress, was devoted to this subject. Twelve basic and applied research 
papers were presented at this symposium on biomass energy. This book 
contains updated versions of ten of these papers and fifteen additional 
papers to balance the treatment of the subject. These are grouped into 
the categories of biomass production, liquid fuels, gaseous fuels, eco
nomics and energetics, and systems analysis. It will become apparent to 
the reader who is being introduced to the subject for the first time that 
there are many routes for the utilization of biomass energy and that many 
activities are underway to develop commercial processes and systems. 
Substitute natural gas in the form of methane from landfills, liquid alcohol 

ix 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
pr

00
1



fuels to replace gasoline, and direct biomass combustion for steam and 
electric power production are typical technologies now in use and under 
development. For the reader who already has been involved in biomass 
energy, many of the papers have extensive bibliographies that serve as a 
reference source. 

It should be emphasized that, though this book is edited and all the 
papers reviewed by independent referees, I have not attempted to convert 
an author's views with which I disagree to my own way of thinking. How
ever, these instances are in the minority. Universal agreement on a given 
biomass subject does not exist necessarily among those who have been in 
the field, mainly because some of the work has not yet progressed to the 
point where the ultimate answers are in hand. 

Finally, I would like to briefly state my personal opinions on the 
present and future prospects of biomass energy. It is not a panacea for 
all of our energy problems, but it will find a logical place in the commer
cial energy market Further, suitable biomass energy supplies, because of 
their generally dispersed nature, will be used initially in small-scale, 
localized applications. Large-scale central utility systems and synfuel plants 
supplied with biomass raw materials will be the exception rather than the 
rule in the 1980s and are not expected to reach commercial status to any 
significant extent until after 1990. Nevertheless, biomass will continue to 
contribute more to our energy and chemical needs as time passes. 

Because of the multitude of organic residues and plant species, and 
the many processing combinations that yield solid, liquid, and gaseous 
fuels, the selection of the best technology and raw materials for specific 
applications seems very difficult. Many factors must be examined in depth 
to choose and develop systems that are technically feasible, energetically 
and economically practical, and environmentally acceptable. These factors 
are particularly important for large-scale biomass energy farms where 
continuity and efficiency of operation and synfuel production are para
mount. The problem is not so intractable that it defies solution. But there 
are several major barriers to be overcome or at least reduced in size to 
facilitate commercial use of biomass energy technology on a scale that 
will satisfy a large portion of our energy demand. These barriers, none of 
which is insurmountable in my judgment, include such factors as excessive 
cost of biomass-derived synfuels, low or negative net energy production 
efficiencies for some systems, the problem of acquiring sufficient and 
suitable land for biomass production, conflicts with foodstuffs production, 
obtaining advance approvals and permits from state and federal agencies, 
and dependence on forgiven taxes and subsidies for economic success. 

At the present time, the commercialization of biomass energy is 
proceeding at the proverbial snail's pace. The excessive cost of synfuels 
from biomass in integrated growth, harvesting, and conversion systems, 
and from integrated waste collection and conversion systems, is the prime 
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reason for the low commercialization rate. Although synfuel production 
capacity (plant size) and financing conditions impact directly on synfuel 
costs, the estimated and actual manufacturing costs of most biomass-
derived synfuels are not presently competitive with fossil fuels. Examples 
are SNG from manure and natural gas, and ethanol from sugarcane for 
gasohol and gasoline. As the price of crude oil continues to increase, I 
expect the cost of fuels and chemicals from biomass will become com
petitive with conventional petroleum derivatives. 

At this time, the major factor influencing synfuel costs from biomass 
is biomass cost itself; conversion and other associated costs are often a 
smaller part of the total cost. Plant biomass production costs are affected 
most by independent inputs such as the costs of planting, fertilization, 
irrigation, and harvesting. An incremental increase in biomass yield often 
cannot be justified based on the additional cost of achieving this yield 
improvement. For organic wastes that are debited against conversion 
process cost, the delivered cost of the waste, which includes the costs of 
collection and transport, is sometimes too high to justify synfuel manufac
ture. Credits must be taken for the by-products and if they cannot be sold 
at certain minimum prices, the operation is not profitable. Finally, alterna
tive biomass uses such as those for materials of construction, foodstuffs, 
animal feeds, and soil conditioning that offer a higher profit margin than 
synfuel must be considered. The potential owners and operators of a 
biomass energy system cannot be expected to undertake a business venture 
to commercialize biomass energy if the profits are too small in comparison 
with other alternatives. Tax incentives and other forms of subsidy 
already have been suggested to reduce synfuel costs and thereby stimulate 
the investment of private capital. Whether or not this approach can be 
effective remains to be established. In any case, biomass costs should be 
reduced to help make commercial synfuel manufacture economically 
attractive on its own merits. 

I would like to express my appreciation to the Division of Petroleum 
Chemistry for sponsoring this somewhat "alien" symposium. (After all, 
biomass will displace a significant portion of petroleum if my projections 
are accurate.) I especially want to thank all of the speakers who somehow 
managed to be in Hawaii at the appointed time despite the airline travel 
problems prevalent during the symposium, and also all of the contributors 
of other articles that I requested to try to provide a more balanced treat
ment of biomass energy. The authors' individual efforts were indispensable 
in assembling a book of this type. 

Institute of Gas Technology DONALD L. KLASS 

Chicago, Illinois 

June 1980 
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1 
Industrial Development of Biomass Energy 
Sources 

GEORGE P. SCHAEFER 

Booz-Allen & Hamilton, Incorporated, 4330 East-West Highway, 
Bethesda, MD 20014 

A wide diversity of companies has entered into the development of biomass 
resources to solve non-energy and energy-related problems. These com
panies can be grouped as follows: 

• Companies currently utilizing or producing biomass or biomass-derived 
materials and products (e.g., paper, lumber, food, and distilled spirits) are 
attempting to recover and use greater amounts of the resources and by
-products available to them to reduce costs, develop new products, and 
produce energy. 

• Companies which have large amounts of wastes (e.g., animal manures) are 
developing new ways of reducing and disposing of the wastes, reducing 
operating costs, and producing energy. 

• Manufacturers and entrepreneurs are conducting research and develop
ment, production, and marketing of equipment to convert biomass 
feedstocks into energy. The goal of these activities, primarily, is to develop 
new products and processes which can be marketed to potential biomass 
users. 

• Utilities which have large demands for fuels on a continuing basis are sup
porting the development of new, renewable, supply sources to help satisfy 
this demand. 

0097-6156/81/0144-0003$05.00/0 
© 1981 American Chemical Society 
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4 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The compos i t i on of these compan ies and the i r mot iva t ions are impor tan t to 

gove rnmen t pol icy makers and compan ies cons ider ing ent ry in to the indus

t ry , for the mot iva t ions prov ide a f ramework w i t h w h i c h to evaluate a l terna

t ive opt ions. It is impor tan t to know, for example, tha t the deve lopment of 

energy f rom biomass is of secondary impor tance to many companies w h e n 

deve lop ing a new market ing plan or tax incent ive program. 

In recogni t ion of th is factor, the Off ice of Policy and Analys is w i t h i n the U.S. 

Depar tment of Energy (DOE) asked Booz. A l len & Hami l ton Inc. to assess the 

nature of industr ia l act iv i t ies in the ut i l izat ion of b iomass for energy. This 

assessment, per formed in the s u m m e r and fal l of 1979. focused upon iden

t i f y ing the s t ruc ture of the industry, the types of companies act ive in the 

indust ry , w h a t they are do ing , and w h a t the mot iva t ions are for these 

act iv i t ies. 

Init ial ly, an extensive l i terature research w a s per formed to determine the 

compan ies act ive ly pursu ing b iomass energy deve lopment , the issues cr i t ical 

t o the expansion of the industry , and market perspect ives w h i c h exist. Based 

upon the data co l lec ted. Booz. A l len in terv iewed 100 execut ives of c o m 

panies na t ionw ide to de termine the scope of pr ivate sector invo lvement in 

b iomass energy deve lopment . These companies , s h o w n in Figure 1. represent 

a cross sect ion of compan ies act ive in the deve lopment of energy f rom 

biomass and are representat ive of compan ies in the f ie ld. 

The in terv iews were per formed by two-person teams ut i l iz ing a standardized 

in terv iew fo rm developed by Booz. A l len and rev iewed by the cl ient. They 

were c o n d u c t e d on-si te and were considered conf ident ia l . The in terv iews 

focused upon the current and p lanned act iv i t ies of the companies in the 

deve lopment of energy f rom biomass, the mot iva t ions for thei r act iv i t ies, the 

f inancia l c o m m i t m e n t s w h i c h the companies were mak ing , and their market 

out look. 

The data co l lec ted indicate tha t pr ivate sector invo lvement in biomass 

energy deve lopment is extensive despi te industry 's percept ion tha t federal ly 

sponsored w o r k has had l i t t le impact . Ano the r key f ind ing was tha t govern

m e n t regulatory pol icies general ly had a greater ef fect upon industry than 

DOE and these pol icies o f ten cont rad ic ted DOE's posi t ion. 

I N D U S T R Y S T R U C T U R E 

There is no single biomass for the energy industry. Rather, many companies 

are act ive in ut i l iz ing a var iety of b iomass resources. In most cases, the pr in 

c ipal l ine of business of these companies is not b iomass deve lopment bu t 

agr icu l tura l p roduc t ion , w o o d products manu fac tu r ing , d is t i l l ing, and similar 
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1. SCHAEFER Biomass Energy Resources 5 

FOREST PRODUCTS COMPANIES 

B o i s e - C a s c a d e . G e o r g i a - P a c i f i c . S c o t t P a p e r 
Chamoion P a o e r . I n t e r n a t i o n a l P a p e r . U n i o n Camp 
C r o w n - Z c l l c r b a c h . I n t e r s t a t e P a p e r . W e y e r h a e u s e r 

AGRICULTURAL PRODUCTS COMPANIES 

. A n h e u s e r - B u s c h 

. A r c h e r - D a n i e l s - M i d l a n d 

. Brown & W i l l i a m s o n 

. C a j u n S u g a r C o o p e r a t i v e 

. C a s t l e and Cook 

. C. P. Brewer 

. D e k a l b A g R e s e a r c h 

Diamond-Sunsweet 
F i r s t C o l o n y Farms 
G r a i n P r o c e s s i n g 

C o r p o r a t i o n 
J a c k D a n i e l s 
K a D l a n I n d u s t r i e s 
K e l c o C o r p o r a t i o n 

. L a n d 0 ' L a k e s 

. N a t i o n a l D i s t i l l e r s 

. New L i f e Farm 

. P i o n e e r H i - B r e d 
I n t e r n a t i o n a l 

. P u b l i c k e r D i s t i l l e r s 

. S m i t h Bowman D i s t i l l e r s 

. Sunny Time F o o d s 

EQUIPMENT MANUFACTURERS 

. A m e r i c a n Can 

. A m e r i c a n F r y - F e e d e r 

. B i o - G a s o f C o l o r a d o 

. B i o - S o l a r R&D 

. C h r o m o l o y C o r p o r a t i o n 

. C o m b u s t i o n Power 

. E v a n s P r o d u c t s 

. F o r e s t F u e l s 

. G e n e r a l E l e c t r i c 

. H a l c y o n 

. H a m i l t o n - S t a n d a r d 

. J o h n s o n E n e r g y S y s t e m s 

. O n e i d a H e a t e r 

. P y r o S o l 

. R e x n a r d - E n v i r e x 

. Α. 0. S m i t h 

. A. E. S t a n l e y 

. T h e r m o n e t i c s 

. Vermont * 7ood E n e r g y 
C o r p o r a t i o n 

. W h e e l a b r a t o r C l e a n - f u e l s 

. Yukon I n d u s t r i e s 

E LECTRIC AND GAS U T I L I T I E S 

B o n n e v i l l e Power . P a c i f i c Gas & E l e c t r i c . San D i e g o Water and 
A d m i n i s t r a t i o n . S e a t t l e Power & L i a h t u t i l i t i e s D e p a r t -

B u r l i n g t o n E l e c t r i c . S o u t h e r n C a l i f o r n i a ment 
E u g e n e W a t e r and E l e c t r i c E d i s o n . S o u t h e r n C a l i f o r n i a 

B o a r d . U n i v e r s i t y o f O r e g o n Gas 
Lamar U t i l i t y B o a r d . N a t u r a l Gas P i o e l i n e . U n i t e d Gas P i o e l i n e 

PETROLEUM COMPANIES AND DISTRIBUTORS 

. A m e r i c a n O i l Company . G u l f O i l · M o b i l O i l 

. B o h l e r B r o t h e r s . MarCom I n d u s t r i e s . O c c i d e n t a l P e t r o l e u m 

. Fannon O i l . Mid-West S o l v e n t s 

RESEARCH & ENGINEERING 

. A r t h u r D. L i t t l e 

. CPR F o r e s t P r o d u c t s 

. E n e r g y R e s o u r c e s 
Company 

. G a r r e t t E n e r g y R&D 

. Gas R e s e a r c h I n s t i t u t e 

. IE A s s o c i a t e s 

I n s t i t u t e o f Gas 
T e c h n o l o g y 

I n t e r t e c h n o l o g y 
M a r e l c o , I n c . 
O a s i s 2000 
SRI I n t e r n a t i o n a l 
T o u c h e - R o s s 

WED E n t e r o r i s e s 
" r i g h t - M a l t a 
B e c h t e l 
Chemapac 
U l t r a s y s t e m s 

T R A D Γ ORGANIZATIONS 

. A l t e r n a t i v e A l c o h o l 
F u e l s I n s t i t u t e 

. D i s t i l l e d S p i r i t s 
C o u n c i l o f t h e U.S. 

. n a t i o n a l G a s o h o l 
Cornmi s s i on 

N o r t h w e s t P i n e 
A s s o c i a t i o n 

W e s t e r n Wood P r o d u c t s 
A s s o c i a t i o n 

Wood E n e r g y C o r p o r a 
t i o n 

Wood E n e r g y 
I n s t i t u t e 

Figure 1. Companies interviewed for the study 
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6 BIOMASS AS A NONFOSSIL FUEL SOURCE 

endeavors. In th is assessment, these companies were examined accord ing to 

the types of b iomass energy p roduc ts w h i c h they produce. Based upon the 

data and in format ion co l lected, the industry was d iv ided into four parts: 

• A lcoho l fuels 

• Thermal energy f rom w o o d 

• Thermal energy f rom agr icu l tura l wastes 

• Gaseous fuels. 

Each segment has a d i f ferent set of feedstocks, convers ion technologies, and 

products associated w i t h i t as s h o w n in Figure 2. 

A l c o h o l Fue ls 

The a lcohol fuels segment is receiv ing s ign i f icant a t ten t ion f rom the publ ic 

and pr ivate sectors at the present t ime. The use of b iomass resources — pr i 

mar i ly herbaceous crops, such as corn , w h e a t grain so rghum, and w o o d mi l l 

residues — is v iewed as a means for reduc ing our dependence on impor ted 

oil and for using excess crops. The key character is t ics of the compan ies 

act ive in th is segment are tha t they have: 

• Access to e thanol feedstocks 

• Access to ex is t ing gasol ine market ing systems 

• Experience in des ign ing and bu i ld ing fe rmenta t ion uni ts 

• A n interest in reduc ing dependence upon others for fuel . 

By ut i l iz ing s tandard fe rmenta t ion and dist i l la t ion processes, companies in 

th is sector are p roduc ing anhydrous ethanol . It can be b lended w i t h unleaded 

gasol ine to fo rm gasohol , w h i c h is cur rent ly marketed th roughou t the nat ion, 

a l though most sales are in the M idwes t . 

T h e r m a l E n e r g y F r o m W o o d 

More b iomass-der ived energy is p roduced f rom w o o d than any other source. 

The use of w o o d for thermal energy p roduc t ion is mot i va ted pr imar i ly by a 

desire t o reduce was te disposal p rob lems and oi l and gas usage. Companies 

act ive in th is sector general ly have: 

e Experience in handl ing b iomass materials and /o r sol id fuels 

• Access to w o o d and w o o d wastes 

• Experience in bu i ld ing and ut i l iz ing d i rect combus t ion uni ts 

• External suppor t for, or entrepreneur ia l interest in , deve lop ing part icular 

equ ipment . 
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8 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The d i rect combus t ion of w o o d to produce thermal energy, w h i c h can be 

used as process s team or heat, is the most f requent app l ica t ion in th is sector. 

Some research and deve lopment is being per formed in o ther areas, especial ly 

on the gasi f icat ion of w o o d . 

T h e r m a l E n e r g y F r o m A g r i c u l t u r a l Res idues 

The use of agr icu l tura l residues for thermal energy is very simi lar to the ther-

ma l -energy - f rom-wood segment . Companies act ive in th is segment have: 

• A need to dispose of agr icu l tura l process by -p roduc ts and access to a 

centra l ly located stock of residues or by-products 

• A need for low-cost process heat or s team 

• Experience in bu i ld ing or ut i l iz ing d i rect combus t ion systems. 

G a s e o u s Fue ls 

The deve lopment of gaseous fuels f rom biomass is the least developed of the 

b iomass indust ry sectors. Most ef forts in th is sector are exper imenta l and the 

commerc ia l use of gases f rom biomass is st i l l years away in the op in ion of 

indust ry execut ives. Companies act ive in th is area general ly have: 

• Access to a resource base — pr imar i ly manures — w h i c h present a dis

posal p rob lem 

• Experience w i t h cons t ruc t ing convers ion equ ipment , such as anaerobic 

d igesters 

• Need for gaseous fuels. 

The most w idespread approach to gasi f icat ion is the anaerobic d igest ion of 

manures and land-based aquat ic biomass. This convers ion process produces 

ei ther a med ium-B tu gas, w h i c h can be used on-si te, or in some cases, 

upgraded to a subst i tu te natural gas (SNG). 

The biomass indust ry is composed of g roups of compan ies act ive in the 

deve lopment of speci f ic p roduc ts or uses for biomass. The focus of thei r 

act iv i t ies is general ly not to develop processes or equ ipmen t w h i c h can be 

used in a w i d e range of appl icat ions. Rather, industry has focused its efforts 

on part icular appl icat ions sui ted to their c i rcumstances. The specif ic types of 

compan ies and their act iv i t ies are descr ibed in the fo l l ow ing sect ion. 
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1. SCHAEFER Biomass Energy Resources 9 

CORPORATE A C T I V I T I E S A N D O U T L O O K 

Corporate act iv i t ies in biomass inc lude a w i d e range of efforts related to 

meet ing a number of internal needs and problems w h i c h , in many cases, are 

not energy-re lated. In add i t ion , many companies are act ive in the develop

ment of new products and markets f rom biomass. W i t h i n the four industry 

segments descr ibed above, var ious types of act iv i t ies are being pursued in 

the deve lopment of biomass. 

A l c o h o l Fue ls 

A l t h o u g h the alcohol fuels segment is in its infancy, many companies are 

act ive in its deve lopment . A t the present t ime, there is no s igni f icant vert ical 

in tegrat ion in the industry. That is, f i rms are general ly act ive in only one of 

the three c o m p o n e n t areas descr ibed in Figure 2. 

Companies present ly engaged in the large-scale p roduc ton of ethanol 

general ly have access to a con t inu ing resource base w h i c h can be conver ted 

to ethanol . These companies are normal ly agriprocessors, food processors, 

and dist i l leries. A t the present t ime, one large agriprocessor, Archer-Danie ls-

M id land , is p roduc ing large quant i t ies of ethanol f rom by-products generated 

dur ing the p roduc t ion of corn sweetener. Many of the other companies act ive 

in th is segment are also explor ing al ternat ive means to produce ethanol f rom 

their feedstocks, wastes, or by-products by the addi t ion of new dist i l la t ion 

uni ts, as ind icated in Figure 3. These large-scale producers consider the 

m i n i m u m ef f ic ient size of an ethanol p lant to be 10 mi l l ion gal lons a year, 

based upon current costs for feedstocks, by-products and ethanol . In v i r tual ly 

every case, these act iv i t ies have been in i t iated w i t h i n the past t w o to three 

years and represent new operat ions for the companies in recogni t ion of the 

market oppor tun i t ies w h i c h are deve lop ing in alcohol fuels. 

Smal l - and medium-s ized farms are interested in the deve lopment of smal l -

scale ethanol p roduc t ion faci l i t ies (approximately 250,000 gal lons per year) 

as a means of deve lop ing addi t ional uses for their crops, and as a means to 

develop independence f rom oil suppl iers. Wh i l e , to date, there has been l i t t le 

cons t ruc t ion of on- fa rm uni ts, these farms represent a large potent ia l market 

if cur rent t rends cont inue. 

A th i rd g roup of companies in the alcohol fuels segment of the biomass 

industry are arch i tec t /eng ineer ing f i rms, fuel d is t r ibutors, and oil companies. 

These companies are a t temp t ing to bui ld upon their expert ise in const ruc

t ion , fuel hand l ing and retai l ing to develop new markets for thei r products . In 

most cases, gasohol d is t r ibutors are independent wholeselers and retailers. 
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10 BIOMASS AS A NONFOSSIL FUEL SOURCE 

WHO IS INVOLVED? 

AGRIPROCESSING 
FIRMS 

FOOD PROCESSING 
FIRMS 

WHAT ARE THEY DOING? 

• PRODUCE ETHANOL FROM 
BY-PRODUCT STREAMS OF 
WET CORN MILLING PLANTS 

• PRODUCE ETHANOL FROM 

WASTE STREAMS 

WHY ARE THEY DOING IT? 

• PRODUCE AND MARKET 
AN ADDITIONAL REVENUE 
GENERATING PRODUCT 

• PRODUCE AN ADDITIONAL 
REVENUE-GENERATING 
PRODUCT 

• ALLEVIATE WASTE-
HANDLING PROBLEMS 

DISTILLERIES 

ARCHITECTURE/ 
ENGINEERING 

FIRMS 

FUEL 
DISTRIBUTORS 

MAJOR OIL 

COMPANIES 

UTILIZE EXISTING PLANTS 
IN THE PRODUCTION OF 
ETHANOL 

• SELL TURN-KEY 
FACILITIES 

• BLEND AND DISTRIBUTE 

GASOHOL 

EXPERIMENTAL TEST 

MARKETING 

PRODUCE FEEDSTOCKS 
BUILD ON-FARM ETHANOL 
PLANTS (PREDOMINATELY 
SMALL FARMERS) 

POTENTIAL PROFITABLE 
UTILIZATION OF EXCESS 
CAPACITY 

• SALES EXPANSION 

• DEVELOP MARKET FOR 
POTENTIAL RENEWABLE 
LIQUID FUEL 

• PUBLIC RELATIONS 

PUBLIC RELATIONS 
KEEP UP-TO-DATE IN 
CASE INDUSTRY EXPANDS 
RAPIDLY 

SEE ETHANOL PRODUCTION AS 
AN ADDITIONAL MARKET FOR 
THEIR CROPS 
ENERGY SUPPLY SECURITY. 
INDEPENDENCE FROM UTIL
ITIES. "BIG OIL" (PRIMARILY 
SMALL FARMERS) 

Figure 3. Overview of motivations for entry into the alcohol fuel/gasohol segment 
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1. SCHAEFER Biomass Energy Resources 11 

a l though large oil companies, inc lud ing A m o c o , Exxon, and Gulf, are beg in

n ing to market gasohol. 

Industry execut ives ant ic ipate tha t the alcohol fuels business w i l l g row more 

rapidly in the next f ew years than other segments of the industry. Systems 

cur rent ly exist, or are expand ing , in many regions for co l lec t ing the resource, 

conver t ing it to e thanol , and t ranspor t ing and market ing it. In add i t ion , cur

rent government pol icies encourage the use of gasohol. T w o major barriers to 

alcohol fuels are uncer ta in ty regarding government pol icies, inc lud ing a 

prob lem recent ly addressed in part by President Carter, w h o proposed that 

tax exempt ions be extended to the year 2000 , and the lack of a pipel ine 

system to d is t r ibute large vo lumes of gasohol. 

T h e r m a l Energy F r o m W o o d 

The thermal energy f rom w o o d segment of the biomass industry is composed 

of a broad mix of companies tha t are domina ted by the forest products and 

pulp and paper industr ies. These companies are act ive in all the var ious c o m 

ponent areas of the industry f rom ownersh ip of the resource base to the use 

of w o o d for products and energy. Generally, the main th rus t of these c o m 

panies is to produce products f rom w o o d rather than thermal energy. Only 

smal l w o o d d is t r ibutors and hardware-or iented compaines are act ive in the 

deve lopment of energy f rom w o o d , as s h o w n in Figure 4. 

Forest resource companies are act ively pursu ing the deve lopment of w o o d 

resources for a number of appl icat ions — to increase the g r o w t h rate of 

w o o d , to improve the ef f ic iency of harvest ing and co l lec t ing w o o d , to 

develop more ef f ic ient combus t ion systems. The produc t ion of energy f rom 

was te w o o d is g r o w i n g , and close to 50 percent of the total energy require

ments of these companies is produced f rom biomass in the fo rm of heat, 

s team, and cogenerated electr ic i ty. 

W o o d fuel d is t r ibut ion systems are beg inn ing to emerge in most regions of 

the count ry , a l though many potent ia l users indicate tha t they sti l l have 

d i f f icu l ty acqui r ing w o o d due to the lack of adequate d is t r ibu t ion systems. 

W i t h the except ion of some large d is t r ibutors in parts of the Northeast, 

Southeast, and Nor thwest , the exist ing d is t r ibut ion system of fuel w o o d for 

the industr ia l and residential markets is composed of smal l operators. Most 

industr ia l users of w o o d for energy are t ranspor t ing w o o d themselves, or con

t rac t ing for its t ranspor ta t ion. 

Large w o o d energy users inc lude manufac tu r ing f i rms, ut i l i t ies, and other 

faci l i t ies, such as universi t ies, w h i c h are beginn ing to uti l ize w o o d as a 

cheaper, more reliable source of energy. These users are burn ing w o o d both 
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12 BIOMASS AS A NONFOSSIL FUEL SOURCE 

WHO IS INVOLVED? 

FOREST 

RESOURCE 

COMPANIES 

WHAT ARE THEY OOING? WHY ARE THEY DOING IT? 

HARVESTING WOOD 
PRODUCING WOOD 

PRODUCTS 
BURNING WASTE WOOD 

• USE A GREATER PERCENT 

OF THE HARVESTED WOOD 

• MEET ENVIRONMENTAL 

REGULATIONS 

• REDUCE ENERGY COSTS 

WOOD FUEL 

DISTRIBUTORS 

• DISTRIBUTING WOOD 

FROM FOREST RESOURCE 

COMPANIES TO END 

USERS 

• CONSUMER DEMAND FOR 

WOOD FUEL 

UTILITIES 
BURNING 

WOOD 

• BURNING WOOD 
TO GENERATE 
ELECTRICITY 

• MEET ENVIRONMENTAL 
REGULATIONS 

• REDUCE ENERGY COSTS 
• PROVIDE EXTRA CAPACITY 

MANUFACTURING 
FIRMS BURNING 

WOOD 

BURNING WOOD FOR 
PROCESS STEAM. HEAT, 
AND COGENERATED 
ELECTRICITY 

t MEET ENVIRONMENTAL 
REGULATIONS 

• REDUCE ENERGY COSTS 

TECHNOLOGY 
DEVELOPERS/ 
INNOVATORS 

A CONDUCTING R&D OF 
NEW WOOD BURNING 
TECHNOLOGIES AND 
PRODUCTS 

• FIRST TO THE MARKET 

WITH NEW PRODUCT 

• PERSONAL CHALLENGE 

AND OPPORTUNITY 

WOOD-BURNING 
EQUIPMENT 

MANUFACTURERS 

• MANUFACTURING AND 

SELLING PROVEN WOOD-

BURNING EOUIPMENT 

• IMPROVING THESE 

PRODUCTS 

• INCREASE MARKET 

SHARE 

INDUSTRY 
ASSOCIATIONS AND 

AGENCIES 

CONDUCTING STUDIES ON 
ISSUES OF CONCERN TO 
THE INDUSTRY 
LOBBYING 
PROVIDING A COMMUNICATIONS 

FORUM 

• INCREASED PUBLIC 
PERCEPTION AND 
INFORMATION REGARDING 
WOOD FOR ENERGY 

Figure 4. Motivations for entry into the thermal energy from wood sector 
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1. SCHAEFER Biomass Energy Resources 13 

alone or w i t h coal to lower emissions f rom their fue l -burn ing instal lat ions. 

Ano the r g roup of companies is act ive in the deve lopment of w o o d combus 

t ion systems to meet the g r o w i n g demand for ut i l iz ing w o o d energy. Com

panies special iz ing in the d e v e l o p m e n t manufac ture and market ing of w o o d -

burn ing equ ipmen t for resident ial , commerc ia l , and industr ia l uses are 

emerg ing in those regions where w o o d is most heavi ly used. 

Business execut ives expect g r o w t h of the wood- fo r -energy business to occur 

s lowly. W h i l e the means exist t o col lect and conver t w o o d into useful pro

ducts , the lack of w o o d fuel d is t r ibu t ion systems is perceived to be a major 

barrier to g r o w t h . A fur ther concern of execut ives is the lack of assurances 

regarding the long- term avai labi l i ty of suppl ies. 

T h e r m a l Energy F r o m A g r i c u l t u r a l Res idues 

The segment concerned w i t h thermal energy f rom agr icu l tura l residues is 

smal l and localized at the present t ime. Only a f ew types of agr icu l tura l 

residues, such as nut shells and corn cobs, are being ut i l ized for the produc

t ion of energy. Corporate act iv i t ies are focused upon the use of agr icul tura l 

residues w h i c h are low in mois ture content , where the residues are a by-pro

duc t of another operat ion, and w h e r e they are accumula ted in a central loca

t ion. 

Agr icu l tu ra l processing companies are enter ing into th is segment to f ind a 

means to dispose of their by -p roduc ts and wastes, as we l l as to develop a 

cheap, independent source of energy, as s h o w n in Figure 5. To meet this 

g r o w i n g demand , equ ipment manufac turers are develop ing boilers and other 

combus t ion equ ipment w h i c h can be uti l ized easily by agr icul tura l process

ing companies. Manufacturers w i t h exper ience in hardware deve lopment and 

fabr icat ion are a t tempt ing to spin off their exper ience in other markets to th is 

new market. 

In add i t ion to the generat ion of s team and heat, agr icu l tura l processors are 

develop ing cogenerat ion systems to produce electr ic i ty w h i c h can be used 

on-site. In most cases, these systems generate more e lectr ic i ty than can be 

consumed by the processor. Local electr ic ut i l i t ies in these cases may serve 

as markets for th is power and some companies are purchasing this e lectr ic i ty 

f rom the processor. In Cali fornia, t w o major ut i l i t ies are also enter ing into 

agreement to purchase steam f rom the processors to generate electr ic i ty. 

Business execut ives see the barriers to widespread use of agr icul tura l 

residues for thermal energy as s imi lar to those in the w o o d segment. The lack 

of co l lect ion and d is t r ibut ion systems for the feedstock is a key barrier, as is 

the cyc l ica l nature of its avai labi l i ty. 
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14 BIOMASS AS A NONFOSSIL FUEL SOURCE 

I M P A C T OF FEDERAL G O V E R N M E N T P R O G R A M S 

The Federal Government has developed numerous programs designed to 

accelerate the convers ion of b iomass to energy. In some cases c i ted by indus

t ry, these programs conf l ic t w i t h one another. Industry execut ives ind icated 

tha t Federal incent ives programs and regulatory pol icies are having a major 

impact on the g r o w t h of b iomass act iv i t ies, wh i le DOE programs are having 

l i t t le impact . 

A major factor tha t af fects the economic v iabi l i ty of the a lcohol fuels industry 

is the con t inua t ion of gasohol tax exempt ions prov ided by Federal and some 

state governments . A t the present t ime, gasohol is exempt f rom the 4-cent 

per gal lon ($16.80 per barrel of alcohol) excise tax on gasol ine and state 

exempt ions range f rom 3 to 9.5 cents per gal lon ($12.60 to 39.90 per barrel of 

alcohol) . Extension of the Federal tax exempt ion to the year 2 0 0 0 has been 

proposed; th is is v iewed by execut ives as a major step towards accelerat ing 

the deve lopment of the industry. 

The Bureau of A lcoho l , Tobacco and Firearms (ATF) is responsible for 

mon i to r ing and regulat ing all processes w h i c h result in the p roduc t ion of 

e thanol or o ther a lcohol ic substances. Current ly, regulat ions w h i c h app ly to 

the p roduc t ion of a lcohol for h u m a n consumpt ion also app ly to e thanol pro

duced for fuel and industr ia l uses. The regulat ions are cumbersome and 

retard the deve lopment of the industry. Deve lopment of s t reaml ined pro

cedures w o u l d help accelerate the deve lopment of the indust ry accord ing to 

indust ry execut ives. 

The U.S. Forest Service, t h rough its cont ro l over publ ic forests and its pol icies, 

has a s igni f icant impact on the a m o u n t locat ion, and pr ice of w o o d tha t is 

avai lable for all uses, inc lud ing energy. Of greatest impor tance are the regula

t ions regarding c u t t i n g , harvest ing, and management of the forest, especial ly 

the a m o u n t tha t can be cut . Clearer guidel ines regarding the use of publ ic 

lands cou ld help improve the avai labi l i ty of w o o d for energy. 

The DOE has three major of f ices w h i c h are act ive in b iomass techno logy 

deve lopment and commerc ia l iza t ion. The Biomass Energy Systems Branch 

and W o o d Commercia l izat ion Program w i t h i n the Off ice of the Assis tant 

Secretary for Conservat ion and Solar App l ica t ions are the major funders of 

b iomass projects in DOE. In add i t ion , DOE provides funds to the Solar Energy 

Research Inst i tute for b iomass research and deve lopment act iv i t ies. Present

ly. DOE f u n d i n g is focused on the p roduc t ion , convers ion, and /o r ut i l izat ion of 

b iomass, rather than on programs w h i c h focus upon a part icular t ype of 

b iomass or industry segment. Industry execut ives fel t tha t the impact of 
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1. SCHAEFER Biomass Energy Resources 15 

G a s e o u s Fuels 

Accord ing to the in terv iews per formed as part of the assessment of the 

biomass industry, the gaseous- fuels- f rom-biomass industry is small . Corpor

ate act iv i t ies are focused on the anaerobic d igest ion of manures to produce 

gaseous fuel . M in ima l act iv i t ies are d i rected towards the deve lopment of 

other feedstocks and processes. 

Despite the current industry a t ten t ion to these systems and their potent ia l to 

meet si te-specif ic needs, industry exper ience indicates that the economics of 

the anaerobic d igest ion of manures are not compet i t i ve at the present t ime. In 

fact , many of the companies in terv iewed indicated that the refeed materials 

(by-products w h i c h can be fed to animals) produced by anaerobic d igest ion 

have higher economic value than the gas w h i c h is produced. 

Resource owners , such as cat t le feedlot operators, farmers, agr icul tural pro

cessors and was tewate r t rea tment p lant operators, produce large quant i t ies 

of wastes tha t cou ld serve as feedstocks. They are explor ing ways to conver t 

these wastes to energy as s h o w n in Figure 6. A number of anaerobic 

digesters have been bui l t at faci l i t ies such as feedlots, but the results are mix

ed. Gaseous fuels are produced, but the amoun t is small and high in cost. 

Equipment companies, industr ia l research organizat ions, and ut i l i t ies are pro

v id ing suppor t for research and deve lopment in th is segment . Manufacturers 

are a t tempt ing to develop equ ipmen t w h i c h can conver t the feedstock 

economica l ly into gases and are current ly bu i ld ing demonst ra t ion faci l i t ies. 

Uti l i t ies and industr ia l research organizat ions foresee the deve lopment of 

biogasi f icat ion as a potent ia l renewable source of energy and are act ively 

suppor t ing efforts in th is area. Indiv idual ut i l i t ies have bui l t anaerobic diges

t ion faci l i t ies to begin test ing systems, and the gas indust ry is suppor t ing 

R&D on new feedstock p roduc t ion and convers ion. Electric ut i l i t ies foresee 

the possibi l i ty of conver t ing the produc t gas into e lectr ic i ty and are suppor t 

ing demonst ra t ion faci l i t ies to test the ef f ic iency of the process. 

The out look for the gaseous fuels segment is that l imi ted deve lopment of the 

resource w i l l con t inue unt i l c o m p a n y execut ives are conv inced that these 

fuels can be produced economical ly . Some uncer ta in ty exists regarding the 

convers ion techno logy , w h i c h also hinders its deve lopment . In add i t ion , if the 

p roduc t gases are not upgraded to a h igh-Btu gas, new d is t r ibut ion systems 

mus t be developed. 
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16 BIOMASS AS A NONFOSSIL FUEL SOURCE 

WHO IS INVOLVED? WHAT ARE THEY DOING? 

FOOD AND 
AGRICULTURAL 

PROCESSING 
COMPANIES 

COMBUSTION 
OF PROCESSING 
BY-PRODUCTS 

WHY ARE THEY DOING IT? 

• FUEL DEPENDABILITY 
• DISPOSAL 
• REDUCE ENERGY 

COSTS 

CONVERSION 
AND MATERIALS 

HANDLING 
EQUIPMENT 

MANUFACTURERS 

PROVIDING DEMON
STRATED TURNKEY 

SYSTEMS 

TRANSFER EXISTING 
SKILLS AND CAPABILITIES 

INTO A NEW MARKET 

ELECTRIC 
UTILITIES 

PROVIDING A 
MARKET FOR 
GENERATED 
ELECTRICITY 

• PUBLIC RELATIONS 

• EXTRA CAPACITY 

Figure 5. Motivations for entry into the agricultural residues industry segment 

WHO IS INVOLVED? 

RESOURCE 
OWNERS 

WHAT ARE THEY DOING? 

PRODUCE GAS FROM 
WASTE STREAM 

WHY ARE THEY DOING IT? 

• DEVELOP ENERGY 
SUPPLY INDEPENDENCE 

• REDUCE ENERGY 
COSTS 

EQUIPMENT 
MANUFACTURERS 

• DEVELOP 
EQUIPMENT 

• SELL TURN-KEY 
FACILITIES 

TRANSFER EXISTING 
SKILLS INTO NEW 
MARKETS 

SUPPORT R&D 
PROVIDE MARKET 
FOR PRODUCT GAS 

• DEVELOP NEW 
SUPPLY SOURCES 

• IMPROVE PUBLIC 
RELATIONS 

Figure 6. Motivations for entry into the gaseous fuels industry segment 
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1. SCHAEFER Biomass Energy Resources 17 

these programs cou ld be enhanced by plac ing more emphasis on the 

deve lopment of near- and mid - te rm technologies and appl icat ions. 

Other Federal agencies, such as the Federal Energy Regulatory Commiss ion 

(FERC) and the U.S. Depar tment of Agr icu l tu re , af fect the g r o w t h of specif ic 

sectors. In some cases. Federal programs have cont rad ic tory impacts upon 

the industry. For example : 

• DOE is encourag ing the deve lopment of cognerated electr ic power. 

However, FERC has not imp lemented regulat ions w h i c h w o u l d permi t 

ut i l i t ies to buy th is power for their consumers. 

• DOE's encouragement to uti l ize w o o d as an energy source is not consis

ten t w i t h Forest Service pol icies on manag ing w o o d avai labi l i ty. 

These f ind ings suggest tha t Federal pol icies cou ld be more ef fect ive if they 

cou ld be coord inated to enhance deve lopment of biomass energy. A 

reorganizat ion of DOE's program a long product l ines w o u l d help to improve 

commun ica t i ons w i t h industry and w o u l d increase DOE's effect iveness. 

A C K N O W L E D G E M E N T 

The fo l l ow ing people par t ic ipated in Booz, Al len's Biomass Industry Assess

men t : James F. Lowry, Scot t D. Moel ler, Kenneth G. Salveson, Michael R. Sed-

mak, Satish Suryawanshi . 

RECEIVED M A Y 12, 1980. 
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2 
Forest Biomass for Energy 
A Perspective 

R. L. SAJDAK, Y. Z. LAI, G. D. MROZ, and M. F. JURGENSEN 

Department of Forestry, Michigan Technological University, Houghton, MI 49931 

A primary challenge of the near future is the development of alternative 
energy sources to make this nation less dependent on imported oil. 
Increasing the use of wood for energy production has been suggested as one 
method of meeting this goal (1,2). There are a number of advantages for 
developing a wood-related energy base in this country. Most importantly, 
wood is a renewable resource and its production normally has a relatively low 
environmental impact. Wood can be burned and thus converted directly into 
energy. Used in this way, it is a relatively clean fuel and the residual ash is 
useful as a fertilizer. The technology also exists for converting wood into 
other energy forms such as oil, gas, alcohol, charcoal, and electricity. 

The forest resource of the United States can make a significant contribution 
toward meeting national energy needs. Forests occupy about one third of our 
land area and the wood inventory of this resource is enormous. Of the total 
annual biomass produced in these forests, only about thirty percent is 
presently used (3). Better utilization of our annual forest production could 
make significant quantities of wood material available for energy purposes. 
However, annual forest growth is well below what is currently possible. More 
intensive management systems could double the productivity of our forest 
lands within fifty years (4). 

Wood now supplies about two percent of total U.S. energy needs, primarily 
through the use of manufacturing wastes and mill residues for boiler fuel. 

0097-6156/81/0144-0021$07.00/0 
© 1981 American Chemical Society 
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22 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Various studies suggest w o o d could supply up to 10 percent of the Nat ion's 

cur rent energy needs w i t h i n the next decade. Depending upon the strategies 

used, eventual ly it may be possible to supply 20 percent of our to ta l energy 

budget (5). However, the use of w o o d for energy p roduc t ion mus t be kept in 

proper perspect ive. W o o d is not the only p roduc t of our forests. These lands 

play a v i ta l role in prov id ing var ious social and cu l tura l benef i ts such as 

wi lderness, ou tdoor recreat ion, w i ld l i fe , f ish, and clean water . Therefore, no 

single resource or forest use can be examined in isolat ion f rom the others. 

Energy uses w i l l have, to be balanced against the g r o w i n g demand on our 

forests for lumber, f iber products , and recreat ional oppor tun i t ies . 

This paper w i l l analyze the feasibi l i ty and impl ica t ions of increased ut i l izat ion 

of our forests as a source of energy. Considerat ion w i l l also be g iven to the 

p roduc t ion of b iomass f rom intensively cu l tu red p lantat ions as we l l as the 

qual i ty of the b iomass produced by di f ferent management techniques. 

T H E U. S. FOREST RESOURCE 

A b o u t 7 4 0 mi l l ion acres or 33 percent of the land area of the Uni ted States is 

classif ied as forest land. In order to be classif ied as forest, at least 10 percent 

of the land mus t be s tocked w i t h trees of any size. A lso in this category are 

lands that former ly had tree cover but have not been developed for other 

purposes, as we l l as lands w h o s e pr imary use is not t imber p roduc t ion . Nearly 

two- th i rds of th is area, or 4 8 8 mi l l ion acres, is classif ied as commerc ia l forest 

land. Commerc ia l forests are def ined as forested land capable of p roduc ing at 

least 20 cub ic feet of industr ia l w o o d per acre per year, and is not reserved for 

uses w h i c h are incompat ib le w i t h t imber p roduc t ion (6). Thus, Nat ional Parks, 

wi lderness areas, and other special use areas are not inc luded in this 

category. 

To help deal w i t h the divers i ty and complex i t y of vegetat ional and 

env i ronmenta l di f ferences in var ious parts of the count ry , the forest resource 

is discussed by four major geographic regions: Nor thern, Southern Rocky 

Moun ta ins — Great Plains, and the Pacific Coast. The Nor thern Region 

includes Mary land , W e s t V i rg in ia , Kentucky. Missour i , and all states nor th 

and wes t to the Great Plains. The Southern Region encompasses Virg in ia. 

Tennessee, Arkansas, Ok lahoma, and states to the south. The Rocky 

Mounta ins — Great Plains Region includes Weste rn South Dakota and all 

states wes t of the Great Plains except those border ing on the Pacific Ocean. 

The Pacific Coast Region has the four states a long the Pacific Ocean, 

inc lud ing Hawai i . 
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2. SAJDAK ET AL. Forest Biomass for Energy 23 

T h e N o r t h e r n Fo res t Reg ion 

This region, w h i c h conta ins over one-hal f of the Nat ion's popula t ion (53 

percent) , is the second most densely forested area w i t h 35 percent of the 

tota l land in commerc ia l forests (Table I). It is also the only region to register 

an increase in commerc ia l forest acreage dur ing the per iod 1952-1977. 

Private, non- industr ia l land ownersh ip in the states of New York, Pennsyl

vania, and W e s t Vi rg in ia con t r ibu ted to most of th is increase. This ownersh ip 

makes up 71 percent of the forest ho ld ings in the Northern Region. 

T a b l e I. D I S T R I B U T I O N OF C O M M E R C I A L FOREST L A N D IN T H E 

U N I T E D S T A T E S BY REGION A N D BY O W N E R S H I P C L A S S (6) 

O w n e r s h i p 6 

Reg ion A r e a 8 D i s t r i b u t i o n 6 Pub l i c I n d u s t r y P r i v a t e 

(%) (%) (%) (%) 

North 170,769 35 19 10 71 

South 188.433 3 9 9 19 72 

Rocky Mounta ins 

— Great Plains 57.765 12 75 4 21 

Pacific Coast 70 .758 14 63 17 20 

TOTAL 487 ,725 

a Thousand acres. 

b Percentages of the tota l U.S. commerc ia l forest land. 

c Percentages of the region. 

The Northern Region's forests vary considerably as do their uses. Seventy- f ive 

percent of the t imber vo lume is in hardwoods, w h i c h are uti l ized for furn i ture, 

veneer, pulp, pal lets, and rai lroad ties (Table II). So f twood vo lume is the 

smallest of any region (25 percent). The s tock ing levels are the lowest in the 

count ry and the average annual g r o w t h per acre is qu i te low (Table III). It 

should be noted that these vo lume f igures are based on commercia l -s ized 

t imber and do not inc lude w o o d present in smal l , non-merchantab le trees 

and in the tops and l imbs of merchantab le trees. 
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24 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e I I . T I M B E R P R O D U C T I O N O N U N I T E D S T A T E S C O M M E R C I A L 

FOREST L A N D I N 1 9 7 7 (6) 

A v e r a g e V o l u m e T i m b e r T y p e 

T o t a l V o l u m e Per A c r e S o f t w o o d H a r d w o o d 

Reg ion ( m i l l i o n c u . f t . ) ( cub ic f e e t ) (%) (%) 

North 200 .337 1173 25 75 

South 230 .037 1221 4 3 57 

R o c k y M o u n 

t a i n s - 112.405 1946 9 4 6 

Great Plains 

Pacif ic Coast 2 5 8 . 0 2 4 3 6 4 6 9 2 8 

TOTAL 800 .803 1997 6 2 3 8 

T a b l e I I I . N E T A N N U A L G R O W T H A N D H A R V E S T O N C O M M E R C I A L 

T I M B E R L A N D S I N T H E U N I T E D S T A T E S (6) 

A v e r a g e G r o w t h 

G r o w t h H a r v e s t Per A c r e 

Reg ion ( 1 0 0 0 c u . f t . ) ( 1 0 0 0 c u . f t . ) ( cub ic f e e t ) 

North 5.927.587 2.739.535 34.7 

South 10.826.042 6.571,223 57.4 

Rocky Moun ta ins — 1.689.553 845 .786 29.2 

Great Plains 

Pacific Coast 3.431.151 4 .278.868 48.5 

TOTAL 21.874.333 14.425.230 44.8 

T h e S o u t h e r n Reg ion 

This region is the most densely forested in the Nat ion w i t h 39 percent of the 

land area in commerc ia l forests. It is also the second most densely popu la ted. 

Commerc ia l forest acreage dec l ined dur ing the 25 year per iod. 1952 to 1977. 

pr imar i ly due to convers ion of forest lands to agr icu l tura l uses. Forest 

ownersh ip , as in the Nor th , is pr imar i ly in pr ivate non- indust r ia l ho ld ings (72 

percent). Industry ownersh ip is the largest of any region (19 percent) and 

publ ic ownersh ip is the smal lest (9 percent). 

Southern forests are qu i te equal ly d iv ided be tween ha rdwood and so f twood 

tree species. Forty- three percent of the t imber vo lume is in so f twoods. 

Average annual g r o w t h per acre of forest land is the highest of any region. 

The South is pro jected to supply over one-hal f of the Nation's so f twood 

requi rements by the year 2030 . nearly doub l ing its 1976 output . 
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2. SAJDAK ET AL. Forest Biomass for Energy 25 

T h e R o c k y M o u n t a i n s - G r e a t P la ins Reg ion 

This region conta ins the smallest percentage (12 percent) of this count ry 's 

commerc ia l forests and is the least popula ted. Most of the forest land is in 

publ ic ownersh ip (75 percent). Dur ing the period 1952 to 1977, th is region 

lost over 10 percent of its forest land, most of w h i c h was entered into the 

wi lderness and Nat ional Park system. 

These forests are p redominant ly so f twoods w h i c h compr ise 9 4 percent of the 

t imber vo lume. A b o u t one- th i rd of th is vo lume is in the p inyon p ine/ jun iper 

t imber type w h i c h is relat ively un impor tan t for w o o d product ion . Annua l 

g r o w t h averages 29 cubic feet per acre per year, the lowest of all regions. 

These forests are very impor tan t for watershed, recreat ion, and l ivestock 

grazing. 

T h e Pac i f i c C o a s t Reg ion 

There is a t remendous amoun t of d ivers i ty of the forests in th is region. The 

c l imate ranges f rom arct ic to t ropical and some of the most product ive 

forests in the w o r l d are found a long the coast f rom Northern Cali fornia to 

W a s h i n g t o n . Only 14 percent of the tota l land area is in commerc ia l forests 

and like the Rocky Moun ta in Region, most is in publ ic ownersh ip . This region 

also recorded a decl ine in commerc ia l forest land due to transfers into 

wi lderness areas and parks. 

Most of the t imber vo lume is in so f twoods (92 percent) and the average 

annual g r o w t h is second highest in the Nat ion. Average g row ing stock per 

acre is the highest in any region, and annual t imber cut is more than net in 

g r o w t h . Overcu t t ing is due to the accelerated removal of old g r o w t h , 

overmature stands. This region n o w suppl ies over one-hal f of our so f twood 

t imber needs. The pro ject ions are for th is region's so f twood ou tpu t to decl ine 

after 1990. 

FOREST P R O D U C T I V I T Y A S S E S S M E N T 

In evaluat ing the forest resource to determine h o w m u c h w o o d is available 

for energy p roduc t ion , a mu l t i t ude of factors needs to be considered. Most of 

the commerc ia l forest land in the Northern and Southern Regions is in 

pr ivate, non- industr ia l ownersh ip . It is d i f f icu l t to assess the cont r ibu t ion 

these lands w i l l make t o w a r d supp ly ing our energy needs. Object ives of 

forest ownersh ip vary considerably and t imber p roduc t ion is of ten second to 

non- tang ib le goals. Private forest lands are of ten managed on an oppor

tun is t ic basis w i t h l i t t le regard to a regulated and sustained t imber y ie ld. 
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26 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Therefore, it may be d i f f icu l t to obta in a dependable supply of w o o d f rom a 

part icular geographic area. Also, most pr ivate forest ho ld ings are smal l and 

the most ef f ic ient to ta l tree harvest-systems cannot operate economica l ly in 

such si tuat ions. W h e n c o n d u c t i n g convent iona l r o u n d w o o d harvests, the 

removal of logg ing residue f rom smal l , w ide ly scattered operat ions poses a 

d i f f icu l t p rob lem. 

The pr ivate forest resource can be very product ive. A recent s tudy ind icated 

tha t w o o d p roduc t ion on these lands was 61 percent of capac i ty under 

cur rent management pract ice. In contrast , the Nat ional Forests g rew w o o d at 

4 9 percent of capac i ty (7). Improved management of smal l forests for 

increased biomass p roduc t ion may be the most d i f f icu l t p rob lem of al l . 

Usual ly lacking is the wi l l ingness and capac i ty of the smal l land-owner to 

make investments for a return w h i c h w i l l be 20 -30 years away (8). Substant ia l 

increases in the supply of w o o d f rom these ownersh ips can be achieved only 

t h r o u g h governmenta l assistance, such as cost-shar ing and technica l 

assistance programs (9). 

Conceivably, m u c h of the w o o d f rom pr ivate forests may be used for home 

heat ing purposes, par t icu lar ly in the more popu la ted forested areas. As the 

cost of heat ing oil increases, heat ing w i t h w o o d becomes more at t ract ive and 

more pr ivate forests w i l l be ded icated for f ue lwood produc t ion . In Maine, for 

example, over 5 0 percent of the homes are cur rent ly being heated w i t h w o o d . 

The impact of th is t ype of management on fu tu re suppl ies of h igh value 

sawlogs in a par t icu lar region cou ld be s igni f icant . 

I n c r e a s i n g T i m b e r O u t p u t 

W i t h bet ter management . U.S. t imber suppl ies cou ld be dramat ica l ly 

increased in the fu ture. Average annual g r o w t h on commerc ia l forest land in 

1976 was 45 cub ic feet per acre. If the forests were fu l ly s tocked, average 

g r o w t h w o u l d average 75 cub ic feet per acre per year. This increase in annual 

g r o w t h w o u l d roughly equal the tota l vo lume harvested f rom all forests in 

1976 (6). 

The possibi l i t ies for in tens i fy ing management exist for all ownersh ips and in 

all regions of the coun t ry except for the Rocky Mounta ins-Great Plains. 

Prel iminary results of the U.S. Forest Service and Forest Industr ies Counci l 

s tudies indicate there are economic oppor tun i t ies for intensi f ied manage

men t on 160 mi l l ion acres of commerc ia l t imber land or about 3 4 percent of 

t he Nat ion 's to ta l . The oppor tun i t ies are most concent ra ted in the 113 mi l l ion 

acres of the Southern Region. A b o u t three- four ths of the t rea tment strategies 

involve regenerat ion of non-stocked areas, harvest ing mature forests, 
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2. SAJDAK ET AL. Forest Biomass for Energy 27 

regenerat ing higher y ie ld ing young stands, and conver t ing exist ing stands to 

more product ive species. The est imated total cost of t reat ing the Southern 

acreage is $8.8 bi l l ion. This investment w o u l d increase annual g r o w t h in this 

region by more than 8.5 bi l l ion cub ic feet. The Nat ional Forests, part icular ly 

those in the West , also have the capabi l i ty of suppor t ing larger harvests. 

Add i t iona l investments w o u l d be needed for road cons t ruc t ion , s tand 

improvement , reforestat ion, and salvage (9). 

Increased forest yields can be obta ined by using k n o w n and proven intensive 

cu l ture techniques. Use of genet ical ly improved p lant ing stock can increase 

yields by 10 to 20 percent. Ferti l ization and th inn ing programs, better tree 

spac ing, and increased fire, insect, and disease protect ion can all improve 

yields s igni f icant ly . The l imits to increasing w o o d yields by intensive cul tura l 

techn iques are not k n o w n . A reasonable est imate is that the g r o w t h could 

double on half of the commerc ia l forest land in 50 years (3). 

A v a i l a b i l i t y o f W o o d f o r Energy P r o d u c t i o n 

W e can only speculate on the t rue size of the total t imber resource of the 

Uni ted States. To date, all of the inventor ies and surveys on a nat ional scale 

have been based on vo lume measurements of the merchantab le parts of 

trees. Tables I. II, and III reflect this. Merchantab le vo lume is a vague te rm, 

part icular ly since merchantab i l i t y l imits are rapidly chang ing . The concept of 

whole- t ree ut i l izat ion has reinforced th is confus ion. W i t h the deve lopment of 

whole- t ree harvest ing methods, previously non-merchantab le parts of the 

tree are ch ipped and used for pu lp and paper, compos i te products , and fuel. 

These new concepts of ut i l izat ion make the who le tree the basic uni t of 

measurement . Since accurate vo lume determinat ion is d i f f icu l t on irregular 

shaped objects, w e i g h t of biomass is the new standard of measure for all t ree 

components . 

There have been numerous est imates made on the tota l biomass and 

biomass potent ia l of our forests (3.1Ω). The inventory procedure used is based 

on est imates and averages, and is fu l ly descr ibed by Wah lg ren and Ellis ( U ) . 

Forest surveys based on biomass measurement techn iques are needed to 

accurate ly determine the quant i t ies and locat ion of our w o o d resource. Many 

studies on measur ing the w e i g h t of ind iv idual trees, and to a lesser extent 

forest stands, have been made. This w o r k has been summar ized by Keays 

(12). and Hi tchcock and McDonne l l (12). As work in forest b iomass 

measurement is ref ined, regional w e i g h t tables can be developed and 

accurate biomass inventor ies compi led . 
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28 BIOMASS AS A NONFOSSIL FUEL SOURCE 

W o r k has already begun in this d i rec t ion. Pioneering work in i t iated by Young 

and others in Maine has resulted in the comple t ion of a forest biomass 

inventory on nearly t w o mi l l ion acres in tha t state (14)· The next forest survey 

of Maine, to be star ted in 1980. by the U.S. Forest Service w i l l be in terms of 

bo th merchantab le vo lume and to ta l w o o d biomass. In format ion such as th is , 

as we l l as measurement of annual dry mat ter p roduc t ion , w i l l de termine the 

avai labi l i ty of w o o d suppl ies on a regional basis for industr ia l and energy 

purposes. Biomass inventor ies mus t also undergo economic assessments 

since in many s i tuat ions, the cost of co l lec t ing, processing, and t ranspor t ing 

biomass mater ials w o u l d exceed any reasonable value ant ic ipated for fuel or 

o ther products . 

Fores t Res idue 

Forest residue is def ined as the b iomass left in the w o o d s after harvest and 

includes tree tops, l imbs, cul l mater ia l , and all present and fu ture non-

merchantab le trees. This di f fers f r o m mi l l residue such as bark, edgings, and 

sawdust , w h i c h is o f ten fu l ly ut i l ized as boiler fuel . The amoun t of residue 

remain ing after harvest w i l l vary accord ing to merchantab i l i t y standards, 

me thod of harvest, and forest s tand compos i t ion and qual i ty . In a typ ica l 

ha rdwood sawlog harvest as m u c h as 5 0 percent of the potent ia l usable 

biomass may be left as residue. If the sawlog s tand is overmature or of poor 

qual i ty , addi t ional residue may be left. In contrast , if t he s tand is who le- t ree 

ch ipped for pu lp mater ia l , very l i t t le residue w i l l remain. 

Th roughou t the Uni ted States there are a number of ongo ing studies whose 

object ives are to determine, on a regional basis, the real potent ia l and 

economic avai labi l i ty of w o o d y biomass for energy. The Depar tment of 

Energy in cooperat ion w i t h the U.S. Forest Service is in the process of 

develop ing a Nat ional W o o d Energy Data System. This system w i l l ident i fy 

amounts and locat ions of w o o d fuels in excess of commerc ia l needs. The 

in format ion w i l l be del ineated by state and in some cases d o w n to the coun ty 

level. In add i t ion , the locat ion of cur rent and potent ia l large w o o d burn ing 

systems w i t h i n each uni t w i l l be ident i f ied (14). 

The Mary land Depar tment of Natural Resources recent ly comp le ted an 

assessment of the avai labi l i ty, cost, and rel iabi l i ty of w o o d fuels on the 

Delmarva Peninsula (14). The s tudy conc luded tha t cul l trees and t imber 

harvest residue cou ld provide over 1.9 mi l l ion tons of w o o d fuel annual ly at a 

cost to users of $12.50 per green ton . Other studies in Minnesota , N e w York, 

Oregon, and W a s h i n g t o n are involved in similar ut i l izat ion and biomass 

assessments to determine the avai labi l i ty of w o o d fuels for energy. 
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2. SAJDAK ET AL. Forest Biomass for Energy 29 

Recently, the Northern Wiscons in and Upper M ich igan region was 

intensively s tudied by the U.S. Forest Service to determine the amoun t of 

residue avai lable in the region Using avai lable forest survey in format ion 

and compute r s imula t ion , the harvest amounts and del ivered cost of biomass 

were determined. A " M a n a g e d Harvest" procedure was used to determine 

the amoun t of w o o d produc t and residue that should be removed each year 

for a 10-year per iod. Only t w o products were cons idered: sawlogs and w o o d 

chips. The assumpt ion was made that excess ch ips not needed for paper 

products w o u l d be avai lable for energy purposes or more succ inct ly , " p u l p 

the best and burn the rest." The overal l ob ject ive of the " M a n a g e d Harvest" 

procedure was to move the forests to a fu l ly - regulated and more product ive 

cond i t ion . 

Several harvest ing strategies were examined and s igni f icant di f ferences were 

found to exist in the del iverable cost and a m o u n t of recovered biomass 

among the harvest ing systems used. One harvest ing strategy involved the 

mechanized th inn ing of overstocked, smal l d iameter forest stands. Over three 

mi l l ion dry tons of b iomass was pro jected to be del iverable f rom the entire 

s tudy area in 1980 at a cost of $15.91 per ton . This vo lume w o u l d also be 

available in each succeeding year. 

A second st rategy involved the c learcu t t ing of mature and overmature stands 

and stands too poorly stocked to be carr ied to a normal cu t t i ng age. Sawlogs 

were removed before the residual s tand was ch ip-harvested. This st rategy is 

used where even-aged forest management is pract iced and also where 

stands w o u l d be conver ted to a fu l ly -s tocked s i tuat ion. Ten mi l l ion tons cou ld 

be p roduced annual ly , exclusive of sawlogs. at an average cost of $12.35 per 

ton del ivered. 

The costs per del ivered ton are averages for the entire tonnage available. 

Substant ia l vo lumes of forest b iomass are avai lable at lower costs, but as an 

a t tempt is made to recover increasing amounts of the biomass, the costs 

increase. 

The s tudy conc luded that s igni f icant forest b iomass quant i t ies are available 

in th is region. For bo th Nor thern Wiscons in and Upper M ich igan , 30.5 mi l l ion 

dry tons annual ly w o u l d be del iverable at a 1980 projected cost of $16.07 per 

ton. These biomass quant i t ies w o u l d be avai lable each year for the next 10-

years. A t the end of the 10-year per iod, a new assessment w i l l have to be 

made. 

The costs for w o o d y residue materials w i l l change as more ef f ic ient 

harvest ing equ ipment is developed. Koch and Nicholson (1Q) descr ibed a 
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30 BIOMASS AS A NONFOSSIL FUEL SOURCE 

mobi le ch ipper designed to ef fect ively harvest b iomass on relat ively f lat 

terra in. Their s tudies s h o w tha t if a m i n i m u m of 25 tons (green we igh t ) of 

b iomass is avai lable per acre, about 85 percent of such biomass cou ld be 

recovered and del ivered to the forest roadside for about $11.82 per green ton . 

This mach ine was designed to recover forest residue tha t is ordinar i ly 

bul ldozed and burned dur ing the preparat ion of a site for p lant ing. 

I N T E N S I V E P L A N T A T I O N C U L T U R E 

Tradi t ional p lanta t ion cu l tu re in th is coun t ry has approx imated w h a t occurs 

in nature. In th is s i tuat ion trees are p lanted at fair ly w i d e spac ing (6 feet or 

more) of ten w i t h l i t t le or no site preparat ion. Occasional ly, the trees are 

released f rom c o m p e t i n g vegeta t ion and the p lanta t ion may be th inned once 

or tw ice . The rotat ion length of these p lantat ions may be 30 years or more, 

depend ing on the g r o w t h rate and end produc t desired. Coniferous trees, 

par t icu lar ly the pines, have been p lanted far more of ten than hardwoods. 

Recently, interest has deve loped in the in tensive cu l tu re of p lantat ions on a 

short rotat ion. However, th is concep t is n o w new. The Europeans have been 

manag ing p lantat ions in th is manner for decades and in the 1960's. 

M c A l p i n e and his coworkers fur ther developed the concept in the Uni ted 

States w i t h sycamore (P/atanus occidentalis L ) (1Ζ)· Since tha t t ime, studies 

have been in i t ia ted w i t h other tree species t h r o u g h o u t the Uni ted States and 

Canada. 

In concept , the intensive cu l tu re of p lantat ions on a short rotat ion is 

essential ly an agronomic system. Trees are p lanted on prepared sites at close 

spacing (4 feet or less), cu l t i va ted, fert i l ized, and irr igated dur ing the rotat ion. 

Agr icu l tu ra l - type forage equ ipment w o u l d then harvest the crop at ages of 

less than 10 years. The ent i re aboveground por t ion of the tree is ut i l ized. 

Regenerat ion of the p lanta t ion w o u l d be by copp ice g r o w t h , thereby l imi t ing 

the p lantat ions main ly to ha rdwoods w h i c h s t u m p or root sprout after 

cu t t i ng . 

A number of advantages are ev ident in the intensive cu l tu re of p lantat ions on 

a short rotat ion w h e n cont rasted to convent iona l p lantat ion management 

(1S,12). These are: 

1. Higher yields per uni t of land area, therefore less land w o u l d be needed to 

produce a g iven a m o u n t of biomass. 

2. Early amort izat ion of p lantat ion estab l ishment costs. 
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2. SAJDAK ET AL. Forest Biomass for Energy 31 

3. Increased ef f ic iency of most cu l tura l and harvest ing operat ions because 

of comple te mechanizat ion. 

4. Reduced p lantat ion regenerat ion costs after the f irst rotat ion. 

5. Genet ical ly improved trees can be ut i l ized quickly. 

6. The biomass produced w i l l be of more un i fo rm qual i ty . 

There are some s igni f icant d isadvantages, however : 

1. Init ial p lantat ion estab l ishment and management costs per acre are very 

h igh , thereby increasing the f inancial risk involved. 

2. Site l imi ta t ions are impor tan t for th is type of forest pract ice. The land 

must be relat ively f lat and soil tex ture, s t ructure, drainage and stoniness 

w i l l be impor tant considerat ions. 

3. The relat ively un i fo rm genet ic makeup of the trees increase ep idemic 

disease and insect hazards. 

Hardwoods have been preferred for intensive p lantat ion management 

because of their sprout ing capabi l i ty and the fast g r o w t h of these sprouts for 

the f irst 10-20 years, as compared to conifers.There are except ions, however, 

where conifers may be more desirable. Wi l l i f o rd et al. (20) reported loblol ly 

pine {Pinus taeda L.) to be superior in b iomass produc t ion on many sites in 

the south. Studies by the U.S. Forest Service at Rhinelander, Wiscons in , 

indicate coni fers may have advantages under certain site condi t ions (21.). For 

example, jack pine (Pinus banks/ana Lamb.) is wel l adapted to the Nor th , has 

few serious insect and disease problems, and is less demand ing of nutr ients 

and mois ture than many hardwoods. 

Numerous species tr ials are underway in var ious parts of the coun t ry to 

ident i fy the best species for localized biomass produc t ion (14). Several of the 

more intensively s tud ied candidate species are discussed in more detai l as 

fo l lows: 

A m e r i c a n S y c a m o r e 

This was the f irst species advocated for short rotat ion intensive cul ture. 

Sycamore p lantat ions are establ ished using seedl ings or f rom cut t ings . If 

cu t t ings are used, a clonal p lantat ion is establ ished w h i c h results in a high 

degree of tree un i formi ty . Sycamore w o o d is moderate ly dense w i t h a specif ic 
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32 BIOMASS AS A NONFOSSIL FUEL SOURCE 

grav i ty of about 0.46 and a sapwood moisture content of 130 percent on an 

o v e n dry basis (4Q). 

This species is most p roduct ive on r ich al luvial land in the south. Plantat ions 

on up land sites have y ie lded poor survival and unacceptable levels of g r o w t h 

(22). Howle t t and Gamache (18) rev iewed numerous studies on the biomass 

produc t iv i t y of sycamore in the south and found g r o w t h rates as h igh as 9 dry 

tons per acre per year. The average yield was about 4.5 dry tons per acre per 

year and in some studies y ie lds were as low as 2 tons per acre per year. 

Usual ly, h igher ini t ial s tand densi t ies produced higher y ields for rotat ion ages 

of up to four years. However, d i rect compar isons a m o n g sites are d i f f icu l t 

because of the d i f ferent cu l tura l t rea tments appl ied in the var ious studies. 

Poplars a n d C o t t o n w o o d 

Var ious species and hybr ids of the genus Populus are some of the more 

promis ing candidates for intensive biomass p roduc t ion . This g roup has long 

been cu l t iva ted in Europe and more recent ly in the Eastern Uni ted States and 

Canada. Poplar hybr ids are easily developed and the resul t ing progeny are 

propagated vegetat ive ly using s tem cut t ings . Consequent ly , there are l i teral ly 

hundreds of numbered or named clones establ ished th roughou t the Eastern 

Uni ted States. The w o o d is moderate ly l ight as ind icated by speci f ic grav i ty 

values of 0.32 to 0.37 and the mois ture con ten t of the sapwood is abou t 146 

percent (4Q). 

Certain hybr id poplar c lones s h o w excel lent response to intensive cu l ture 

techniques. Dawson (21J reported a mean annual b iomass yield of nearly 7 

tons per acre on a 12 inch spacing dur ing the first rotat ion. Anderson and 

Zsuffa (23) reported copp iced stands y ie ld ing 8.5 tons per acre per year on a 

t w o year rotat ion. 

E u c a l y p t s 

Species of Eucalyptus appear to have promise as candidates for biomass 

produc t ion in intensively cu l tu red p lantat ions. However , a lack of cold 

hardiness w o u l d restr ict thei r usage to the southeastern states, Cal i fornia and 

Hawai i . This evergreen ha rdwood genus conta ins over 5 0 0 species, most of 

w h i c h are nat ive to Austra l ia . The eucalypts have been p lanted t h r o u g h o u t 

the w o r l d and display a w i d e adaptabi l i ty to a var iety of sites. Especially 

no tewor th ly is their capabi l i ty to thr ive on d rough ty and nut r ient -def ic ient 

sites. A l t h o u g h pr imar i ly sui ted for f rost- free areas, studies by industr ia l 

cooperators in the southeastern states ind icated that considerable var iat ion 

exists in resistance to freezing temperatures. (24). The genet ic var iat ion 
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2. SAJDAK ET AL. Forest Biomass for Energy 33 

ind icated was such that select ion for freeze-tolerant eucalyptus species and 

races may be possible. L imi ted g r o w t h data is available but it has s h o w n a 

mean annual b iomass produc t ion of over 4 tons per acre per year. Greater 

p roduc t iv i t y f rom eucalyptus p lantat ions should be possible w i t h more 

intensive cu l tu re and genet ica l ly improved stock. 

N i t r o g e n - F i x i n g S p e c i e s 

Nit rogen is the most l imi t ing macronut r ien t needed for tree g r o w t h on most 

forest sites. Concern over the h igh cost of n i t rogen ferti l izers for intensive 

p lantat ion cu l ture has p rompted considerable interest in plants capable of 

using a tmospher ic n i t rogen. Zavi tkovski et al. (25) rev iewed the studies 

w h i c h pertain to the use of n i t rogen- f ix ing w o o d y and herbaceous species for 

forestry purposes. Assessments were made on the possibi l i ty of using red 

alder (A/nus rubra Bong.) for biomass p roduc t ion , the use of n i t rogen- f ix ing 

trees in mix tures w i t h non-n i t rogen f ix ing trees and the use of herbaceous 

legumes as nurse crops in intensively managed plantat ions. This review 

indicates s igni f icant management benef i ts are possible th rough the use of 

n i t rogen- f ix ing trees. Red alder biomass yields are comparable to other fast 

g r o w i n g species. The use of n i t rogen- f ix ing trees and herbaceous material 

has g iven s igni f icant increases in biomass yields. Cost-benef i t ratios have not 

been de termined because of the var iety of s tudy condi t ions encountered. 

M u c h addi t ional in format ion is needed to fu l ly assess the feasibi l i ty of using 

n i t rogen- f ix ing species in shor t - ro ta t ion intensive p lanta t ion cul ture. 

E c o n o m i c s o f I n t e n s i v e P l a n t a t i o n C u l t u r e 

The yields f rom intensively cu l tu red p lantat ions are considerably greater than 

those f rom natural s tands of similar tree species. It must be emphasized, 

however , that many of the reported p lantat ion yields are f rom small s tudy 

plots and indicate w h a t is bio logicaly possible. To project such yields over a 

larger area may be inappropr iate. Several studies in Wiscons in , South 

Carol ina and Georgia (26,27,28) are cur rent ly underway to determine the 

feasibi l i ty of intensive p lantat ion cu l ture on a large scale. 

Rose and DeBell (29) assessed the economics of intensive p lantat ion cu l ture 

for w o o d f iber p roduc t ion . Spacing of trees and length of rotat ion appeared to 

be part icular ly cost sensit ive in de te rmin ing economic feasibi l i ty. W i d e 

spacing ( 4 X 4 feet and 1 2 X 2 feet) and longer coppice rotat ions (4 year and 

10 year, respectively) appeared feasible wh i l e t w o year copp ice rotat ions d id 

not. 
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34 BIOMASS AS A NONF OSSIL FUEL SOURCE 

Using a d i f ferent perspect ive. Eimers (30) evaluated the economics of 

intensive p lantat ion cu l ture as an energy source f rom the s tandpo in t of a 

c o m p a n y having extensive exper ience in g r o w i n g and handl ing forest 

products . His conc lus ions were tha t fuel p lantat ions are cur rent ly u n 

economica l . However, ind icat ions are tha t th is cou ld change if cer ta in costs 

were reduced. The economic out look for intensive management systems 

w o u l d improve if harvest ing costs cou ld be reduced and energy convers ion 

costs lowered. The overal l cost p ic ture may also be more favorable if a dual 

purpose crop could be produced. For example, the biomass material 

p roduced f rom plantat ions w o u l d be sorted into h igh qual i ty chips for f iber 

p roduc ts and low qual i ty ch ips conver ted in to energy. A di rect parallel 

already exists in many forest industr ies w h i c h cur rent ly use residues f rom the 

manufac tu re of forest p roducts to f ire boilers. 

Eimers (30) also points ou t tha t p lan t ing at close spacing offers some 

management f lex ib i l i ty w h e n t h i n n i n g is considered. That is, t h inn ing f rom 

intensively managed p lantat ions can be used for energy, wh i l e the remain ing 

trees can be g r o w n for convent iona l forest products . The advantage to this 

management strategy is tha t decis ions concern ing w o o d use can be deferred 

to a fu ture date w h e n the economics of energy supply may be less tu rbu len t 

than at present. 

C H A R A C T E R I Z A T I O N OF B I O M A S S 

The physical and chemica l nature of b iomass mater ia ls has a pro found 

inf luence on their end-uses. For example, mois ture con ten t and specif ic 

grav i ty are impor tan t propert ies for the p roduc t ion of sol id w o o d and paper 

products , as we l l as for convers ion into energy. Other physical and 

mechanica l propert ies of w o o d , such as f iber length , f ibr i l angle and s t rength 

of indiv idual f ibers, are not impor tan t for energy appl icat ions. The current 

t rends t o w a r d who le tree ut i l izat ion and energy p lantat ions th rough intensive 

management can result in substant ia l changes in the nature of w o o d 

resources avai lable for industr ia l and commerc ia l use. 

The ef fects of var ious intensive management systems on w o o d propert ies 

have been reported in numerous publ icat ions and were recent ly summar ized 

in three art icles (31.32,33). It was clearly indicated that the major changes in 

w o o d propert ies are associated w i t h shorter rotat ions, w h i c h result in a 

h igher propor t ion of juveni le w o o d . This y o u n g w o o d , as compared t o mature 

w o o d , conta ins a h igher mois ture content , lower speci f ic grav i ty and a h igh 

propor t ion of react ion w o o d . The ef fects of chang ing these w o o d propert ies 

on the solid w o o d produc t and paper industry have been extensively 

rev iewed by Bendtsen (31.) and Einspaphr (32.33), respectively. In the 
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2. SAJDAK ET AL. Forest Biomass for Energy 35 

fo l l ow ing sect ion, those w o o d propert ies w h i c h are impor tant to the 

convers ion of w o o d y biomass into energy uses are discussed. 

D i s t r i b u t i o n o f T r e e C o m p o n e n t s 

Total above-ground tree biomass is general ly d iv ided into fol iage, branch, 

and s tem components . The branches and stems can be separated fur ther into 

bark and w o o d port ions. The impor tance of branches and fol iage to total tree 

w e i g h t is dependent upon the age and /o r size of the tree (34). It is est imated 

that the above-ground biomass current ly produced on commerc ia l forest 

land in the Uni ted States is approx imate ly d is t r ibuted as w o o d (80 percent), 

bark (12 percent), and fol iage (8 percent) (11). Table IV shows some 

representat ive d is t r ibut ions of tree componen ts by species and age. 

The data clearly s h o w that young trees have a substant ia l ly h igher conten t of 

fol iage and bark biomass than older, larger trees. These t w o componen ts are 

not desirable for the produc t ion of f iber related products , such as paper, but 

are desirable for energy p roduc t ion due to their h igh energy content , par

t icu lar ly bark. The t rend t o w a r d shorter stand rotat ion or the establ ishment of 

energy p lantat ions w o u l d increase the avai labi l i ty of young tree biomass for 

energy use. 

M o i s t u r e C o n t e n t 

Moisture conten t is a part icular ly impor tan t character ist ic when usine w o o d y 

biomass as fuel , and is general ly expressed as percent of the dry we igh t . 

Wa te r conta ined in biomass adds to the cost of t ranspor ta t ion, and lowers 

the ef f ic iency of energy convers ion by a direct combus t ion process, because 

of the energy required for evaporat ion of the water . It is est imated tha t about 

15 percent of the tota l avai lable heat in a w o o d or bark fuel is required for 

moisture evaporat ion, assuming a 100 percent mois ture content (38). 

However, convers ion by anaerobic d igest ion or fe rmenta t ion methods are 

more ef f ic ient w h e n using h igh-mois ture biomass materials. The procedure 

for es t imat ing ef fect ive heat values for both w o o d and bark fuels under vary

ing moisture conten t and furnace env i roments has been summar ized by Ince 

(39). 

The moisture con ten t of var ious forest biomass varies w ide ly w i t h species, 

geographic locat ions, genet ic di f ferences, tree componen ts used, and tree 

age. Publ ished data indicate tha t mois ture content of mature w o o d may 

range f rom about 30 percent to more than 2 0 0 percent (40). Also, mois ture 

content of the s tem sapwood por t ion is usually h igher than that of the associ

ated hear twood. For young hardwood sprouts (6 to 15 years old), an average 
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2. SAJDAK ET AL. Forest Biomass for Energy 37 

moisture content of 8 0 percent was reported for nine species col lected in 

midsummer , ranging f rom 59 percent for green ash (Frax/nus pennsylvanica 

Marsh.) to 99 percent for ye l low poplar (Liriodendron tuplipifera L.) (41). 

It has been s h o w n that w o o d moisture conten t has an inverse correlat ion 

w i t h tree age (35,42). In general , w o o d f rom a young tree conta ins more water 

than w o o d f rom an older one of the same species (42). This is probably 

associated w i t h the v igorous g r o w t h and the high propor t ion of sapwood in 

the younger tree. 

There is no general consensus concern ing a seasonal t rend of mois ture con 

ten t in trees (43). Some researchers have reported larger seasonal var iat ions 

wh i l e others have found very l i t t le. However, it appears that the young trees 

or sprouts, in contrast to mature trees, display a s igni f icant seasonal var iat ion 

in mo is tu recon ten t , par t icular ly for those g r o w i n g in nor thern c l imates. Figure 

I shows seasonal var iat ions in mois ture conten t for 3-year old sugarmaple 

(Acer saccharum Marsh) sprouts (35) and 50-year old ye l low poplar (43). The 

maple, g r o w n in the Upper Peninsula of M ich igan , displays a marked 

seasonal var iat ion in mois ture conten t w h i c h reaches a m a x i m u m in June. 

This w o o d mois ture pat tern is essential ly parallel to sprout g r o w t h act iv i ty . In 

contrast , the moisture con ten t of mature ye l low poplar g r o w n in the Southern 

Appa lacha in Mounta ins of North Carolina does not vary s ign i f icant ly f rom 

season to season. 

S p e c i f i c G r a v i t y 

Specif ic grav i ty indicates the amoun t of sol id material in a given vo lume, and 

is usual ly considered the best single index of intr insic w o o d qual i ty for f iber, 

w o o d products , and energy p roduc t ion . Specif ic gravi ty is inversely corre

lated w i t h w o o d mois ture con ten t (44). Thus, it also varies w i t h species, tree 

componen ts , and the age of the tree. In general , juveni le w o o d has a relat ively 

lower specif ic gravi ty than mature w o o d . In some species, the juveni le 

g r o w h t per iod may last for at least 10 years, dur ing w h i c h there is a steady 

increase in specif ic grav i ty (45). Therefore, young trees w i l l not provide the 

same yield of sol id mater ial or f iber per uni t vo lume of w o o d as compared to 

older trees. 

C h e m i c a l C o m p o s i t i o n 

The chemica l compos i t ion of biomass materials is general ly discussed in 

terms of cell wa l l polysacchar ides (cellulose and hemicel luloses), phenol ics 

( l ignin and polyphenols) , extract ives, and ash content . W o o d normal ly con 

tains smal l amounts of ash (1 percent) and various quant i t ies of extract ives 
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38 BIOMASS AS A NONFOSSIL FUEL SOURCE 

FEB. APRIL JUNE AUG. OCT. DEC. 

MONTH 

Figure 1. Season variation of moisture content of (O bark, · wood) 3-year-old 
sugar maple and (A bark, A wood) 50-year-old yellow poplar (43) 
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2. SAJDAK ET AL. Forest Biomass for Energy 39 

depend ing on tree species (46). Extract ive-free hardwoods have a l ignin con 

tent be tween 18 percent and 25 percent ; it varies between 25 percent and 35 

percent for the sof twoods. The remain ing materials in the w o o d are the 

polysaccharides (46). 

There are def in i te changes in the chemica l compos i t ion of react ion w o o d . 

Compression w o o d has a s igni f icant increase in l ignin and a corresponding 

decrease in polysacchar ides as compared to normal so f twood. Tension w o o d 

has just the opposi te relat ionship. Since juveni le w o o d tends to conta in a 

high level of react ion w o o d , its chemica l compos i t ion should dif fer f rom that 

of mature w o o d . 

Other tree components , such as fol iage and bark, conta in a substant ia l ly 

higher content of extract ives, and a s l ight ly higher ash content than w o o d . 

Also, bark has a higher content of phenol ics other than l ignin, inc lud ing 

phenol ic acid and tannins as compared to w o o d . 

Chemical compos i t ion , as discussed in the next sect ion, is closely related to 

the caloric values of biomass, and also affects the eff ic iency of convers ion, 

part icular ly w h e n using a biological approach. For example, the presence of 

phenol ics, part icular ly l ign in, presents a major roadblock for enzymat ic con

version of polysacchar ides to alcohol . The conversion of juveni le biomass has 

been s h o w n to have a higher mois ture content and lower specif ic gravi ty 

than mature w o o d (47), and may respond more favorably to such a t rea tment 

process. The energy convers ion of juveni le biomass materials by a thermal or 

biological methods needs to be explored. 

Calor ic V a l u e s * 

The caloric value, or heat of combus t ion , of a natural fuel on we igh t basis is a 

func t ion of the chemcia l compos i t ion . It has been shown that a linear rela

t ionsh ip exists be tween the heat of combus t ion and the carbon content of 

the substrate (48). L ignin has a higher heat of combust ion than that of a 

polysacchar ide (5884 vs. 3853 ca l /g) , because of its lower oxygen content . 

The extract ives (terpenoid hydrocarbons or resin) w i t h even lower oxygen 

contents have sti l l h igher heat contents (8124 and 9027 cal/g) (49). In con 

trast h igher ash conten t w i l l have a negat ive effect on the calori f ic value. 

The caloric values of natural fuels reported in the l i terature have been s u m 

marized by various authors (38,29,41,48,50,51,52). The average values taken 

f rom these reviews are l isted in Table V. A n average heat content of 4781 and 

• All heating values discussed in this section are high heating values. 
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2. SAJDAK ET AL. Forest Biomass for Energy 41 

5010 ca l /g was found for ha rdwood and so f twood , respect ively. It appears 

that l i t t le var iat ion in caloric values exists among various hardwood species. 

Larger var iat ions have been observed among so f twood species because of 

the marked di f ferences in ext ract ive content . However, it can general ly be 

conc luded that the calor ic value for a given vo lume of biomass material is pr i 

mari ly de termined by its moisture con ten t and specif ic gravi ty. 

PERSPECTIVE 

The near te rm and extended out look of increasing use of w o o d for energy 

purposes is favorable. Commerc ia l forests conta in an abundance of biomass 

for fuel and intensively cu l tured p lantat ions cou ld add addi t ional amounts . 

The quest ion is h o w m u c h and at w h a t cost? 

The use of w o o d for energy w i l l compete w i t h w o o d for mater ial use. W o o d 

as a cons t ruc t ion mater ia l is m u c h more impor tan t in the Nation's energy 

budget than as a fuel . The manufac ture of lumber and p l y w o o d f rom w o o d is 

m u c h less energy- intensive than the manufac ture of metal and plast ic 

products . Also, the energy savings due to the high insulat ing value of w o o d 

bu i ld ing components should be noted. 

Forest survey stat ist ics indicate w e harvest and use upwards of 30 percent of 

current forest p roduc t ion for convent iona l forest products. The remain ing 70 

percent has been s h o w n to be potent ia l ly avai lable for var ious energy uses 

(3.10). However, before such increased w o o d use occurs, a number of factors 

need to be examined and hopeful ly resolved. 

C o n v e n t i o n a l W o o d N e e d s 

It is apparent that increasing demands for t radi t ional forest products w i l l 

require some of the current b iomass surplus. It is also apparent that some of 

the surplus biomass may be unavai lable for economic reasons or unharvesta-

ble due to constra ints imposed by other forest users or env i ronmenta l factors. 

Consequent ly , w h a t is then left of the surplus w o u l d be potent ia l ly avai lable 

for energy use. 

A recent s tudy for the Amer ican Pu lpwood Associat ion evaluated the w o r l d 

w o o d supply and d e m a n d s i tuat ion to the year 2 0 0 0 (7). The Uni ted States 

was ident i f ied as one of the countr ies w h i c h w i l l need more w o o d than it can 

supply. However, the s tudy conc luded that w e have the potent ia l to not only 

e l iminate the expected def ic i t but also to become a net exporter of forest 

products . To accompl ish this goal , w e w i l l need to increase ut i l izat ion of 

current g r o w t h as we l l as increase produc t iv i t y on all avai lable lands. 
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42 BIOMASS AS A NONFOSSIL FUEL SOURCE 

I nc reas ing U t i l i z a t i o n 

W o o d cur rent ly unused because of poor markets and h igh ut i l izat ion 

standards w i l l help al leviate the pro jected U.S. w o o d def ic i t . Smal ler logs 

must be harvested and the remain ing por t ions of the trees ch ipped. High 

qual i ty chips w o u l d likely be ut i l ized for f iber products wh i le low qual i ty 

mater ia l can be burned. 

Improved biomass inventor ies are also needed to ident i fy the amounts , 

qual i ty , locat ions, and del iverable costs of the excess forest biomass. 

Increasing the ut i l izat ion of forest b iomass is par t icu lar ly cost-sensi t ive. As 

greater amoun ts of forest residue are removed f rom a g iven area, the costs 

w i l l increase. In many cases, it may not be economica l ly feasible to recover 

the residue generated by smal l landowner harvest operat ions and t ranspor t 

th is to a large energy user. More likely, th is residue and possibly h igher value 

t imber w i l l be increasingly used for home heat ing in a d i rect response to 

r is ing convent iona l heat ing costs. Ut i l izat ion w i l l probably be most intense in 

the Nor thern and Southern Regions where most of our popu la t ion exists and 

the forests are also most diverse. 

I m p a c t o n O t h e r Fo res t U s e s 

Increasing the ut i l izat ion of our forests w i l l have a def in i te impact on other 

forest uses such as w i ld l i fe , recreat ion, and water . Indeed, some segments of 

our society place t imber p roduc t ion secondary as is ev idenced by recent 

cour t decis ions w h i c h l imi t management prerogat ives on certa in Nat ional 

and State Forests. The most ef f ic ient harvest ing systems, i.e.. c learcut t ing 

w i t h who le- t ree ch ipp ing , are especial ly in disfavor. However, it mus t be 

noted tha t the inherent nature of species like aspen (Populus) and jack pine 

requires that c learcut t ing be used for regenerat ion. 

The removal of tops, l imbs, and cul l trees in a select ive log harvest, wh i le 

improv ing the visual impact , w i l l destroy the cover needed for smal l animals 

and birds. A mul t ip le use managemen t approach is necessary w h e n 

imp lement ing increased forest ut i l izat ion, but at some sacri f ice in y ie ld. Not 

every acre can be ut i l ized to its ful lest potent ia l for b iomass product ion . 

I m p a c t o n S i t e Q u a l i t y 

More in format ion is needed to determine the impact tha t increased ut i l izat ion 

w i l l have on site qua l i ty such as soil o rganic mat te r content , w a t e r ho ld ing 

capac i ty and fer t i l i ty levels. (53) It appears that the more intensive the 

harvest, the greater the oppor tun i t y for soil deter iorat ion. The increased 
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2. SAJDAK ET AL. Forest Biomass for Energy 43 

removal of leaves and small branches represents a s igni f icant drain of 

nut r ient capi tal on some sites and may cause some long- term reduct ion in 

site product iv i ty . 

I nc reas ing Fores t P r o d u c t i v i t y 

As stated earlier, many forests are understocked. Some of the biomass 

surplus w i l l need to be left on site to increase the amoun t of g r o w i n g stock 

and therefore increase fu ture yields. The increasing demand for w o o d 

products and fue lwood presents an oppor tun i t y for forest improvement 

pract ices as never before. Pre-commercia l th inn ings and improvement 

cu t t ings may n o w be prof i table in supply ing w o o d for energy uses wh i le 

increasing the produc t ion of qual i ty t imber in the future. 

It is expected that the forest p roducts industr ies wi l l lead the w a y toward 

increasing forest product iv i ty . Industry lands are already the most product ive 

as compared to pr ivate and publ ic lands. A t present, w i t h about 14 percent of 

the commerc ia l forest land area, the forest industr ies produce 33 percent of 

the w o o d in the Uni ted States. Less certain is the extent to w h i c h small 

pr ivate forests w i l l increase product iv i ty . The w o o d markets are assured but 

the investment required for forest improvement is unat t ract ive for ind i 

v iduals, especial ly in the face of r is ing land costs, interest rates and taxes, 

and increasing regulat ions. Public lands are least product ive because of 

locat ion, terrain and land use history and because of the pressures f rom other 

users. Large increases in governmenta l fund ing wi l l be needed and pol icy 

changes in i t iated before s igni f icant increases in product iv i ty can be realized. 

B i o m a s s Energy P l a n t a t i o n s 

Intensively cu l tured shor t - rotat ion p lantat ions have been advocated as 

prov id ing addi t ional sources of b iomass for energy use. The land base needed 

for the imp lementa t ion of th is proposal on an extensive scale w o u l d seem to 

present a nearly insurmountab le prob lem. For example, Evans (54) calculated 

that a 100 m e g a w a t t electr ic faci l i ty w o u l d require a forest biomass 

p lantat ion nearly 2 0 0 square miles in size if oven dry yields of f ive tons per 

acre per year cou ld be at ta ined. It must be noted that the high yields obta ined 

f rom small p lot studies may be di f f icu l t to obta in on such a large scale. 

Biomass energy p lantat ions w o u l d most l ikely be relegated to sub-margina l 

agr icul tura l lands or areas where forests are not normal ly found . The inputs 

needed on these lands to achieve h igh yields of biomass may not be feasible 

or economica l . As indicated earlier, the lower specif ic gravi ty and higher 

moisture conten t of shor t - ro tat ion biomass may affect the energy convers ion 

process. 
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44 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Natural nor thern ha rdwood stands in Nor thern M ich igan were f o u n d to 

p roduce nearly t w o dry tons of b iomass per acre per year over a 50-year 

per iod. These yields were obta ined w i t h no management inputs whatsoever 

(35). Frederick and Cof fman (55) reported mean annual dry w e i g h t p roduc t ion 

of nearly 2.5 tons per acre in a 25 year o ld unmanaged red pine (Pinus 

resinosa Ait.) p lantat ion. Even greater y ie lds are possible in the South and the 

Pacific Nor thwest . A more realist ic approach m i g h t be to use the knowledge 

gained f rom the intensive cu l tu re studies and supp ly th is t o improved 

management of convent iona l forest p lantat ions. 

In conc lus ion, w o o d w i l l play an increasingly impor tan t role in supp ly ing a 

part of our Nat ion's energy needs. To w h a t extent th is w i l l occur is u n k n o w n 

and w i l l depend in part on the costs of more convent iona l fuels. Using w o o d 

for energy is the least prof i table use of th is resource and the di f ferent ia l 

should cont inue. The forest p roducts indust ry w i l l l ikely lead the w a y in 

increasing the use of w o o d for energy. This indust ry has had the expert ise in 

g r o w i n g , hand l ing , and ut i l iz ing w o o d both for manufac tu r ing produc ts and 

for energy. The use of w o o d in generat ing e lect r ic i ty w i l l increase but on a 

smal ler scale as ut i l i t ies take advantage of surplus w o o d in the heavi ly 

forested regions. It is apparent tha t the use of w o o d as a home heat ing fuel 

w i l l con t inue to expand dramat ical ly . The ef fects of these var ious w o o d 

energy uses on the env i ronment are largely u n k n o w n . 
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3 
Production of Nonwoody Land Plants as a 
Renewable Energy Source 

A L E X G. ALEXANDER 

University of Puerto Rico, P.O. Box H, Agricultural Experiment Station, 
Rio Piedras, PR 00928 

Non-Woody Land Plants in Perspective 

Literally thousands of terrestrial plant species can be regarded as potential 
energy sources. A majority of these are herbaceous seed plants which 
complete their growth and reproductive processes within a single growing 
season of a few months duration. They are widely distributed from arctic 
regions to the tropics (1-3). They are equally diverse with respect to their 
growth and anatomical characteristics, their cultural requirements, and their 
physiological and biochemical processes (2-9). Yet all have the capacity to 
convert sunlight to chemical energy and to store this energy in the form of 
biomass. An oven-dry ton of herbaceous biomass represents about 15 Χ 106 

Btu's of stored energy. The direct firing of one such ton, in a stoker furnace 
with high-pressure boiler having a 70% conversion efficiency, would displace 
about two barrels of fuel oil. 

In addition to their fibrous tissues, some species also produce sugar and 
starch in sufficient quantities to warrant extraction and conversion to 
ethanol. The latter can displace petroleum in the production of motor fuel or 
chemical feedstocks (10-13). Other species store additional energy in the 
form of natural hydrocarbons. 

0097-6156/81/0144-0049$07.00/0 
© 1981 American Chemical Society 
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50 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

W h i l e it is not correct to say that herbaceous land plants have been 

over looked as a domest ic energy resource, only a small number have been 

examined closely for th is purpose. A m o n g the latter are t ropical grass species 

of Zea, Sorghum, Saccharum. and Pennisetum w h i c h were recognized for 

their h igh yields of f iber and fermentable sol ids long before the oil embargo of 

1973. Throughou t their history as cu l t iva ted crops, p lants such as corn, sweet 

so rghum, sugarcane, and napier grass have evolved extensive technolog ies 

for thei r cu l t i va t ion , harvest, post-harvest t ranspor t and storage, and for their 

processing and market ing. Yet, even for these plants major changes mus t be 

made in their management if they are to serve ef fect ively as energy crops 

(5.6.23.24). Other t ropical p lants having very f ine botanical or agronomic 

a t t r ibutes and en joy ing a year-round c l imate sui ted to biomass p roduc t ion 

have been general ly ignored as energy resources. Pineapple, cassava, and a 

range of underut i l ized t ropica l species are appropr iate examples (4,8,13). 

A major i ty of herbaceous land plants have never been cu l t iva ted for food or 

f iber. In w a r m c l imates, w i l d grasses such as Sorghum halepense (Johnson 

grass), Arundo donax (Japanese cane), and Bambusa species are border l ine 

cases where occasional use has been made of thei r h igh product iv i ty of dry 

matter . In cooler c l imates, self-seeding plants such as reed canary grass, 

cat ta i l , w i l d oats, and orchard grass may be v iewed w i t h mixed feel ing by 

landowners unable to cu l t i va te more valuable food or forage crops. Plants 

such as ragweed, redroot p igweed, and lambsquarters are recognized for 

thei r persistent g r o w t h habits wh i le o therwise regarded as c o m m o n pests. 

However, the value of such species cou ld rise dramat ica l ly as biomass 

assumes a role as a nonfossi l domest ic energy resource. 

Prior S t u d i e s o n H e r b a c e o u s P lan ts as E n e r g y S o u r c e s 

Aside f rom sugarcane and "a l l i ed " t ropical grasses (6.7.13,23-25), relat ively 

l i t t le a t tent ion has been given to herbaceous land plants speci f ical ly as 

sources of fuels and chemica l feedstocks. Studies were in i t iated recent ly at 

Bat te l le-Columbus Laborator ies on c o m m o n grasses and weeds as potent ia l 

subst i tu tes for fossil energy (26). Plants show ing promise as boi ler fuels 

inc lude perennial ryegrass, reed canarygrass, sudangrass, orchardgrass, 

bromegrass, Kentucky 31 fescue, lambsquarters, and others. A range of 

species have indicated some potent ia l as sources of o i l , fats, prote in, dyes, 

alkaloids, and rubber. Such plants inc lude g iant ragweed, alfalfa, j i m s o n w e e d , 

c rambe, redroot p igweed , dogban , m i l kweed , and pokeweed. 

Recently, a government -sponsored p rogram w a s in i t ia ted to screen her

baceous plants to close the in format ion gap in this area of biomass energy 

deve lopment (27). This program has t w o phases: First, to ident i fy p romis ing 
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3. A L E X A N D E R Nonwoody Land Plants 51 

species for who le -p lan t biomass p roduc t ion in at least six di f ferent regions of 

the U.S., and second, to per form f ield evaluat ions on at least 20 species per 

region, w i t h a v iew toward ident i fy ing those most sui table for c ropp ing on 

terrestr ial energy plantat ions. A r thu r D. Lit t le, Inc., conduc ted Phase I (2). 

Six regions were designated on the basis of c l imat ic character ist ics, land 

avai labi l i ty, and land resource data prov ided by the U.S. Soil Conservat ion 

Service (2). A list of 280 potent ia l species was prepared on the basis of 

publ ished l i terature and personal in terv iews. These were screened in 

accordance w i t h botanical and economic character ist ics, w i t h emphasis on 

previously uncu l t iva ted species. Certain agr icul tura l plants were also 

considered. 

Factors such as yield potent ia l , cu l tura l requirements, to lerances to 

physio logical stress, p roduct ion costs, and land avai labi l i ty were considered 

in ranking the candidate species of each region (2). Plants w i t h yields less 

than 2.2 tons/acre (5 metr ic tons/hectare) were e l iminated. For the potent ia l 

energy crop species, compar isons were d r a w n w i t h six categories of 

economic plants, inc lud ing tall and short broadleaves, tal l and short grasses, 

legumes, and tubers. Some 70 species were recommended for considerat ion 

in the program's second phase (field screening). Some of these plants 

(redroot p igweed , lambsquarters. Colorado river hemp, ragweed) have no 

prior history as cu l t iva ted crops and their cu l tura l needs remain obscure. 

Other species (Bermuda grass. Kenaf. reed canary grass, sudan grass) have 

been improved and cu l t iva ted for decades (2). 

B O T A N I C A L A N D A G R O N O M I C C O N S I D E R A T I O N S 

This init ial p rogram to evaluate herbaceous land plants w i l l help to clari fy 

their value as a renewable energy source. However, an extensive research 

effort is needed to comple te th is task even as it appl ies to exist ing plant forms 

already managed as agr icu l tura l crops. A con t inu ing effort w i l l be needed 

over a period of several decades in the areas of new species evaluat ion, 

genet ic improvement , herbaceous plant c ropp ing on marginal lands, and 

crop ta i lor ing to chang ing energy needs. The remainder of th is paper offers 

some general guidel ines and considerat ions for deal ing w i t h the vast pool of 

exis t ing herbaceous land plants. 
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52 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

B o t a n i c a l C o n s i d e r a t i o n s 

P h o t o s y n t h e s i s : Photosynthesis is the process by w h i c h the radiant 

energy of sun l ight is conver ted to chemica l energy by plants. Its overal l 

react ion can be stated s imply as: 

Sun l igh t 

C 0 2 + H 2 0 • ( C H 2 0 ) + 0 2 

Green Plants 

The a m o u n t of energy retained in the photosyn tha te ( C H 2 0 ) is about 4 6 8 

kJ /mole . 

A l t h o u g h not an ef f ic ient process, it is the on ly system of solar energy 

convers ion on earth that has operated at any appreciable magn i tude and 

w i t h any appreciable economy for any appreciable per iod of t ime. A n 

est imated 1350 J / m 2 arr ives at the earth's upper a tmosphere in the fo rm of 

solar radiat ion, but on ly about half penetrates to the earth's surface (28). A 

theoret ica l 8 percent of th is radiat ion cou ld be conver ted photosynthet ica l ly ; 

however , a m a x i m u m convers ion ef f ic iency of on ly 4 percent has been 

at ta ined and th is under cond i t ions of l ow l ight in tensi ty (29). Agr icu l tu ra l 

p lants average perhaps 0.5 to 1.0 percent ef f ic iency. Land plants on a w o r l d 

w i d e basis probably average less than 0.3 percent ef f ic iency. Nonetheless, 

the earth's p lants store annual ly about 10 t imes more energy than is ut i l ized, 

and some 2 0 0 t imes more than is consumed annual ly as food (30). 

Photosynthesis consists of t w o phases: (a) Energy capture, y ie ld ing chemica l 

energy and reducing power ; and (b). the reduct ion or "ass imi la t ion" of 

a tmospher ic C 0 2 . The carbon reduct ion phase is accompl ished by three 

d is t inc t pa thways ( C 3 , C 4 , and CAM). Each pa thway is found a m o n g the 

wor ld 's herbaceous land plants, but the C 3 pa thway is the most w ide ly 

d is t r ibu ted. C A M plants, w h i c h assimi late carbon at n ight , are relat ively less 

impor tan t even t h o u g h thei r ut i l izat ion of wa te r is general ly more ef f ic ient 

than for C 3 species. The C 4 pa thway was at f irst t h o u g h t to reside only in 

sugarcane and related t rop ica l grasses (31-33). It was soon found in other 

plants such as Zea. Sorghum, and Amaranthus (34-38). The C 4 species 

cons t i tu te a k ind of apex in photosyh the t ic prof ic iency, a ided to some extent 

by at t r ibutes such as a low C 0 2 compensat ion point , a " l ack " of 

photorespi rat ion, and a capabi l i ty to uti l ize both lower and higher l ight 

intensi t ies bet ter than C 3 species (5.9,39-41}. 

A n impor tant aspect of photosynthet ic energy convers ion of ten over looked in 

h igher plants is their "spectra l prof ic iency" , that is. thei r abi l i ty to conver t 
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3. A L E X A N D E R Nonwoody Land Plants 53 

di f ferent regions of the sun's spectral energy d is t r ibut ion. W h e n pho to 

synthesis by a g iven leaf is measured at d i f ferent wave lengths of equal 

q u a n t u m f lux, say f rom 4 0 0 n m in the blue-violet to 720 n m in the far-red. a 

photosynthet ic act ion spec t rum is at ta ined w h i c h tells us m u c h about the 

leaf's abi l i ty to "harves t " the ent ire package of visible l ight energy received 

f rom the sun. W i t h suf f ic ient repl icat ions, an act ion spec t rum character ist ic 

of the species is der ived, a kind of spectral f inger pr int comple te w i t h peaks 

and depressions t yp i f y ing that species. Ironical ly, more than 6 0 percent of 

incoming solar energy is received at wave leng ths shorter than 550 n m , wh i le 

(apparently) most p lants are photosynthet ica l ly act ive at wave leng ths longer 

than 6 0 0 nm. There is some evidence that Saccharum and a f e w other 

species have major photosynthesis act iv i ty in the blue-violet to blue-green 

region (40,41). Photosynthet ic act ion spectra have been determined for 

approx imate ly 3 0 agr icu l tura l p lants The vast major i ty of herbaceous land 

plants have not been examined in th is context . 

P h o t o s y n t h e s i s in an Energy Crop P e r s p e c t i v e : A plant physio logist or 

b iochemis t measur ing photosynthes is in the laboratory usually determines 

the quan t i t y of C O 2 assimi lated per uni t of leaf area in an hour or some other 

convenient t ime interval (mg C 0 2 / c m 2 - h r " 1 ). It does not necessari ly fo l low 

that superior assimi lat ion rates noted under these condi t ions w i l l t ranslate to 

high photosynthate yields in the f ie ld. A more convenient measure of 

photosynthet ic potent ia l in b iomass-candidate species is the quant i t y of dry 

mat ter produced per square meter of leaf surface per day (g D M / m 2 - d a y ) . A 

major i ty of herbaceous land plants w o u l d produce on the order of 2-8 grams 

of oven-dry mater ial per square meter per day, during the peak of their 

growth or tissue-expansion phase. A yield of 15 g / m 2 - d a y w o u l d be qui te 

good and w o u l d typ i fy some C 4 pa thway species. Potential m a x i m u m yield 

est imates have been placed at 3 4 to 39 g / m 2 -day for C 3 plants and 50 -54 

g / m 2 - d a y for C 4 plants (46). 

To any energy planter, the most meaningfu l measure of solar energy 

convers ion to biomass is the number of k i lograms of dry mat ter produced per 

hectare per year (or tons per acre per year). W h i l e photosynthet ic processes 

per se remain an impor tan t factor, equal ly impor tant are all other processes 

and constra ints of p lant g r o w t h and deve lopment w h i c h come into play as 

photosyntha te is elaborated to harvestable biomass. Each of these factors 

f inds expression in the energy planter 's gross yield of biomass. Annua l dry 

mat ter yields in the order of 22 .500 kg /ha (10 tons/acre) are c o m m o n for a 

f e w species but the major i ty of herbaceous land plants probably yield less 

than 4 5 0 0 kg /ha (2 tons/acre) . 
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54 B I O M A S S AS A N O N F O S S I L FUEL SOURCE 

The reckoning of dry mat ter yields on an annual basis rather than an hour ly or 

a dai ly basis m igh t seem inappropr iate to non -woody species whose g r o w t h 

per iod lasts only a few weeks or months . However, it is correct to do so since 

many of the energy planter 's expenses ( inc luding land rentals, taxes, 

equ ipmen t deprec ia t ion, and land maintenance) are incurred on an annual 

basis (9,47.48). Moreover, some herbaceous plant species do produce dry 

mat ter cont inua l ly t h r o u g h o u t the year and others cou ld do so if managed as 

energy crops. A p lant such as sugarcane propagated as a 12 -month sugar 

crop can yield dry mat ter at the rate of 10-12 g / m 2 -day, or about 10 

tons/acre-year. The highest dry mat ter y ie lds at ta ined to date by the author 

were w i t h f i rs t - ratoon sugarcane managed for to ta l b iomass rather than 

sugar. These a m o u n t e d to 36.6 tons/acre-year, or 26.6 g / m 2 - d a y , over a t ime-

course of 365 days (49). 

It is safe to say tha t for most p lants, there is no di rect relat ionship be tween 

photosynthe t ic potent ia l , as de termined in the laboratory, and the total dry 

b iomass to be harvested in the f ie ld. The pr inc ipal reasons for th is are a series 

of botanical and agronomic factors w h i c h prevent the elaborat ion of 

photosyntha te to b iomass at rates commensura te w i t h the plant 's carbon 

reduct ion potent ia l . Some of these factors are fundamenta l constra ints 

against g r o w t h and deve lopment essential ly beyond the cont ro l of t he energy 

planter ( though somet imes contro l lab le by the p lant breeder). Other 

const ra in ts are a ref lect ion of p lant management and can be e l iminated 

th rough research and deve lopment of the species as an energy crop. 

It is also safe to say tha t some non -woody land plants w i l l be found to have 

good biomass potent ia ls but l i t t le prospect of ever being managed as 

agr icu l tura l energy commodi t ies . For such plants, a decisive a t t r ibu te w i l l be 

their abi l i ty to survive and produce some biomass w i t h the barest m i n i m u m 

of p roduc t ion inputs (8.9). Yet even in these instances one mus t not over

emphasize photosynthes is rate as an energy yield indicator ; there is s imply 

too m u c h var iabi l i ty in the measured rates of photosynthesis and too l i t t le 

correlat ion w i t h measured biomass (5,33,50). A n example of th is was found 

in a series of " w i l d " sugarcanes (Saccharum species) whose photosynthes is 

rates var ied by a factor of 10 wh i le thei r b iomass yields var ied by a factor less 

than 2 (40). Var iat ion is s imi lar ly h igh a m o n g the hybr id sugarcanes of 

commerce (33,51). ' n a g iven f ie ld of sugarcane, comple te ly un i fo rm as to soil 

series, var iety, p lan t ing date, and cu l tura l management , one can expect to 

f ind photosynthesis and g r o w t h rates tha t vary by a factor of 3 to 5 among 

randomly-se lected sampl ing sites (5). 
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3. A L E X A N D E R Nonwoody Land Plants 55 

R e d u c t i o n S t a t e o f t h e P r i m a r y P h o t o s y n t h a t e : To this point w e have 

considered biomass as "e laborated pho tosyn tha te" , consis t ing main ly of 

cel lulose, and l ignin der ived f rom glucose or polyglucosides having the basic 

fo rmula ( C 6 H 1 2 0 6 ) . This is quant i ta t ive ly the most impor tant fo rm of biomass 

for both w o o d y and herbaceous plant species. However, as a fo rm of stored 

energy it has the l imi ta t ion of being only part ial ly reduced. The presence of 

oxygen in the s t ructure of plant t issues, s tarch, and extractable sugars l imits 

the energy conten t of such materials to approx imate ly 14-16 Χ 1 0 6 Btu's per 

dry ton . A l ternate ly , some plant species store energy in more h ighly reduced 

compounds having progressively less oxygen in their s t ructure. Plant 

materials such as isoprene polymers, sterols, oils and waxes consist main ly of 

carbon and hydrogen and conta in on the order of 4 0 - 5 0 X 1 0 6 Btu's per dry 

ton . Calvin and others have advocated the s tudy of "hydrocarbon p lan ts" as 

superior b iomass energy sources (21.22.52). Many of these species have the 

added advantage of good adaptabi l i ty to lands that are semi-ar id, roughly-

contoured, and o therwise marginal for the produc t ion of more convent iona l 

food and energy crops (8.53.54). 

Hydrocarbon-bear ing plants inc lude both w o o d y and herbaceous species. 

Some of the be t te r -known examples, such as the rubber tree (Hevea 

brasiliensis) and guayule (Parthenium argentatum), are w o o d y perennials, 

wh i le others, such as Euphorbia and Calotropis species, are border l ine cases 

that cou ld be managed ei ther as forest or agronomic energy crops. M i l kweed 

species (Asclepidacea) are predominant ly herbaceous, but one member 

found in the t ropics, Calotropis procera (the "g ian t mi lkweed" ) , is a w o o d y 

perennial reaching heights of 9 to 12 feet over a period of several years. In 

Puerto Rico it is regarded as a forest spec imen (55). but as an energy crop 

w o u l d most likely be managed as a f requent ly reçut forage (56). 

W a t e r U t i l i z a t i o n E f f i c i e n c y : Wa te r w i l l qu i te def in i te ly be a decisive 

l imi t ing factor in the w o r l d w i d e expansion of agr icu l ture (9,54,57,58). It is 

therefore impor tant that water ut i l izat ion ef f ic iency be considered in the 

fu ture screening and deve lopment of herbaceous land plants as energy 

resources. Three factors must be assessed f rom the onset: (a) Uti l izat ion 

ef f ic iency in photosynthet ic processes; (b) wa te r ex t ract ing capabi l i ty f rom 

the candidate species' natural ter ra in ; and (c), the species capaci ty for water 

conservat ion by anatomica l means. 

A g r o n o m i c C o n s i d e r a t i o n s 

The product ion of biomass involves the col laborat ion of physio logical , 

b iochemica l , botanical , and agronomic factors under any set of condi t ions. 

However, for the intensive management of biomass product ion , part icular 
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56 B I O M A S S AS A N O N F OSSIL F U E L S O U R C E 

at ten t ion must be g iven to f ield-scale behavior of p lant masses in w h i c h an 

indiv idual p lant or c r o w n comp lex loses the impor tance w e a t tach to it as a 

botanical or hor t icu l tura l ent i ty . Several agronomic considerat ions cr i t ical to 

successful b iomass p roduc t ion are herein d iscussed. 

G r o w t h C h a r a c t e r i s t i c s : To at ta in m a x i m u m biomass on a per a n n u m 

basis, one w o u l d ideally select a year- round g r o w i n g season and p lant 

species capable of g r o w i n g on a year- round basis. Certain t ropica l grasses 

(sugarcane, napier grass. Johnson grass, bamboo) do th is very nicely if 

p lanted in the t ropics. Some of thei r members produce we l l also in sub

t ropical or even tempera te regions, but g iven equal management , they w i l l 

realize on ly part of the i r fu l l y ie ld potent ia l w h e n g r o w t h is const ra ined for 

several mon ths by cool temperatures. 

It is impor tan t to recognize also tha t g r o w t h is a 24-hour process as we l l as a 

12 -mon th process. The photosynthe t ic and t issue-expansion systems tha t 

operate each day are fu l ly dependent on the nocturna l t ranspor t and 

mobi l izat ion of g row th -suppo r t i ng compounds . For th is reason, the t rop ics 

are again favored by their w a r m n ights for b iomass product ion . In a s imi lar 

ve in , the cool n igh ts of the sou thweste rn arid lands are probably as restr ic t ive 

for b iomass as are the l imi ted mois ture suppl ies. 

Possibly the most desirable g r o w t h character is t ic of all for herbaceous 

species is the abi l i ty to produce new shoots cont inua l ly t h roughou t the year, 

year after year, f r o m an establ ished c r o w n . This is a p redominan t 

character is t ic of sugarcane and certa in o ther t ropica l grasses bo th related 

and unrelated to Saccharum species. Such plants do not require the per iodic 

do rmancy and rest intervals so impor tan t to most temperate species. Nor is 

th is compensated by the intensive f lush of May-June g r o w t h by temperate 

p lants ; over the course of a year the s lower -g row ing t ropica l forms w i l l ou t 

produce t h e m by a factor of three or four. 

A less obv ious but ut ter ly cr i t ical feature of the perennial c r o w n is its 

cont inua l underground con t r ibu t ion of decay ing organic mat ter t o the soil . 

This process proceeds concur ren t ly w i t h the con t inuous renewal of 

underground c r o w n and root t issues. For th is reason, the long- te rm harvest 

and removal of above g round stems, together w i t h the burn ing off of " t r a s h " , 

does not have an adverse ef fect on sugarcane lands. There are soils in Puerto 

Rico tha t have p roduced sugarcane more or less con t inua l l y for four centur ies 

w i t h o u t des t ruc t ion of thei r physical propert ies or nu t r ien t -supp ly ing 

capabi l i ty . On the other hand, seasonal crops such as f ield corn and grain 

so rghum do not develop a perennial c r o w n . For these plants, a good case can 

be made against the removal of aboveground residues f rom the c ropp ing site. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

00
3



3. A L E X A N D E R Nonwoody Land Plants 57 

T i s s u e E x p a n s i o n v s . M a t u r a t i o n : A c o m m o n misconcept ion is that 

b iomass g r o w t h involves main ly a visible increase of size, and that per acre 

tonnages of green mat ter are a reasonably accurate indicator of a plant 's 

y ie ld potent ia l . It is also f requent ly assumed that the moisture con ten t of 

plant t issues is essential ly constant at around 75 percent, and that dry mat ter 

yields can be calcu lated rather closely f rom green w e i g h t data. These 

assumpt ions are not correct in any case, but are part icular ly erroneous w i t h 

respect to herbaceous species. In v i r tual ly all such plants " g r o w t h " consist of 

discrete, d iphasic processes of t issue expansion fo l lowed by matura t ion. The 

t issue expansion phase produces visible but succulent g r o w t h consis t ing 

main ly of wa te r (on the order of 88 -92 percent moisture). The matura t ion 

phase corresponds to physio logical ag ing and senescence, that is, to 

f lower ing and seed produc t ion , s lackening of visible g r o w t h , ye l low ing and 

loss of fol iage, and hardening of the former ly succulent t issues. Dur ing th is 

per iod, the dry mat ter con ten t w i l l increase by a factor of t w o to four in a t ime 

interval tha t may be shorter than that of the t issue-expansion phase. For 

example, the hybr id forage grass Sordan 7 0 A more than doubles its dry 

mat ter y ield in a t ime-span of only t w o weeks (23). i.e.. dur ing weeks 8 to 10 

in a 10-week g r o w t h and reproduct ion cycle. For this reason, the opt ima l 

per iod of harvest must be determined w i t h care for each candidate species. 

Aga in , as a rule of t h u m b , the a l low ing of addi t ional t ime before harvest w i l l 

w o r k in favor of increased biomass yields f rom herbaceous plants. 

For most herbaceous plants, the produc t ion of dry mat ter can be p lo t ted as 

an S-shaped curve (Figure I). Dry mat ter con ten t w i l l not ordinar i ly exceed 10 

to 12 percent dur ing the period of rapid t issue expansion but w i l l begin to rise 

dramat ica l ly at some point in t ime tha t is character ist ic of the indiv idual 

species. Dry mat ter w i l l rarely increase beyond 4 0 percent in herbaceous 

plants. A t t e m p t s to hasten th is rise (by w i t h h o l d i n g water) or to delay it (by 

use of g r o w t h st imulants) have met w i t h l imi ted success in t ropical grasses 

(63). Some increase in the magn i tude of dry mat ter accumula t ion has been 

at ta ined over short periods of t i m e w i t h the plant g r o w t h regulator Polaris 

(63). 

H a r v e s t F r e q u e n c y : Once the diphasic nature of biomass g r o w t h and 

matura t ion is recognized, the impor tance of harvest f requency is also 

underscored. The op t ima l per iod for harvest in the matura t ion curve of one 

species w i l l di f fer enormous ly f rom the op t ima l harvest per iod of another, 

even among variet ies w i t h i n the same genus and species. For th is reason, it is 

conven ient to g roup candidate species into d is t inc t categories based on the 

t ime interval tha t must elapse after p lant ing to maximize dry mat ter y ield 

(63). The management and harvest requi rements of each group wi l l also vary. 

On th is basis, it has been convenient to organize t ropical grasses in to "short - , 

in termediate- , and long- ro ta t ion" categor ies (Table I). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

00
3



58 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

T a b l e I. C A T E G O R I E S O F T R O P I C A L G R A S S E S A N D L E A D I N G 

C A N D I D A T E C L O N E S U N D E R I N V E S T I G A T I O N A S 

R E N E W A B L E ENERGY SOURCES I N PUERTO RICO* 

C a t e g o r y 

I. Short Rotat ion 

II. In termediate Rotat ion 

III. Long Rotat ion 

H a r v e s t I n t e r v a l 

( M o n t h s ) C a n d i d a t e C l o n e s 

2-4 Sordan 7 0 A b 

Sordan 77 b 

Trudan 5 

Mi l lex 23 

Bermuda Grass 

NK Hybr ids 

Roma (Sorghum) 

4-6 C o m m o n Napier Grass (Var. 

Meker) 

Napier Hybr id PI 3 0 0 8 6 b 

Napier Hybr id PI 7 3 5 0 

NK Hybr ids 

Saccharum s p o n t a n e u m : 

US 67 -22 -2 

US 77 -70 

SES 231 

S. spont. Hybr id (Wild) 

Intergeneric Hybr ids 

12-18 Saccharum Hybr ids 

NCo 3 1 0 

PR 9 8 0 b 

PR 64-1791 

Β 70-701 

US 67 -22 -2 b 

USDA Impor ts 

" DOE Contract No. DE-AS05-78ET20071. 
b Leading candidates for their catetory. 
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3. A L E X A N D E R Nonwoody Land Plants 59 

As i l lustrated in Figure II. the t issue matura t ion curves for typ ica l members of 

each category vary great ly over a t ime-course of 12 months . Hence, to 

harvest sugarcane at the 10-week intervals favorable to Sordan 7 0 A w o u l d 

yield l i t t le dry matter. Similar ly, any delay of the Sordan harvest beyond 12 

weeks is a waste of t ime and product ion resources. Napier grass, an 

" in termedia te ro ta t ion" species, is more than a match for sugarcane at t w o -

and four -months of age, and w i l l nearly equal sugarcane yields at six months , 

but thereafter sugarcane w i l l easily ou t -p roduce napier grass. In this context , 

a shor t - rotat ion species should be harvested four or f ive t imes per year, an 

in termediate-rotat ion species t w o or three t imes per year, and long-rotat ion 

species no more than once per year. This need for careful a t tent ion to the 

matura t ion profi les of candidate species is underscored by yield data for 

sugarcane and napier grass harvested at variable intervals over a t ime-course 

of 12 months (Table II). 

It is also evident that , wh i le Sordan and napier grass at tain rather level 

plateaus for dry matter , sugarcane cont inues to increase in dry mat ter 

beyond 12 months (Figure II). Sucrose accumula t ion profi les are very similar 

for sugarcane. For many years, sugar planters have taken advantage of th is 

feature by ex tend ing the cane harvest interval beyond 12 months . Hence, the 

Puerto Rico sugar industry harvests t w o crops - the "gran c u l t u r a " (14 to 16 

months be tween harvests) as opposed to the pr imavera crop (10 to 12 

months be tween harvests). In Hawai i , sugarcane is c o m m o n l y harvested at 

two-year intervals. 

Energy Crop R o t a t i o n s : From Figure II. one w o u l d surmise that the energy 

p lantat ion manager should plant a herbaceous species such as sugarcane 

and leave it there - up to 18 months if possible — before harvest. In addi t ion 

to m a x i m u m fiber, he w o u l d also harvest fermentab le solids as a salable by

product . This reasoning w o u l d probably be correct in a t ropical ecosystem 

sui ted to Saccharum species and where a regional t rad i t ion exists for sugar 

p lant ing. However, these c i rcumstances do not exist in many countr ies 

having an otherwise good potent ia l for g r o w i n g biomass. For example, there 

is no region of the U.S. main land sui ted for 12- to 18-month c ropp ing of 

sugarcane, a l though there are vast regions there sui ted to some fo rm of 

t ropical grasses. Hence, a fu ture energy planter in Florida, Louisiana, 

Southern Cali fornia, or Southern Texas m igh t seriously consider whe the r he 

should harvest a 6 to 8 m o n t h crop of sugarcane per a n n u m or t w o crops of 

napier grass in the same t ime frame. 

Equally impor tan t is the fact that some countr ies w i l l not be able to afford a 

land occupat ion of 18 months by a single energy crop. This is especial ly t rue 

of densely popula ted, develop ing t ropica l nat ions having an urgent need for 
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60 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

50k 

AGE OF SPECIES 

Figure 1. A generalized representation of the maturation profile of herbaceous 
land plants 

While no specific time-frame or plant form is depicted, the diphasic process of tissue 
expansion followed by maturation is typical of nonwoody plant species. With the visible 
growth phase essentially completed, the energy planter will gain much additional dry 

matter by allowing a brief additional time interval to elapse before harvest. 

5θ\-

Sugarcane 

AGE OF SPECIES (WEEKS) 

Figure 2. Relative maturation profiles for Sordan 70A, napier grass, and sugarcane 
over one year. These plants are representative of the short-, intermediate-, and long-

rotation cropping categories, respectively. 
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3. A L E X A N D E R Nonwoody Land Plants 61 

T a b l e I I . DRY M A T T E R Y I E L D S OF S U G A R C A N E A N D N A P I E R G R A S S 

H A R V E S T E D A T V A R I A B L E FREQUENCIES OVER A T I M E - C O U R S E 

OF O N E Y E A R " 

I n t e r v a l N o . o f T o n s D M / A c r e / Y e a r F o r — 

( M o n t h s ) H a r v e s t s S p e c i e s P lan t C rop 1 s t Ra toon Crop 

2 6 Cane" 6.5 3.3 

Nap ie r 0 12.7 11.9 

4 3 Cane 11.1 11.9 

Napier 22.6 25.1 

6 2 Cane 16.6 20.6 

Napier 25.6 33.0 

12 1 Cane 25.5 33.6 

Napier 19.3 25.8 

3 DOE Contract No. DE-AS05-78ET20071. 
b Computed mean of three variet ies and t w o row spacings. 
c Computed mean of one var iety and t w o row spacings. 
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62 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

domest ic food produc t ion (64). In such cases, a shor t - ro tat ion species such as 

Sordan may be the popular cho ice for energy p lant ing since it can be s o w n as 

a s top-gap be tween the harvest of one food crop and the p lant ing of another. 

In th is capaci ty , it w o u l d also prevent soil erosion and weed g r o w t h wh i le 

ac t ing as a scavenger for residual nut r ients left over f r o m the prior food crop. 

Seasonal c l imate changes w i l l also be a factor in the rotat ion of biomass 

energy species w i t h convent iona l food and f iber crops. Shor t - ro tat ion t ropical 

grasses such as Sordan are ideally sui ted to the t ropics, but they can be 

g r o w n on a seasonal basis dur ing the heat of summer in most temperate 

regions. Such plants cou ld be propagated to matur i t y in a m id -June to m i d -

A u g u s t t ime f rame. In a g iven year, the same site cou ld produce a cool season 

food crop (a Brassica species, spinach), or a cool season forage (ryegrass, fall 

barley) bo th preceding and fo l l ow ing the biomass energy crop. 

H A R V E S T A N D T R A N S P O R T A T I O N 

Perhaps the weakest point in cur rent p roduc t ion research for b iomass is the 

lack of proven harvest equ ipment and methodolog ies for the maximized 

stands of b iomass tha t each cont rac tor str ives to at ta in. This is most ev ident 

in w o o d y biomass scenarios where convent iona l forest harvest ing tech 

no logy is ei ther not appl icable or s imply doesn' t exist in the con tex t of 

s i lv icu l ture energy plantat ions. The out look for harvest ing herbaceous land 

plants is considerably better but a good deal of research remains on harvest 

and post-harvest techno logy , together w i t h equ ipment redesign and 

modi f i ca t ion . 

M o w i n g v s . C o n d i t i o n i n g A s H a r v e s t O p t i o n s 

The vast major i ty of herbaceous land plants can be harvested nicely w i t h the 

sickle-bar m o w e r (assuming tha t land slopes and contours are o therwise 

sui ted for mechanized operat ions). This imp lement was designed more than a 

cen tury ago as a replacement for the hand sickle and manual grass scythe. As 

a horse-drawn implement , it revolut ionized the harvest of grain and forage 

crops. Today it is usually operated f rom the power take-off of Class I and II 

t ractors. The or ig inal w o o d e n parts have been replaced, bearings and 

lubr icat ion systems have been improved, and it is no longer geared to the 

s low fo rward pace of draf t animals. But it operates on basical ly the same 

pr inc ip le as its horse-drawn predecessors. 

There are t w o pr incipal l imi ta t ions of the sickle-bar m o w e r as a harvest 

imp lement for herbaceous biomass crops: (a) It is designed to operate in 

relat ively low-dens i ty stands of plants, and (b). its c u t t i n g process is conf ined 
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3. A L E X A N D E R Nonwoody Land Plants 63 

to a single slice near the base of upr ight stems. In other words , it is a 

mechanized sickle for severing stems rather than a s tem condi t ioner. This 

m o w e r has a preference for dry and upr ight s tems whose total mass does not 

exceed about 12 green tons per acre. It exper iences real d i f f icu l ty w i t h w e t 

and lodged materials and w i t h plant stands in any cond i t ion whose mass 

exceeds 15 green tons per acre. Since its operat ion is based on a cu t t i ng 

pr incip le, the sickle mus t be kept cont inua l ly sharp for ef fect ive per formance. 

Its ef f ic iency is immedia te ly lowered by contac t w i t h mole hil ls, rocks, wi res, 

scrap meta l , and durable objects of any kind encountered in the f ield. 

In the author 's exper ience, the modern sickle-bar m o w e r operat ing in a 

typ ica l ly dense t ropical grass, such as Sordan 70A (about 20-25 green 

tons/acre) , w i l l exper ience f requent t r ipp ing of its " fa i l -safe" mechan ism. This 

is a bui l t - in feature of the imp lement designed to prevent its dest ruct ion 

w h e n str ik ing unseen s tumps or other f ixed objects at operat ional speed. 

Nonetheless, the sickle-bar m o w e r is probably very adequate for harvest ing 

most herbaceous land plants, that is. those plants whose s tanding green 

mass w i l l not exceed about 12 tons per acre at any given harvest interval. 

For harvest ing somewha t higher densit ies of herbaceous mater ia l , a series of 

" f l a i l " and "cond i t ioner " designs have proven to be superior to the sickle-bar 

mower. Such imp lements do not per form on a cu t t ing pr inciple but rather 

break off the plant s tem by str ik ing it w i t h ext reme force. Sharpness of the 

contac t blades is not a decisive feature. In fact they w i l l per form fair ly 

adequately even w h e n dul l f rom long use. These machines require h igh 

horsepower (90 to 120 hp) and h igh power- take-of f speed (1000 rpm). 

The most ef fect ive imp lement of th is type tested to date in Puerto Rico is the 

M-C " ro tary scythe-condi t ioner" . The plant s tems are broken off by four lines 

of wh i r l i ng blades and are repeatedly shat tered as the blades restrike the 

stems at 3- to 5- inch intervals. The resul t ing " c o n d i t i o n e d " biomass is evenly 

d is t r ibuted in a broad swath behind the rotary scythe. In this state, the 

subsequent dry ing and bal ing operat ions are more easily per formed than 

w i t h conven t iona l l y -mowed biomass, that is. w i t h plant materials received in 

c lumps and mat ts and w i t h only one cut surface to faci l i tate water removal . 

A n addi t ional advantage of the rotary scy the-condi t ioner is its capaci ty to 

harvest p lant densit ies roughly double those handled by the sickle-bar 

mower . A second added advantage is its abi l i ty to harvest lodged and w e t 

materials. Such plants are harvested about as readily as those in a dry and 

upr ight cond i t ion . A th i rd avantage is its relat ively t rouble-f ree operat ion. The 

number of parts subject to ma l func t ion is purposely reduced to a m i n i m u m . 
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64 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

A t th is w r i t i n g , the rotary scy the-condi t ioner has g iven excel lent perfor

mance in p lant densi t ies a m o u n t i n g to about 22 green tons per acre (62). It is 

bel ieved that its upper dens i ty l imi t w i l l be on the order of 4 0 green tons per 

acre (65). 

Plant yields considerably h igher than 4 0 green tons per acre are ant ic ipated 

for a f ew herbaceous species. Sugarcane yields in excess of 9 0 green tons per 

acre year were recent ly demonst ra ted in Puerto Rico (49). Most sugarcane 

harvesters marketed today begin to have d i f f icu l ty w i t h cane densi t ies in the 

range of 50 to 6 0 s tand ing green tons per acre (65). The most ef fect ive 

sugarcane harvester in Puerto Rico at present is the Class Mode l 1400. 

Or ig inal ly developed in East Germany, the Class is a s ingle-row, w h o l e cane 

harvester w h i c h employs a power fu l air blast to remove organic t rash and soil 

f r om the cane at the point of harvest in the f ie ld. It has a c c o m m o d a t e d over 

60 tons of green cane per acre. W i t h modi f ica t ions, it m igh t possibly harvest 

8 0 to 9 0 tons per acre (65). 

Sola r D r y i n g 

A character is t ic d i f f icu l ty w i t h b iomass is its low densi ty relat ive to fossil 

energy and its h igh wa te r con ten t w h i c h is cost ly t o t ranspor t to processing 

centers. Wherever possible, it is desirable to remove most of th is wa te r at the 

harvest site by solar d ry ing . One except ion to th is is the use of " g r e e n " 

b iomass for anaerobic d igest ion. Ano ther except ion is f ound in sugarcane. In 

th is case, the w h o l e green stalk is t ranspor ted to a central ized mi l l for 

dewate r ing . The plant 's soluble fe rmentab le sol ids are recovered there f rom 

the expressed ju ice and sold as ref ined sugar or molasses. 

Very adequate equ ipment for the solar d ry ing of non -woody land plants can 

be found in the cat t le forage industry. The rotary scy the-cond i t ioner 

descr ibed above does m u c h to prepare herbaceous plants for rapid d ry ing in 

the sun (66.67). Ordinar i ly these mater ials w o u l d be tu rned over once or 

t w i c e in b r ing ing the mois ture con ten t d o w n to about 15 percent. Three 

w i n d r o w s w o u l d then be comb ined into one short ly before bal ing. Each of 

these operat ions can be per formed w i t h s tandard side-del ivery forage rakes 

operat ing f rom the power take-off of a Class I or II t ractor. W h e n higher 

dens i ty b iomass is to be raked (Sordan or napier grass), a heavy-duty " w h e e l " 

rake may be more sui table. These imp lements are also becoming standard 

equ ipmen t for fo rage-mak ing operat ions. 
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3. A L E X A N D E R Nonwoody Land Plants 65 

C o m p a c t i o n A n d Ba l i ng 

Solar-dried biomass is rarely t ranspor ted to its processing site today in a 

loose state,a l though once th is was standard pract ice. For economy of space 

in t ranspor t and storage, as we l l as ease of hand l ing , such materials are f irst 

compac ted and then bound w i t h a sui table t w i n e or wire. The standard hay 

"ba ler " today is actual ly a compactor . It produces convenient ly-s ized cubes 

having a contro l led densi ty range of roughly 8 to 2 0 pounds per cub ic foot. A 

typ ica l hay "ba le " w o u l d w e i g h 60 or 70 pounds and is easily handled by one 

man in t ranspor t and storage procedures or in cat t le- feeding operat ions. 

A di f ferent concept in biomass bal ing has appeared in recent years. This is 

the " b u l k " or " r o u n d " baler w h i c h operates as a w i n d r o w wrapper rather than 

a compactor . This imp lement produces large cy l indr ica l bales w e i g h i n g up to 

1500 pounds each (68,69). Since no appreciable compac t ion is involved, the 

bale densi ty is relat ively low. on the order of 10 to 12 pounds per cub ic foot. 

More recent modi f ica t ions enable th is mach ine to produce cube-shaped 

bales w h i c h are more economica l of space dur ing t ranspor t and storage. Both 

f ront - and rear-end loaders sui table for handl ing these bales are marketed as 

convent iona l t ractor a t tachments (65). 

There are t w o types of balers for sugarcane bagasse, the bal ing press and the 

br iquet t ing press (70). The f irst type is a hydraul ic press emp loy ing the same 

compac t ion pr inc ip le used for hay. The bagasse is baled in a semi-green state 

and the fo rmed cubes are t ied w i t h t w i n e or wi res to prevent t h e m f rom re-

expand ing. Their densi ty w i l l range f rom 25 to 4 0 pounds per cub ic foot. 

Bales of th is type must be stacked careful ly to prevent spontaneous 

combus t ion , that is. w i t h suf f ic ient space between t h e m to a l low air 

c i rcu la t ion. The br iquet t ing press operates w i t h dry bagasse hav ing a 

mois ture con ten t of 8 to 15 percent. This press provides h igh pressures on 

the order of 5.000 to 15.000 psi. Under these condi t ions, ext remely compac t 

cubes are produced w h i c h retain their fo rm w i t h o u t the use of t w i n e or wi res. 

T r a n s p o r t A n d S t o r a g e 

Herbaceous biomass tha t has been solar-dr ied and baled can be t ranspor ted 

to processing or storage sites w i t h o u t appreciable d i f f icu l ty w i t h ex is t ing 

equ ipment . However, th is can entai l a s igni f icant cost. Ordinar i ly such 

mater ials w o u l d be loaded d i rect ly in the f ield on a low-bed truck. Standard 

bales (60-80 pounds) can be loaded manual ly or w i t h mechanica l loaders 

requir ing only one laborer on the t ruck for f inal pos i t ion ing of the bales. Bulk 

bales w o u l d be stacked t w o layers deep on the t ruck bed w i t h t ractor-

m o u n t e d loaders. The same t ruck w o u l d t ranspor t the biomass to a f inal 
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66 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

processing or storage faci l i ty w i t h o u t in termediate t rans-sh ipment opera

t ions. In the case of sugarcane, the harvested who le stalks or s tem bil lets, 

wha tever the case may be. are hauled in carts to the adjacent mi l . . The same 

mater ials cou ld be carted to an in termediate reloading point for t ruck del ivery 

to more d is tant sugar mil ls. 

Del ivery costs w i l l vary considerably w i t h the indiv idual biomass produc t ion 

operat ion. In general , a 4 0 - t o n low-bed t ruck w i t h dr iver can be hired for 

about $ 1 8 0 per 24-hour day at cur rent rates. Loading equ ipmen t w i t h 

operators must be s tat ioned at each end of the del ivery run. In an ideal 

b iomass p roduc t ion operat ion, i.e., one managed by a pr ivate farmer for prof i t , 

the land owner w o u l d probably o w n and help operate the t ruck and 

accessory equ ipment . A n es t imated del ivery cost for solar-dr ied biomass on a 

20-mi le run w o u l d be $6.00 to $8.00 per ton (1980 dollars). 

P R O D U C T I O N C O S T S 

Publ ished p roduc t ion costs for both herbaceous and w o o d y biomass show 

broad var iat ions tha t are both understandable and inevi table (3,6,7,48,58). A 

g iven cont rac tor w i l l w a n t to present his special i ty c rop in the best possible 

l ight relative to the dol lar inputs needed to obta in a mi l l ion Btu's in biomass 

fo rm. This top ic has been rev iewed in detai l (48). It w a s conc luded tha t most 

b iomass researchers great ly underest imate the cost of b iomass p roduc t ion , 

exc lud ing f rom thei r ca lcu lat ions s ign i f icant indi rect costs, long- term 

repercussions on ecosystem resources, fu tu re compet i t i on for land and 

water , and both the cost and ef f ic iency of b iomass convers ion systems. 

O b t a i n i n g C o r r e c t C o s t D a t a 

A seriously mis leading t rend is to base the p roduc t ion costs of a biomass 

candidate on its publ ished yield per formance as a convent iona l food or f iber 

crop. Sugarcane is an appropr iate example. In Puerto Rico, sugarcane 

managed for sucrose yields 25 to 30 green tons per acre year; as an energy 

crop it can y ield 8 0 to 90 tons per acre year w i t h only moderate increases in 

p roduc t ion costs (49). Napier grass data are s imi lar ly mis leading. There is a 

wea l th of pr in ted mat ter on the yields of napier grass managed as a t ropical 

forage crop, tha t is, w h e n harvested repeatedly at f ive- or s ix-week intervals 

at mois ture contents approach ing 90 percent. As an energy crop, napier 

grass produces roughly t w o to three t imes more dry mat ter per a n n u m at less 

cost than the cat t le forage (49). 
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3. A L E X A N D E R Nonwoody Land Plants 67 

P r o d u c t i o n C o s t s For T r o p i c a l Grasses 

Since June of 1977. considerable in format ion has been gathered on 

product ion costs for sugarcane and other t ropical grasses whose agr icu l ture 

has been managed for m a x i m u m dry mat ter yield in a t ropical ecosystem 

(62,63). A breakdown of p roduc t ion input charges for "energy cane" is 

presented in Table III. There data pertain to a pr iva te ly -owned, 200-acre 

operat ion y ie ld ing 33 oven-dry tons of biomass per acre-year. Total cost, 

inc lud ing del ivery to the mi l l ing site, is $25.46 per ton or $1.70 per mi l l ion 

Btus. Under Puerto Rico condi t ions, about 70 percent of this dry mat ter w o u l d 

be burned as a boiler fuel . The remainder w o u l d be extracted as fermentab le 

solids dur ing the cane dewater ing process and later sold as const i tuents of 

high-test molasses. This is a solid credi t to the insular energy cane planter 

o w i n g to Puerto Rico's precarious rel iance on foreign molasses as feedstock 

for her rum industry (7JJ. Assuming a market price of $0.75 per gal lon for 

high-test molasses, the fermentable solids f rom one such ton of energy cane 

w o u l d be valued at more than $45.00, or about $1500.00 per acre. Cane 

mi l l ing costs today in Puerto Rico are about $4.50 per ton (72). 

Product ion costs for Sordan 7 0 A are presented in Table IV. A l t h o u g h 

Sordan's biomass yield is lower than that of energy cane, p roduct ion input 

costs are also lower. The f inal cost of an oven-dry ton of Sordan 70A is about 

$14.00, or $1.50 less than a ton of energy cane. In this instance, there is no 

sale of fermentab le solids. Product ion costs for napier grass w o u l d be 

moderate ly lower than Sordan 7 0 A o w i n g to a m u c h higher yield per acre-

year for napier grass (49,62). This c rop simi lar ly has no sales for fermentab le 

solids. 

M a n a g e m e n t A s A P r o d u c t i o n C o s t Fac to r 

Product ion costs for energy cane l isted in Table III inc lude " m a n a g e m e n t " as 

10 percent of the cost subtota l . This is an indef in i te te rm cover ing the 

admin is t ra t ive skills expended by w a y of good agr icul tural techn ique to 

maximize biomass y ie ld. It also ref lects the morale (or prof i t incent ive level) of 

the indiv idual g rower or inst i tu t ion in charge of product ion . 

The management factor con t r ibu t ion to fu ture biomass produc t ion scenarios 

can range f rom very good to very bad, but it w i l l have the potent ia l to be 

decisive in all p roduc t ion operat ions. Aga in , using sugarcane as a convenient 

example, it is c o m m o n knowledge that l i t t le prof i t is to be made anywhere in 

the w o r l d today by p lant ing sugar, but it is the we l l -managed operat ions tha t 

w i l l min imize losses and offer the best prospect of survival unt i l sugar values 

are again equi table. A t one ext reme, superior management w i l l be found in 
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68 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

T a b l e I I I . D R Y M A T T E R P R O D U C T I O N C O S T S FOR 

F I R S T - R A T O O N S U G A R C A N E M A N A G E D A S A N ENERGY CROP" 

Land Area : 2 0 0 Acres 

Product ion Interval : 12 M o n t h s 

D M Yie ld : 33 (Oven-Dry) Short T o n s / A c r e : 6,600 Tons 

P r e l i m i n a r y C o s t A n a l y s i s 

I t e m C o s t ($ /Year ) 

1. Land Rental, at 50 .00 /Ac re 10,000 

2. Seedbed Preparat ion, at 15 .00/Acre 3,000 

3. W a t e r (800 Acre Feet at 15.00/f t ) 12.000 

4. W a t e r App l i ca t ion , at 4 8 . 0 0 / A c r e Year 9,600 

5. Seed (For Plant Crop Plus T w o Ratoon Crops 

1 T o n / A c r e Year at 15.00/Ton 3.000 

6. Fertilizer, at 180 .00 /Acre 36 .000 

7. Pesticides, at 26 .50 /Acre 5,300 

8. Harvest, Inc lud ing Equ ipment Charges, 

Equ ipment Depreciat ion, and Labor 20 ,000 

9. Day Labor. 1 Man Year (2016 hrs. a t 3 . 0 0 / h r ) b 6 ,048 

10. Cul t iva t ion, at 5 .00/Acre 1.000 

1 1 . Land Preparat ion & Main tenance 

(Pre-& Post-Harvest) 6 0 0 

12. Delivery, at 7 . 0 0 / t o n / 2 0 miles of Haul 46 ,200 

13. Subto ta l : 152,748 

14. Managemen t : 10% Subtota l 15.275 

15. Total Cost: 168.023 

16. Total Cost /Ton (168.023 + 6.600): 25.46 

17. Total Cost /Mi l l ion Btu (25.46 -s- 15): 1.70 

1 DOE Contract No. DE-AS05-78ET20071 . 
2 Labor w h i c h is not inc luded in o ther costs 
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3. A L E X A N D E R Nonwoody Land Plants 

T a b l e IV. DRY M A T T E R P R O D U C T I O N C O S T S FOR S O R D A N 7 0 A a 

Land Area: 2 0 0 Acres 

Product ion Interval : 6 Mon ths 

Sordan 7 0 A Yie ld: 15 (Oven Dry) Short Tons /Acre , Total 3,000 Tons 

P r e l i m i n a r y C o s t A n a l y s i s 

I t e m 

1. Land Rental, at 50 .00 /Acre Year 

2. W a t e r (Overhead Irr igation), 3 6 0 Acre Feet 

3. Seed, at 6 0 lb /Ac re 

4. Fertilizer 

5. Pesticides 

6. Equipment Depreciat ion (6 mo.) 

7. Equipment Ma in tenance (75% of Depreciat ion) 

8. Equipment Operat ion (75% of Depreciat ion) 

9. Diesel Fuel 

10. Day Labor (90.00/Day for 140 Days) 

1 1 . Delivery, at 6.00/Ton 

12. Subto ta l : 

13. Management (10% of Subtotal) 

14. Total Cost: 

15. Total Cost /Ton (71,924 + 3.000): 

16. Total Cost /Mi l l ion Btu (23.97 + 15): 

C o s t ($) 

5.000 

2.160 

4,800 

10.000 

4,000 

2,650 

1,988 

1,988 

2,200 

12,600 

18,000 

65,386 

6,538 

71,924 

23.97 

1.59 

a DOE Contract No. DE-AS05-78ET20071 . 
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70 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

pr iva te ly -owned p lantat ions w h i c h in some countr ies are sti l l basical ly fami ly 

operat ions. Here the land owner has an inherent interest in his proper ty and 

capi ta l investments and possesses the skills and incent ive to make a good 

l iv ing f rom agr icul ture. Such indiv iduals can sti l l be found today, for example, 

in the Queensland sugar industry. A t the other ext reme is the government -

o w n e d produc t ion operat ion. Histor ical ly, governments have not made good 

farmers. A farm manager w h o has l i t t le incent ive to make a prof i t and w h o 

cannot be held accountab le for a loss w i l l u l t imate ly have the inferior 

p roduc t ion record. 

Government take-over of an agr icu l tura l c o m m o d i t y is somet imes v iewed as 

a necessary in tervent ion in a free market where impor tan t social or pol i t ical 

considerat ions cou ld not o therw ise be served (73). This was the case w i t h 

sugarcane in Puerto Rico where a large and o therwise unemployab le labor 

force cou ld no longer be sustained by pr ivate enterpr ise (64.79). As a 

consequence it n o w costs about 28 cents to produce a pound of sucrose in 

Puerto Rico, at a t i m e w h e n its value on the w o r l d sugar market is on ly about 

14 cents per pound . It is fair to say that management is not the only factor 

con t r ibu t ing to h igh p roduc t ion costs — env i ronmenta l qual i ty standards 

have also had a negat ive impact on the PR sugar industry (29) — but poor 

management is clearly the main con t r ibu t ing factor. 

In a we l l -managed produc t ion scenario for herbaceous terrestr ial b iomass 

some s t ra ight - fo rward steps w i l l need to be taken to assure m a x i m u m returns 

f rom produc t ion input expendi tures. These inc lude: a) Correct land 

preparat ion, inc lud ing land level ing and p lann ing where needed; b) correct 

des ign and instal lat ion of the i r r igat ion sys tem; c) correct seedbed (relative to 

dep th , densi ty or row spacing, and season); d) reseeding of vacant space 

w h e n necessary; e) correct pest contro l programs ( inc luding admin is t ra t ion 

of cont ro l on weekends and hol idays w h e n required); f) main tenance of 

correct i r r igat ion, fer t i l izat ion, and cu l t iva t ion programs; g) correct t i m i n g and 

synchronizat ion of harvest operat ions; h) correct select ion and use of harvest 

equ ipmen t ; i) post-harvest main tenance of land and machinery. 

For most biomass crops, the cost of these measures w i l l accrue w h e t h e r they 

are per formed correct ly or not. The decisive factor w i l l be the skil l and 

mot iva t ion of the operat ion 's f ie ld managers. Good management can best be 

assured w h e n produc t ion is retained in the context of p r iva te ly -owned 

plantat ions that are operated for personal prof i t . 
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3. A L E X A N D E R Nonwoody Land Plants 71 

S U M M A R Y 

The nature of herbaceous land plants and their potent ia l usefulness as a 

fu ture energy resource is presented in broad out l ine. The large number of 

herbaceous species found in both cool and w a r m c l imates and in both the 

w i l d and cu l t iva ted state suggests that at least a small percentage of these 

cou ld become valuable sources of fuel . Extensive screening wi l l be needed in 

a range of ecosystems to br ing the n u m b e r of candidate species to a 

manageable level. Both botanical and agronomic features to be evaluated 

dur ing the screening process are brief ly discussed. Some of the produc t ion 

and harvest operat ions required of herbaceous plants as agr icul tura l 

commod i t ies are also rev iewed, together w i t h partial cost analyses for the 

produc t ion operat ions. Managemen t of the energy crop is seen to be the 

decisive cost input. This factor w i l l be opt imized in pr iva te ly -owned 

operat ions mot iva ted by a st rong prof i t incent ive. 
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72 BIOMASS AS A NONFOSSIL F U E L SOURCE 
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4 
Biomass Production by Freshwater and Marine 
Macrophytes 

W. J. NORTH, V. A. GERARD, and J. S. KUWABARA 

W. M . Keck Engineering Laboratories, California Institute of Technology, 
Pasadena, CA 91125 

Biomass plantations for energy production in coastal and oceanic settings 
have several inherent attractions. Water requirements for aquatic plants may 
pose no serious limitations. Algal tissues do not contain high proportions of 
refractory materials such as lignin and cellulose (which might complicate 
processes for conversion to certain fuels). Many algal species show little or no 
seasonal changes in potential for growth and presumably can be maintained 
indefinitely. Photosynthetic conversion efficiencies are good. Space is 
abundant in the oceanic environment and environmental energy in waves 
and currents might be utilized for tasks such as obtaining and dispersing 
plant nutrients. 

Research on aquatic macrophytes as producers of biomass has been 
undertaken at Woods Hole Oceanographic Institution (WHOI) on the east 
coast and on the west coast by a group of collaborators in a joint effort known 
as the Marine Biomass Project. Studies at WHOI have focused on estuarine 
and coastal situations with some attention recently to freshwater plants. The 
Marine Farm Project has primarily been concerned with oceanic biomass 
production. 

A group at WHOI led by John H. Ryther has undertaken a wide variety of 
studies concerning aquatic macrophytes including nutrient uptake, growth, 

0097-6156/81/0144-0077$05.50/0 
© 1981 American Chemical Society 
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78 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

yields, and env i ronmenta l factors af fect ing yields. Joel C. Goldman of W H O I 

has surveyed aquat ic biomass produc t ion systems on a w o r l d w i d e basis and 

is cur rent ly examin ing the role of carbon as a potent ia l l im i t ing nut r ient in 

b iomass cu l tu r ing . The Mar ine Farm Project is present ly a t t emp t ing to g r o w 

giant kelp in of fshore waters off southern Cali fornia. Other work related to 

aquat ic b iomass produc t ion includes an invest igat ion at the Universi ty of 

Cal i fornia, Berkeley, of microalgae in ponds. This paper w i l l emphasize 

discussion of the kelp p roduc t ion phases of the Mar ine Farm Project because 

of the authors ' d i rect invo lvement therein. W e w i l l also brief ly summar ize 

act iv i t ies by the groups at W H O I . 

M A C R O C Y S T I S B I O L O G Y 

T w o species of Macrocystis occur a long the wes t coast of the Uni ted States 

f rom Baja. Cali fornia to the Gulf of Alaska. M. pyrifera prefers temperate 

waters (ca. 5° to 25°C) and requires some protec t ion f rom severe waves and 

storms f rom central Cali fornia nor thwards . A d u l t p lants typ ica l ly occur in the 

dep th range 8 to 20 -30 m. This species does not usual ly occur m u c h be low 

20 m in tu rb id water . M. integrifolia occurs a long the nor thern por t ion of the 

range, but is not inc luded in th is paper. 

The Macrocystis life cyc le involves a heteromorph ic a l ternat ion of genera

t ions be tween microscopic-s ize haploid gametophy tes and macroscopic 

d ip lo id sporophytes (Figure I). Our pr imary concern is w i t h the large 

sporophyte. The adul t sporophyte is anchored to the b o t t o m by the perennial 

holdfast organ. Unl ike t rue roots, holdfasts are not special ized for 

accumu la t ing minerals. Macrocystis and indeed most seaweeds accumula te 

their dissolved micronut r ien ts across all exposed surfaces. A steml ike pr imary 

st ipe emerges f rom the holdfast apex and soon div ides into a complex 

branch ing pat tern. A m o n g the f irst branches are blades that produce spores, 

and in North Pacific mater ia l , these are te rmed sporophyl ls . The basal 

branches suppor t anywhere f rom one to hundreds of f ronds. The mature 

Macrocystis f rond consists of a long vinel ike st ipe subtend ing gas f lo tat ion 

bulbs (pneumatocysts) that in tu rn support leaflike blades. A n older f rond 

may display about 2 0 0 or more blades and pneumatocys ts , dispersed in a 

regular pat tern a long the st ipe length. The uppermost blade is mer is temat ic 

and cont inua l ly produces n e w blades, pneumatocys ts . and more st ipe. Basal 

mer is tems are sources of juveni le f ronds. The young f ronds develop rapidly, 

usual ly reaching the surface in t w o to four months . The upper port ions of the 

matu r ing f ronds then begin con t r ibu t ing to the canopy. Frond l i fespan is only 

about six months (J_. 3). Consequent ly , senescing f ronds must cont inua l ly be 

replaced by product ion of young f ronds g row ing up f rom beneath. Plants, as 

a who le , may survive many years (3). 
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80 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Dense Macrocystis canopies are able to absorb 99 percent or more of 

sun l ight enter ing the sea surface (4). Thus juveni le f ronds exist in a darkened 

env i ronment w h i c h has been shown to lie be low the compensat ion level [i.e. 

where photosynthesis balances respirat ion] (5, 6). Lobban (7) and Parker (8) 

demonst ra ted existence of t ranslocat ion processes in Macrocystis. Photo

synthate produced in the Macrocystis canopy is t ranslocated d o w n the 

st ipes to nour ish juveni le f ronds. Thus these young t issues are able to g r o w 

rapidly, overcoming the sel f -shading prob lem. The t ranslocat ion capabi l i ty 

enables Macrocystis to f o rm very dense opulat ions of h igh biomass per uni t 

area. The average s tand ing crop of Macrocystis in southern and Baja, 

Cali fornia is around six f ronds per square meter and can range up to th i r ty 

f ronde per square meter (9). The average w e t w e i g h t of a f rond is 

approx imate ly 1 to 1.5 kg (10). 

Nor th (JJJ summar ized results f rom several est imates of p roduct iv i ty in 

Macrocystis beds. Values ranged f rom 16 to about 130 metr ic tons of dry 

w e i g h t per hectare per year. Harvest y ields, of course, are lower because of 

ineff ic iencies in cu t t i ng and because on ly upper por t ions of p lants ae 

removed. The annual harvest f rom Cali fornia waters provides an average yield 

in the range of one to t w o metr ic tons dry w e i g h t per hectare per year. Values 

may be t w o to four t imes as h igh for ore product ive beds in areas where 

upwe l l i ng is we l l developed. 

State law l imi ts dep th of c u t t i n g by commerc ia l harvesters to four feet be low 

the surface. Thus on ly canopy t issues are removed. A l l apical mer is tems ly ing 

w i t h i n the canopy are also gathered by harvesters. Hence the remain ing 

por t ions of cu t f ronds cannot s ign i f icant ly develop fur ther. The canopy is 

essential ly replaced f rom g r o w t h by f ronds whose apical mer is tems lie be low 

the dep th of cu t t i ng . Usual ly, canopies regenerate in t w o to four m o n t h s so 

tha t beds can be harvested t w o to three t imes annual ly . 

Young Macrocystis p lants may be raised f rom the reproduct ive spores in the 

laboratory. Af ter plants are 10-20 c m ta l l , they can readi ly be t ransplanted to 

the sea f loor or to art i f ic ial s t ructures. The holdfasts are a t tached to 

pro ject ions by w i n d i n g rubber bands around t h e m (12). Adu l t s may also be 

t ransplanted. The holdfast is f irst threaded w i t h ny lon l ine, then pr ied loose 

f rom the b o t t o m , the plant is moved to a n e w locat ion, and the holdfast is 

then secured to an appropr ia te anchorage (Figure II). A t t a c h m e n t t o sol id 

substrate is not mandatory . The holdfast can s imply be moored by fas ten ing 

it t o a rope. Transplantat ion techn iques are n o w used rout inely by bio logists 

f rom the State and f rom the harvest ing indust ry to restore depleted kelp beds 

in southern Cali fornia. 
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Towing 

Transplants 
ara shiftad ta 
•srmanantly 

.1 Τ J T Î J T T T I ^ 

Β. Transplanting Operation 

Figure 2. One of several techniques in use for transplanting adult Macrocystis: A. 
details of kelp needle and its use to weave nylon line between hapteral clumps in 
the holdfast; B. operations involved in moving transplants to new location, using 

chain for towing 
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82 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

E A R L Y S T U D I E S B Y T H E M A R I N E F A R M PROJECT 

Research on oceanic farms c o m m e n c e d in Cali fornia around 1973. They were 

managed by the U.S. Navy, under the d i rect ion of Howard A. Wi lcox . A t about 

the same t ime, a g roup led by Edward N. Hall at Uni ted Ai rcraf t Research 

Laboratories in Connect icu t was invest igat ing methane produc t ion f rom 

organic mater ials and cons ider ing theoret ical problems of mar ine biomass 

produc t ion . In 1976, management of the Navy project was assumed by 

General Electric Company. The Mar ine Farm Project cur rent ly exists as a 

g roup of organizat ions gu ided by, or co l laborat ing w i t h , the General Electric 

g roup (Global Mar ine Development , Inc. — eng ineer ing; Inst i tute of Gas 

Techno logy — methane p roduc t ion ; U.S. Depar tment of Agr icu l tu re — kelp 

processing). The Cali fornia Inst i tute of Techno logy has been separately 

funded by DOE but works in close col laborat ion w i t h the General Electric part 

of the Project. Recently, responsibi l i ty for governmenta l rev iew and 

management was t ransferred f rom DOE to the Solar Energy Research 

Inst i tute. 

A rev iew of the l i terature by Jackson and Nor th 0 3 ) examined character ist ics 

of numerous seaweed species t o ident i fy l ikely candidates for use on oceanic 

farms. Giant kelp, Macrocystis pyrifera was selected as a h igh ly sui table 

seaweed on several counts . Macrocystis beds can be copp iced several t imes 

yearly by mechanica l harvest ing techniques. The species is h igh ly p roduc

t ive. A harvest ing indust ry ut i l iz ing Macrocystis has been act ive in southern 

Cali fornia for a lmost 7 0 years. W e thus have avai lable a wea l th of in format ion 

concern ing harvest ing and the operat ions involved. Extensive research has 

produced techn iques for t ransp la t ing , predator and compet i to r cont ro l , 

cu l tu r ing , and other management tools w h i c h are present ly ut i l ized in 

southern Cali fornia (14, 1_5). For all these reasons, Macrocystis is being used 

as the test organism in the current studies of oceanic fa rming. Other 

seaweeds may prove to be qual ly sui table if the scope of the research is 

broadened at some fu ture date. 

The f irst major act iv i ty under taken by the Mar ine Farm Project involved 

studies of Macrocystis t ransplants moored on art i f ic ial s t ructures in oceanic 

env i ronments . The largest of three such exper iments consisted of a three-

hectare s t ruc ture des igned and instal led by the Naval Undersea Center off 

San Clémente Island, about 100 km f rom the main land. The s t ruc ture 

consisted of a gr id or ne twork of ropes, dep loyed 15 to 2 0 m beneath the sea 

surface by a system of cables, buoys, and anchors 0 6 ) . Overall wa te r dep th 

ranged f rom about 70 to 150 m. Approx imate ly 130 adul t Macrocystis 

t ransplants were relocated onto the gr id dur ing summer and fal l , 1974. The 

source of t ransplants was a nearby kelp bed at San Clémente Island w h i c h 
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4. N O R T H E T A L . Freshwater and Marine Macrophytes 83 

was also used as a contro l for our measurements. Growth per formances by 

test plants and contro ls y ie lded mean e longat ion rates of 4.6 vs 7.6 percent 

per day respect ively, among juveni le f ronds. Ni t rogen conten t of blade per 

t issues in the t ransplants fell to 0.7 to 0.8 percent of the dry we igh t compared 

to a range of 0.9 to 1.4 percent dry w e i g h t among the controls. The 

exper imenta l plants soon displayed unusual ly dense accumula t ions of 

bryozoan encrustat ions. Presumably, the spreading rate of the bryozoan 

colonies exceeded expansion rate of the under ly ing, s lowly g r o w i n g blade 

t issues. 

These general f ind ings at the San Clémente Island farm were conf i rmed by 

addi t ional exper iments at t w o other sites. W e conc luded that low 

concent ra t ions of dissolved nutr ients in oceanic surface waters were 

apparent ly unable to sustain normal g r o w t h rates by kelp t issues. W e also 

noted improvement in kelp g r o w t h dur ing periods w h e n natural upwel l ing 

was intense and the nut r ient - r ich deep water moved up into shal low depths. 

W e fur ther detected faster kelp g r o w t h dur ing exper iments where water 

art i f ic ial ly upwel led f rom depths of 30 to 45 m was in t roduced around the 

exper imenta l plants ( V U Apparent ly , ob ta in ing h igh biomass yields f rom 

oceanic farms necessitates fert i l iz ing operat ions. Costs and energet ic 

requi rements connected w i t h dispersing commerc ia l ferti l izers on marine 

farms have led analysts to favor use of art i f ic ial ly upwel led deep water as a 

source of nutr ients (V7). There has been concern , however , that the amounts 

of freely avai lable metal l ic ions, such as copper and zinc in deep water , m igh t 

be suf f ic ient to inhib i t kelp g r o w t h . Likewise, deep water m igh t not conta in a 

ful l comp lemen t of required e lements or their concent ra t ions migh t not be in 

proper balance. W e a t tempted to resolve these and other quest ions th rough 

laboratory cu l tu r ing studies compar ing g r o w t h in deep and surface water 

media. W e have also a t tempted to determine the elemental requirements of 

Macrocystis by cu l tu r ing gametophy tes and juveni les sporophytes in a 

chemica l ly def ined art i f ic ial seawater k n o w n as Aqu i l . 

S U M M A R Y OF L A B O R A T O R Y F I N D I N G S 

C u l t u r i n g W o r k in S e a w a t e r M e d i a 

Many micronut r ients in seawater occur at ext remely low concentrat ions. 

Acc identa l con tamina t ion of laboratory ware can easily alter levels of some 

cr i t ical e lements qui te profoundly . For those w h o migh t w ish to repeat our 

exper iments , scrupulous cleanl iness is mandatory in all phases of the work. 

Our cu l tu r ing studies have ut i l ized seawater col lected f rom a depth range of 

0 to 8 7 0 m. Most exper iments , however, were conduc ted w i t h water f rom 

3 0 0 m deep, col lected about 5 km offshore f rom our laboratory headquarters 
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84 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

at Corona del Mar, Cal i fornia. Typical exper iments involved batch cu l tu r ing 

cond i t ions using 4 0 - 1 aquaria (18). Smal l Macrocystis sporophytes (wet 

w e i g h t s of 0.5 t o about 15 g) were the test organisms. The exper imenta l 

design made it unl ikely tha t n i t rogen or phosphorus w o u l d be l im i t ing w h e n 

using deep wate r 25 to 3 0 μ M in ni trate. 

A n exper imenta l series emp loy ing nonenr iched 3 0 0 - m wa te r as the m e d i u m 

y ie lded mean speci f ic g r o w t h rates rang ing f r o m about 8 to 18 percent dai ly 

w e i g h t increases w i t h i n a 13 -mon th per iod of tes t ing (Figure III). The series 

compr ised 4 8 independent exper iments each emp loy ing f rom t w o to nine 

plants. Some of the var iabi l i ty in results undoub ted ly arose f r o m phys io log i 

cal d i f ferences a m o n g the plants. There w a s evidence, however, tha t changes 

in compos i t ion of the deep wa te r in part con t r ibu ted to the f luc tua t ions seen 

in Figure III. For example, f r o m t ime to t ime w e conduc ted a parallel cu l tu r ing 

series where the 3 0 0 - m wa te r was supp lemented w i t h manganese to g ive 1 

micromolar concent ra t ions of M n in the m e d i u m . Simul taneously , 

background M n concent ra t ions in the nonenr iched 3 0 0 - m wa te r were 

rout ine ly de te rmined by A A S . W e found tha t supp lement ing deep wate r w i t h 

M n + 2 s t imu la ted kelp g r o w t h dur ing per iods w h e n background M n fell 

be low detectab le levels (Table I). Conversely, addi t ions of M n + 2 cou ld even 

be mi ld ly inh ib i tory w h e n the A A S analyses revealed presence of the e lement 

in deep water. W e have simi lar ly found tha t supp lement ing 3 0 0 - m wa te r 

w i t h F e + 3 may or may not s t imula te kelp g r o w t h . W e have never observed a 

clearly s t imulatory response f rom enr ich ing deep wa te r w i t h Z n + 2 or w i t h 

C u + 2 . Occasional ly, however , mi ld g r o w t h s t imula t ion accompan ied 

addi t ions of copper, at appropr iate concent ra t ions, to of fshore surface water . 

Iron and manganese concent ra t ions have a lways appeared ent i re ly adequate 

in surface waters a l though our test ing has been l imi ted. 

Max ima l g r o w t h by young Macrocystis sporophytes was obta ined in a 

f l o w i n g system where the m e d i u m consisted of equal parts of surface and of 

wa te r f rom 8 7 0 m deep (16). It appears tha t inadequacies of deep wa te r were 

met by componen ts of surface water and v ice versa. Consequent ly , at th is 

t ime, our laboratory w o r k indicates tha t mix tures of the t w o wa te r types 

should provide a near-opt imal m e d i u m for fert i l iz ing plants on oceanic farms. 

Most of our studies have been done at low l ight intensi t ies character is t ic of 

the sea f loor in kelp beds. Recent work ind icated that speci f ic g r o w t h rates 

increase at h igh l ight intensit ies. Needs for nut r ients w i l l undoub ted ly be 

greater to main ta in such h igh g r o w t h rates, so tha t previously establ ished 

nut r ient resources may require réévaluat ion in te rms of the greater needs. 
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86 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

C u l t u r i n g W o r k U s i n g t h e D e f i n e d M e d i u m A q u i l 

A n art i f ical seawater named Aqu i l was devised by Morel and associates for 

cu l tu r ing mar ine organisms (19). Because Aqu i l is a chemica l ly def ined 

seawater m e d i u m , chemica l speciat ion can be c o m p u t e d using an 

equ i l ib r ium c o m p u t e r p rogram cal led REDEQL2 (20). Aqu i l conta ins eleven 

major componen ts in f ixed amounts . These correspond to the pr inc ipal 

inorganic const i tuents of seawater. Concentrat ions of macronut r ien ts , such 

as ni t rate and phosphate, and certa in t race metals may be varied as desired 

for a g iven Aqu i l fo rmula t ion . 

W e have recent ly been able to cu l ture spores f rom Macrocystis t h rough the 

ent i re gametophy t i c por t ion of the life cycle, to embryon ic sporophytes as 

large as 3 0 to 4 0 cells. A f te r a t w o - w e e k cu l tu r ing per iod, vo lumes of the 

embryon ic plants were be tween 2 0 0 to 1000 t imes greater than the spores 

f rom w h i c h they arose. It seems unl ikely tha t such large vo lume increases 

cou ld have been ent i rely suppor ted by reserves of nut r i t ive e lements stored 

in the spores. A n al ternat ive hypothesis seems more at t ract ive — namely, 

tha t the fo rmula t ion used conta ined all e lements required by Macrocystis. 

Aside f rom the major salts, on ly nine nut r ient e lements were added (Table II). 

W e w i l l be grat i f ied if fur ther studies con f i rm th is f ind ing because the 

number of potent ia l ly l imi t ing componen ts af fect ing Macrocystis nut r i t ion 

appears to be relat ively smal l . 

Table II. MEDIUM FOR KELP GROWTH* 

Amount Free Ion Major Species 

Nutrient used Added. nM Cone, η M Present (%) 

F e + 3 400 7 x 1 0 " 1 1 FeEDTA (100) 

M n + 2 10 1 ΜηEDTA (65) 

M n C I + (23) 

C o + 2 40 0.04 CoEDTA (99) 

C u + 2 5 0.0000 CuEDTA (99) 

Z n + 2 250 0.12 ZnEDTA (100) 

M o 0 4 " 2 100 100 

EDTA" 2 6.000 0.00007 CaEDTA (89) 

N O 3 - 1 

FeEDTA (6) 

N O 3 - 1 15.000 15.000 

P O 4 - 3 2.000 0.3 H P O 4 - 2 (51) P O 4 - 3 

MgHP04 (47) 

Γ 1 100 100 

a Nannomoles of nine inorganic nutrients and of EDTA added to the completely defined 

artificial seawater Aqui l to yield a medium that sustained development by Macrocystis 
zoospores in petri-dish cultures completely through the gametophyte stage to embryonic 

sporophytes. 
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4. N O R T H E T A L . Freshwater and Marine Macrophytes 87 

PRESENT FIELD STUDIES 

Our laboratory work thus suggests that w e can expect s t rong s t imula t ion of 

g r o w t h w h e n deep wate r is dispersed a m o n g plants on a farm (e.g., compare 

the level of average g r o w t h calcu lated for small sporophytes in natural kelp 

beds w i t h values achieved in 3 0 0 - m water , Figure 3). It is d i f f icu l t , however , 

to t ranslate our laboratory data into quant i t i ve predict ions of yields f rom 

adul t Macrocystis residing in art i f ic ial ly upwel led water. It is also risky to 

interpolate f rom yield measurements conduc ted among kelp beds. Produc

t iv i ty in most, if not al l , of southern California's kelp beds appears to be 

l imi ted for substant ia l por t ions of each year by avai labi l i ty of nutr ients. 

Nut r ient suppl ies f rom upwe l l i ng and runoff are qu i te variable and d i f f icu l t to 

d e f i n e prec ise ly . None the less , re l iab le i n f o r m a t i o n c o n c e r n i n g y ie lds 

expected f rom adul t p lants comple te ly free of nut r ient l imi ta t ions is central to 

assessing economic feasibi l i ty of the mar ine farm concept . The Mar ine Farm 

Project present ly is in the early stages of a large-scale f ield exper iment 

in tended to provide knowledge in th is cr i t ical area (Figure IV). 

One of our col laborators, Global Mar ine Development , Inc., revised the design 

of a st ructure, conceived at the Naval Ocean Systems Center, w h i c h was 

designed to support about 100 adul t Macrocystis t ransplants and supply 

t h e m w i t h abundant quant i t ies of water p u m p e d up f rom depths of about 

4 5 0 m (Figure V). This "Test Farm" was deployed about 6 km f rom shore, near 

our laboratory headquarters, dur ing September 1978 (Figure VI). Wate r dep th 

at the site was about 550 m. In mid-December , a protect ive cur ta in was 

instal led around the western border of the farm. This cur ta in was in tended to 

reduce effects of currents, w h i c h are of ten greater than 0.5 kt, on the 

t ransplants and to increase retent ion t ime of the art i f ic ial ly upwel led deep 

wate r w i t h i n the farm. The cur ta in was lost to storms w i t h i n the fo l low ing 

week. 

A n init ial crop of 103 adul t Macrocystis f rom local beds was t ransplanted to 

the s t ructure dur ing November-December 1978. Our in tent ion was to harvest 

and w e i g h upper por t ions of the plants at appropr iate intervals to determine 

yields. W e measured g r o w t h rates and nutr ient concent ra t ions w i t h i n the 

tissues and in the water . W e also fo l lowed reproduct ive success on solid 

substrates of the s t ructure, general heal th and appearance of the test plants, 

and the deve lopment of an associated c o m m u n i t y , as wel l as other related 

parameters (see Figure IV). The exper iment was scheduled to last for t w o 

years; however, all t ransplants had been destroyed by the end of t w o months , 

pr imar i ly due to lack of protect ion f rom current . 
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88 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

20r-

I— 1 1 ι ι I ι ι ι ι ι 1 1 4 
Aug. Sept. Oct. Nov. Otc. Jon. Fab. Mar. Apr. May Junt July Aug. Stpt. 
1977 1978 

Figure 3. Record snowing variation with time of mean specific growth rates ob
tained from groups of juvenile Macrocystis sporophytes cultured in seawater pumped 
up from depths of 300 m. The batch cultures employed 40 L aquaria with the 

medium being renewed every other day. 
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B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

W1 r 
s// \ \ \ 

Figure 5. The Test Farm structure with 100 adult Macrocystis transplants in
dicated diagrammatically 

A 0.61-m-diameter polyethylene pipe tending down from the Test Farm supplies 30,000 
L/min of nutrient-rich water from 450 m deep to fertilize the transplants. The deep 
water is discharged horizontally from three pipes 120° apart, just below the water line. 
The striped cylindrical object is a buoy 17 m long that contains machinery and instru
mentation. The plant holdfasts are at depths of 15-17 m. The radiating arms are about 

32 m from tip to tip. 
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4. N O R T H E T A L . Freshwater and Marine Macrophytes 91 

Figure 6. Chart of the southern California coastline from Huntington Beach to 
Monarch Bay, showing locations of the Test Farm and other geographical features 

described in the text 
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92 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

To date, invest igat ions concerned w i t h biological ou tpu ts f rom the Test Farm 

have encompassed t w o def ined t ime periods: A. December 1978 to January 

1979 w h e n our adul t t ransplants existed at the Farm; B. May to A u g u s t 1979 

w h e n dense populat ions of juveni le plants appeared, presumably of fspr ing 

ar ising f rom spores l iberated by the adul t t ransplants f ive mon ths previously. 

The most impor tan t conc lus ions and results f rom our December-January 

mon i to r ing were : 

1. Growth rates 

Juveni le f ronds: A series of seven week ly determinat ions be tween 

December 12 and January 29 y ie lded mean standard g r o w t h rates 

ranging f rom 5.4 to 7.4 percent e longat ion per day. These are w i t h i n the 

normal range for natural kelp beds at th is t ime of year but tend to lie 

pr imar i ly w i t h lower por t ion of the range. Percent of f ronds showing 

abnormal ly s low g r o w t h rates a m o n g tagged juveni les ranged f rom 6% 

to 4 4 % of the tagged recoveries, a relat ively h igh propor t ion of abnormal 

juveni les. Abnorma l l y s low g r o w t h in juveni le f ronds of ten results f rom 

severe damage to or loss of the parent adul t f rond , tha t nourishes g r o w t h 

of the juveni le t h rough t rans locat ion of photosynthate . 

A d u l t f ronds: Damage and mor ta l i ty a m o n g adul t f ronds interferred w i t h 

assessment so tha a stat ist ical ly adequate evaluat ion of g r o w t h rate was 

not possible. It was establ ished, however , tha t some of the tagged 

specimens generated reasonable rates of p roduc t ion of n e w blades. 

2. Plant Mor ta l i ty 

A b o u t 2 / 3 of the init ial comp lemen t of t ransplants were lost be tween 

December 5 and January 5. Mor ta l i ty dur ing the next 2 0 days dec l ined, 

as only about one th i rd of the remain ing plants d isappeared. A short but 

v io lent squal l on January 30 destroyed the last of the t ransplants. 

Tangl ing w i t h and abrasion on var ious parts of the test fa rm st ructure 

were the sole causes of plant morta l i ty . 

3. Ni t rogen contents of blade t issues 

Except for the f inal week of January (when all of the remain ing plants 

had suffered s igni f icant damage), Ν contents remained above one 

percent of the dry we igh t . In our exper ience, th is represents a heal thy 

nutr i t ional cond i t ion . Of the 82 blade samples taken, 7 1 % were about 

1.5% in Ν content . The highest Ν contents were around 2.5% and came 

f rom canopy blades dur ing the per iod w h e n the cur ta in was most 

ef fect ive in reta in ing the upwel led wa te r w i t h i n the fa rm. W e conc luded 

that , unl ike our previous exper imenta l oceanic farms, the t ransplants on 

th is test fa rm did not suffer f rom inadequate nut r i t ion. 
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4. N O R T H E T A L . Freshwater and Marine Macrophytes 93 

During January 1979, w e observed some small juveni le Macrocystis 

at tached to several of the p lant ing buoys. Only a mon th had elapsed since the 

t ransplants had been in t roduced. W e therefore presumed that these juveni les 

reached the test farm as establ ished microscopic-s ized plants and d id not 

arise f rom spores l iberated at the test farm. Usually at least three months are 

needed for deve lopment of barely visible juveni les f rom sett led kelp spores, 

and the t i m e may be longer if l ight or nut r ients are not op t ima l . 

In late Apr i l 1979, w e observed smal l p lants develop ing near the ends of the 

test farm dispersion hoses. By May, large numbers of juveni les were 

appear ing on most of the solid surfaces of the test farm st ructure d o w n to 

depths as great as 30 m. Concentrat ions were sparse, however, be low the 

level of the t ransp lant ing substrate (20 m). Development by most of these 

plants was probably s t imula ted not by the art i f ic ial ly upwel led deep water 

but by natural upwe l l ing w h i c h usual ly is max imal dur ing late spr ing. The 

juveni le recruits were studied intensively to gather ecological in format ion 

that m igh t be useful for encourag ing and assist ing kelp reproduct ion on th is 

and on other oceanic farms. Several no tewor thy results emerged. 

1. Total plant popula t ion on the substrate arms, cables, and p lant ing buoys 

was est imated to be 36.000 individuals. 

2. Temporal changes in n i t rogen contents of kelp blades paral leled 

changes in ambient ni t rate concent ra t ions (nitrate is a good measure of 

natural upwe l l ing in this instance) and correlated w i t h changes in rates 

of p lant e longat ion. 

3. Greatest plant mor ta l i ty occurred on the smooth plast ic-coated cables. 

Plants were probably easily d is lodged by water movements f rom this 

type of substrate. High mor ta l i ty rates also occurred among plants on the 

upwe l l ing hoses where barnacle encrustat ions prol i ferated and created 

ext remely abrasive surfaces. Intermediate degrees of mor ta l i ty occurred 

on the p lant ing buoys and substrate arms. Lowest mor ta l i ty appeared 

among plants a t tached to the moderate ly rough surfaces provided by 

polyester ropes. 

4. Tissue ni t rogen concent ra t ion and g r o w t h was enhanced s l ight ly by 

" s p r a y i n g " a group of juveni les on a substrate arm, t w i c e week ly w i t h 1 

M a m m o n i u m sulfate. Even greater enhancement occurred among 

plants close to bags of Osmocote pellets af f ixed to the side of a substrate 

arm. The pellets s lowly released n i t rogen and phosphorus into the 

sur round ing water. 
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In summary , perhaps the most reveal ing result thus far f rom the test fa rm 

exper iment was our fai lure to observe increased g r o w t h rates a m o n g the 

juveni le f ronds dur ing the per iod w h e n the cur ta in was reta in ing the nut r ient -

r ich deep wate r and h inder ing effects by currents. This very pre l iminary 

f i nd ing suggests tha t g r o w t h of juveni le f ronds may be l imi ted by the rate at 

w h i c h photosyntha te can be t ranslocated d o w n w a r d f rom the canopy and 

not f rom l imi ted avai labi l i ty of nut r ients (in th is par t icular case). W h i l e w e 

need more exper imenta t ion to establ ish th is hypothesis, the possibi l i ty has 

impor tan t impl icat ions for op t im iz ing b iomass p roduc t ion . If t ranslocat ion 

rate is impor tan t as a l im i t ing factor in juveni le f rond g r o w t h , the best 

s t rategy w o u l d involve t ry ing to achieve a cond i t ion where avai labi l i ty of 

l ight becomes the pr inc ipal l im i t ing factor. Presumably th is cou ld be done by 

increasing f rond densi ty on the farm (i.e. p lac ing the plants more closely 

together) . 

For the fu ture , our col laborators at General Electric w i l l be instal l ing a more 

durable protect ive cur ta in at the per iphery of the test fa rm in late 1979. W e 

w i l l then be able to resume our studies mon i to r ing heal th and measur ing 

p roduc t iv i t y of adul t kelp plants being held in the art i f ic ial ly upwel led deep 

water . 

B I O M A S S S T U D I E S A T W H O I 

Studies by Ryther and co-workers of W H O I have been located for about three 

years at the Harbor Branch Foundat ion, Inc., fac i l i ty in central Florida. The site 

has the advantage of a subtropica l locat ion w i t h access to bo th f reshwater 

and mar ine env i ronments . Earlier work on Neoagardhiella, Gracilaria. Hypnea, 

and other seaweeds had been conduc ted d i rect ly at W H O I in Massachuset ts 

(20). Init ial phases at the Florida site inc luded general surveys to screen the 

most promis ing candidate species in te rms of ease of cu l tu r ing and 

per formance in biomass product ion . Of the 4 2 Floridanian seaweeds 

examined, Gracilaria tikvahiae showed greatest promise (22). Effects on 

yields of f l ow rates, nut r ient concent ra t ions, wa te r temperature , solar 

radiat ion, sal ini ty, and plant densi ty were examined for Gracilaria and others 

( 2 1 . 23). 

Yields by Gracilaria were de termined on a week ly basis th roughou t the year 

for p lants held in f l o w i n g systems enr iched w i t h a m m o n i u m or n i t rate (10 to 

100 μ M) and w i t h phosphate (1 to 10 μ M) and essential t race metals. 

Cultures were exposed to ambien t cond i t ions of fu l l sun l igh t and t e m 

perature. The mean annual y ield for Gracilaria was 34.8 dry g / m 2 - d a y (25.4 

dry ash-free tons/ac-yr ) . Progress was made in ep iphyte contro l by shading 

infested plants, by w i t h h o l d i n g nutr ients for 5 to 10 days, or by use of an 
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4. N O R T H E T A L . Freshwater and Marine Macrophytes 95 

epiphyte-graz ing snai l , Costoanarchis avara. Prel iminary a t tempts to raise 

seaweed species, inc lud ing Gracilaria, in a semi-oceanic m e d i u m (a power 

plant 's d ischarge candal) were not successful . Apparen t ly nut r ient c o n 

centrat ions were inadequate. Of four f reshwater angiosperms evaluated, 

water hyac in th , Eichhornia crassipes. was m u c h superior to duckweed and 

Hydrilla and wel l above pennywor t (pennywor t , however, m igh t be useful in 

c l imates colder than to lerated by hyac in th and the others). Mean annual 

p roduc t iv i t y by hyac in th was 24.2 dry g / m 2 - d a y (range 5.3 to 34.9 g / m 2 - d a y ) 

or 28 dry ash-free tons/ac-yr ) . Yields f rom natural stands of hyac inths and 

other f resh-water macrophytes gave values less than 1/3 of those obta ined 

f rom laboratory studies. Opt imal cu l tu r ing densi ty for hyac in ths in terms of 

biomass produc t ion was in the range 10 to 20 w e t k g / m 2 wh i le the range 

was lower for Gracilaria, ca. 1 to 4 k g / m 2 . Hyac in th product iv i ty est imated by 

nutr ient uptake measurements y ie lded mean values about 12 percent be low 

similar determinat ions by the me thod of w e i g h t gains. Product iv i ty on a large 

p lantat ion cou ld probably be est imated more easily by nut r ient uptake 

measurements than by we igh t changes. The presence of hyac inths increased 

evaporat ive and t ranspirat ional water losses f rom the cu l tu r ing conta iner by 

about 1.7 t imes above that due to s imple evaporat ion f rom open water. 

Studies evaluated sui tabi l i ty as ferti l izer for hyac in th cu l ture of residues f rom 

digesters operated on hyac in th biomass. Residues suppor ted 54 percent 

higher g r o w t h compared to the chemica l ly -enr iched standard m e d i u m used 

in rout ine cu l tu r ing . Eff iciency of ut i l izat ion of n i t rogen in the system 

hyacinth-d igester res idue-hyacinth was 31 percent. The digester p roduced 

0 . 4 1 of gas (60 percent methane) per g ram volat i le solids f rom hyacinths. 

Similar studies were progressing using Gracilaria as the exper imenta l plant. 

Dr. Ryther's group expects to expand the operat ional scales for cu l tu r ing 

Gracilaria and Eichhornia, u l t imate ly exper iment ing w i t h ponds of one-

quarter acre size. 

Dr. Joel Goldman is cur rent ly invest igat ing ut i l izat ion of inorganic carbon by 

algae to provide factual bases for ensur ing that cul tures never become 

l imi ted by this e lement and for economic analysis. Studies thus far have ut-

lized microalgae but the scope w i l l eventual ly be expanded to inc lude 

macrophytes. Studies inc lude the role of carbon dioxide and of b icarbonate 

as carbon sources, effects of pH and of m ix ing , and def in ing cu l tu r ing 

condi t ions required for the most economic and eff ic ient means for supp ly ing 

adequate carbon to mass cul tures of algae (24). Tolerance to abnormal ly low 

or h igh pH values var ied among algal species. Ut i l izat ion of b icarbonate as a 

carbon source reduces the buf fer ing capaci ty of natural waters . The pH tends 

to rise because hydrogen ions are assimi lated and hydroxy l ions are l iberated 

as b icarbonate is ut i l ized. Goldman contro l led pH w i t h organic buffers in one 

exper imenta l series w i t h Phaeodactylum tricornutum. This marine d ia tom 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

00
4



96 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

uti l ized b icarbonate at ef f ic iencies of 90 to 100 percent across concent ra

t ions ranging up to more than four fo ld above natural levels. Goldman 

conc luded that b icarbonate should easily be able to ful f i l l carbon 

requi rements of p roduct ive species such as Phaeodactylum, prov ided that 

m ix ing and pH contro l are adequate. Bicarbonate was as good a carbon 

source as gaseous carbon d iox ide for the f reshwater Chlorophyte Chlorella 

vulgaris, but not for Scenedesmus obliquus. under batch condi t ions. 

Goldman conc luded that the rate of supply of gaseous carbon d iox ide 

cont ro l led its avai labi l i ty to the plants, rather than the concent ra t ion of 

carbon d iox ide in the gas mix tu re bubb led th rough the med ium. 
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5 
Energy from Fresh and Brackish Water Aquatic 
Plants 

JOHN R. BENEMANN 

Ecoenergetics, Incorporated, 5691 Van Fleet Avenue, Richmond, CA 94804 

The large-scale cultivation of aquatic plants and their conversion to fuels has 
often been suggested in recent years as a potential energy source. Large
-scale systems for cultivation of microalgae (1,2), cattails (3,4), and water 
hyacinths (5,6) have been proposed without, however, sufficient supporting 
analysis. Historically, the concept of cultivating aquatic biomass for energy 
dates back twenty-five years when microalgae were suggested as a 
renewable source of methane (7). This concept was demonstrated experi
mentally a few years later (8) and subjected to a general analysis which, 
based on very favorable assumptions, concluded that the concept could be a 
low-cost future energy source (9). Recently, a more detailed analysis, also 
based on very favorable assumptions, again concluded that microalgae could 
be economically cultivated in large-scale systems and converted to fuels (10). 
A related study (11) using a similar design concept and analysis, concluded 
that emergent aquatic plants (e.g.. water hyacinths) would be favored over 
microalgae because they would not be limited by the availability of an 
enriched carbon dioxide source. All of these analyses and proposals were 
based on relatively superficial considerations of the requirements for 
cultivation, harvesting, and conversion of these aquatic plants. This review 
attempts to advance the concepts of aquatic biomass energy farming based 
on a more detailed review of the biological data base and the technical 
limitations and potentials for cultivating aquatic plants. This review is based, 
in part, on recent reports and publications by the author and colleagues 
(12,13). 

0097-6156/81/0144-0099$05.75/0 
© 1981 American Chemical Society 
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100 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

A review of the aquat ic plant l i terature (13) reveals that submerged plants, 

brackish water marsh plants (Spartina). smal l f loat ing plants (duckweed) , and 

blue-green algae are not as product ive as emergent f reshwater marsh plants 

(cattai ls, bul l rushes), wa te r hyac inths, and p lanktonic green algae. Thus, th is 

paper w i l l consider only the latter plant types. Part icular appl icat ions of these 

plants in chemica l p roduc t ion and ut i l izat ion of marg ina l lands and water 

resources are considered. Speci f ic conceptua l systems are presented for each 

type of aquat ic plant. 

The potent ia l of harvest ing natural , unmanaged stands of marsh plants or 

aquat ic weeds (e.g.. wa te r hyacinths) and conver t ing the biomass to fuels is 

considered smal l by this author (12!). However, management and harvest ing 

of natural s tands of aquat ic p lants is tak ing place for aquat ic w e e d contro l 

(e.g.. wa te r hyacinths) and for w i ld l i fe management (marsh plants). Thus, th is 

op t ion should be considered to a greater extent in the future. 

It is not possible, at present, to prov ide ei ther a detai led resource base 

assessment (e.g.. potent ia l ly avai lable water , land, or nut r ient resources), or a 

detai led cost analysis of aquat ic p lant p roduc t ion . Thus, th is rev iew presents 

general concepts of aquat ic biomass fa rm ing exempl i f ied by three systems — 

microalgae fa rming for l ipid fuel and chemica ls p roduc t ion , cat tai l cu l t iva t ion 

for convers ion to alcohol fuels, and g r o w i n g water hyac in ths for methane gas 

generat ion. Was tewa te r aquacu l tu re appl icat ions are not covered in this 

rev iew nor are the actual convers ion processes by w h i c h aquat ic biomass 

w o u l d be conver ted to fuels. 

M I C R O A L G A E F A R M I N G FOR L IPIDS 

Dur ing and after W o r l d W a r II. both in Germany and the U.S.. the h igh l ipid 

con ten t of microalgae (up to 8 6 % for Chlorella) a t t rac ted a t ten t ion as a 

possible source of fats and oils (14-16). This led to a concer ted ef fort in the 

U.S. in the late 1940's and early 1950's to develop microalgae produc t ion 

techno logy as a potent ia l source of food. This work , w h i c h cu lm ina ted in a 

pi lot-scale project by the A r thu r D. Li t t le Co.. suppor ted by the Carnegie 

Inst i tute, is reported in the book edi ted by Bur lew ent i t led Algae Cultivation 

from Laboratory to Pilot Plant (V7). A l t h o u g h not d i rect ly acknowledged , the 

results of th is early w o r k were not encourag ing ; the large plast ic t ube used 

for the pi lot-scale algal cu l ture was suscept ib le to leaks and overheat ing. 

Harvest ing proved qui te d i f f icu l t , requir ing expensive centr i fuges. Recycl ing 

of the media appeared to give some problems. In general , costs far 

o u t w e i g h e d benef i ts in prote in or l ipids p roduct ion . 
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5. B E N E M A N N Energy from Aquatic Plants 101 

Subsequent work was concent ra ted main ly in Japan, leading to the 

deve lopment of very "h igh techno logy " algal cu l t iva t ion systems, some of 

w h i c h even g rew the algae heterot rophical ly (on acetic acid) under steri le 

fe rmenta t ion condi t ions (18). Product ion costs of the algal biomass produced 

by such systems are very h igh, exceeding $ 1 0 , 0 0 0 / t o n (dry) due to the use of 

centr i fuges, d ry ing plants, and elaborate pond ing systems. The algae are 

used as a health food and special ty feed (e.g.. for t ropical f ish). 

In the 1960's. a number of projects were in i t iated for the use of microalgae in 

aquacul ture food chains (see l â for a review), for food produc t ion 

(part icular ly by the German and Czechoslovakia groups, see (20), and for 

was tewate r t rea tment and feed product ion . However, at present, only one 

commerc ia l p roduc t ion system is operat ing to date outs ide of the Far East — 

the Spirulina p roduc t ion plant of the Sosa Texcoco Company near Mex ico 

City (2JJ. Taking advantage of the natural ly favorable condi t ions in some 

areas of their b icarbonate evaporat ion ponds, this company operates a 10 

hectare Spirulina p roduc t ion pond for th is f i lamentous blue-green alga. 

Harvest ing is no prob lem, as the long f i laments a l low easy removal by 

relat ively w ide-mesh screens. The spray-dr ied product sells for about 

$ 5 , 0 0 0 / t o n , main ly to the Japanese market. Product ion costs are u n k n o w n . 

The other major pract ical use of microalgae was in was tewater t rea tment 

appl icat ions (22). Microalgae are capable of prov id ing the dissolved oxygen 

required in meet ing the biological oxygen demand of munic ipa l and other 

wastewaters . Sewage ox idat ion ponds have been used in the U.S. for many 

decades; they are s imple earthen lagoons, one to t w o meters deep, and up to 

f i f ty acres or more in size. Several lagoons are usually operated in series to 

effect was tewate r t reatment . The microalgae cu l ture is nei ther cont ro l led nor 

harvested; thus, no t rue cu l t iva t ion process is involved. Oswald in the early 

1950's appl ied more contro l led "h igh rate" ponds to was tewater t rea tment 

(23). These were essential ly shal low (20-50 cm), mechanica l ly mixed, and 

baff led ponds w h i c h a l lowed main tenance of a dense cu l ture of microalgae 

w h i c h cou ld more ef f ic ient ly provide the oxygen required in was tewate r 

t reatment . A l t h o u g h these systems were s tudied in detai l both in the U.S. (24) 

and more recent ly in Israel (25), only few pond systems of this type have been 

bui l t . This is because the h igh algae concent ra t ion makes harvest ing 

imperat ive, and microalgae harvest ing w a s expensive. 

The author, in associat ion w i t h W . J. Oswald , over the past four years has 

studied lower cost algal p roduc t ion and harvest ing systems for appl icat ion to 

both was tewate r t rea tment and energy produc t ion (26-28). The research has 

concent ra ted on the problems of microalgal harvest ing and species cont ro l in 

exper imenta l and pi lot-scale sewage high-rate pond systems. The first 
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concept s tud ied was to harvest the algae by micro-screens — rotat ing 

backwashed f ine mesh screening devices. The cr i t ical parameter is the screen 

open ing — a 26 micron screen size was chosen as the most cost ef fect ive. 

This required main ta in ing in the ponds colonial types of algae as average 

single cell algae sizes range be tween 2 and 2 0 microns. H o w e v e r it was 

exper imenta l ly de te rmined tha t relat ively long de ten t ion t imes were required 

to a l low main tenance of colonia l green algal cu l tures w h i c h resulted in a 

s igni f icant loss of b iomass produc t iv i t y (about haJf of the total) (28). The 

emphasis shi f ted to an even lower cost me thod of algal harvest ing — 

spontaneous f loccu la t ion of the algae, fo l lowed by sed imenta t ion of the 

microalgae cul ture. The results of over t w o years of s tudy, w i t h the last year 

being devoted to pi lot-scale (0.1 hectare) demons t ra t ion of th is process, have 

s h o w n tha t it is possible to cu l t ivate year- round a microalgal cu l ture that 

exhib i ts bo th h igh produc t iv i t y and good harvestabi l i ty ( f locculat ion-

sedimentat ion) (29). Data f rom over one year of operat ion is s h o w n in Table I. 

A l t h o u g h th is process remains to be demonst ra ted in pract ice, it appears that 

low-cost algal harvest ing is feasible. 

A n economic analysis of microalgal b iomass p roduc t ion must be based on a 

number of assumpt ions, only one of w h i c h is the avai labi l i ty (and pract ical i ty) 

of a low-cost harvest ing process. Other assumpt ions must be made about the 

specif ic design and the capi ta l cost of the pond system (e.g.. l ined vs. 

unl ined) . the avai labi l i ty and qual i ty of wa te r , the feasibi l i ty of recyc l ing 

water , the nut r ient ut i l izat ion ef f ic iency, the source and transfer ef f ic iency of 

carbon (carbon d iox ide) , and the processing costs after the init ial harvest ing 

(defined as roughly the f irst 100-fo ld concentrat ion) . More impor tant ly , 

assumpt ions mus t be made about the abi l i ty to g r o w certa in algal species or 

types, prevent ing cu l ture instabi l i t ies (e.g., zooplankton prédat ion), manage

ment requi rements, and product iv i ty . The reason so many di f ferent 

assumpt ions are required is the lack of deta i led and /o r avai lable in format ion , 

inc lud ing produc t iv i t y data. The Japanese and Far East systems ment ioned 

above are not a good gu ide because no f i rs t -hand technica l data are 

avai lable; these are commerc ia l propr ietary projects. Similar ly, the Mexican 

Spirulina p roduc t ion project is not des igned for op t ima l p roduc t ion , as it only 

improves on the natural s i tuat ion. However, an overal l p roduc t ion f igure of 

10-12 g / m 2 - d a y averaged over 10 mon ths has been reported (21). The best 

p roduc t iv i t y data for large-scale systems (above 100 m 2 ) are avai lable f rom 

high-rate sewage ox idat ion ponds as summar ized in Table II. Even in this 

case, serious short comings of the data are apparent w h e n rev iewing the 

or ig inal l i terature; sewage solids, for example, are inc luded in these 

produc t ion f igures. However, based on avai lable data, a biomass produc t ion 

rate of 4 0 - 5 0 t /ha-y r appears feasible and pract ical . 
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Depending on assumpt ions, calculated product ion costs of microalgal 

b iomass can amoun t to as l i t t le as $ 5 0 / t o n or up to several thousand dollars 

per ton . One analysis, carr ied out by this author, was designed to explore the 

lower cost l imits of algal b iomass produc t ion at very large scales and arr ived 

at a product ion cost of $ 5 0 / d r y ton. This cost analysis was based on an 

unl ined pond system consis t ing of very large indiv idual ponds (100 acres), 

d iv ided into long serpent ine channels by baffles, mixed by paddle-wheels, 

and harvested by a 48-hr cycle batch set t l ing pond. However, this analysis 

was not realistic nor detai led in a number of specif ics. It is doubt fu l that any 

microalgal system could produce a concent ra ted slurry of 2-5% algae at a 

cost of less than $ 2 0 0 / t o n (dry w e i g h t basis), even if wa te r and nutr ients 

were suppl ied free of charge or ef f ic ient ly recycled. Thus, contrary to many 

assert ions, microalgae do not appear to be a suitable choice for energy 

fa rming , as a produc t ion cost of at least $ 1 0 / 1 0 6 Btu for " r a w " biomass is 

foreseen. This does not detract f rom the potent ia l of microalgal was tewate r 

t reatment -energy produc t ion systems, where water and nutr ients are 

provided free of charge and credi t is taken for was tewate r t reatment . T w o 

independent analyses of a microalgal was tewate r t reatment -energy produc

t ion system (based on assumpt ions of carbon or n i t rogen as l imi t ing 

nutr ients) conf i rmed that mun ic ipa l waste t rea tment systems could c o m 

pet i t ively produce fuel f rom microalgal b iomass if harvest ing cou ld be carr ied 

out by a low-cost process such as microst ra in ing (35). However, munic ipa l 

was tewaters are a l imi ted resource base; even consider ing energy conserva

t ion , a m a x i m u m energy con t r ibu t ion of about 0 . 1 % of nat ional energy needs 

can be foreseen f rom all was tewate r aquacu l ture systems, microalgae being 

only one of these technologies (12). 

Other potent ia l cont r ibu t ions of microalgae for energy product ion are of 

interest. One possibi l i ty is the produc t ion of special i ty chemicals , where h igh 

uni t prices cou ld defray h igh produc t ion costs. Such chemicals inc lude fats, 

hydrocarbons, p igments , proteins, and po lysacchar ides . Glycerol is a good 

example of such a product . It was discovered a number of years ago tha t the 

Dead Sea microalgae Dunaliella w i l l produce a high f ract ion of its tota l dry 

w e i g h t as glycerol , as m u c h as 50%, in response to h igh salt concent ra t ions 

in its m e d i u m , as a me thod of main ta in ing an osmot ic equ i l ib r ium (36.37). 

The product ion of Dunaliella has been proposed (38,39), and the develop

ment of an appropr iate techno logy is underway in Israel (38). The concept is 

to co-produce prote in and carotene p igments w i t h the glycerol . Technical 

l imi tat ions apparent ly inc lude harvest ing and cu l ture stabi l i ty. Economical ly, 

the process is c o m p e t i n g w i t h g lycerol p roduced dur ing fat render ing, w h i c h 

sells for about $ 1 / k g , but w h i c h cou ld be subject to s igni f icant d o w n w a r d 

price shif ts. A lso, the produc t ion of this algae requires very h igh-s t rength 

brines and the product has a l imi ted market.Thus, a l though it is the process 
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nearest to commerc ia l iza t ion, g lycerol p roduc t ion f rom microalgae should be 

considered as only one of many types of microalgal chemica l systems. 

Under fair ly op t imis t i c assumpt ions and cond i t ions , it may be possible to 

produce h igh-value l iquid hydrocarbon fuels f rom microalgae. ei ther by 

convers ion of the l ipids or by d i rect hydrocarbon produc t ion (40). In some 

cases, very h igh l ipid contents have been reported in microalgae up to 8 6 % 

(of dry we igh t ) (most ly C 1 6 - C 2 o fa t ty acids) for the unicel lu lar algae Chlorella 

(16) and a simi lar a m o u n t of long-chain ( C 2 6 ) hydrocarbons in the colonial 

Botryococous (41). However , these h igh concent ra t ions are only achieved at 

the end of a long per iod of l ight or n i t rogen l imi ta t ion , w h i c h result in 

ex t remely low rates of l ip id p roduc t ion . W h e t h e r it is possible to opt imize 

l ipid con ten t and produc t iv i t y is uncer ta in. A b o u t 2 0 % l ipids are present in 

sewage-g rown microalgae (Aaronson. personal communica t ion ) . However, 

tha t appears s o m e w h a t low for processing purposes. It may be possible to 

doub le th is a m o u n t by strategic schedules of pond operat ions and nut r ient 

addi t ions w i t h o u t s ign i f icant ly lower ing tota l p roduct iv i ty . A h igh produc

t iv i ty of Phaeodactylum tricornutum w i t h about 4 0 % l ipids, using very 

sha l low cul tures, has been reported (42). 

If fuel is to be produced f rom the algae, some type of subsidy is required even 

w h e n compe t ing against spot market prices for oi l . One speci f ic example 

involves the use of microalgal ponds in the evaporat ive disposal of brackish 

agr icu l tura l dra inage waters w h o s e management and disposal is a serious 

prob lem in many areas. Thus, in the Central Val ley of Cal i fornia, elaborate 

d ischarge systems t h r o u g h art i f ic ial marshes are being proposed. The use for 

microalgal p roduc t ion of brackish-sal ine waters unsui table for convent iona l 

agr icu l ture is one of the most impor tant potent ia l appl icat ions of microalgal 

p roduc t ion systems. 

In conc lus ion there are several, near- term appl icat ions of microalgae biomass 

systems in energy p roduc t ion . Mun ic ipa l was tewa te r t rea tment systems are 

the most immedia te ones fo l l owed by systems designed to produce special i ty 

chemica ls such as polyols (e.g., glycerol) , l ipids, polysacchar ides and 

p igments . The was tewate r t rea tment credi ts, and lack of a l ternat ive uses for 

aquat ic biomass g r o w n on sewage, or the h igh uni t prices for some chemicals 

a l low the relat ively h igh p roduc t ion costs forecast for microalgal biomass. 

Such appl icat ions have, however , an aggregate potent ia l impact on U.S. 

energy suppl ies tha t mus t be character ized as. at best, rather minor. Larger 

impacts invo lv ing l iquid fuels p roduc t ion may be possible if microalgal 

b iomass p roduc t ion cou ld be c o m b i n e d w i t h the management or disposal of 

brackish-sal ine agr icul tura l was tewaters or by s igni f icant technolog ica l 

breakthroughs such as a cont inuous and spontaneous set t l ing or f lo ta t ion 

process for algal harvest ing. 
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A L C O H O L FUELS F R O M M A R S H P L A N T S 

Marsh plants have been relat ively l i t t le explo i ted by man. The immense 

stands of Phragmites (bullrush) cover ing about 6 0 % of the Danube Delta, 

over 3 mi l l ion hectares, are, perhaps, the best example of large-scale 

management and harvest ing of an emergent marsh plant system (43). The 

plants are harvested on a sustainable y ie ld basis and are used as f iber for 

paper manufac ture , as wel l as some t radi t ional uses (construct ion) and 

chemicals. In the Uni ted States, large areas of fresh brackish water marshes 

are cut on a more or less regular basis bo th in the Northern Lakes area and on 

the East Coast to improve the open water sur face-to-marsh plants ratio 

op t ima l for migratory birds (about half and half). The concept of using this 

type of biomass system for energy produc t ion has been proposed, 

part icular ly in Minnesota (3,4). 

Marshlands border the areas of most of the in land and coastal waters of the 

wor ld and the Uni ted States. Detai led stat ist ics on marshland areas were not 

rev iewed by th is author ; however, a good est imate is that in the U.S. about 20 

mi l l ion hectares of marshes exist w i t h an equal amoun t already drained or 

f i l led since the estab l ishment of the U.S. Major areas w i t h marsh lands are in 

the Great Lakes area, such as Minnesota w i t h 4 mi l l ion hectares, the southern 

states (Louisiana having 3 mi l l ion hectares), the East Coast such as the 

Carolinas and to a lesser extent , the Sacramento Delta region on the Wes t 

Coast. However, ex is t ing natural marsh lands are not likely to be used for 

energy product ion purposes to a great extent unless they can be 

demonst ra ted to be compat ib le w i t h preservat ion of endangered plant and 

animal species, are conduc ive to wi ld l i fe management , and enhance 

env i ronmenta l and c o m m u n i t y benefi ts. Such accommodat ions may be 

possible. For example, many marsh systems are essential ly monocu l tu res of 

specif ic species such as Phragmites communis (bullrush) or Typha 

augustifolia (cattail). Thus, one ecological ob ject ion of energy fa rming is 

overcome. Ano ther factor that must be considered is that the cu l t iva t ion of 

these annual p lants may not a l low comple te harvest because that w o u l d 

prevent rapid regenerat ion w i t h o u t expensive replant ing. This w o u l d allay the 

ob ject ion against c lear -cut t ing as in tree energy fa rming. For max imal w i ld l i fe 

management , part ial cu t t i ng is already under taken as ment ioned above. 

The U. S. Envi ronmental Protect ion A g e n c y pol icy is to min imize "a l tera t ions" 

of qual i ty or quant i t y of the natural waters tha t affect we t lands (44). These 

wet lands are recognized as sensit ive ecological areas and. thus, any near-

te rm use of s igni f icant areas must be considered unl ikely. This author 

envisions that in the near- term, marsh p lant-energy systems can be 

establ ished on al ready-disturbed or marginal we t land areas, or where 
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108 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

plent i fu l wa te r resources a l low such h ighly consumpt i ve use. In the longer 

te rm (e.g., t w e n t y years), such systems cou ld expand into natural , non -

sensit ive marsh areas. Thus, eventual ly , a s igni f icant f ract ion of the large 

we t land resources in some states cou ld become avai lable for b iomass 

produc t ion and be integrated into the higher uses of w i ld l i fe management , 

f isheries p roduc t ion , env i ronmenta l p ro tec t ion , and recreat ion. Even one-

ten th of all present marshlands (e.g.. 2 mi l l ion hectares), assuming a 

sustained yield of 3 0 t /ha-yr . w h i c h is relat ively modest , cou ld prov ide a 

s igni f icant amoun t of fuels, about one quad ( 1 0 1 5 Btu) of raw biomass (higher 

heat ing value basis). 

Before such prognosis can be made, however , the cu l t i va t ion and harvest ing 

technolog ies for such plants mus t be developed. This requires considerat ion 

of the biological character ist ics of these plants. The f irst aspect to consider is 

the seasonal i ty of these plants. They g r o w very rapidly in the spr ing t ime, 

d r a w i n g on the carbohydrate stored the previous fall in their root tubers 

(rhizomes). The shoots very rapidly at ta in a very h igh leaf area index, 

exceeding 10 in several reports, w h i c h is h igher than any crop plant , even 

sugarcane. The vert ical leaf ar rangement a l lows gradual l ight a t tenuat ion 

and. thus, ef f ic ient l ight ut i l izat ion. Relatively h igh t ranspi rat ion rates a l low 

for max imal photosynthes is rates, s imi lar to those of t ropical grasses, 

a l though the C 4 pa thway of carbon d iox ide f ixat ion is usual ly absent. Most 

reports on p roduc t iv i t y of these plants on ly measured the areal parts of the 

plants, whereas a s igni f icant f ract ion of the photosyn tha te is t rans located to 

the roots w h i c h may conta in upwards of 4 0 % of the to ta l biomass. Thus, the 

data on achievable p roduc t iv i t y by these plants is af fected by t w o cr i t ical 

prob lems — the seasonal i ty of their g r o w t h and the t rans locat ion to their 

extensive root systems. 

The root system of marsh plants evolved to to lerate the anaerobic cond i t ions 

in the b o t t o m layers of w e t l a n d areas. T w o basic adaptat ions are found — 

internal air passages ex tend ing f rom the leaf bases to the rhizomes. Rhizomes 

are enlarged roots w h i c h a l low for storage of carbohydrates and the 

extension of lateral roots and new shoots. Anaerob ic roots are capable of 

anaerobic metabo l ism w i t h e thanol ( instead of the lact ic ac id found in animal 

tissues) as end produc t (45). It is uncer ta in h o w h igh a rate of e thanol 

p roduc t ion can be susta ined, but it is not too far- fetched to postu late the 

possibi l i ty of app ly ing genet ic select ions to this system to a level w h i c h 

w o u l d a l low di rect ethanol p roduc t ion f rom harvested rhizomes. Some 

advantages of such a system are the h igh solids (substrate) concent ra t ion 

feasible and the s impl i f ica t ion of the process. In th is con tex t the areal part of 

marsh plants are lower in l ignin content than terrestr ial land plants, making 

t h e m more suitable for enzymat ic or chemica l hydrolysis and subsequent use 
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5. B E N E M A N N Energy from Aquatic Plants 109 

for ethanol ic fermentat ions. Thus, on both accounts, these plants can be 

considered prospect ive sources of ethanol . W h e t h e r their f rui ts, w h i c h also 

consume a large a m o u n t of photosynthate , cou ld be fermented is not known. 

Of course, combus t ion is a s t ra ight - forward and more eff ic ient use of the 

plant for energy. However, the s igni f icance of ethyl a lcohol as a l iquid fuel 

extender makes it the preferred convers ion route, even at a m u c h higher 

cost or lower ef f ic iency. 

The data on product iv i ty of cattai ls are summar ized in Table III and are l imi ted 

by the absence of tota l p roduct iv i ty data, both above and below ground. 

Some of the best data were col lected in Minnesota as summar ized in Table 

IV, w h i c h shows to ta l , above, and be low ground product ion . It should be 

noted that natural stands can have as h igh, or higher, tota l product iv i t ies 

than managed (fertilized) plots. Peat soils had somewhat lower product iv i t ies. 

In late summer , shoot dry w e i g h t reaches a m a x i m u m , and roots start 

accumu la t ing photosynthate . Product iv i t ies of 4 0 t /ha-yr have been 

est imated for cattai ls in Minnesota (51). 

Ach ievab le product iv i ty w i l l depend on deve lopment of appropr iate 

cu l t iva t ion and harvest ing technologies. The product ion system itself w i l l 

l ikely be relat ively s imple, consis t ing of large (10-100 hectares) level g r o w t h 

areas surrounded by a low soil embankmen t and provided w i t h in le t /out le t 

st ructures. The actual operat ions w o u l d need to be worked out : How m u c h 

and w h e n to harvest; whe the r only above or also be low ground biomass 

w o u l d be harvested; h o w m u c h nutr ient and h o w to apply it; h o w to cont ro l 

possible pests; etc. A l t h o u g h tota l b iomass product iv i ty in a we l l -managed 

system w o u l d likely exceed 50 t /ha-yr , based on the data in Table II. the 

actual harvestable product iv i ty is likely to be s igni f icant ly less, possibly in the 

range of the 30 t /ha-yr . The cost of p roduc t ion , however, should be low if 

harvest ing does not present too great a prob lem and if nutr ients are available 

to sustain h igh product iv i t ies. 

Typha and other similar aquat ic marsh plants have nutr ient concent ra t ions as 

% of dry mat ter of about 0.5-3% N. 0.1-0.3% P, and 1.6-3.5% Κ (13). The actual 

nut r ient concent ra t ion depends on the part of plant analyzed, the season (or 

age of plant), and, most impor tant ly , on the nutr ient supply to the plant. 

Nut r ient l imi ta t ion reduces l ight convers ion ef f ic iency and product iv i ty . 

However, the min ima l concent ra t ions required to mainta in heal thy g r o w t h 

are not we l l character ized. Crit ical nut r ient t issue levels (at w h i c h nutr ient 

def ic iency sets in) are 0.09% for Ρ and 2.5% for Κ in a Typha hybr id (52); for 

n i t rogen it is l ikely be tween 0.5-1.0%. For supply of such nutr ient levels on a 

large-scale a number of sources can be considered — agr icul tura l ferti l izers, 

sewage and animal wastes, and recycled nutr ients f rom a processing plant. 
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5. BENEMANN Energy from Aquatic Plants 111 

Biological n i t rogen f ixat ion is we l l k n o w n to be associated w i t h the blue-

green algae and bacter ia in marsh systems; however, its quant i ta t ive 

con t r ibu t ion to the n i t rogen balance or the reduct ion in yield it entai ls are not 

clear f rom available data. Supply of nutr ients mus t be considered as a major, 

t h o u g h not insurmountable , p rob lem in the opt imal management of marsh 

systems. 

In conc lus ion, a biomass energy system for marsh plants such as cattai ls can 

be envis ioned to consist of large areas surrounded by low embankments and 

a wa te r supp ly /dra inage system w h i c h a l lows maintenance of op t ima l 

mois ture and nutr ient levels. Harvest ing cou ld be achieved by large bal loon 

t i re -mounted m o w i n g / l o a d i n g machines. Possibly, the marshes could be 

drained prior to harvest ing. If rhizomes are also to be harvested, then a 

d igg ing -cu t t i ng mach ine w o u l d be required and the plants w o u l d be 

harvested in str ips to a l low rapid regenerat ion w i t h o u t replant ing. The 

harvested biomass cou ld be used as a fuel or, preferably, for ethanol 

p roduc t ion . A var iety of di f ferent products (fibers, feeds, fuels) cou ld be 

produced f rom these plants. Large areas may be available to this type of 

agr icu l ture in combina t ion w i t h w i ld l i fe management in Minnesota, South 

Carol ina, and other areas of the count ry . The to lerance of some plants such as 

T. angustifolic to brackish wa te r suggests their appl icat ions in coastal or 

agr icu l tura l drainage areas. The establ ishment of 64,000 acres of managed 

marsh lands for w i ld l i fe enhancement has been proposed as a method for 

handl ing the agr icul tura l drainage waters of the Cali fornia Central Valley (53). 

Thus, the deve lopment of marsh plant b iomass energy systems should be 

given a higher pr ior i ty than in the past. 

W A T E R H Y A C I N T H A S SOURCES OF M E T H A N E 

W a t e r hyac in th (Eichhornia crassipes) is a f loat ing aquat ic plant that 

or ig inated in South Amer ica and dispersed th roughou t the wor ld dur ing the 

past 100 years by human act ions. It is probably the best known and most 

w idespread of the aquat ic weeds, chok ing navigat ion and irr igat ion channels 

and t ranspi r ing precious water , causing large economic losses. The biological 

character ist ics that make th is plant such a successful weed — rapid 

vegetat ive propagat ion and high product iv i ty — also make it of interest in 

aquat ic energy fa rming. Its geographic dispersal is l imi ted pr imari ly by its 

sensi t iv i ty to co ld ; it is kil led by freezing weather and does not g row be low 

about 15°C, a l though it survives, w i t h op t imal water temperatures being 

about 28-30°C. The plant also does not tolerate high sal ini ty above 10% of 

sea water . Wate r hyac in ths have smal l , round bulbs that serve as f loats and 

produce beaut i fu l f lowers. 
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112 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

W h e n c r o w d e d , the plants can exceed 1 m in height (part icular ly in the 

tropics). The vert ical g r o w t h of th is p lant w h e n the water surface is covered is 

an impor tan t factor for h igh product iv i ty . As the leaves g r o w u p w a r d , they 

increase the leaf area index and . thus, the capture of solar energy becomes 

more eff ic ient. Figure I summarizes the data co l lected by Ryther's g roup (54) 

in recent studies of the product iv i t ies of wa te r hyac in th Hydrilla verticillata (a 

submerged plant), and Lemna minor (duckweed, a smal l f loat ing plant). 

Duckweed is restr icted to a two-d imens iona l g r o w t h pat tern on the surface of 

t he water , resul t ing in m u c h lower yields than wa te r hyac in th . Hydrilla is 

adapted to relat ively low l ight intensi t ies usual ly encountered be low the 

wa te r surface and also does not do we l l on a p roduc t iv i t y basis. The data of 

Ryther agrees very closely w i t h many l i terature reports, and forms the basis 

for exc lud ing the submerged or smal l f loat ing plants f rom considerat ion in 

b iomass energy systems. 

Table V summarizes the data on wa te r hyac in th product iv i ty . It should be 

noted that wa te r hyac in th exhib i ts s t rong seasonal i ty even in areas, such as 

Southern Florida or Louisiana, where w i n t e r temperatures are to lerated by the 

plant. Thus, ex t reme product iv i t ies of 5 and 50 g / m 2 - d a y can be expected, 

even in favored areas of the U.S. The op t ima l s tand ing biomass in s u m m e r 

w i l l be higher than in w in ter , a l low ing some smoo th ing ou t of the var iat ions 

in mon th l y harvest (as biomass is d r a w n d o w n in w i n t e r and bui l t up in 

summer) . Thus, wa te r hyac in ths may. in favorable areas, exh ib i t less 

var iabi l i ty in harvested p roduc t ion than microalgae or marsh plants. This is 

impor tan t as it affects the capi ta l investments in convers ion plants. 

The convers ion of wa te r hyac in th to methane gas by anaerobic d igest ion has 

been s tud ied by a number of researchers (54. 6 1 - 6 2 ) . The basic f ind ings are 

tha t wa te r hyac in th is a good substrate for anaerobic d igest ion, w i t h gas 

produc t ion rates and yields similar to those of pr imary sewage sludge. Both 

the nut r ient content ( > 2 - 3 % N, 0.3-0.6% Ρ of dry we ight ) and solids con ten t 

of the freshly harvested plants (95% water , 5% solids) are very sui table for 

th is convers ion process. 

Three d i f ferent approaches to wa te r hyac in th ut i l izat ion as an energy crop 

can be foreseen — harvest ing of natural weed populat ions, b iomass 

produc t ion dur ing was tewate r t rea tment , and large-scale cu l t iva t ion for its 

b iomass energy value. The f irst op t ion is l imi ted by the sporadic nature of 

such w e e d harvest ing operat ions and the cost of t ranspor t ing the biomass to a 

centra l convers ion faci l i ty . Oppor tun i t ies may. however , exist in some t rop ica l 

locat ions where the wa te r hyac in th prob lem is severe (e.g.. Brazil or Sudan). 

Use of water hyac in th in was tewate r t rea tment has been studied for several 

years (see 12 for a review) and is being tested at the pi lot or demonst ra t ion 
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plant scale in several locat ions around the U.S. These plants can be used for 

prov id ing a cheap cover for ponds, thus a l low ing the set t l ing of suspended 

sol ids and prevent ing algal g r o w t h . The nut r ient absorpt ion capaci t ies of the 

p lant can be used for the removal of n i t rogen and phosphorus and heavy 

metals f rom wastewaters . In add i t ion , the roots of the plants may act as 

suspended solids f i l ters and may absorb some organic c o m p o u n d s di rect ly . In 

general , wa te r hyac in th has s igni f icant potent ia l in was tewate r t rea tment 

and the biomass produced dur ing such a process w o u l d be qu i te sui table for 

the produc t ion of methane. However, in te rms of to ta l fuel p roduc t ion 

potent ia l , such systems are l imi ted to a smal l f ract ion of per-capi ta energy 

consumpt ion , at least in industr ial ized countr ies. Large-scale energy fa rming 

of wa te r hyac in ths w o u l d be at t ract ive w h e r e wa te r supply is not a cr i t ical 

factor (water hyac in ths t ranspire at least t w i c e as m u c h water as evaporates 

f rom free wa te r surfaces). A recent report on aquat ic p lant biomass fa rming 

selected water hyac in th as the most p romis ing plant , w i t h p roduc t ion costs 

of about $ 3 0 / d r y ton (1JJ. However, no detai led analysis w a s under taken and 

the economic feasibi l i ty of wa te r hyac in th p roduc t ion as an energy source is 

h igh ly uncer ta in. One key prob lem is harvest ing; a suf f ic ient ly low-cost 

process must sti l l be developed, a l though tha t appears feasible. Nut r ient 

recycl ing f rom an anaerobic digester ef f luent is possible (54). 

In summary , wa te r hyac in th is among the most p roduct ive of p lants and 

deserves serious considerat ion in energy fa rming . However, l imi ta t ions of 

geography due to temperature sensi t iv i ty , h igh wa te r use. undeveloped 

harvest ing techno logy , and uncer ta in economics precludes f i rm conclus ions 

about the feasibi l i ty of these plants as energy crops at th is t ime. Their use in 

was tewate r t rea tment is of m u c h more immedia te value. Other f loat ing 

aquat ic plants should also be invest igated such as the penny w o r t 

(Hydrocotyle umbellata) w h i c h may a l low a greater geographical range (54). 

S U M M A R Y 

Aqua t i c plants can achieve relat ively h igh biomass product iv i t ies w h e n 

compared to terrestr ial p lants because they need not be water-stressed and 

can be opt imal ly suppl ied w i t h nutr ients. Based on l i terature reports, 

product iv i tés in southern U.S. regions of about 4 0 - 6 0 t /ha-yr (dry w e i g h t 

basis) can be predic ted for green algae or marsh plants and about 8 0 t /ha -y r 

for wa te r hyac in th . Higher product iv i t ies may be possible in except ional ly 

favorable locat ions by assuming deve lopment of advanced cu l t i va t ion 

technologies and genet ic select ion of improved strains. The lack of 

establ ished cu l t iva t ion systems and low-cost harvest ing processes imposes 

great uncerta int ies on the cost of b iomass produc t ion by aquat ic plants. 

Three potent ia l ly pract ical aquat ic biomass energy systems are chemica ls 
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5. BENEMANN Energy from Aquatic Plants 115 

product ion f rom microalgae. a lcohol p roduct ion f rom marsh plants, and 

methane produc t ion f rom water hyacinths. 

A t present, aquat ic plants are not be ing used commerc ia l ly as a fuel source 

any place in the wor ld . Furthermore, no large cu l t iva t ion systems exist, 

a l though a few natural commun i t i es of marsh plants are subject to 

management and aquat ic weeds are of ten harvested mechanical ly . The 

produc t ion and convers ion technolog ies for aquat ic p lants are ei ther 

conceptua l or rud imentary . Thus, most of the discussions of th is top ic must 

be speculat ive extrapolat ions of the l imi ted exis t ing data. Nevertheless, it is 

clear that aquat ic plants have potent ia l ly h igh biomass product iv i t ies and, 

speci f ical ly for the case of microalgae. cou ld produce a h igh-qual i ty , h igh -

value biomass sui table for convers ion to fuels and ext ract ion of other 

products. Table VI gives a list of the relative advantages and disadvantages of 

aquat ic plant energy systems in compar ison w i t h the concepts of terrestr ial 

tree or herbaceous plant energy fa rming. Aqua t i c biomass energy systems 

w o u l d not compete d i rect ly w i t h such terrestr ial systems; they w o u l d be 

located in areas where such systems w o u l d not be feasible. Thus, in general, 

aquat ic plants should comp lemen t other biomass energy systems. 

Three favorable aspects of aquat ic p lant b iomass systems should be stressed 

— the relative shor t - term research and deve lopment effort that w i l l be 

required to determine the pract ical feasibi l i ty of such systems, the 

cont inuous product ion nature of such systems, and the relative indepen

dence of aquat ic biomass systems f rom soil character ist ics and weather 

f luc tuat ions. The fast generat ion t imes of most aquat ic plants a l lows rapid 

data acquis i t ion, as compared to even shor t - ro tat ion trees. This a l lows the 

rapid deve lopment of the necessary data on w h i c h to base decisions of the 

economic feasibi l i ty of such systems. Thus, aquat ic biomass systems should 

not necessari ly be considered as a long-range opt ion. In case of microalgae 

and wa te r hyac in th , a cont inuous, hydraul ic p roduc t ion system can be 

designed. This a l lows better ut i l izat ion of capi ta l investments than in 

convent iona l agr icu l ture w h i c h is essential ly a batch operat ion. Finally, the 

independence of such systems f rom changes in the weather and the qual i ty 

of the soil is a s igni f icant advantage in an era w h e n c l imat ic changes and soil 

erosion loom as severe fu ture problems. Development of aquat ic plant 

systems for waste t rea tment and food-feed-f iber- fuel p roduc t ion may be a 

prudent investment w i t h a large potent ia l return. 
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Figure 1. Mean daily yields of Eichhornia crassipes, Hydrilla verticillata, and 
Lemna minor throughout the year at Fort Pierce, Florida 

Table VI. RELATIVE ADVANTAGES AND DI8ADVANTAQE8 OF 
AQUATIC PLANT BIOMASS SYSTEMS RELATIVE TO TERRE8TRIA 

PLANTS 

Advantages 

1. Continuous hydraulics production system (microalgae. floating plar 
2. Independent of soil characteristics (allows use of marginal land) 
3. Short generation times 
4. Plants are not water stressed, resulting in high productivities 
5. Use of brackish and wastewaters possible 
6. Low lignin content, potential for high-value chemicals 
7. Independent of short-term weather/climatic effects 

Disadvantages 

1. Low standing biomass, requires frequent harvests (microalgae. flo< 
plants) 

2. High water consumption 
3. Undeveloped cultivation systems, uncertain economics 
4. Harvesting systems remain major problem 
5. High capital investments required 
6. High nutrient contents 
7. Low overall resource base 

Eichhornia crossipts 

1 1 * 1 1 1 1 1 1 1 • ι 
Hydrilla vtrticilklta 

J I 1 i 1 1 1 I 1 k 
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6 
Multi-Use Crops and Botanochemical Production 

M. O. BAGBY, R. A. BUCHANAN, and F. H. OTEY 

Northern Regional Research Center, SEA/AR, USDA, 
1815 North University Avenue, Peoria, IL 61604 

Scripture tells that early man recognized and used petroleum in the form of 
asphalts, tars, and oils. Coal gained acceptance in the 16th century, and its 
use continued to expand into the 20th century. However, before the 
petroleum industry began to take shape in the mid-19th century and virtually 
exploded onto the industrial scene with invention of the internal combustion 
engine, man relied principally on renewable materials for his energy, oil, and 
hydrocarbon resources. Today, with the decline in readily removable 
petroleum and rising costs of liquid fuels and chemical feedstocks, man is 
developing a renewed awareness of the potential value of underutilized and 
diverse plant species. 

Numerous investigators have advanced ideas for development of energy and 
chemical resources from plants. The energy plantation has been analyzed in 
detail by Szego and Kemp (1) and Goldstein (2). Concepts of "petrol planta
tions" have been described by Calvin (3,4), and companies such as Diamond 
Shamrock (5) and Goodyear (6) are investigating their potential. "Integrated 
adaptive agricultural systems" have been discussed by Lipinsky (7), and 
Buchanan and Otey have advanced their "multi-use botanochemical 
systems" (8). In all of these proposals, entire above-ground material is to be 
harvested and used. And, in the most advanced schemes, fuel and chemical 
feedstock production is integrated with production of food and feed. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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126 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

If fuel is to become a major fa rm p r o d u c t new agr icu l tura l pract ices and 

systems should maximize energy product per uni t energy input. Low-energy 

crop p roduc t ion and energy-ef f ic ient processing methods and hand l ing tech 

niques must be componen ts for fu ture agr icul tura l scenarios. Such a scheme 

has been proposed by Buchanan and Otey (8). 

B O T A N O C H E M I C A L SCREENING 

The plant k ingdom provides a reservoir of 250 ,000 to 300 ,000 k n o w n plant 

species. Fewer than 0 . 1 % have enjoyed any s igni f icant commerc ia l recogni 

t i on in the w o r l d . From th is w e a l t h of p lant resources, w e ant ic ipate tha t new 

sources of energy-produc ing plants cou ld be ident i f ied and explo i ted. 

Oi l - and hydrocarbon-produc ing p lants are especial ly a t t ract ive as fu ture 

energy and chemica l resources. Plants already supp ly several p roducts c o m 

pet i t ive w i t h synthet ic pet rochemicals . These products inc lude tal l o i l , naval 

stores, seed oi ls, and plant oils. For th is d iscussion, w e refer to such products 

co l lect ive ly as oils and hydrocarbons. 

For many years, the U.S. Depar tment of Agr icu l tu re has act ively pursued a 

mul t i -d isc ip l ined approach to ident i fy and establ ish new crops as renewable 

resources (9). Patterned after the Depar tment 's p rogram to ident i fy annual ly 

renewable f ibrous plants tha t cou ld be cu l t iva ted for papermak ing 0 0 ) , an 

analyt ica l screening program w a s ins t i tu ted in 1974 to ident i fy and evaluate 

species as sources of mul t i -use o i l - and hydrocarbon-produc ing crops for 

food mater ial and energy p roduc t ion (VL12) . The mul t i -use concept requires 

p lant breeders and agronomis ts to deal w i t h a var iety of new crops, each 

y ie ld ing several d i f ferent p roducts of vary ing economic value. In screening 

p lant species as potent ia l corps, a rat ing system was employed tha t 

emphasized potent ia l economy of p lant p roduc t ion , to ta l b iomass y ie ld , and 

oil and hydrocarbon conten t (8). Subsequent ly , all candidates were ranked by 

th is rat ing system. It should be emphasized that v igorous perennials were 

g iven preference over annuals, w i t h the concept tha t seed-bed preparat ion 

w o u l d be in f requent for perennials. 

Data for over 3 0 0 species have been accumula ted , and about 4 0 species have 

been ident i f ied that have suf f ic ient potent ia l to mer i t fu r ther considerat ion. 

Nearly all of these species are being fur ther invest igated by USDA plant 

sc ient is ts ; meanwhi le , the screening program cont inues. 

In the or ig inal scenario, potent ia l rubber crops were considered. Since then , it 

w a s dec ided to develop guayu le (Parthenium argentatum) as a domest ic 

source for natural rubber (K3). The U.S. rubber market can potent ia l ly be sup

pl ied by guayule g r o w n in the southwest . Thus, barr ing d iscovery of an 
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6. BAGBY ET AL. Botanochemical Production 127 

except ional candidate, that decis ion preempts deve lopment of other rubber 

crops. However, several potent ia l bo tanochemica l crop species produce low-

molecu lar -we igh t soluble rubbers 0 4 ) that w o u l d be valuable as a hydrocar

bon c o m p o n e n t of who le -p lan t oils. 

Our analyt ical procedure consists of s tepwise acetone ext ract ion fo l lowed by 

cyc lohexane. Subsequent ly , the acetone-soluble f ract ion is part ioned be

t w e e n hexane/aqueous ethanol (12.15), and the soluble componen ts are 

freed of solvents and determined gravimetr ical ly . For lack of specif ic 

nomenc la ture , the botanochemica ls isolated by th is techn ique have been 

referred to as " w h o l e plant o i l , " "po l ypheno l , " and "po lymer ic hydrocarbon. " 

Ac tua l ly , componen ts f rom these extracts need to be fur ther character ized. 

However, pet ro leum refinery processes may be suf f ic ient ly insensit ive to 

a l low use of carbon-hydrogen r ich c o m p o u n d s represented by a broad 

spec t rum of structures. For example , consider the diverse chemicals ranging 

f rom methano l to natural rubber w h i c h have been conver ted to gasol ine (16). 

Thus, chemica l species may be impor tan t if chemica l in termediates are being 

generated but may be nonconsequent ia l for p roduc t ion of fuels, solvents, car

bon black, and other basic chemicals . 

P R O M I S I N G SPECIES FOR W H O L E P L A N T USE 

Plant fami l ies f rom w h i c h more than one promis ing species has been iden

t i f ied thus far are Anacardiaceae, Asclepiadaceae, Copri fol iaceae. Com-

positae. Euphorbiaceae. and Labiatae. However, representat ive species f rom 

ten other fami l ies have been ident i f ied as having suf f ic ient potent ia l to mer i t 

fu r ther considerat ion. Undoubted ly , the sample base is too incomplete to 

establ ish any trends. 

Crop rat ings and prox imate compos i t ion of promis ing species are s u m 

marized in Table I. Species con ta in ing the greater amoun t of oi l , all exceeding 

6%, were Ambrosia trifida. Campanula americana, Asclepias hirtella. and the 

three Euphorbiaceae. Those w i t h the most abundan t po lymer ic hydrocarbon, 

exceeding 2%, were Asclepias subulata. A. tuberosaf Crystostegia grand-

iflora, Cacalia atriplicifolia. Parthenium argentatum. Elaegnus multiflora, 

and Agropyron repens. Seven species had more than 15% of the polar f rac

t ion label led po lypheno l , i.e., Acer saccharinum. Rhus glabra, Lonicera 

tatarica. Elaeagnus multiflora, Xylococcus bicolor, Teucrium canadensis. 

and Prunus americanus. A n d one species, Vernonia altissima, had more than 

2 0 % of apparent prote in. 

Protein contents are calculated f rom Kjeldahl n i t rogen values by apply ing the 

factor 6.25 as the n i t rogen equiva lent for prote in. However, the nature of the 

n i t rogenous componen ts must be elaborated by fur ther research. In a d iscus-
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128 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

sion of leafy p lants as prote in resources, Kohler et al. remind us tha t in add i 

t ion t o desirable nut r ients , most p lants conta in c o m p o u n d s w h i c h , if not 

appropr ia te ly deal t w i t h , may be deleter ious to animals (17). They also d is

cuss several processing schemes w h i c h may provide ins ights in to processing 

p lants ident i f ied dur ing the screening program. 

P L A N T OIL A N D H Y D R O C A R B O N - P R O D U C I N G SPECIES 

Dur ing W o r l d W a r II, Parthenium argentatum, Cryptostegia grand/flora. 

Crysothamnus nauseosus, and Solidago leavenworthii were g iven con 

siderable a t ten t ion as possible domest ic rubber sources (18). P. argentatum 

is undergo ing v igorous re invest igat ion (19). Taraxacum kok-sagbyz (Russian 

dandel ion) , a l though not l isted in Table I pr inc ipal ly because of botanical 

character is t ics, w a s also a s t rong cand idate as a potent ia l rubber c rop dur ing 

the 1940's (20). See Table II fo r compar isons of Hevea brasiliensis rubber 

molecular w e i g h t s w i t h those of species ident i f ied by Swanson, Buchanan, 

and Otey (14). 

Relatively f e w plant species have been proposed as potent ia l U.S. oi l and 

hydrocarbon crops. As previously s ta ted, there is considerable current 

interest in guayu le for p roduc t ion of natural rubber. Rubber is a pure 

hydrocarbon easily depolymer ized into isoprene or re formed in to gasol ine 

(16). For th is use, low molecular w e i g h t may be an advantage; the 

poly isoprene probably is best ex t rac ted as a hydrocarbon c o m p o n e n t of a 

who le -p lan t oi l . A m i l kweed . Asclepias speciosa. is be ing g r o w n exper imen

ta l ly in Utah. USDA agronomis ts are s tudy ing the c o m m o n mi l kweed . 

Asclepias syriaca. and a f e w rubber- and o i l -p roduc ing species in other plant 

fami l ies. 

Gut ta has been found in several Gramineae species (2J[). A l t h o u g h these 

species are low in c o m b i n e d oil and hydrocarbon content . Elymus canaden

sis is being g r o w n in smal l p lots to test its response to p lant g r o w t h s t i m u 

lants, and the genet ic var iabi l i ty of Agropyron repens is being evaluated. 

A f e w Euphorbiaceae have been suggested as crops for p roduc t ion of a 

who le -p lan t oil low in poly isoprene content . Calvin has d r a w n part icular 

a t ten t ion to Euphorbia lathyrus and Euphorbia tirucalli. species tha t are 

accus tomed to ar id lands, and has suggested tha t Asclepiadaceae and 

Euphorbiaceae deserve increased a t ten t ion because they general ly conta in 

o i l - and hydrocarbon-r ich latexes. Hexane-extractable mater ia l f rom £ 

lathyrus. represent ing 4 - 5 % of p lant dry we igh t , has been reported to have a 

heat ing value of ~~ 18.000 Btu / lb (22). This mater ial consists a lmost ent i rely 
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132 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Table II. MOLECULAR WEIGHT OF NATURAL RUBBERS 
RELATIVE TO HEVEA BRASIUENSIS RUBBER 

Species Common Name Ratio 

Hevea brasiliensis Mull. arg. Rubber tree 1.00 

Parthenium argentatum A. Gray Guayule 0.98 

Pycnanthemum incanum (L.) Michx. Mountain mint 0.38 
Lamiastrum galaobdolon (L) Ehrend. and Polatsch. Yellow archangel 0.32 

Monarda fistulosa L. Wild bergamont 0.32 

Varonia fasciculate Michx. Iron weed 0.32 

Symphoricarpos orbicu/atus Moench Coral berry 0.28 

Sonchus arvensis L. Sow thistle 0.25 

Xylcoccus bicolor Nutt. Two-color wood berry 0.25 

Melissa officinalis L Balm 0.24 

Silphium integhfolium Michx. Rosinweed 0.22 

Helianthus hirsutus Raf. Hirsute sunflower 0.21 
Cirsium vu/gare (Savy) Ten. Bull thistle 0.20 

Cacalia atriplicifoliaJL. Pale Indian plantain 0.20 

Euphorbia glyptosparma Engelm. Ridgeseed Euphorbia 0.20 

Monarda didyma L Oswega tea 0.20 
Lonicera tatarica Tartarian honeysuckle 0.19 

Triostaum perfoliatum L. Tinker's weed 0.18 

Solidago altissima L Tall goldenrod 0.18 

Cirsium discolor (Muhl.) Sprang. Field thistle 0.18 

Solidago graminifolia (L) Salisb. Grass-leafed goldenrod 0.18 

Apocynum cannabinum L. Indian hemp 0.16 

Polymnia canadensis L. Leafy cup 0.16 

Gnalphalium obtusifo/ium L. Fragrant cudweed 0.16 

Silphium terebinthinaceum Jacq Prairie dock 0.15 

Euphorbia pulcherrima Poinsettia 0.15 

Asclepias incarnate L Swamp milkweed 0.14 

Grindelia squarrosa (Pursh.) Duval. Tarweed 0.13 

Veronia altissima Nutt. Iron weed 0.13 

Solidago rigida L. Stiff goldenrod 0.12 

Euphorbia comitate L. Flowering spurge 0.12 

Helianthus grossesserratus Martens Sawtooth sunflower 0.12 

Elaegnus multiflora Thunb. Cherry Elaegnus 0.12 

Rudbeckia laciniata L. Sweet coneflower 0.12 

Pycnathemum virginianum (L.) Durand & Jackson Mountain mint 0.11 

Campsis radicans (L.) Seem, ex Bur. Trumpet creeper 0.11 

Chanopodium album L. Lambsquarter 0.11 

Monarda punctata L. Horsemint 0.11 

Apocynum androsaamifolium L Spreading dogbane 0.11 

Asclepias tuberose L Butterfly weed 0.10 

Nepeta catena L Catnip 0.10 

Teuchum canadense L. American germander 0.10 

Solidago ohioensis Riddel 1 Ohio goldenrod 0.10 

Artemisia vulgaris L Common mugwort 0.10 

4sfer /aev/s L. Smooth aster 0.10 

Asclepias syriaca L Common milkweed 0.09 

Artemisia abrotanum L Southernwood 0.09 
Campanula americana L Tall bellflower 0.09 

Centauœa vochinesis Bernh. Knapweed 0.08 
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6. BAGBY ET AL. Botanochemical Production 133 

Table II. MOLECULAR WEIGHT OF NATURAL RUBBERS 
RELATIVE TO HEVEA BRASIUENSIS RUBBER 

(Continued) 

Physostegia virginiana (L.) Benth. 
Verbena urticifolia L. 
Euphorbia cyparissias L. 
Ocimum basilicum L. 
Asclepias hirtella (Pennell Woodson) 
Achillea millefolium L. 
Phyla lanceolate (Michx) Greene 
Gaura biennis L. 

Obedient plant 0.08 
White vervain 0.08 
Cypress spurge 0.08 
Purple basil 0.08 
Milkweed 0.08 
Yarrow 0.07 
Frog fruit 0.07 
Gaura 0.07 
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134 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

of po lycyc l ic t r i terpenoids. £ lathyris is being fur ther evaluated at the Univer

si ty of Ar izona (5). and USDA is evaluat ing £ pulcherrima and several o ther 

Euphorbiaceae. 

Dur ing the s u m m e r of 1979. USDA made a special ef fort t o col lect 

Leguminosae species. A n d in September 1979. Calvin d r e w a t ten t ion to the 

Leguminosae Copaifera langsdorfii w h i c h , he observed, produces v i r tua l ly 

pure diesel fuel (23). 

P O L Y P H E N O L S A N D T A N N I N S 

The rather s imple solvent c lassi f icat ion schemes y ie ld complex f ract ions of 

botanochemica ls . Their deta i led compos i t ion depends not only on the 

species but also on matur i t y of the p lant and the m e thod of ex t rac t ion 

(15.22). The polar f ract ion isolated by acetone ext ract ion and readi ly soluble 

in 87 .5% aqueous e thanol . t e rmed " p o l y p h e n o l " by Buchanan and coworkers 

(11.12). no d o u b t consists of phenol ics and a w i d e var iety of o ther subs

tances. For p lants of h igh tann in content , (e.g.. Rhus giaubra) the po lyphenol 

f ract ion m igh t we l l be cal led tann in (24) 

H A R V E S T I N G A N D PROCESSING S C H E M E S 

Harvest ing and processing technolog ies w i l l need to be developed and 

ind iv idual ly ta i lored to each species. A mul t i -d isc ip l ined approach is essential 

to capture the fu l l potent ia l of fered by the var ious species. W h i l e it is beyond 

the scope of th is rev iew to elaborate on the many facets, major areas of c o n 

cern are: harvest ing me thod and t i m i n g , hand l ing , storage, and separat ion 

and recovery of materials. For example , see some USDA exper iences w i t h the 

deve lopment of p romis ing n e w crops c rambe and kenaf (25.26). 

Processing of w h o l e plant mater ials for oil and hydrocarbon has been dis

cussed by Buchanan and Otey (8) and Nivert and coworkers (27). In the pro

cess envis ioned, baled plant mater ia l is f laked in equ ipmen t c o m m o n to the 

soybean processing industry. The f lakes are subsequent ly ext racted by the 

appropr ia te solvent , perhaps by a sequent ia l ex t rac t ion using several sol 

vents. 

L I G N O C E L L U L O S I C RESIDUE 

In all p lant mater ials, the major c o m p o n e n t w i l l be the cel lu lar l ignocel lu losic 

mater ia l . Several possible uses for th is mater ia l exist. Some of the more 

at t ract ive are cat t le feed; f iber for pu lp , paper, and board; chemica l 

feedstock; or energy (8.1JL_12). Detai led evaluat ion of the cel lular por t ion 

should provide bases for suggest ing their most appropr iate uses. 
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6. B A G B Y E T A L . Botanochemical Production 135 

C O N C L U S I O N S 

Green plants are solar-powered chemica l factor ies that conver t carbon d iox

ide and wate r into a var iety of energy-r ich compounds . Crops can be 

developed to help provide renewable sources of fuels and chemicals and at 

the same t ime to provide a con t inu ing source of feed and food. Several cand i 

dates have been ident i f ied, w h i c h can become fu ture crops for Amer ican 

Agr icu l tu re . 
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7 
Effects of Reaction Conditions on the Aqueous 
Thermochemical Conversion of Biomass to Oil 

P. M . MOLTON, R. K. MILLER, J. A. RUSSELL, and J. M. DONOVAN 

Batelle Pacific Northwest, P.O. Box 999, Richland, WA 99352 

Thermochemical liquefaction of biomass is basically a simple process 
whereby it is heated with alkali under pressure at temperatures up to 400°C. 
This simple procedure converts the biomass to a mixture of gas (2-10%), char 
(5-40%). and oil (up to 40%), on a weight basis. It is one of several methods 
available for conversion of biomass to potential liquid fuels, the others being 
direct heating of dry matter (destructive distillation, pyrolysis) (1), fermenta
tion (or anaerobic digestion) (2), and gasification (partial oxidation) (3) 
followed by liquefaction to methanol. There are variants on all of these 
processes. 

The most interesting variant on the basic thermochemical liquefaction 
process involves the addition of an overpressure of carbon monoxide and 
hydrogen to the reaction, which is also performed in a non-aqueous solvent 
(anthracene oil or recycled product oil). Yields of oil up to 70% of the weight 
of the Douglas fir wood feedstock have been reported in an investigation by 
Elliott (4-8), Elliott and Walkup (9) and Elliott and Giacoletto (10). This process 
variant (also known as the Albany, PERC, or CO-Steam Process) is described 
in more detail in the Results and Discussion section. 

The thermochemica l l iquefact ion process and its var iants are of interest 

because they appear to have several advantages over the other methods. 

They do not require pre l iminary dry ing of the feedstock; they operate at a 

0O97-6156/81/0144-0137$06.50/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

00
7



138 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

relat ively low tempera tu re ; and they conver t all of the biomass. leaving on ly a 

relat ively smal l unusable residue w h i c h is as l i t t le as 5% of the feedstock. In 

add i t ion , the crude l iquid p roduc t separates spontaneously f rom the aqueous 

phase after the react ion. 

Histor ical ly, the aqueous degradat ion of b iomass in the fo rm of newspr in t or 

co t ton was examined by Berl and Schmid t (11-13) and Berl. Schmid t , and 

Koch (14). and by others w h o were pr imar i ly interested in the mechan ism of 

geological fo rmat ion of coal f rom plant mater ia l (e.g.. 15). The alkal ine 

react ion of cel lulose was fur ther invest igated by a series of authors, notably 

Samuelson (16-28) and Heinemann (29). The react ions of cel lulose at 

temperatures up to 180°C have long been of interest in the paper pu lp ing 

industry. A l t h o u g h cond i t ions in pu lp ing have some relevance to the 

convers ion of cel lulose to oi l . as discussed in more detai l later, they are 

general ly mi lder (since d issolut ion of the cel lulose is def in i te ly not required). 

Other chemicals are also added, such as sod ium sul f ide in Kraft pu lp ing , and 

no a t t e m p t is made to exc lude oxygen f rom the react ion. The deve lopment of 

the rmochemica l l iquefact ion techn iques for convers ion of b iomass to oil has 

been rev iewed by M o l t o n and D e m m i t t (30). The ef fect of alkali on cel lulose 

has been rev iewed by Richards (31) and Mel ler (32). 

In 1924. W a t e r m a n and Kor t landt (33) observed that semicoke obta ined f rom 

l igni te was l iquef ied more rapidly if there was an overpressure of hydrogen 

and /o r carbon monox ide. Fischer and Schrader (34) observed tha t sod ium 

formate in large amoun ts fac i l i ta ted the l iquefact ion of var ious mater ials 

inc lud ing peat and cel lulose at 400°C. The ef fect of fo rmate or carbon 

monox ide on the rate of b iomass l iquefact ion was reported in 1960 by Appe l l , 

Wender , and Mi l ler (35) w o r k i n g at the Bureau of Mines in Pi t tsburgh. In a 

series of publ icat ions (36-40). these and other workers at the Bureau of Mines 

showed a def in i te ef fect of carbon monox ide on the alkal ine l iquefact ion of 

biomass. 

As a result of the Bureau of Mines work , a pi lot p lant w a s cons t ruc ted at 

A lbany , Oregon. This w a s des igned to l iquefy b iomass as a slurry in recycled 

produc t oi l in the presence of 5% aqueous sod ium carbonate at 290-370°C. 

The residence t ime w a s es t imated at 20 m in to 1 hr in a st i rred tank reactor. 

Init ial ly, w o o d f lour was used as the b iomass source, after hammer -mi l l i ng 

and pre-dry ing. The pi lot p lant star ted operat ion in 1977. a l though s ign i f icant 

amoun ts of oi l p roduc t were not ob ta ined unt i l several mon ths later. 

Operat ion of the pi lot plant has been dogged by problems of p lugg ing and 

corrosion of pipes and mechanica l d i f f icul t ies. 
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7. MOLTON ET AL. Oil from Biomass 139 

At the t ime of pi lot p lant comple t ion , only the or iginal Bureau of Mines work 

was avai lable for es t imat ion of process parameters. This work was used in the 

design of the A lbany pi lot plant. Thus, the or iginal condi t ions for operat ing 

the pi lot p lant were assumed, w i t h no guarantee that they were o p t i m u m 

condi t ions. Since pi lot p lant s tar tup, laboratory invest igat ions have been 

per formed in suppor t of the pi lot p lant (4-10). and have inc luded work on 

process opt imizat ion. 

For some years w e have been w o r k i n g on the de termina t ion of the chemis t ry 

involved in biomass l iquefact ion, using pure cel lulose (Solka-floc) as our 

init ial model (41-43). W e believe tha t a compar ison of our results using pure 

cel lulose in an aqueous system, w i t h results obta ined in a closer s imula t ion of 

the A lbany pi lot plant cond i tons . is useful in pred ic t ing some of the complex 

chemis t ry occur r ing in the pi lot plant. A more d i rect compar ison using w o o d 

substrate and recycle oil is d i f f icu l t due to the great complex i t y and 

var iabi l i ty in the system. 

In th is paper, w e report the results of some of our exper iments on the 

var iat ion of react ion parameters and product fo rmat ion f rom pure cel lulose in 

an aqueous system closely related to the A lbany pi lot p lant condi tons. 

M A T E R I A L S A N D M E T H O D S 

Throughou t th is w o r k w e used pure cel lulose (Solka-f loc; Brown Co., NJ) as 

our mode l b iomass source because of its h igh puri ty. Use of newspr in t or 

w o o d w o u l d have made our results d i f f icu l t to reproduce due to the 

heterogeni ty of such materials. The effect of the l ignin componen t of w o o d 

on th is l iquefact ion process is being invest igated in a separate series of 

exper iments. The Solka-f loc tha t w e obta ined was of 95.8% pur i ty , and 

conta ined wa te r (3.9%), ash (0.3-0.5%) and n i t rogen (0.004-0.0034%). Solka-

f loc of the grade used by us conta ins over 9 0 % alpha-cel lulose, is greater 

than 5 0 % crystal l ine, and consists of a 3:1 mix ture of f ibers w i t h degree of 

polymer izat ion (DP) of 6 0 0 and 1100. The average DP is therefore about 750, 

compar ing w i t h Douglas f ir cel lulose of DP about 800 . The degree of 

crysta l l in i ty (44) and the DP value (45.46) have both been s h o w n to exert 

h igh ly s igni f icant effects on the rate of degradat ion of cel lulose. Anhyd rous 

sod ium carbonate (Fisher cert i f ied ACS grade) was of m i n i m u m 9 9 % pur i ty. 

A l l wa te r was d is t i l led, and all solvents were of analyt ical reagent grade. 

Exper iments to determine the ef fect of carbon monox ide on oil p roduc t yield 

were per formed in 2.5 and 10 gal lon autoc laves; exper imenta l cond i t ions are 

s h o w n in Table I. Cellulose, sod ium carbonate, and wate r were mixed in a 

3 0 % cel lulose slurry, and the slurry was poured into the autoclave, w h i c h was 
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140 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

then sealed and f lushed w i t h pure n i t rogen for 5 min to exc lude oxygen. The 

autoc lave was then raised to the correct tempera ture (heat ing t i m e 2.5 hr), 

main ta ined at th is tempera ture for 2 0 to 6 0 m i n . and cooled (cool ing t ime 3.5 

hr). The carbon monox ide , where added, was added after the n i t rogen f lush, 

at 2 5 0 or 5 0 0 psig init ial pressure. A f te r coo l ing , the gas w a s ven ted and the 

autoc lave opened. The aqueous phase w a s separated and the oil residue and 

char poured off and dr ied. The p roduc t oi l of chief interest in these 

exper iments was obta ined by a 3-day Soxhlet ex t rac t ion of the tar plus char 

f rac t ion , us ing acetone as the ex t rac t ing solvent. A f te r removal of the acetone 

under reduced pressure, the oil y ie ld w a s de te rmined on a w e i g h t basis. 

To de termine the ef fects of alkali concent ra t ion , f inal react ion temperature , 

and react ion t ime on the kinet ics of the o i l - fo rming react ions, a d i f ferent 

procedure had to be used. For these exper iments , smal l reactors were used, of 

approx imate ly 7 ml to ta l vo lume. A f te r m ix ing the cel lulose w i t h wa te r and 

alkal i , insert ing the mix tu re into the b o m b and f lush ing w i t h n i t rogen, the 

reactors were immersed in a sand bath already at the correct temperature. 

Heat ing t ime w a s thus reduced to 5 m i n , and coo l ing t ime to 7 m in , a 

procedure w h i c h min imized the react ions occur r ing du r ing the heat ing and 

coo l ing periods. However , because of the smal l amounts of mater ia l in these 

reactors, a p roduc t y ie ld cou ld not be obta ined. Instead, the o i l - fo rming 

react ions were mon i to red by gas ch romatography on a Perkin-Elmer 9 0 0 

inst rument . The number and d is t r ibu t ion of volat i le p roduc ts were used as an 

index of the degree of react ion. Further ident i f icat ion of p roducts was 

per formed on a Hewlet t Packard 5 9 9 2 GC/MS inst rument . 

A series of exper iments w a s per formed w i t h the smal l reactors, based upon 

stat ist ical exper imenta l design techn iques. A Box-Behnken design was used, 

w i t h the exper imenta l parameters s h o w n in Tables II to IV for de terminat ion 

of the effects of react ion t ime, temperature , and alkali concent ra t ion . 

A f te r react ion, the aqueous and oi l phases were separated and examined 

separately. In these exper iments , for purposes of compar ison of p roduc t 

d is t r ibut ion as a func t ion of the var iable exper imenta l parameter, the GC 

t race of the unt reated aqueous phase was used. Further w o r k is being 

per formed to ident i fy the organic componen ts of t he p roduc t oils and 

aqueous phases to de termine the react ion mechan isms involved in oi l 

fo rmat ion . Aqueous phase c o m p o n e n t s were found to be s imi lar in 

compos i t ion to most oil componen ts , bu t are better resolved on the GC. There 

is a possibi l i ty that higher molecular w e i g h t oil componen ts may change 

independent ly of lower molecular w e i g h t componen ts , but w e have no w a y 

of tes t ing th is as the separat ion and ident i f icat ion of h igh molecular w e i g h t 

materials in such a complex mix ture are beyond our current analyt ical 

capabi l i t i tes. 
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MOLTON ET AL. Oil from Biomass 

Table 1. EFFECT OF CARBON MONOXIDE ON CELLULOSE 
LIQUEFACTION 

• Pressure Alkali Cone. Final Temp. Time at Temp. Yield-
(psig) (N) (°C) (min) (%) 

0 0.3 318 20 31 
0 0.3 350 20 22 
0 0.3 407 60 23 

250 0.3 293 20 14 
250 0.3 300 60 28 
250 0.3 332 60 33 

0 0.6 317 20 31 
0 0.6 337 30 26 
0 0.6 304 60 29 
0 0.6 337 60 29 
0 0.6 360 60 26 
0 0.6 385 60 21 

250 0.6 299 20 34 
250 0.6 318 20 34 
250 0.6 359 60 28 
500 0.6 268 20 26 

0 1.18 307 20 19 
0 1.18 324 20 27 

250 1.18 321 20 33 
500 1.18 268 20 31 
500 1.18 307 20 27 

0 1.79 275 20 18 
250 1.79 268 20 24 
500 1.79 275 20 23 

0 2.37 291 20 4 
0 2.37 343 20 11 

500 2.38 270 20 15 

* Based on original weight of cellulose added. 

Table II. CONDITIONS U8ED FOR ΒΟΧ-ΒΕΗΝΚΕΝ STUDIES OF 
CELLULOSE LIQUEFACTION, 250-290°C 

Temp. Time [Na2C( 
Run (°C) (hr) (N) 

1 270 1.0 0.6 
2 270 3.5 0.3 
3 270 6.0 0.0 
4 250 3.5 0.0 
5 290 1.0 0.3 
6 290 3.5 0.0 
7 290 6.0 0.3 
8 270 3.5 0.3 
9 250 1.0 0.3 

10 250 3.5 0.6 
11 250 6.0 0.3 
12 290 3.5 0.6 
13 270 1.0 0.0 
14 270 3.5 0.3 
15 270 6.0 0.6 
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142 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

T a b l e I I I . C O N D I T I O N S USED FOR N O N B O X - B E H N K E N 

K I N E T I C S T U D I E S OF CELLULOSE L I Q U E F A C T I O N , 1 5 0 - 2 3 0 ° 

T e m p . T i m e [ N a 2 C 0 3 ] 

Run (C°) (min) (N) 

1 2 1 0 4 5 0.3 
2 2 1 0 6 0 0.3 
3 170 6 0 0.3 
4 170 4 5 0.3 
5 150 4 5 0.3 
6 150 6 0 0.3 
7 190 4 5 0.3 
8 190 6 0 0.3 
9 2 3 0 15 0.3 

10 2 3 0 3 0 0.3 
11 190 15 0.3 
12 190 3 0 0.3 
13 2 3 0 6 0 0.3 
14 2 3 0 4 5 0.3 
15 2 1 0 3 0 0.3 
16 2 1 0 15 0.3 
17 170 15 0.3 
18 170 3 0 0.3 
19 150 3 0 0.3 
2 0 150 15 0.3 

T a b l e IV. C O N D I T I O N S U S E D FOR FIGURES OF GC T R A C E S 

O F CELLULOSE L I Q U E F A C T I O N P R O D U C T S 

T e m p . T i m e [ N a 2 C 0 3 ] 

F igure (°C) (hr) (N) 

1 a 2 7 0 1.0 0.6 

1 b 2 7 0 3.5 0.3 

1 c 2 7 0 6.0 0.6 

2 a 150 1.0 0.3 

2 b 2 1 0 1.0 0.3 

2 c 2 9 0 1.0 0.3 

3 a 2 7 0 3.5 0.07 

3 b 2 7 0 3.5 0.03 

4 a 2 7 0 6.0 0.6 

4 b 270 6.0 0.0 
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7. M O L T O N E T A L . Oil from Biomass 143 

RESULTS A N D D I S C U S S I O N 

E f f e c t o f C a r b o n M o n o x i d e 

The results of 27 autoclave exper iments w i t h cel lulose are s h o w n in Table I. 

Oil y ields range f rom 4 % to 3 4 % of the or ig inal w e i g h t of cel lulose added, 

w i t h no clear pat tern emerg ing. In part th is may be due to the masking effect 

of the heat ing and cool ing t imes for the autoclaves. Based on pure cel lulose, 

the theoret ical y ield of a hydrocarbon oil ( C 6 H i o ) i s 5 1 % b Y w e i g h t ; w i t h 8% 

oxygen, as is character ist ic of the A lbany pi lot plant product , th is is increased 

to 55%. Hence, our highest oil y ield is 3 4 / 5 5 X 100, or 6 2 % of theoret ical . 

L ignin and hemicel lu lose are of more variable compos i t ion , but the 

theoret ical y ields of oil conta in ing 8% oxygen are about 7 5 % and 5 0 % 

respect ively. Based on this data, a crude est imate of the theoret ical oil y ield 

f rom w o o d conta in ing 5 0 % cel lulose, 2 5 % l ignin, and 2 5 % hemicel lu lose is 

60%. Elliott and W a l k u p (9) have presented data for the A lbany model system 

show ing oil y ield to be a func t ion of carbon monox ide overpressure in the 

range of 2 5 0 - 1 5 0 0 psig init ial pressure, w i t h a m a x i m u m oil y ield of 70%. This 

indicates that a theoret ical oil y ield can be achieved at h igh CO overpressure, 

w i t h the possibi l i ty of some incorporat ion of CO into the p r o d u c t a l though 

one exper iment carr ied out w i t h 1 4 C O did not result in 1 4 C incorporat ion into 

the oil product . 

Ell iott (7) has reported some exper iments using w o o d f lour, l ignin, and 

cel lulose w i t h o u t any addi t ion of CO. A t 350°C f inal temperature for 1 hr, 

w i t h 18% substrate slurry, the oil yields were 39, 23, and 3 0 % respectively. 

The result w i t h cel lulose is in agreement w i t h our data. The effect of carbon 

monox ide addi t ion to an aqueous system w i t h a 3 0 % cel lulose slurry was to 

increase oil yield by only 3-4% in our exper iments , up to 500 psig init ial CO 

pressure. This is also in agreement w i t h Ell iott 's data. The CO-enhancement 

ef fect on oil yield is thus barely not iceable w i t h cel lulose at CO pressures 

be low 500 psig. 

The only other not iceable effect of var iat ion of the exper imenta l parameters 

s h o w n (Table I) is a negat ive effect of h igh alkali concent ra t ion on oil y ie ld, 

w h e n the sod ium carbonate concent ra t ion is raised to 2.37 Ν (12.6%) at 270-

343°C. This is counter to Elliott and Giacoletto 's results (10). The effect of 

alkali on cel lulose chain peel ing and cleavage was found to be di rect ly 

propor t ional to alkali concent ra t ion at lower temperatures (185°C) (47). Since 

h igh alkali concent ra t ions favor the hydr ide- transfer mediated Cannizzaro 

react ion to yield acid salts and alcohols f rom aldehydes and some ketones, 

w e suggest that perhaps the lower oil y ield may be due to removal of 

carbonyl in termediates f rom the react ion. 
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144 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Because of the masking effect of long heat ing and cool ing t imes in large 

autoclaves (2 .5 ,10 gal lon), w e con t inued our exper iments in smal l reactors of 

7 ml total vo lume. This permi t ted us to achieve short heat ing and coo l ing 

t imes, but because of the smal l a m o u n t of reactants. prevented us f rom 

assessing oil yields. Since w e are current ly interested in react ion chemis t ry , 

th is was not considered an overr id ing d isadvantage. W e were able to 

est imate the degree of cel lulose convers ion f rom the gas chromatograph 

traces of the products , as s h o w n be low, bu t these do not represent a 

quant i ta t ive y ie ld est imate. 

E f f e c t o f R e a c t i o n T i m e 

Figure I shows the GC traces obta ined f r o m di rect in ject ion of λμί quant i t ies 

of the aqueous phases f rom three exper iments . W e chose to use the aqueous 

phases because they conta in lower molecular w e i g h t mater ials t h a n the oils, 

and hence presumably p roduc ts fo rmed earlier in the oil generat ion react ion 

sequence, and because the aqueous phases give cleaner GC traces than the 

oils, w h i c h are very d i f f icu l t to resolve.Only minor di f ferences are not iceable 

be tween the traces f rom react ions carr ied ou t for 1,3.5. and 6 hr at a constant 

tempera ture of 270°C. This tempera ture is m u c h lower than the tempera tu re 

normal ly used in w o o d l iquefact ion (370°). yet most of the cel lulose w a s 

dissolved. The yield of char or insoluble residue was general ly less than 2 0 % 

of the w e i g h t of cel lulose added. 

E f f e c t o f R e a c t i o n T e m p e r a t u r e 

The GC traces f rom three exper iments run at temperatures of 150. 210 . and 

290°C and constant t ime (1 hr). alkali concent ra t ion of (0.30 N), and w i t h o u t 

carbon monox ide, are s h o w n in Figure II. A t the t w o lower temperatures the 

most not iceable feature is a pair of large peaks close to the in ject ion point . 

One of these has been ident i f ied as acetone. The quant i t y of acetone is less at 

the higher temperature 290°C. w h i c h inc identa l ly is the lowest operat ing 

temperature at A lbany. The remainder of the peaks are products der ived in 

part f rom condensat ion of ace toneunder alkal ine cond i t ions (Aldol condensa

t ion), and increase in a m o u n t w i t h increasing temperature , a l though the 

d is t r ibu t ion remains relat ively constant . The conc lus ions to be reached f rom 

these exper iments are clear: Acetone is an early major product from 

cellulose, is produced at a much lower temperature than generally assumed 

(150°C and above), and then condenses to other products in a series of 

reactions which are constant over the range 150-290°C The nature of these 

react ions is sti l l being e luc idated, a l though it appears that acetone is only 

one of at least three major small molecule in termediates leading to the 

fo rmat ion of oi l , the others being acrolein and acetoin. A t the lower react ion 
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Figure 1. Effect of reaction time 
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146 B I O M A S S AS A N O N F OSSIL F U E L S O U R C E 

2a 150°C 

Figure 2. Effect of temperature 
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7. MOLTON ET AL. Oil from Biomass 147 

temperatures 150°C and 200°C. very l i t t le cel lulose was dissolved (it was 

merely browned) . The volat i le p roducts observed account for an est imated 2-

3% of the total carbon in the reactor. 

E f f e c t o f A l k a l i C o n c e n t r a t i o n 

A level of 5% sod ium carbonate based on organic feed material is used at 

A lbany. The aqueous st ream is added to the react ion mix ture as 20 w t % 

carbonate in water . Because the A lbany system is main ly non-aqueous, the 

act iv i ty of the sod ium carbonate is u n k n o w n . A t the operat ing temperature of 

the A lbany reactor, the a m o u n t of l iquid water remain ing has not been 

de te rm ined ; the sod ium carbonate may be dispersed in the oil vehicle. Some 

wate r is produced dur ing the l iquefact ion process, and some acidic materials 

w h i c h w i l l react w i t h carbonate are produced, so the chemica l fo rm and 

act iv i ty of the catalyst is d i f f icu l t t o de termine in the A lbany process. Our 

react ions were all carr ied ou t in the aqueous system, so the sod ium 

carbonate is readily avai lable for react ion at the added concent ra t ion , rather 

than at some undetermined lower concent ra t ion . 

In t w o exper iments s h o w n in Figure III, sod ium carbonate concent ra t ions of 

0.07 and 0.30 Ν resulted in roughly the same total volat i le organic material 

concent ra t ion in the aqueous phase of the product . There are some 

di f ferences in relat ive product concent ra t ions, but the overall GC traces are 

very similar. Ac tua l ident i ty of each componen t w i l l be conf i rmed by GC/MS 

but is irrelevant here. In Figure IV, a GC t race at an alkali concent ra t ion of 0.60 

Ν but w i t h a react ion t ime of 6 hr gave a very simi lar p roduc t d is t r ibut ion to 

that observed after 3.5 hr (Figure III). However, a zero alkali concent ra t ion 

(Figure IVa) resul ted in only traces of p roduc t under the same condi t ions. 

The conclus ions f rom this series of exper iments are also clear: Alkal i 

concent ra t ion has l i t t le ef fect on the l iquefact ion react ion over the range 0.07 

to 0.6 N. The react ion proceeds to the same products at concent ra t ions as 

low as 0.07 N. The presence of some alkali is necessary for the react ion to 

proceed, even t h o u g h in all of our exper iments , the pH at the conc lus ion of 

the exper iment d ropped to the acid side (5-6 on average). Results obta ined by 

Lai and Sarkanen (47) showed that the rate of cel lulose degradat ion is 

di rect ly propor t ional to the alkali concen t ra t i on . 

Ell iott and Giacolet to U0) have also examined the effect of sod ium carbonate 

concent ra t ion in the oi l -based l iquefact ion system and have s h o w n no 

change in alkali ef fect over the range of 6 -18% addi t ion by we igh t . They 

est imate tha t a concent ra t ion of 3% may be pract icable before an adverse 

ef fect on l iquefact ion is observed, wh i l e our lowest value of 0.07 Ν (0.37%) is 

almost 10x lower than th is in the ce l lu lose/water system. 

Menem Chemlol 
Society Library 

1155 16ft ft. N. w. 
WetMagtot, 0. C. 20038 
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B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

3i 3.5 HR / 0.30AUCALI 

Figure 3. Effect of alkali (3.5 h) 

4a 6HR 0 ALKALI 

Figure 4. Effect of zero and 0.6Ή alkali 
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7. M O L T O N E T A L . Oil from Biomass 149 

A great deal of work has been done on the effect of aqueous alkali on 

cel lulose, f rom the v iewpo in t of the pu lp ing industry (e.g.. 16-28, 48-59) . The 

minor organic volat i le products observed here at similar temperature to those 

used in Kraft pu lp ing (150-180°C) eventual ly lead to colored product 

fo rmat ion , w h i c h is of concern to the paper industry. The format ion of 

acetone f rom cel lulose has long been known . Generally, most interest has 

been s h o w n in the nature of the residual cel lulose after alkali t reatment , not 

in the nature of the volati les. From the v iewpo in t of de termin ing the 

chemis t ry of oil fo rmat ion f rom cel lulose, the intermediate volat i le products 

are a l l - impor tant and the residual cel lulose is of l i t t le interest. 

In our v iew, the economics of the A lbany pi lot plant cou ld be improved 

somewhat by using a lower sod ium carbonate concent ra t ion. This w o u l d also 

reduce the chance of alkali stress corrosion. 

Oi l C o m p o s i t i o n 

W e are current ly s tudy ing the var iat ion in oil product compos i t ion and 

aqueous phase organic p roduct compos i t ion as a func t ion of react ion t ime, 

temperature , and alkali concent ra t ion . This w o r k is in its pre l iminary stages, 

and should eventual ly lead to a detai led unders tand ing of the chemica l 

react ions occurr ing dur ing l iquefact ion. A t present, w e have ident i f ied 78 

componen ts of the oils and aqueous phases der ived f rom l iquefact ion of pure 

cellulose. These c o m p o u n d s are l isted in Table V. They inc lude a w i d e range 

of a l iphat ic and aromat ic alcohols, phenols, hydrocarbons, subst i tu ted furans, 

and al icycl ic compounds . Their ind iv idual concent ra t ions are normal ly less 

than 1 % of the total organic con ten t of the product . The available ev idence 

suppor ts a degradat ion of cel lulose to acetone, acrolein, and acetoin (among 

other products) . These smal l molecules then re-condense under the alkal ine 

condi t ions of the react ion to give the observed products. A romat i c 

hydrocarbon and phenol fo rmat ion f rom these molecules under these 

condi t ions appears to involve a var iant of the Aldo l condensat ion. These 

conclus ions were also reached by Theander, Popoff, and co-workers and 

reported in an earlier series of art icles (60-66). Our results suppor t their 

conclus ions and proposed mechanisms. 

For example, 1,4-addit ion of the acetone carbanion to acrolein w o u l d be a 

faci le react ion under the react ion condi t ions used for cel lulose l iquefact ion 

(both of these intermediates are fo rmed f rom cellulose). The product , 5-

ketohexanal , cou ld cycl ize to 3-hydroxycyc lohexanone, w h i c h w o u l d then 

dehydrate and dehydrogenate to phenol and related aromat ic products. This 

route to an observed product (phenol) is sti l l speculat ive, but w e have s h o w n 

the more di rect route to phenol f rom cyc lohexanone does not occur under the 
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150 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

T a b l e V . P R O D U C T S I D E N T I F I E D F R O M C E L L U L O S E L I Q U E F A C T I O N 

O P E N C H A I N A L I P H A T I C S 

A l i p h a t i c H y d r o c a r b o n s P r o b a b i l i t y M o l . W t . 

cis- or t rans-3-hexene T* 8 4 

3-heptene Τ 98 

4 -oc tyne τ 110 

2,5.-d imethyl -2,4,-hexadiene Ρ 110 

2.5. -d imethy l - t raos-3-hexene τ 112 

oc tene τ 112 

decyne τ 138 

2.6.10.14- te t ramethy I-

heptadecane Ρ 2 9 6 

A l i p h a t i c A l c o h o l s 

ethy lene g lyco l Ρ 6 2 

3 -methy l -1 -bu tano l τ 8 8 

d ie thy lene g lyco l Η 106 

(2- or 3-) methy l -2 .4, -petanedio l Η 118 

d ie thy lene g lyco l . 

monoe thy l e ther Η 134 

2- (2-butoxyethoxy) e thanol Η 162 

A l i p h a t i c K e t o n e s 

4-methy l -pent -3 -en-2-one Τ 98 

4 -methy l -2 -pe tanone Ρ 100 

3-heptanone Ρ 114 

4 -hyd roxy -4 -me thy l -

2-pentanone τ 116 

3-octadienone τ 124 

2 -methy l -hep ten-

3-one Ρ 126 

acrole in hydrate 

monotr i f luoroacetate ' ' ' τ 170 
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7. MOLTON ET AL. Oil from Biomass 151 

T a b l e V. P R O D U C T S IDENTIF IED F R O M CELLULOSE L I Q U E F A C T I O N 

(con t inued) 

C Y C L I C C O M P O U N D S 

C y c l i c H y d r o c a r b o n s P r o b a b i l i t y M o l . W t . 

1-ethyl cyc lohexene Ρ 110 

e thy l - or d imethy l -cyc lohexane Τ 112 

methy l -n -p ropy lcyc lopentene τ 124 

methy l e thy l cyc lohexane τ 126 

1.5.5,6-tetramethyl-

1.3-cyclohexadiene τ 136 

(1.1)-. (1.2)-. (1,3)-d imethyl indan Ρ 146 

1.1-dimethyl-1.2.3.4-

te t rahydronaphtha lene τ 160 

C y c l i c A l c o h o l s 

cyc lopentano l Ρ 86 

cyc lonhexanol Ρ 100 

C y c l i c K e t o n e s 

cyc lopentanone Η 8 4 

2-methy l cyc lopentanone Τ 98 

3-methy l cyc lopentanone Ρ 98 

cyc lohexanone Η 98 

2 ,5-d imethy l cyc lopentanone Η 110 

2 ,4-d imethy l cyc lopentanone Τ 112 

2-e thy lcyc lopentanone Η 112 

3 -methy lcyc lopen tanone Η 112 

cyc lohexene- 1-enyI methy l 

ketone Τ 124 

4 .4 .5- t r imethy lcyc lohex-2-enone Τ 138 

2-cyc lopenty l -1 -cyc lopentanone Τ 152 

e thy l -2 -methy l -cyc lohex 

-1-enyI ketone τ 152 

Furans 

8-buty ro lactone (keto fo rm of 

2-hydroxy-4,5-d ihydrofuran) Ρ 86 

2 ,4-d imethy l furan Ρ 96 

2 ,5-d imethy l te t rahydro furan Η 100 

2 -hyd roxy -2 -methy l -

te t rahydro furan Τ 102 

2.3.4- t r imethy l furan Ρ 110 

ethy l me thy l furan τ 110 
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152 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

T a b l e V . P R O D U C T S IDENTIF IED F R O M C E L L U L O S E L I Q U E F A C T I O N 

(Con t inued) 

A l k y l B e n z e n e s P r o b a b i l i t y M o l . W t . 

propy l furan Τ 110 

2- iso-propyl furan Τ 110 

2.5-diethyl furan Τ 124 

buty l furan τ 124 

2-methy lbenzofuran Ρ 132 

penty l furan τ 138 

hepty l furan τ 166 

A R O M A T I C S 

ο-, p-. or m-xylene Η 106 

ethy l benzene Η 106 

2 -methy l styrene Ρ 118 

1 -methy l -2 -e thy l benzene Η 120 

1 -methy l -3 -e thy l benzene Η 120 

η-propyl benzene Η 120 
o-al lyl to luene Τ 132 

1 -methy l -2 -n-propy l benzene Η 134 

cyc lopenty l benzene Τ 146 

1-methyl -4- isobuty l benzene Ρ 148 

2 -pheny l -3 -methy l bu tane τ 148 

Pheno l D e r i v a t i v e s 

phenol Η 9 4 

o-cresol Η 108 

m-cresol Η 108 

p-cresol Η 108 

2-ethyl phenol Τ 122 

o -methoxypheno l Η 124 

2-phenoxyethano l Η 138 

2-hyd roxy-4-methy I-

acetophenone Ρ 150 

η-propyl cresol Τ 150 

4 - t -bu ty l (o- or m-) cresol Ρ 164 

P O L Y F U N C T I O N A L S 

2- formyl -2 .3-d ihydro-pyran Ρ 112 

2 ,5-d imethy l te rephtha ldehyde τ 162 
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7. M O L T O N E T A L . Oil front Biomass 153 

The above c o m p o u n d s were ident i f ied f rom 18 samples. Eleven samples were 

analyzed on a Hewlet t -Packard 5 9 8 0 GC/MS; 3 samples on a 50-f t . stainless 

steel LB550X c o l u m n p rogrammed f rom 70°C to 140°C at 4 7 m i n f w i t h a 2 

min init ial ho ld ; and 8 samples on a 3 0 - m glass capi l lary SP2100 co lumn 

p rogrammed f rom 50° at 260° at 4 ° / m i n w i t h a 4 min init ial hold. Six samples 

were analyzed on a Hewlet t -Packard 5992 GC/MS on a 6-ft stainless steel 

Carbowax 20 m c o l u m n , using 3 programs: 5 0 ° / 2 m in , 2 ° / m i n to 190° ; 

8 5 7 1 0 m in . 8 7 m i n to 115° ; and 1 1 5 7 5 min . 2 7 m i n to 150°. A 7 th sample 

analyzed on th is ins t rument was at 3 4 7 2 m i n , 2 7 m i n to 135° on a 6-ft 

stainless steel OV-17 co lumn. 

* Τ - Tentat ive Ρ - Probable Η - Highly Probable 

(10-30%) (31-75%) (75-99%) 

+ Ident i f ied in a t r i f luroacety la ted oi l sample. 
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154 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

cond i t ions used for cel lulose l iquefact ion. Simi lar A ldo l - t ype condensat ions 

can account for m a n y more of the observed products . Li t t le else of relevance 

to the present d iscussion can be said at present regarding the mechan isms of 

fo rmat ion of these products . 

The nature of the produc ts a l lows us to predic t tha t the oil w i l l s lowly 

polymer ize due to react ion be tween the phenols and furans. w i t h side 

react ions f rom unsatura ted hydrocarbons. The oi l w i l l also be rather corrosive 

because of the acidic nature of the phenols. W e have observed both of these 

in pract ice. Oil p roducts are stable only if kept in a freezer, and syr inges used 

for in ject ion of samples in to the GC/MS ins t rument character is t ical ly seize. 

P lugging of pipes together w i t h rather serious corrosion prob lems have 

occur red in pract ice at A lbany, and are consis tent w i t h our observat ions on 

oil compos i t ion . Under these c i rcumstances, to suggest d i rect use of the oil 

as a fuel in convent iona l boi ler equ ipment w i t h o u t pre t reatment is unwise. 

I m p l i c a t i o n s f o r A l b a n y 

The exper imenta l w o r k repor ted here deals w i t h o p t i m u m react ion cond i t ions 

for the l iquefact ion of the major b iomass componen t , cel lulose, in an aqueous 

system. W h i l e l ignin in w o o d may change the results qual i tat ively, w e do not 

expect tha t t ransfer of our conc lus ions to a wood-based system w i l l 

inval idate these results. However, there are some di f ferences and our results 

should be used as indicators rather t han quant i ta t i ve measures of 

per formance in o ther systems. For instance, at A lbany , the reactor is a st i r red 

tank, and consequent ly some of the oil has a longer residence t ime, wh i l e 

some proceeds th rough rapidly. This causes some di f ference be tween results 

at A lbany and our exper iments , w h i c h were per formed in small autoclaves. 

Here w e s imply app ly the results of our w o r k general ly to biomass 

l iquefact ion systems, w i t h A lbany as an example, w i t h o u t a t t e m p t i n g to 

c la im a 1:1 correspondence. In any event , laboratory w o r k in suppor t of the 

A lbany pi lot p lant is proceeding separately at our laboratory (4-10), wh i l e the 

research reported here is basic in nature (41-43). 

In Table V I , w e s h o w a compar ison be tween the react ion cond i t ions used by 

us and those used at A lbany . Cellulose l iquefact ion in an aqueous sys tem is 

improved only s l ight ly by the add i t ion of up t o 5 0 0 psig of carbon monox ide , 

w h i l e use of w o o d and larger amounts of carbon monox ide results in 

improved oil yields. There are prob lems w i t h the use of an oil vehic le at 

A lbany , such as the con t inued polymer izat ion of the vehic le w i t h repeated 

passes th rough the reactor. The or ig inal in tent in using recycle oil w a s to 

reduce reactor operat ing pressure since wa te r at 3 7 0 e C generates a very h igh 

pressure. Also, it was felt tha t there cou ld be some hydrogen donor solvent 
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156 B I O M A S S AS A N O N F O S S E L F U E L S O U R C E 

effect in using recycle oi l . This effect does operate to some e x t e n t as s h o w n 

by Ell iott and Giacolet to (10). A l l of the exper iments on the ef fect of CO 

overpressure above 5 0 0 psig have been per formed in an oil veh ic le ; if the 

same y ie ld- increasing ef fect can be s h o w n to occur in an aqueous s o l v e n t 

then many of the vehic le-associated prob lems at A lbany could be e l iminated 

by using wa te r as the vehicle. This w o u l d of course affect the economics of 

the process, as the operat ing pressure w o u l d increase, but to some extent 

th is w o u l d be al leviated by s impl i f ica t ion of the product separat ion step — 

wa te r and oil separate spontaneously ( leaving an oil p roduc t con ta in ing ΙΟ

Ι 5% water) , and there w o u l d be a lower load on the centr i fuge. 

Polymerizat ion and corrosion prob lems m i g h t st i l l occur. The aqueous 

solvent , con ta in ing some of the water -so lub le products , cou ld in pr inc ip le be 

recycled to prov ide addi t ional oi l . 

The hydrogen donor solvent-ef fect should sti l l operate w i t h an aqueous 

vehic le, since p roduc t oi l w o u l d dissolve most of the early react ion p roduc ts ; 

these being organic in nature, w o u l d tend to dissolve readily in oi l already 

fo rmed. Hydrogénat ion of in termediate p roduc ts w o u l d thus sti l l be expected 

to occur, even t h o u g h wa te r is a poor donor solvent. 

Polymerizat ion of the p roduc t oi l dur ing repeated recyc l ing is not surpr is ing, 

s ince many of the react ion products are reactive. Fu. I l l ig, and Met l in (67) 

observed th is polymer izat ion phenomenon dur ing an invest igat ion into oil 

der ived f rom bovine manure ; they found that the polymer izat ion cou ld be 

prevented by in termediate hydrogénat ion of the init ial p roduct over a cobal t 

mo lybda te catalyst . If recycle oi l is f ound to be an essential part of t he A lbany 

process, such an in termediate hydrogénat ion cou ld increase vehic le stabi l i ty. 

Regardless of the vehic le used, it appears tha t the alkali concent ra t ion used 

at A lbany is too h igh. Our results w i t h cel lulose indicate that a reduct ion of 

up to 13x may be possible w i t h o u t inter fer ing w i t h p roduc t composition (not 

yield), wh i le Ell iott and Giacolet to 's results (10) indicate tha t a 2x reduct ion is 

possible w i t h o u t a f fec t ing oil yield from w o o d . 

It is d i f f icu l t to de termine an o p t i m u m t ime or temperature for the 

l iquefact ion process because react ion t ime and temperature are interact ive 

variables. Reaction temperature is the most impor tan t factor accord ing to our 

research, in agreement w i t h w o r k reported by Corbett and Richards (68) in 

te rms of the a m o u n t of volat i le p roducts fo rmed f r o m cel lulose. Inclusion of 

l ignin and hemicel lu lose in a w o o d substrate may alter the o p t i m u m 

temperature , bu t should not alter the fact that react ion tempera ture is 

cont ro l l ing . However, oil y ie ld itself may not be a sui table parameter for 

measur ing the ef f ic iency of the l iquefact ion process. A h igh yield of oil may 
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7. MOLTON ET AL. Oil from Biomass 157 

be achieved at the expense of a low heat con ten t th rough incorporat ion of 

oxygen into the product . Furthermore, there may be other t rade-off factors to 

be taken into considerat ion, such as the chemica l compos i t ion and 

corrosiv i ty of the product . Max imizat ion of the heat content of the p roduc t as 

a dual func t ion of t ime of react ion and m a x i m u m tempera ture has not yet 

been s tud ied but w o u l d be very useful. Acco rd ing to our results w i t h 

cel lulose, the pr imary o i l - forming react ions leading to volat i le carbonyl 

c o m p o u n d s are comple te at 230°C after 1 hr. w i t h subsequent react ions 

involv ing in termediates already fo rmed and leading to increased v iscosi ty 

and molecular we igh t . Earlier w o r k showed dissolut ion of co t ton hydro-

cel lulose in 0.5 hr at 100°C in 0.5 Ν alkali (68-71). a l though the molecular 

w e i g h t of the hydrocel lu lose was not disclosed. This is m u c h lower than the 

370°C current ly used at A lbany, a l though l iquefact ion of the l ignin 

componen t of w o o d may wel l require a m u c h higher temperature than 

required for cel lulose l iquefact ion. 

Regarding the design of the process, w e feel that a cont inuous p lug f low 

reactor is inherent ly bet ter than the st i rred tank current ly in use. A p lug f l ow 

reactor w o u l d also give greater cont ro l over the react ion parameters. W e also 

feel that more careful a t tent ion should be given to the relat ionship be tween 

react ion parameters and product y ie ld and qual i ty in fu ture design of biomass 

l iquefact ion plants, s ince our work , and that of Elliott (4-10) demonst ra tes 

that a number of erroneous assumpt ions were made in des ign ing the pi lot 

plant at A lbany. 

S U M M A R Y 

The di rect the rmochemica l convers ion of w o o d y biomass to oil is one method 

of p roduc ing l iquid fuel . This m e t h o d is cur rent ly being examined in a pi lot 

plant at A lbany , Oregon. A t A lbany, w o o d is l iquef ied at a temperature of 

290-370°C, a pressure of over 3 0 0 0 psig, and a residence t ime of 2 0 - 9 0 m in 

in the presence of a 6 0 : 4 0 mix tu re of carbon monox ide :hydrogen, and a 

catalyst cons is t ing of 5% sod ium carbonate. In our work on the fundamenta l 

chemis t ry of this l iquefact ion techn ique, laboratory studies using pure 

cel lulose as a model c o m p o u n d showed that l iquefact ion occurs rapidly at 

300°C and be low at a pressure of 2 8 0 0 psig of s team w i t h no added gas. in 

less than 1 hr. Furthermore, the ef fect of the sod ium carbonate "ca ta lys t " on 

the early l iquefact ion react ions is independent of its concent ra t ion to a level 

of be low 0.8%. Gas chromatograph ic and mass spect rometr ic examinat ion of 

the p roduc t oil shows its compos i t ion to be a lmost constant over the w h o l e 

range of react ion cond i t ions used. A re-examinat ion of reactor design of 

fu ture biomass l iquefact ion plants appears war ran ted in l ight of these results. 
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8 
Liquid Hydrocarbon Fuels from Biomass 

JAMES L. KUESTER 

College of Engineering and Applied Sciences, Arizona State University, 
Tempe, AZ 85281 

Considerable attention is currently being focused on development of 
synthetic liquid fuels from non-petroleum feedstocks. The major feedstock 
candidates are coal, oil shale and biomass. Potential products include alcohol 
fuels, alcohol-gasoline blends and equivalents of commercial materials 
currently derived from petroleum (kerosine. diesel, jet fuel, high octane 
gasoline, etc.). Various advantages and disadvantages of coal and oil shale 
feedstocks vs. biomass are listed in Table I. It seems obvious that coal and oil 
shale will have the largest short-term impact due to the large quantities 
available. Initially, biomass use will concentrate on waste streams, (industrial, 
agricultural, urban) and surplus agricultural crops. Longer term, agricultural 
and forest residues (not currently collected) and energy crops will play an 
increasingly important role. Eventual widespread use of renewable biomass 
sources appears inevitable (1,2) with the main question being primarily one 
of timing. 

Several approaches have been proposed for the production of liquid fuels 
from biomass. Alcohol production via fermentation is state-of-the-art 
technology for specific feedstocks (grain etc.). The use of non-food sources 
(urban refuse, industrial wastes, etc.) is not fully developed. Processing times 
are on the order of days however for biological conversion. Non-biological 
methods fall into two categories: (1) direct liquefaction, and (2) indirect 
liquefaction. Both involve a thermal conversion step. Direct liquefaction 

0097-6156/81/0144-0163$05.50/0 
© 1981 American Chemical Society 
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164 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

processes (3, 4) a t tempt to produce a p roduc t w i t h o u t go ing th rough the gas 

phase. The product however conta ins an appreciable amoun t of oxygenated 

c o m p o u n d s thus leading to qual i ty and stabi l i ty problems. Current research 

in th is area is a imed at e l iminat ing the oxygen. Process cond i t ions appear 

severe (3). Indirect l iquefact ion methods conver t t he biomass to a synthesis 

gas and then recombine componen ts to fo rm qual i ty hydrocarbon fuel 

p roducts free of oxygenated compounds . Three approaches have been Mob i l , 

Naval Weapons Center (China Lake), and Ar izona State Universi ty. The Mobi l 

process (5) conver ts methano l to h igh oc tane gasol ine via a cata ly t ic process 

at m i ld operat ing condi t ions. The methano l is synthesized f r o m carbon 

monox ide and hydrogen w h i c h can be obta ined f r o m fossil fuels or b iomass 

via gasi f icat ion. The Naval Weapons Center approach (6) thermal ly 

polymerizes olef ins (pr imari ly ethylene). The olef ins are separated f rom the 

b iomass gasi f icat ion s t ream. The Ar izona State Universi ty process converts 

the hydrogen, carbon monox ide and olef ins p roduced in a gasi f icat ion step to 

paraf f in ic fuels (e.g. diesel, jet, kerosine) v ia a cata ly t ic reactor at mi ld 

operat ing condi t ions. Prior separat ion of the unreact ive gas componen ts 

(ethane, methane, carbon d iox ide, etc.) is not required. If a h igh octane 

gasol ine is desired, the paraff in ic fuels are passed th rough a convent iona l 

cata ly t ic reformer. 

The present s tatus and fu tu re pro ject ions of t he Ar izona State Universi ty 

process are descr ibed in th is paper. 

PROCESS DESCRIPTION 

The basic convers ion scheme is dep ic ted in Figure I and the processing 

equ ipmen t is s h o w n in Figure II. The sys tem is operated con t inuous ly and is a 

s imula tor of c o m m e n ç a i scale processing for the most part. Thus equ ipment 

and procedure deve lopment has accompan ied factor and opt imizat ion 

studies. The system is convenient ly d iv ided into t w o sect ions: (1) 

gasi f icat ion, and (2) l iquid fuels synthesis. 

G a s i f i c a t i o n . The pyrolysis reactor consists of a f lu id ized bed where the 

sol ids-f lu idized m e d i u m is ei ther inert (e.g. sand) or a catalyst in the 60 -120 

mesh range. The bed d iameter is 10 in. w i t h a length of 4 ft. The f lu id ized bed 

zone is approx imate ly 18 in. A second ident ical f lu id ized bed serves as the 

sol ids heater and catalyst regenerator w i t h con t inous transfer be tween the 

t w o vessels. The pr inc ip le is ident ical to tha t emp loyed in the cata ly t ic 

c rack ing of pe t ro leum, a process tha t has been successful ly emp loyed by 

pet ro leum refiners since the 1940's. The advantages of the system are 

ef f ic ient heat transfer, ef fect ive tempera ture cont ro l , con t inous catalyst 

regenerat ion, and the p roduc t ion of h igh qual i ty gas free of combus t ion 
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Figure 2. Conversion system schematic 
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166 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

products . It is ant ic ipated tha t the f inal conf igura t ion w i l l inc lude the use of a 

cont inuous ly regenerated crack ing catalyst w i t h s team add i t ion to the 

pyrolysis reactor (to p romote the wa te r gas shi f t reaction). If s team addi t ion 

were used w i t h o u t con t inous catalyst regnerat ion, a s team preheater 

probably w o u l d replace the second f lu id ized bed, i.e., no solids loop t ransfer 

w o u l d be employed. 

Feedstock is con t inous ly fed in to the pyrolysis reactor v ia a screw feeder. The 

bed is operated at a cont ro l led tempera tu re in the 600-800°C range and a 

s l ight posi t ive pressure (0-5 psig). Residence t imes are in the 0-5 second 

range. A t these cond i t ions , the feedstock is f lashed t o a gas. Lower 

temperatures p romote tar fo rmat ion . The m a x i m u m tempera ture is l imi ted by 

meta l lu rgy const ra in ts (distr ibutor plates, t ransfer loops). W o r k to date has 

been l imi ted to dry. f inely g round feedstocks free of inorganic matter . W e t 

feeds should not present a p rob lem f r o m a chemis t ry v iewpo in t , but the 

operat ional p rob lem of reliable con t inuous feed ing w o u l d have to be 

demonst ra ted . A p u m p e d water -s lur ry feed m igh t be preferable to a water -

w e t cake. Particle size is l imi ted by the scale of the equ ipmen t t o about 1/4 in. 

m a x i m u m . Thus, larger part ic les or pel lets are feasible at a larger scale 

a l though part ic le heat t ransfer considerat ions may be a l im i t ing factor. 

Inorganics such as metals and glass f rom urban uefuse w o u l d have to be 

removed f rom the feedstock prior to the gasi f icat ion step. 

The pyrolysis gas is passed th rough an overhead system cons is t ing of a 

cyc lone separator (to remove char and other sol id part icles), a water - feed 

sc rubb ing system (to cool the gas and remove condensibles), and 

compressor. From the compressor d ischarge, the gas can be spl i t to the 

pyrolysis reactor (f luidizing and sparge gas) and the l iquid fuels synthesis 

system. The use of a steam-f lu id ized pyrolysis system w i t h o u t pyrolysis gas 

recycle is also being invest igated. Storage tanks are avai lable to conta in the 

generated pyrolysis gas and a l low for operat ion of t he l iqu id fuels synthesis 

sys tem independent of the gasi f icat ion system if desired. 

The f lu idized bed regenerator (or s team preheater) w o u l d be fueled w i t h air 

and recycle char plus off gases f rom the l iquid fuels synthesis reactors on a 

larger scale. In the research uni t , propane and oxygen are used w i t h o u t 

recycle of char f rom the cyc lone or d o w n s t r e a m gases. Some char 

undoub ted ly c i rculates in the transfer loops and coke is burned off the 

catalyst (if used) in the regenerator. The overhead system for the regenerator 

consists of a cyc lone separator and scrubber w i t h combus t ion gases vented 

to the atmosphere. 
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8. K U E S T E R Liquid Hydrocarbon Fuels 167 

L iqu id Fuels S y n t h e s i s . The f irst step in the l iquid fuels synthesis system is a 

f lu id ized bed cata ly t ic reactor (2 in. x 6 ft.) con ta in ing a modi f ied Fischer 

Tropsch type catalyst (cobalt-alumina). Raw pyrolysis gas (wi thout gas 

separation) is fed to th is system at mi ld operat ing condi t ions (e.g., 250-300°C, 

125 psig, 18 seconds residence t ime). The f lu idized mode is employed to 

achieve temperature cont ro l w i t h the s igni f icant exothermic heat of react ion. 

Cont inous regenerat ion is not used. The react ion is largely sel f -sustaining. 

The gas product is cooled in a condensor and t w o l iquid phases result — a 

hydrocarbon phase and an a lcohol -water phase. The relative amounts of 

these phases are dependent on the operat ing condi t ions and can vary f rom 

100% hydrocarbons to 100% water -a lcohol phase. The hydrocarbon phase is 

paraff in ic in nature w i t h some branched compounds , olef ins and aromat ics. 

The water -a lcohol phase is essential ly a binary of normal propanol and water 

w i t h the alcohol con ten t as h igh as 15 w t %. 

The hydrocarbon phase is simi lar to JP-4 jet fuel. A s imple dist i l la t ion wi l l 

isolate a kerosine-diesel fuel t ype f ract ion. A h igh octane gasol ine is readily 

achieved by passing the Fischer Tropsch organic phase th rough a 

convent iona l cata ly t ic reformer (2 in. x 2 ft.). A l ternat ive ly , a compos i te 

catalyst is being explored in the Fischer Tropsch step to produce a high 

octane product d i rect ly. 

Off gases are generated f rom both the Fischer Tropsch and reforming steps. 

Qual i ty is very h igh (600-2500 Btu/SCF) w i t h a heavy concent ra t ion of low 

molecular w e i g h t paraff ins. On a commerc ia l scale, these gases w o u l d be 

recycled back to the gasi f icat ion system. 

Photos of the convers ion system laboratory are s h o w n in Figure III. 

G A S I F I C A T I O N S T U D I E S 

Gasif icat ion studies comple ted or in progress are l isted in Table II. The 

or iginal studies were on a 4- in . d iameter f lu idized bed w i t h paper chips 

feedstock. A tempera ture and feed rate factor ial s tudy w i t h sand as the 

f lu id ized media revealed that the best cond i t ions w i t h regard to gas phase 

yields and compos i t ion were at the upper imposed constra ints of 

temperature and feed rate (Figure IV. Table III). In order to achieve higher 

temperatures and feed rates, the 4- in . beds were replaced by 10-in. beds. 

W i t h the or iginal 4 - in . beds. 10-60 f lu idized sol id part ic les were used. W i t h 

th is size part ic le, the tempara ture di f ferent ia l be tween the solids heater and 

pyrolysis reactor was about 300°F. Thus, the pyrolysis reactor temperature 

was l imi ted to about 1500°F (since combus to r temperatures above 1800°F 

can result in mel t ing of metal parts). To reduce the temperature di f ferent ial 
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168 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Figure 3. Conversion laboratory: a, conversion equipment; b, control room; 
c, analytical equipment 
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8. K U E S T E R Liquid Hydrocarbon Fuels 169 

T a b l e I. S Y N T H E T I C L I Q U I D FUELS FEEDSTOCK C O M P A R I S O N 

Advantages : 

C o a l , Oi l Sha le 

1. large quant i t ies 

2. low oxygen con ten t 

B i o m a s s 

1. renewable 

2. h igh hydrogen conten t 

3. low con tamina t ion 

(sulfur, etc) 

4. m in ima l env i romenta l 

prob lems (col lect ion, 

processing) 

Disadvantages: 1. nonrenewable 1. land use compet i t i on 

2. l ow hydrogen conten t 2. h igh oxygen conten t 

3. h igh con tamina t ion 

(sulfur, etc) 

4. e n v i r o n m e n t a l p r o b 

lems 

(min ing, processing) 

T a b l e I I . G A S I F I C A T I O N S T U D I E S 

1. BASE ON 4- in . BEDS - COMPLETED 

2. TEMPERATURE, FEED RATE STUDY ON 4- in . BEDS - COMPLETED 

3. BASE ON 10-in. BEDS - CONTINUING 

4. WATER GAS SHIFT CATALYST ON 10-in. BEDS - CONTINUING 

5. CRACKING CATALYST ON 10-in. BEDS - CONTINUING 

6. ONE PASS STEAM ON 10-in. BEDS - STARTING 

7. M A T H E M A T I C A L MODELS - CONTINUING 

8. FEEDSTOCK CHARACTERIZATION - CONTINUING 

9. ENVIRONMENTAL ASSESSMENT - CONTINUING 
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170 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

and a l low for desired higher pyrolysis temperatures, a smal ler sol id part ic le is 

cal led for (60-120 mesh). Thus, the larger d iameter beds were instal led to 

prevent sol ids b lowover and main ta in t ransfer loop surge capac i ty for 

decreased bed heights. A resul t ing tempera ture di f ferent ia l of 100°F was 

achieved. A larger capac i ty compressor was also instal led to handle the 

expected increase in gas phase yields. Studies are in progress on th is revised 

system to explore the new range of tempera ture and feed rate. 

Add i t iona l studies in progress inc lude a survey of wa te r gas shi f t and 

crack ing catalysts, one pass s team effect (no pyrolysis recycle) and a survey 

of var ious feedstocks. Commerc ia l wa te r gas shi f t catalysts are l imi ted to a 

m a x i m u m tempera ture of about 900°F and thus are not appropr ia te for 

f lu id izat ion at the temperatures under invest igat ion. A f ixed bed in the 

overhead system however w i t h s team feed s ign i f icant ly al tered the p roduc t 

compos i t ion (Table IV) as p red ic ted : 

CO + H 2 0 - > C 0 2 + H 2 

Use of crack ing catalyst appears h igh ly desirable to p romote the secondary 

react ions invo lv ing the decompos i t ion of tars: 

gases 

cel lulose — 

tars — • secondary p roduc ts 

There is some ind icat ion tha t an improvement in gas phase compos i t ion can 

be achieved as we l l as an increase in gas phase yields and a decrease in tar 

residue. The use of s team is required to p romote the wa te r gas shif t react ion. 

Thus the opt ion exists to f lu idize comple te ly w i t h s team and not recycle 

pyrolysis gas. The ef fect of th is op t ion is under s tudy. 

Feedstocks tha t have been tested on the system inc lude a preprocessed 

mun ic ipa l refuse (Eco-Fuel II, Combust ion Equ ipment Associates), kelp 

residue (Kelco Co.), paper chips, synthet ic po lymer (polyethylene), and 

quayu le bagasse (Centro de Invest igacion en Qu imica Ap l i cada , Salt i l lo. 

Coahui la, Mexico) . Typica l feedstock analysis for selected mater ia ls is s h o w n 

in Table V. The paper ch ips, Eco-Fuel II and guayale bagasse appear to be 

s imi lar in per formance. The kelp residue was unacceptab le due to the large 

a m o u n t of inert f i l ter aid in the mater ia l . Polyethylene was spectacular in 

per formance (high olef ins, low oxygenated compounds) . However, a 

commerc ia l scale was te supply of synthet ic po lymer is not realistic. 
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8. K U E S T E R Liquid Hydrocarbon Fuels 171 

T a b l e I I I . P Y R O L Y S I S G A S Y I E L D S 

( lb g a s / l b f e e d x 1 0 0 ) 

Run H 2 co2 
C 2 H 4 C 2 H g C H 4 C 0 2 

T O T A L 

No. 1 Base 1.11 12.9 3.38 1.11 4.91 42.0 65.4 

No. 2 Base 1.42 14.6 3.15 1.21 5.57 45.3 71.2 

No. 3 Base 1.15 10.8 2.86 0.98 4.68 40.9 61.3 

+ 1 . + 1 1.61 12.9 5.90 0.94 6.90 54.2 82.4 

+ 1 . - 1 1.36 9.4 2.21 0.32 5.32 36.7 55.4 

- 1 . + 1 0.50 10.9 1.28 0.61 2.27 30.2 45.7 

- 1 . - 1 0.78 17.1 1.27 0.84 2.69 38.6 61.3 

T a b l e IV. W A T E R O A S S H I F T C A T A L Y S T 

M o l e % 

H 2 

CO 

C 0 2 

Other 

Base 

14 

58 

6 

22 

C a t a l y t i c 

4 6 

14 

23 

17 

T a b l e V . FEEDSTOCK A N A L Y S I S 

( w t % ) 

Paper C o t t o n G u a y u l e 

ECO Fuel II C h i p s Gin T r a c h Bagasse 

c 38.0 41.7 49.3 40.2 

H 4.9 5.7 5.7 4.7 

0 32.0 52.0 41.7 47.2 

Ν < 0 . 3 < 0 . 3 < 0 . 3 < 0 . 3 

S 0.6 0.1 1.2 1.1 

Ash 24.5 0.5 2.1 6.7 
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172 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

A mathemat ica l deve lopment of the gasi f icat ion system is in progress. A lso 

an env i ronmenta l assessment of the conf igura t ion cont inues. The pr imary 

s t ream of concern is the pyrolysis reactor scrubber l iquid d ischarge. The 

th rus t here is to character ize the stream and hopefu l ly min imize fo rmat ion of 

any contaminates in the pyrolysis step. A l ternat ive ly , a wa te r c leanup s team 

w o u l d have to be incorporated. 

A typ ica l pyrolysis gas compos i t ion range for the system (wi thout s team or 

catalyst usage) is ind icated in Table VI . Further man ipu la t ion of compos i t ion 

(olefins, carbon monox ide , hydrogen) is expected based on studies in 

progress. 

L I Q U I D FUELS S Y N T H E S I S S T U D I E S 

A list of l iquid fuels studies comp le ted or in progress is g iven in Table VII. 

Init ial w o r k w a s a imed at deve lop ing a catalyst to use in con junc t ion w i t h a 

m ixed pyrolysis gas feed st ream. The expected react ions are ind icated in 

Table VIII. A list of catalyst candidates tested is s h o w n in Table IX. A modif ied" 

Fischer Tropsch type (cobalt-alumina) w a s the most successful . Subsequent 

w o r k on th is reactor was a imed at establ ishing the effect of temperature , 

pressure, catalyst loading, and feed compos i t ion on reactor per formance. 

Results are s h o w n in Figures V-IX. L iqu id hydrocarbon yields improve w i t h 

tempera ture up to about 280°C w h e n carbon fo rmat ion starts t o occur. L iqu id 

hydrocarbon yields also increase w i t h pressure up to an imposed const ra in t 

of 125 psig. Further increases in y ie ld appear possible at h igh pressures. The 

ef fect of catalyst loading (residence t ime) appears t o f la t ten ou t at the higher 

values invest igated (corresponding to 15-20 seconds residence t ime). The 

feed compos i t ion s tudy indicates an o p t i m u m pyrolysis gas compos i t ion of 

about 2 1 % olef ins, 2 1 % carbon monox ide , and 2 8 - 4 2 % hydrogen in a mixed 

pyrolysis gas st ream. 

The organic l iquid product using the modi f ied Fischer Tropsch catalyst was 

basical ly the same for most runs and paraff inic in nature (like diesel, kerosine 

or jet fuel). To produce a h igh oc tane gasol ine, a post f ixed bed re forming step 

w a s added using a commerc ia l catalyst. Potent ial chemica l react ions are 

l isted in Table X. Results of an exper iment on th is sys tem are s h o w n in 

Figures X and XI. Here, to achieve commerc ia l octane rat ings, approx imate ly 

a 2 0 % loss in l iquid yields occurs. Studies are in progress (prehydrogenat ion, 

isomerization) t o min imize th is loss. The h igh pressure in the reformer is 

achieved by t h e relat ively economica l task of p u m p i n g a l iquid feed. 

A n analysis of l iquid hydrocarbon phase f rom the Fischer Tropsch reactor and 

reformer is g iven in Table XI. As ind icated, the Fischer Tropsch product is 
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8. K U E S T E R Liquid Hydrocarbon Fuels 

T a b l e V I . P Y R O L Y S I S G A S 

(mo le %) 

H 2 

C 2 H 4 

CO 

C H 4 

C 2 H e 

C 0 2 

14-33 

5-10 

40 -55 

13-17 

1-2 

3-8 

Heat ing Value - 5 0 0 - 6 0 0 Btu/SCF 

T a b l e V I I . L I Q U I D FUELS S Y N T H E S I S S T U D I E S 

1. CATALYST SCREENING - COMPLETED 

2. FACTOR STUDIES (T. P. 9. FEED COMP.) - COMPLETED 

3. OPTIMIZATION - CONTINUING 

4. FRACTION STUDIES - CONTINUING 

5. ALTERNATIVE CATALYSTS - STARTING 

6. M A T H E M A T I C A L MODELS - CONTINUING 

9. ENVIRONMENTAL ASSESSMENT - CONTINUING 

8. NORMAL PROPANOL UTILIZATION - CONTINUING 

T a b l e V I I I . M O D I F I E D FISCHER T R O P S C H R E A C T I O N S 

E t h y l e n e I n c o r p o r a t i o n 

C 2 H 4 + ( n - 2 ) CO + ( 3 n - 4 ) H 2 ^ C n H 2 n + 2 + ( n - 2 ) H 2 0 

H y d r o p o l y m e r i z a t i o n 

C O + 1/2(n - 1 ) C 2 H 4 + 3 H 2 — C n H 2 n + 2 + H 2 0 

O x o R e a c t i o n 

C 2 H 4 + CO + H 2 - * C 2 H 5 C H O 

C 2 H 5 C H O + H 2 — C 3 H 7 O H 
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174 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

T a b l e IX. C A T A L Y S T SCREENING 

(F ischer T r o p s c h Reactor ) 

E t h y l e n e P o l y m e r i z a t i o n 

Z n C I 2 . A I C I 3 . H 3 P 0 4 

C o m m e r c i a l C a t a l y s t s 

Harshaw N i - 0 1 0 1 . N i -1404 . Co-0124 f Co-1506. 

Girdler G-67, G-64 

Fischer T r o p s c h C a t a l y s t s 

Co-K/Kieselguhr 

Co-Th-Mg-Cu-Na/Kiese lguhr 

Co-Th-Mg-AI -Na 

C o - T h - M g - N a / A I 2 0 3 

Co-Th-Mg-Na/Super Filtrol 

Co-Th-Mg-Na/Kiese lguhr 

Co-Th-Mg-Cu-Na/Si l ica gel 

B l e n d e d C a t a l y s t s 

C0CO3 + a lumina 

F e 3 0 4 + a lumina 

C o 3 0 4 + a lumina 

I s o m e r i a t i o n n 

η-paraff ins zr~** i-paraff ins 

alky l -cyc lopentânes a lky l -cyclohexanes 

D e h y d r o c y c l i z a t i o n 

n-paraffins"^ 5 ^ Γ a l ky l - cyc lohexanes 

i-paraff ins I ja lkyl-cyclopentanes 

D e h y d r o g e n a t i o n 

alky l -cyc lohexanes alkyl-benzenes + H 2 

H y d r o c r a c k i n g 

η-paraff ins ^ 

T a b l e X . R E F O R M I N G R E A C T I O N S 

i-paraffins 

cycloparaf f ins 
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8. KUESTER Liquid Hydrocarbon Fuels 175 

<-Mi) r > 

(-1.-D 

(+1.-1) 

(•l.-l) 

x l » reactor température, eC 
X, - feed rite, lbs/hr 

Uncoded: -1 0 •1 

X l 580 688 788 

x2 3.1 4.8 7.8 

Figure 4. Pyrolysis factorial experiment 

Figure 5. Temperature vs. yield (Fischer-Tropsch reactor) 
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BIOMASS AS A NONFOSSIL FUEL SOURCE 

0 25 50 75 100 125 

Pressure, psig 

Figure 6. Pressure vs. yield (Fischer-Tropsch reactor) 

Catalyst Loading, grue 

Figure 7. Catalyst loading vs. yield (Fischer-Tropsch reactor) 
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K U E S T E R Liquid Hydrocarbon Fuels 177 

/ -
X, =· moleX CO X2 

X2 - mo let 
X3 - m o l Λ CpĤ  

COOED: -1.68 -1 0 • 1 • 1.68 

UNCOOED: 

X l 2.28 7.14 14.28 21.42 26.28 
x2 23.71 28.57 35.71 42.85 47.71 

X3 2.28 7.14 14.28 21.42 26.28 

Figure 8. Fischer-Tropsch factorial and central composite extension points 

At base point, 38, 44, 39. 41 
28" 24 27 26 

Figure 9. Experimental results (Fischer-
Tropsch) 
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178 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

X-| = reactor temperature, °F 

X2 = reactor pressure, psig. 

X3 = l iquid feed flow rate, ml/niin 

CODED: - 1 . 6 8 -1 0 +1 +1.68 

UNCODED: 

X l 808 825 850 875 892 

x 2 416 450 500 550 584 

X 3 0.16 0.5 1.0 1.5 1.84 

Figure 10. Reformer factorial and central composite extension points 
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8. K U E S T E R Liquid Hydrocarbon Fuels 179 

very paraff in ic in nature. For the re forming step, the octane rat ing can be 

manipu la ted easily (but w i t h a drop in y ield w i t h increase in octane number) . 

Typical analysis of the Fischer Tropsch reactor and reformer off-gas are 

s h o w n in Tables XII and XIII. Typical ly , the olef ins and hydrogen are depleted 

w i t h some excess of carbon monox ide. Apprec iab le hydrocrack ing appar

ent ly occurs in the reformer resul t ing in an ext remely h igh qual i ty gas w i t h 

heavy concent ra t ion of the low molecular w e i g h t normal paraff ins. 

A n analysis of the a lcohol -water phase f rom the Fischer Tropsch reactor is 

s h o w n in Table XIV. The normal propanol f ract ion cou ld be marketed 

separately (1979 price approx imate ly $2.22/gal) or b lended w i t h the gasol ine 

p roduc t to fo rm a " g a s o h o l " fuel . Normal propanol has an octane rat ing of 

about 92 and is more misc ib le w i t h gasol ine than methano l or ethanol . A 

suf f ic ient quant i t y of normal propanol is avai lable to produce roughly a 10 vol 

% mix tu re of alcohol in gasoline. The process then w o u l d have the un ique 

d is t inc t ion of p roduc ing an alcohol-gasol ine b lend where both components 

are obta ined f rom renewable resources. This cou ld have large benef i ts w i t h 

regard to tax advantages and al locat ions. 

S C A L E UP A N D C O M M E R C I A L I Z A T I O N 

The next logical step for the process w o u l d be a scale up to about 10 

tons /day . A m i n i m u m commerc ia l scale w o u l d be approx imate ly 300 

tons /day . Process f l ow d iagrams and economic project ions have been 

prepared by Argonne Nat ional Laboratory and Mi t te lhauser Corporat ion and 

are conta ined in an in ter im report (7). The proper role of the research scale 

uni t and pi lot plant are l isted in Table XV. As ind icated, the research uni t is 

best sui ted for detai led factor and opt imizat ion studies. The pi lot p lant is best 

sui ted for endurance tes t ing on equ ipment and catalysts at f ixed condi t ions 

speci f ied f rom research scale studies. A n addi t ional role of the pi lot p lant 

w o u l d be to upgrade mater ia l and energy balances and commerc ia l scale 

economic project ions, incorporate remain ing c o m m e n ç a i scale processing 

features (recycle streams, etc.) and produce a suf f ic ient quan t i t y of p roduct 

for tes t ing . 

A basic prob lem exis t ing for all b iomass convers ion schemes is a playoff 

be tween feedstock densi ty and economy of scale. In general , feedstock 

avai labi l i ty w i t h i n a reasonable t ranspor ta t ion d is tance w i l l d ic ta te that a 

convers ion faci l i ty be l imi ted to no more than about 3 0 0 0 tons /day of dry 

feedstock. It is not economica l ly realistic to expect to move solid was te 

mater ia l more than about 100 miles. This w i l l p roduce no more than 300 ,000 

ga ls /day of hydrocarbon l iquid fuel . For a plant of th is size, the product l ine 

w i l l have to be l imi ted. W h i l e th is cer ta in ly is appropr iate in many cases, an 
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180 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

T a b l e X I . E X P E R I M E N T A L L I Q U I D FUELS A N A L Y S I S 

(Und is t i l l ed ) 

S a m p l e : 8 0 O c t a n e 1 2 0 O c t a n e U n r e f o r m e d 

Composi t ion (wt %) 

η-Paraffins C3 — C 5 12.5 8.4 0.7 
c 6 + 30.0 17.9 54.6 

i-Paraffins C 4 — C 5 7.6 4.9 2.1 

c 6 + 15.7 26.6 11.0 
Cycloparaff ins 0.1 0.85 0.5 
Olefins 0.8 3.0 17.0 
Aromat ics 22.7 31.4 5.7 
Unknowns 10.5 6.9 8.4 

Specif ic Gravi ty 0.7296 0.7931 0.7486 
A S T M Boil. Pt. (°F) 

10% 86 93 199 
90% 422 404 640 

Heat ing Value (Btu/ lb) 22409 21046 22113 
Octane No. 80 120 
Cetane No. 70 

T a b l e X I I . F ISCHER T R O P S C H OFF G A S 

( m o l e % ) 

H 2 <1 
CO 39 
C0 2 7 
C H 4 46 
C 2 H 4 <1 

C 2 H 6 7 

Heat ing Value - 700 Btu/SCF 

T a b l e X I I I . REFORMER OFF Q A S 

(mo le V.) 

H 2 t race 

C H 4 21 
C 2 H e 20 

C 3 H 8 23 

C 4 H10 36 

Heat ing Value - 2300 Btu/SCF 
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8. K U E S T E R Liquid Hydrocarbon Fuels 181 

T a b l e X I V . FISCHER T R O P S C H W A T E R P H A S E 

( w t % ) 

H 2 0 83.76 

EtOH 0.54 

i-PrOH 0.36 

n-PrOH 14.74 

i-BuOH + n-BuOH 0.16 

Unident i f ied 0.43 

T a b l e X V . RESEARCH V S . P ILOT P L A N T F U N C T I O N S 

Research Sca le ( 2 5 Ib /hr ) P i l o t P lan t ( 1 0 t o n / d a y ) 

1. EQUIPMENT DESIGN A N D 

DEVELOPMENT 

2. FACTOR STUDIES 

3. OPTIMIZATION 

4. PRODUCT CHARACTERIZATION 

5. MATERIAL A N D ENERGY 

BALANCES 

6. PRELIMINARY ECONOMICS 

1. EQUIPMENT IMPROVEMENTS 

2. ENDURANCE TESTING 

3. RECYCLE STREAMS 

4. PRODUCT APPLICATIONS TEST

ING 

5. REFINED MATERIAL A N D ENERGY 

BALANCES 

6. COMMERCIAL SCALE ECONOMICS 

T a b l e X V I . O P E R A T I N G C O N D I T I O N S 

M o d i f i e d 

P y r o l y s i s F ischer T r o p s c h R e f o r m e r 

Temperature . °C 6 0 0 - 8 0 0 2 5 0 - 3 0 0 4 9 0 

Pressure, psig 0-5 125 4 0 0 

Residence T ime. sec. < 2 18 11 

T a b l e X V I I . P E R F O R M A N C E 

Present: CO -

H 2 -

C 2 H 4 

Opt ima l : 

P y r o l y s i s 

4 0 - 5 0 mole % 

14-33 

- 5 - 1 0 

CO - 21 mole % 

H 2 - 2 8 

C 2 H 4 - 2 1 

Fischer T r o p s c h 

4 0 ga l / ton 

cel lulose 

100 ga l / ton 

cel lulose 

R e f o r m i n g 

32 ga l / ton 

cel lulose 

8 0 gal A o n 

cel lulose 
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B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

At base point: 68/78, 68/79, 70/78 

Figure 11. Experimental results (reformer) 

. FUEL GAS 

BIOMASS- • SYNTHESIS 
GAS 

» PARAFFINIC LIQUID FUELS 

> HIGH OCTANE GASOLINE 

> NORMAL PROPANOL 

> PROPANOL - GASOLINE BLENDS 

Figure 12. Product options 
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8. K U E S T E R Liquid Hydrocarbon Fuels 183 

al ternat ive for the process descr ibed in th is paper w o u l d be to convert the 

solids to Fischer Tropsch l iquids in plants located at the source of feedstock 

and then t ranspor t the l iquids to exis t ing oil refineries for processing. The 

obvious advantages are vo lume reduct ion, lower cost t ranspor ta t ion, and 

ut i l izat ion of exist ing faci l i t ies for f inal processing, addi t ive incorporat ion, and 

b lending. 

S U M M A R Y A N D C O N C L U S I O N S 

Liquid fuels equivalent to exis t ing c o m m e n ç a i products (kerosine, diesel, jet 

fuel , h igh octane gasoline) can be produced using biomass type feedstocks. A 

summary of potent ia l p roducts and operat ing condi t ions is s h o w n in Figure 

XII and Table XVI. The present status of the project is ind icated in Table XVII. 

L iquid hydrocarbon yields of 50 -100 ga l / ton of feedstock (dry, ash free) are to 

be expected. The process is character ized by: 

(1) mul t i feedstock capabi l i ty , 

(2) mi ld operat ing condt ions , 

(3) m in ima l spearat ion steps, 

(4) capabi l i ty of p roduc ing several types of qual i ty products , 

(5) potent ia l ly m in ima l env i ronmenta l problems. 

Tasks underway at the research scale inc lude al ternate feedstock studies, 

gasi f icat ion system opt imiza t ion , was te stream character izat ion, and l iquid 

fuels ta i lor ing. A pi lot scale fac i l i ty (10 tons/day) is con templa ted w i t h 

eventual commerc ia l iza t ion dependent on results at th is stage. 

A C K N O W L E D G E M E N T S 

The w o r k in progress is suppor ted by the U.S. Depar tment of Energy (Contract 

No. EY-76-S-02-2982) and the Ar izona Solar Energy Research Commiss ion 

(Project No. 462-78) . A number of graduate s tudents have par t ic ipated on the 

project : W a y n e Fleming, Mark W a l l i n g t o n , Danny Lu, Robert Gough, W a y n e 

Chung, Lee Scott , Louis Hsu, Edwin , Sabin, Michael W a n g , Michael Hunter. 

The project technica l manager is Mr. Edward P. Lynch of A rgonne Nat ional 

Laboratory. 
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184 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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9 
Key Factors in the Hydrolysis of Cellulose 

JEROME F. SAEMAN 

Forest Products Laboratory, Forest Service, USDA, P.O. Box 5130, 
Madison, WI 53705 

If a successful cellulose hydrolysis process were available, the food problems 
of the world would diminish and wood sugar could form the basis of new 
enterprises providing an important source of chemicals and fuels. This has 
been known for more than a century. Some hundred to perhaps hundreds of 
millions of dollars have been spent on research dealing with cellulose 
hydrolysis. Billions have been invested in commercial plants for the 
hydrolysis of wood. Success, however, has been limited and future prospects 
are uncertain. A review of early wood hydrolysis processes was published by 
Sherrard and Kressman (1). A more recent review was published by Wenzl (2). 
The coverage here is selective rather than comprehensive. It identifies some 
key issues that determine the future usefulness of wood hydrolysis processes. 

Cellulose is a polymeric carbohydrate (C6 H10 O5)x having the same 
elemental composition as starch and also yielding only glucose on complete 
hydrolysis. Cellulose consists of long chains of beta glucosidic residues linked 
through the 1,4 positions. Starch consists of alpha glucosidic residues linked 
through the same positions. These linkages are as similar as right and left 
hands, but differences in overall configuration cause cellulose to have a high 
crystallinity and hence a low accessibility to enzymes or acid catalysts. 
Starch by contrast is very readily hydrolyzed, suiting its role as a form of 
stored food. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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186 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Cellulose f ibers provide for the st ructura l needs of plants. Hemicel lu lose. an 

easily hydrolyzed amorphous hetero-polymer y ie ld ing several d i f ferent 

sugars on hydrolysis, is in t imate ly associated w i t h cel lulose. L ign in , an 

aromat ic three d imensional polymer, intersperses the f iberous const i tuents . 

M a n y w o o d s consist of a l i t t le less than half cel lulose and roughly a quarter 

each of hemicel lu lose and l ignin. Cellulose is of the order of a hundred t imes 

as d i f f icu l t to hydrolyze as starch. L ignin has l i t t le ef fect if any on the rate of 

ac id hydrolysis, but it great ly inhib i ts enzymat ic hydrolysis. This protects the 

p lant against its ready use as a food by other organisms. 

D I L U T E A C I D H Y D R O L Y S I S OF C E L L U L O S E 

Most s imple o l igosacchar ides are quant i ta t ive ly hydrolyzed by boi l ing d i lu te 

ac id. Cellulose by contrast is hydrolyzed very s lowly , and even on extended 

hydrolysis at h igher temperatures, the m a x i m u m yie ld of recoverable sugar is 

very low. This was expla ined by Luers (3) w h o showed the cel lulose 

hydrolysis in d i lu te acid involves consecut ive f i rst-order react ions of 

s o m e w h a t s imi lar rates for the p roduc t ion and the decompos i t ion of sugar. 

This observat ion fo rmed the basis for the deve lopment of the Scholler 

percolat ion process. This process, w h i c h involves removal of sugar f rom the 

d igester as it is f o rmed , resul ted in t w i c e the y ie ld obta inable by batch 

hydrolysis. 

Luers erred, however , in conc lud ing tha t chang ing the acid concent ra t ion 

and tempera ture changed the rate but not the course of the react ion nor the 

m a x i m u m yie ld at ta inable. Saeman (4) showed tha t the hydrolysis react ion is 

accelerated more than the decompos i t ion react ion by bo th increased 

tempera ture and acid concent ra t ion . Hence, the sugar y ie ld increases w i t h 

bo th acid concent ra t ion and temperature . This observat ion is appl icable to 

bo th the percolat ion process and to the m u c h s impler batch process. 

S I N G L E - S T A G E D I L U T E A C I D H Y D R O L Y S I S 

Figure I shows the m a x i m u m yie ld of " B " and the residual " A " in consecut ive 

f i rs t -order react ions: AkX B k l4 C for var ious ratios of k 1 : k 2 - kr. Parameters 

for cel lulose hydrolysis were de termined by Saeman (4) and redetermined by 

Kirby j 5 ) . It m igh t be noted that despi te analyt ical and exper imenta l 

prob lems, the general model has been repeatedly con f i rmed. 

Using Kirby's data and fami l iar f irst order k inet ics, t he re lat ionship s h o w n in 

Figure II w a s der ived. This w a s tested at temperatures up to 280°C 

(corresponding to 916 lbs/sq in. equ i l ib r ium steam pressure) in 0.25 inch-

d iameter copper t ub ing reactors. In these batch exper iments , 0.6 g of 
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SAEMAN Hydrolysis of Cellulose 187 

RELATIVE TIME t'/-- HALF LIFE OF CA) 

CO Θ0 60 50 40 30 20 IS 10 9 β 7 6 5 4 3 2 1.5 
RESIDUAL A fC*) (PERCENT) 

Figure 1. The yield of product Β as a function of residual A in the consecutive 
k i k 2 

first-order reaction A -> Β -> C for various ratios of reaction rates k i and k 2 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

00
9



188 BIOMASS AS A NONFOSSIL FUEL SOURCE 

prehydrolyzed w o o d was reacted w i t h 1.5 ml of d i lu te sul fur ic acid in an 

atmosphere of carbon diox ide. The reactors were heated w i t h sui table 

precaut ions in a mo l ten salt bath and quenched in water . As s h o w n in Figure 

III, p red ic ted general improvement in y ie ld was main ta ined up to 260°C. A t 

th is point , the y ie ld w a s 54%. The t ime to m a x i m u m yie ld at 260°C w a s 0.45 

minutes . The model presumes isothermal react ion condi t ions, bu t w i t h a 

react ion t ime of 3 0 seconds, the average react ion tempera ture was m u c h 

be low the ba tch temperature , thus resul t ing in lower yields. 

A n examinat ion of the kinet ics shows tha t if the lower l imi t of pract ical 

re tent ion t ime is reached, it is advantageous t o lower the ac id i ty and raise the 

temperature . It is also ev ident t he pre t reatments w h i c h accelerate the rate of 

hydrolysis and increase the heat of act ivat ion are advantageous. M ic ro techn i 

ques are n o w avai lable w h i c h can establ ish yields on mi l l ig ram samples 

heated in glass capi l lar ies w i t h react ion t imes of a f e w seconds and internal 

pressure in excess of a 1000 lbs/sq in bu t they have not yet been appl ied to 

th is p rob lem. Pumped hydrocel lu lose slurries can be heated by s team 

in ject ion and quenched by release of pressure, but the pract icabi l i ty of such a 

processing techn ique has not been establ ished. 

Grethlein recent ly con f i rmed Saeman's model by repor t ing a y ie ld of over 

5 0 % sugar f r o m cel lulose us ing 1 % sul fur ic ac id and a con t inuous- f low 

reactor w i t h a residence t ime of 0.22 minu tes at a tempera ture of 237 °C (6). 

Research seeking higher y ie lds by th is approach shou ld be f ru i t fu l . 

D I L U T E A C I D H Y D R O L Y S I S B Y M U L T I S T A G E OR P E R C O L A T I O N 

PROCESSING 

Early a t tempts at d i lu te ac id hydrolysis by single-stage processing were 

l imi ted to yields of about 2 0 % fermentab le sugar because of the unfavorable 

k<\ t o k 2 ratio. By reference to Figure I. it w i l l be seen tha t the f irst increment 

of sugar produced is obta ined in h igh y ield based on the cel lulose consumed. 

The Schol ler percolat ion process, w h i c h removes sugar as it is fo rmed, 

explo i ts th is fact . The y ie ld of sugar is more than t w i c e tha t obta inab le by 

ba tch hydrolysis. It is ob ta ined , however , at a concent ra t ion of on ly 4%. The 

Madison mod i f i ca t ion of the Schol ler process uses a h igher temperature , a 

shorter react ion t ime, and con t inuous rather than per iodic e lu t ion of sugar. 

Commerc ia l p lants of t he Schol ler t ype were bui l t in Germany and 

Swi tzer land. One plant based on the Madison process w a s bu i l t in the Uni ted 

States. The greatest app l ica t ion of the process is in Russia where some 4 0 

plants were bui l t . The Russian deve lopment seemed to s tem f rom a decis ion 

to favor ini t ial ly the use of a lcohol f rom non- food sources as a chemica l raw 

mater ia l . Presently, the hydrolysis plants in Russia are used also for the 

produc t ion of food yeast. 
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SAEMAN Hydrolysis of Cellulose 189 

Figure 3. Maximum yield of sugar from cellulose at two acid concentrations as a 
function of temperature. Experimental data plotted on grid used for Figure 2. 
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190 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Wenz l (2) provides a descr ip t ion of the percolat ion process. A n economic 

analysis by Katzen shows tha t in its present fo rm, it has l i t t le chance of 

economic success (7.8). There is no obv ious w a y to overcome the inherent ly 

h igh costs involved. 

C O N C E N T R A T E D A C I D H Y D R O L Y S I S OF C E L L U L O S E 

The low rate of cel lulose hydrolysis in d i lu te ac id is due to the inaccessibi l i ty 

of t he cel lulose crystal l i te. It w a s observed tha t concent ra ted acids result in 

d is rupt ive swel l ing and solubi l izat ion of cel lulose w i t h negl ig ib le dest ruc t ion 

of the carbohydrate. This in ef fect raises t h e to k 2 rat io. The water -so lub le 

p roduc t of such pr imary hydrolysis is readi ly hydrolyzed to sugar in h igh 

y ie ld. The so-cal led Bergius me thod of w o o d hydrolysis extracts cel lulose 

f r o m prehydrolyzed w o o d by means of f u m i n g hydrochlor ic acid. The acid is 

d is t i l led away f rom the solubi l ized ol igosacchar ides w h i c h are then 

comple te ly hydrolyzed by heat ing in d i lu te acid (2). 

This s t rong acid process is s t ra igh t fo rward but for a key factor — the cost of 

hand l ing and recover ing the acid. Gregor and Jefferies po in t ou t tha t 

advances in membrane techno logy may offer a so lut ion to th is p rob lem (9). 

H Y D R O L Y T I C B E H A V I O R OF N A T I V E A N D M O D I F I E D C E L L U L O S E S 

Figure IV shows the course of hydrolysis of an array of nat ive and modi f ied 

cel luloses 0 0 ) . For convenience, the react ion was carr ied out in constant 

bo i l ing hydrochlor ic ac id. There is a large di f ference in react ion rate for co t ton 

and pulp , and the mercerized or regenerated cel luloses made f rom them. 

Higher yields of sugar can be obta ined by select ing celluloses w i t h a h igh 

hydrolysis rate, or by mod i fy ing cel lulose in such a w a y as to accelerate the 

rate of hydrolysis. W i t h improved knowledge of the mechan isms involved, it 

m i g h t be possible to reduce the rate of decompos i t ion of g lucose. Condi t ions 

or t rea tments w h i c h affect the heat of ac t iva t ion of the hydrolysis and the 

decompos i t ion react ions can have par t icular ly power fu l effects. 

In an effort to achieve a useful mod i f i ca t ion , co t ton l inters and a so f twood 

h igh-a lpha pu lp were i rradiated w i t h h igh-energy cathode rays. In Figure V. it 

w i l l be seen tha t random breakage of bonds reduced the degree of 

po lymer izat ion, destroyed some carbohydrates, and reduced the crysta l l in i ty 

of cel lulose to achieve higher net yields of sugar (JJJ. The benef i ts ob ta ined, 

however , were not war ran ted by the costs. 

Extreme gr ind ing of cel lulose in a ball mi l l has been s h o w n to accelerate the 

enzymat ic hydrolysis of l ignocel lu lose and cel luloses by di lute acid or by 

enzymes (12), but the cost is excessive. 
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9. S A E M A N Hydrolysis of Cellulose 193 

Spano reported that cel lulose pretreated by ro l l -mi l l ing w i t h an energy input 

of 0.25 k i lowat t per hour per p o u n d w a s enzymat ica l ly hydrolyzed to the 

extent of 4 5 % in 2 4 hours. The results of th is were said to be encourag ing 

(13). 

E N Z Y M A T I C H Y D R O L Y S I S OF CELLULOSE 

There is m u c h excel lent basic w o r k underway on the enzymat ic hydrolysis of 

cel lulose. The key factor is the pre t reatment required by l ignocel lu lose before 

it is ac ted upon at an acceptable rate. In part ia l ly de l ign i f ied pulps, the rate of 

hydrolysis rises w i t h decreasing l ignin content , but pu lp ing the substrate is 

impract ica l . 

Pretreatments ment ioned previously inc lude i r radiat ion, ba l l -mi l l ing, and rol l -

mi l l ing . Some success in upgrad ing ruminan t fodder has been achieved w i t h 

s teaming, t rea tment w i t h d i lu te alkali , and digest ion w i t h aqueous sulfur 

d iox ide solut ions. 

Intensive work d i rected to the deve lopment of inexpensive solubi l izat ion 

methods for increasing the y ie ld of sugar f rom l ignocel lu lose by acid or 

enzymat ic hydrolysis is in progress at Purdue Universi ty. A recent report 

showed that cadoxen is ef fect ive but c a d m i u m presents unacceptable 

hazards (14). A n approach in w h i c h prehydrolyzed l ignocel lu lose is t reated 

w i t h 7 0 % sul fur ic acid fo l lowed by methanol has also been reported (14). The 

f l o w char t calls for recyc l ing 2.5 parts of sul fur ic ac id and 5.5 parts of 

methano l for each part of sugar produced. Ano the r approach (15) calls for the 

use of a solvent consis t ing of sod ium tartrate, ferr ic chlor ide, sod ium sulf i te, 

and sod ium hydroxide. Such t rea tments increase the accessibi l i ty of enzymes 

to cel lu lose and increase the rate of ac id hydrolysis, the k} : k 2 ratio, and the 

yie ld of sugar. The cost of recover ing the reagents, however, is a key factor. 

W h i l e there is w idespread enthus iasm for the enzymat ic hydrolysis of 

l ignocel lu lose and many pret reatments faci l i tate the react ion, publ ished 

process data do not permi t economic assessment. 

C O N C L U S I O N S 

The out look for fuels and chemicals f rom biomass is c louded because it 

depends on the out look for energy. The most probable out look for energy in 

the next decade is tha t it w i l l be expensive but available, and consumpt ion 

w i l l con t inue to increase. Wh i l e th is s i tuat ion may not cons t i tu te a crisis, it is 

"cr is is prone." This latter fact just i f ies a careful considerat ion of biomass as a 

source of fuels and chemicals . 
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194 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

The price of b iomass is cr i t ical in de te rmin ing its potent ia l . Because of lack of 

d e m a n d , cur rent spot prices are of ten low. The pr ice of a large quan t i t y of 

w o o d (a thousand or more tons/day) for the life of a p lant (decades) is not 

low. Katzen in 1975 (7) assumed tha t a large quan t i t y of w o o d w i l l have a 

m i n i m u m value of $ 2 4 / t o n (dry basis) set by its fuel equivalent , and the 

addi t ional cost of assur ing long- term supp ly w o u l d raise th is to $ 3 6 / t o n . The 

cost of w o o d , together w i t h labor and capi ta l costs, w i l l of course rise as the 

cost of pe t ro leum rises. 

The best use of b iomass for all purposes requires realist ic, d isc r im ina t ing , and 

select ive set t ing of pr ior i t ies. 

W o o d cont r ibu tes most t o our energy budget w h e n it is used for the 

p roduc t ion of s t ructura l and f iber products , thus prov id ing al ternat ives to 

energy- in tens ive mater ials. A t o n of w o o d in the mater ia ls system cont r ibu tes 

indi rect ly many t imes as m u c h to our nat ional energy budget as a ton of 

w o o d in the fuel sys tem. The relat ive economic impor tance of forest p roducts 

w i l l increase as the energy shortage worsens, and as forest products 

industr ies accelerate thei r subs t i tu t ion of low-grade w o o d for fossil fuel . 

A f te r sat is fy ing the needs for an energy sel f -suf f ic ient w o o d industry , there 

cou ld sti l l be avai lable some hundred or hundreds of mi l l ions of tons of 

b iomass in the fo rm of w o o d , together w i t h a simi lar quan t i t y of agr icu l tura l 

residues. The large-scale chemica l convers ion of such raw mater ia l w i l l 

probably involve hydrolysis, but no avai lable techno logy is considered 

economica l ly v iable. The key to fu tu re progress lies in basic studies, and an 

evolut ionary approach to possible large-scale in tegrated chemica l ut i l izat ion. 

Cellulose hydrolysis by means of enzymes, s t rong ac id , or d i lu te acid is 

preferably preceded by a prehydrolys is to separate easily hydrolyzed 

hemicel lu lose const i tuents . As an evolut ionary s tep, prehydrolysis itself 

m i g h t be a v iable route for a l imi ted quan t i t y of special products. 

P r e h y d r o l y s i s 

Prehydrolysis is a s imple and w e l l - k n o w n step requi r ing l i t t le fur ther basic 

studies, but there are solvable technica l prob lems in ob ta in ing the 

prehydrolyzates in favorable concent ra t ion . 

Prior to the es tab l ishment of a fu l ly in tegrated hydrolys is operat ion, there 

m i g h t be oppor tun i t ies to p roduce and pu t t o use ha rdwood or crop-residue 

prehydrolyzates. There are n o w in prospect boi ler p lants w h i c h w i l l burn over 

1,000 tons of w o o d / d a y . Preceding combus t i on , w o o d can be prehydrolyzed 

to y ie ld a st ream rich in pentoses for subsequent convers ion to xylose, xylose 
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9. S A E M A N Hydrolysis of Cellulose 195 

derivat ives, fur fural , yeast, or other feed and fe rmenta t ion products 0 6 ) . The 

residual w o o d , about three- four ths of the incoming we igh t , can then be 

burned for process s team and addi t ional s team as a coproduct . Such an 

operat ion w o u l d be an evolut ionary step t o w a r d an integrated hydrolysis 

plant. 

P r e t r e a t m e n t f o r E n z y m a t i c H y d r o l y s i s 

W h i l e there has been m u c h progress in the s tudy of cellulases, the 

appl icat ions of such techno logy have been l imi ted by a lack of economica l 

pre t reatment of the l ignocel lulose. W i t h o u t such pret reatment , hydrolysis is 

s low and incomplete. The value of enhanced enzymat ic at tack on 

l ignocel lu lose is not l imi ted to the produc t ion of sugar and chemicals. The 

same procedures w o u l d be appl icable to the increased d igest ib i l i ty of coarse 

fodder by ruminants . 

W h i l e government -suppor ted research n o w emphasizes the produc t ion of 

l iquid fuels f rom biomass, commerc ia l iza t ion m igh t be reached sooner by 

cooperat ion w i t h those interested in cel lulose d igest ion by ruminants . 

Experience in the pract ical upgrad ing of coarse fodder w o u l d be di rect ly 

appl icable to the hydrolysis of b iomass by cellulases. 

T h e S t r o n g A c i d H y d r o l y s i s o f Ce l l u lose 

The h igh yield and hence higher pur i ty of sugar obta ined by st rong acid 

hydrolysis of cel lulose makes it an at t ract ive process, but the lack of a 

recovery system for s t rong acid compl ica tes the out look. The improvement of 

membrane techno logy w i l l p robably proceed because of potent ia l app l ica

t ions t o many problems. App l i ca t ion to cel lulose hydrolysis adds jus t i f ica t ion 

for intensi f ied w o r k in the f ie ld. 

T h e D i l u t e A c i d H y d r o l y s i s o f Ce l l u lose 

The rapid, h igh- temperature hydrolysis of cel lulose seems to get less 

a t ten t ion than it deserves. The sequence involved is s imple ; the incoming 

w e t mater ia l need never be dr ied. The consecut ive f i rst-order react ions 

involved can be stud ied w i t h adequate precision in very s imple equ ipment . 

W h i l e the out look for the process, based on meager present ly avai lable data, 

is marg ina l , studies can be conduc ted to increase the ratio of the rate of sugar 

p roduc t ion to dest ruc t ion and hence the y ie ld, to decrease the tempera ture 

and pressures invo lved, and to increase the recovery of coproducts . 
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196 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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10 
Perspectives on the Economic Analysis of Ethanol 
Production from Biomass 

HARRY J. PREBLUDA and ROGER WILLIAMS, JR.1 

Roger Williams Technical And Economic Services, Incorporated, 
P.O. Box 426, Princeton, NJ 08540 

Our objective is to clarify the many misapprehensions pertaining to the 
practical use of ethanol from biomass to extend motor fuel. While one might 
agree that biomass can be a renewable resource for non-polluting safe fuels, 
press reports have questioned the practicality of making large quantities of 
ethanol as a fuel source not only from rice, cereal grains or tuberous roots, 
but also from agricultural by-products, such as molasses, timber wastes, 
cheese whey, pineapple, waste paper or even garbage. From the many 
articles, there has appeared a potpourri of facts and fallacies (1,2). At all levels 
of our Federal and State Governments as well as within the automotive and 
petroleum industries, people have taken sides on the alcohol question. 

Opposing views are often voiced within the same organization. A leading 
university economics professor disagreed with the engineering department 
and questioned the feasibility of alcohol for transportation fuel (3). However, 
we want to take a neutral position and point out some of the pitfalls in the 
thinking on this subject. Large-scale usage may some day correct the present 
day economic inequities. This will come from new breakthroughs in 
fermentation and engineering technology to increase yields and reduce costs. 

1Deceased 

0097-6156/81 /0144-0199$05.00/0 
© 1981 American Chemical Society 
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200 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

M o t o r Fuel A l c o h o l 

In 1894. Professor Har tman at the Laboratory of the German Dist i l lery. 

Deutschen Landwir tshaf ts-Gesel lschaf t . Leipzig. Germany, was a m o n g the 

f irst to use alcohol as a fuel in compet i t i on to pet ro leum. In later years, 

scient ists in other count r ies found that a lcoho l / fue l b lends have s h o r t c o m 

ings. Storage tank mois ture can con tamina te the mix tu re so tha t there is 

a lcohol and gasol ine separat ion. Under cer ta in cond i t ions , impur i t ies in 

denatur ing agents accelerate corrosion. Methano l is a dénaturant for e thanol 

in many countr ies and usual ly can be used w i t h o u t inter fer ing w i t h the 

ef fect iveness of fuel systems. In some parts of the w o r l d , impur i t ies in local-

area gasol ine can react w i t h smal l amoun ts of wa te r in the alcohol to 

accelerate galvanic act ion on fuel systems w i t h dissimi lar metals. 

Henry Ford w a s once quest ioned as to w h a t w o u l d happen to his au tomob i le 

" b u g g y " business if pe t ro leum suppl ies should dw ind le . He said. " W e can get 

fuel f rom frui t , f rom that of sumac by the roadside or f rom apples, weeds, 

sawdus t — a lmost any th ing . There is fuel in every bi t of vegetable mat te r that 

can be fe rmented. There is enough alcohol in a year's y ie ld of potatoes to 

dr ive the mach inery necessary to cu l t iva te the f ie ld for a hundred 

y e a r s . . . A n d it remains for someone to f ind h o w th is fuel can p roduced 

commerc ia l l y — bet ter fuel at a cheaper pr ice than tha t w e n o w know. " 

Ford hosted the Dearborn Conferences of Agr icu l tu re . Industry and Science in 

the 1930's. This was the beg inn ing of the Farm Chemurg ic Counci l w h i c h 

pioneered the use of renewable resources as industr ia l raw materials. 

Fermentat ion a lcohol for motor fuel w a s a major top ic at the Dearborn 

Conferences (4). A plant at A tch i son . Kansas soon fo l lowed in October 1936 

w i t h the f irst a t t emp t to market an a lcohol /gasol ine b lend in the Uni ted 

States. Dur ing 1938-1939 , t w e n t y mi l l ion gal lons of a lcohol /gasol ine blends 

were sold th rough independent dealers and farm bureaus in ten western and 

midwes te rn states (5). Nebraska alone had as many as 250 dealers. A t about 

th is t ime, Amer ican auto makers were sh ipp ing vehicles and t ractors to the 

Phi l ippines w i t h special engines des igned to use a lcohol f rom sugar cane. 

This equ ipmen t became popular in the Phi l ippines w h e n gasol ine prices were 

too h igh. 

A u t o engines burn ing st ra ight alcohols are prone to poor co ld weather 

s tar t ing. M u c h background has been bui l t up for over 50 years on both 

methano l and ethanol by racing car enthusiasts using these b lended fuels in 

thei r special engines (6,7). Only recent ly has there been serious t h o u g h t to 

chang ing the design of the au tomobi le engine for handl ing ei ther methanol 

or ethanol . Prestart heat ing of some kind may have to be used to overcome 

the s luggish per formance of special engines for these fuels in cold c l imates. 
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10. P R E B L U D A A N D W I L L I A M S Economics of Ethanol Production 201 

Gasoho l in Braz i l 

Current ly. Brazil is leading the W o r l d in t ry ing to decrease dependence on 

impor ted fossil fuels. A bold government p rogram there centers around the 

idea of cons t ruc t ing 170 fermenta t ion plants and dist i l leries. Af ter w o r k i n g 

on alcohol for over 50 years. Brazilian research had reached a standst i l l unt i l 

the rise of oil prices in 1973. A l t h o u g h the economics on th is project are far 

f rom favorable as yet, Brazil is go ing fo rward to national ize the " g a s o h o l " 

movement . The pol i t ic ians in Brazil feel thei r fars ightedness should pay off 

w h e n oil prices go up. In the meant ime, there are many new jobs for their 

unemployed. It should be kept in m i n d that Brazilian a lcohol cost w o u l d be 

m u c h higher if our U.S. w a g e scale were used. Plans are also progressing in 

Brazil for intensive cu l t iva t ion of cassava (manioc). More than a dozen new 

alcohol p lants w i l l be bui l t requir ing cassava as a raw mater ia l . This tuberous 

root can thr ive on poor soil cond i t ions in Brazil w i t h low rainfall and is unl ike 

cane since it can be harvested year round. Sti l lage by-product f rom manioc 

cou ld be used to make methane or a h igh prote in animal feed. Incidental ly, 

cassava, being a perennial , can g r o w for several years wh i le the roots 

accumula te starch. It di f fers f rom sugar cane in that cassava processing 

requires some hydrolysis before fe rmenta t ion . Also, sugar cane decomposes 

w h e n left in the f ields too long. Because of starches and fibers, cassava is 

more stable to wea ther ing . It has not had m u c h oppor tun i t y as yet for genet ic 

improvement . 

Brazilian off icials have apparent ly over looked the possibi l i ty of using ethanol 

or methano l for convers ion to hydrocarbons such as gasol ine using the Mobi l 

process(8). This process can conver t e thanol to gasol ine di rect ly , thus 

a l low ing the use of hydrocarbon fuel f rom renewable resources in exis t ing 

cars w i t h o u t engine modi f i ca t ion . This scheme w o u l d not require a separate 

ethy l a lcohol /gasol ine b lend d is t r ibut ion system. 

B i o m a s s N o t C o m p l e t e A n s w e r 

The opin ions of farmers, legislators and the publ ic on the use of biomass f rom 

alcohol have been debated and the oil companies have had a d i f f icu l t course 

to steer(9). It is not general ly realized that oil companies get into pract ical ly 

all facets of energy. In addi t ion to coal and pet ro leum deve lopments , they are 

in other act iv i t ies such as solar, w i n d , a tomic , t idal and renewable energy 

sources. They also w a n t to k n o w h o w alcohol can be best used as a source of 

energy. Some Amer ican pet ro leum companies have taken a long-range v iew 

and made breakthroughs for h igh alcohol yields f rom cel lulosic wastes using 

special fe rmenta t ion technology.QO) 
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202 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

The U.S. Depar tment of Energy has been evaluat ing the pros and cons of 

a lcohol fuels (V\). DOE's main conc lus ion has been tha t bo th ethanol and 

methano l can con t r ibu te to the energy resources of th is coun t ry by ex tend ing 

l iquid fuel suppl ies. DOE appears to be c o m m i t e d to deve lop ing alcohol fuel . 

If na t ionwide market penetrat ion of alcohol fuels takes place, present major 

fuel suppl iers w i l l undoub ted ly have to part ic ipate. Over the long te rm it is 

expected that methano l w i l l offer lower cost possibi l i t ies than ethanol . 

A l t h o u g h the U.S. Depar tment of Agr icu l tu re v igorous ly suppor ts the 

deve lopment of gasohol in the U.S.. it urges Congress t o be wary of proposals 

that w o u l d c o m m i t huge amoun ts of U.S. feed grains to gasohol (12). 

Men t ion should be made of our concern about d is t r ibut ion costs. The DOE 

posi t ion papers gloss over d is t r ibu t ion costs of a lcohol /gasol ine fuels. Also 

over looked is the possible economic gain by go ing f rom coal to synthesis gas 

to methano l to gasol ine using the Mobi l process for the latter route (8). This 

cou ld avoid the prob lem of new storage faci l i t ies and get around the need for 

another fuel d is t r ibut ion system. 

Over 9 0 % of the present U.S.A. non-beverage ethy l a lcohol p roduc t ion comes 

f rom pet ro leum or natural gas-der ived e thy lene synthesis. Less than 10% of 

the remain ing alcohol market comes f rom fe rmenta t ion of grains, f ru i t , and 

sul f i te l iquors. Using a round number f igure of 100 bi l l ion gal lons of gasol ine 

per year, the industr ia l e thanol p roduc t ion in the U.S.A. amounts to about 

one- th i rd of one percent of motor fuel used by vehicles on the h ighway . It has 

been est imated tha t if all the avai lable fa rmland were used for g r o w i n g 

agr icu l tura l crops in excess of those needed for food p roduc t ion , the ethyl 

a lcohol p roduced f rom these renewable crops and residues w o u l d meet only 

8% of our nat ion's l iquid fuels energy needs for t ranspor ta t ion. Unless ethyl 

a lcohol f rom biomass is subsidized for pol i t ical reasons or for nat ional 

secur i ty purposes, it w i l l not be the fuel of choice to be used in large 

quant i t ies (13,14). Of course, there w i l l be breakthroughs in improved crop 

yields, processing t i m e and other energy savings. L imi ted use w i l l take place 

in local geographic areas where the fe rmenta t ion of of f -grade grains to ethyl 

a lcohol can be suppor ted by subsidy, tax credi ts or loan guarantee. The U.S. 

has p lenty of corn inventory present ly because of the excel lent 1978 

carryover and improved out look for the 1979 crop. A t f irst g lance, it appears 

that a lcohol f rom fe rmented grain cou ld leave us less dependent on 

pet ro leum suppl ies. Yet there are caut ious meteoro logis ts w h o expect the 

d rough t cycle to hit our coun t ry in the next f e w years. W e recall v iv id ly the 

days of the dust s torms and lack of rain in the corn belt. 

In a special U.S.D.A. report, it has been quest ioned whe the r w e could afford to 

divert srzable quant i t ies of grain for motor fuel purposes (1_3). It has been 
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10. PREBLUDA AND WILLIAMS Economics of Ethanol Production 203 

est imated that s tar tup costs for plants and dist i l ler ies w o u l d be be tween $ 1 5 -

$17 bi l l ion for mak ing 100 bi l l ion gal lons of gasohol b lend per year. This does 

not inc lude a direct added subsidy of $10.4 bi l l ion a year to make the product 

compet i t i ve w i t h gasol ine prices. 

A new method (15) for ex t rac t ing whea t g lu ten offers some possibi l i t ies for 

alcohol fe rmenta t ion of whea t starch by-products in geographic areas where 

this grain w o u l d be advantageous. The new techno logy cal led the "Raisio 

A l fa -Lava l " process is descr ibed as a "un ique closed system for whea t 

f ract ionat ion substant ia l ly increasing the yield of h igh qual i ty starch and vi tal 

g lu ten wh i le permi t t ing pol lut ion- f ree processing." W i t h h igh beef prices 

ahead, the wor ld demand for g lu ten in human food is expected to increase. 

Gasoho l and t h e B e e f I n d u s t r y 

The beef producers feel that the gasohol deve lopment in the U.S. cou ld hurt 

its industry 0 6 ) . A na t ionwide gasohol program w o u l d br ing higher prices 

and higher p roduc t ion costs to be passed along to consumers. There w o u l d 

be an addi t ional cost to producers in the fo rm of higher taxes to pay for the 

large government subsidies needed for the gasohol program. The beef 

producers are also wor r ied about regional l ivestock product ion shif ts. 

S tockmen w o u l d t ry to relocate near dist i l ler ies to be close to a low-cost 

source of by-product feed. The greater feed use of dist i l lers grains cou ld s low 

d o w n the l ivestock cycle. U.S.D.A. researchers th ink that the h igh f iber value 

of dist i l lers feed m igh t require a longer d igest ive phase and thus push 

consumer beef prices higher. Overall l ivestock p roduc t ion w o u l d be expected 

to decrease. Also the expected 10 bi l l ion ga l /y r subsidized alcohol market 

w o u l d sharply increase feed prices and food grains. Incidental ly, where w o u l d 

the subsidies come f rom? W h o w o u l d pay for them? The 35 mi l l ion tons of 

dr ied dist i l lers feed grains f rom the gasohol program each year w o u l d 

depress soybean meal prices in such a w a y that there w o u l d be radical 

changes in that industry. The soybean crush ing industry for animal feed 

w o u l d be supplanted pr imar i ly by one produc ing food oils and special 

p roducts in tended for human use in the export market. Ano the r wor ry of beef 

producers — w h a t w o u l d happen in the event of short U.S. food crops? Also, 

is there enough capaci ty for bo th food and gasohol product ion? W h a t is the 

real answer to these quest ions? 

Land Prog ram P o s s i b i l i t y 

Jawetz (1_7) presented an interest ing idea as a renewable resource raw 

mater ia l potent ia l for ethanol . It offers the farmer an oppor tun i t y to g r o w 

specif ic crops using the mi l l ions of acres in the Federal Government "set 
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204 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

as ide" program in exchange for guaranteed m i n i m u m prices of fa rm crops. 

Instead of leaving t h e land fa l low and idle. Jawetz has suggested g r o w i n g a 

crop tha t cou ld be used by a dist i l ler to make alcohol . The subsidy w o u l d 

revert to the dist i l ler. Ethanol based on $2 .00 /bushe l of corn w o u l d then cost 

on ly $0 .45/ga l at the dist i l lery after a l l ow ing the dist i l ler a subsidy credi t of 

approx imate ly $0 .54/ga l of e thanol f r om the "set as ide" p rogram and 

d iver ted land. However, th is program m i g h t raise some quest ions by 

conservat ionists. They cou ld c la im tha t the constant p lan t ing of crops on 

land w o u l d have a tendency to run d o w n the soil unless there was heavy 

fert i l izat ion. 

W h i l e ponder ing answers t o these quest ions, let us examine the possibi l i t ies 

of us ing other raw mater ials such as sugar cane or cane molasses for e thanol 

p roduc t ion . W e k n o w that of the many types of p lant mater ia l tha t can be 

fe rmented , the greatest energy y ie ld is ob ta ined w h e n sugar cane is 

fe rmented . The sugar cane plant is considered to be one of the most ef fect ive 

to f ix solar energy. If e thanol is to be made f rom a cane source, it mus t be 

produced in large quant i t ies f rom avai lable land to make it compet i t i ve and 

not have const ra in ts w i t h o ther c o m p e t i n g crops. In the fu ture , the 

economics can be improved by fe rment ing the hydrolyzed bagasse f iber if it 

is not used d i rect ly as fuel . It has also been suggested tha t to ta l fe rmentab le 

mater ial in cane ju ice be made into a lcohol w i t h o u t crystal l iz ing sucrose. 

W h o l e Cane Process 

Rolz of Guatemala (1_8) reported on the "Ex-Ferm" process whereby ethanol is 

fe rmented d i rect ly f rom small pieces of w h o l e chopped cane. The 

accumula t ion of ethy l a lcohol dur ing the fe rmenta t ion leaches out other non-

sucrose componen ts and breaks d o w n the sol id f ibre matr ix of the cane. The 

s imul taneous ext ract ion and fe rmenta t ion provides many advantages for the 

cane g rower to become an alcohol producer. Rolz projects a manu fac tu r ing 

cost of $0 .643 /ga l of a lcohol vesus $0 .795/ga l for the convent iona l s tandard 

techno logy exclusive of charges for return on or ig inal investment . 

Sugar M a r k e t I m p l i c a t i o n s 

Vaci l la t ion and mis t rust in W a s h i n g t o n led t o t h e p l u m m e t i n g of sugar pr ices 

pr ior t o Augus t 1978. The combina t ion of record w o r l d stocks of 3 0 mi l l ion 

tons of sugar and low prices at the t ime s t imu la ted the th ink ing of 

government off icials in cane-produc ing , energy-beleaguered countr ies to be 

more favorably disposed to make alcohol for fuel or gasohol programs. 

Ano the r factor has entered the p ic ture for countr ies basic in cane sugar and 

molasses product ion . The large-scale deve lopment in the U.S. of h igh 
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10. P R E B L U D A A N D W I L L I A M S Economics of Ethanol Production 205 

f ructose corn syrup (HFCS) using glucose isomerase to prepare sweeteners 

f rom corn starch is hav ing a dramat ic effect on cane sugar markets. HFCS wi l l 

probably replace most of the cane sugar w e n o w import . However, it w i l l not 

replace the beet and cane sugar w e n o w g r o w in the U.S. Indirect ly, th is w i l l 

release cane acreage especial ly in the deve lop ing nat ions w h i c h impor t 

pet ro leum (gasoline). These nat ions are n o w th ink ing of alcohol p roduc t ion 

f rom their cane sugar or cane molasses. Current ly, sugar p roduc t ion is 

shr ink ing in the U.S. The 1979 crop is expected to be d o w n by as m u c h as 

500,000 short tons and Congress is expected to raise suppor t prices. 

A t t e n t i o n t o B y - P r o d u c t s 

Greater a t tent ion is present ly being given to some of the by-products of sugar 

processing and fermenta t ion . W i t h r ising fert i l izer and labor costs, the sugar 

cane growers in the State of Sao Paulo, Brazil have been return ing f i l ter-press 

cake to their g r o w i n g f ields. Several mil ls have decreased usage of organic 

fert i l izers w h e n using f i l ter-press cake. Brazilian env i ronmenta l pro tect ion 

laws have recent ly proh ib i ted alcohol producers f rom d u m p i n g dist i l lery 

slops or wastes into the rivers w h i c h they have been do ing for some t ime. 

A p p l y i n g these wastes to the g r o w i n g f ields and irr igat ion systems is prov ing 

benef ic ial . In Europe, both beet and cane fermenta t ion residues are 

evaporated to approx imate ly 6 5 % dry mat ter and are referred to as "v inasses" 

(19). Wes te rn European p roduc t ion of these mater ials in 1978 was close to 

680 ,000 tons. A lcoho l fe rmenta t ion vinasses have been used in Europe for 

animal feed because of appet i te -s t imula t ing propert ies. There has also been a 

large-scale post-harvest use of vinasses on fields. 

Prior to W o r l d W a r II cane residues f rom U.S. alcohol fe rmenta t ion were 

incinerated to make potash for fert i l izer use. Both dur ing and after W o r l d W a r 

11, mi l l ions of pounds of dry and also condensed molasses fe rmenta t ion 

products were prof i tably sold for special i ty industr ia l use outs ide of the feed 

industry. These markets have been neglected and could readily be 

establ ished again on an economic basis to reduce overall e thanol p roduc t ion 

costs f rom cane or beet molasses. 

In looking at the fuel fa rming p ic ture, one wonders just h o w m u c h t ime any of 

these processes cou ld buy in relat ion to the life of our fossil fuel supply. 

Biomass convers ion to fuel does not appear to be a real immedia te answer to 

our long- term energy prob lem because of the costs of the raw mater ia l ; 

nevertheless, some breakthroughs appear on the horizon. The need for a year-

round supply of raw mater ial necessitates using cel lulose f rom agr icu l tura l , 

forest or mun ic ipa l sol id wastes as the feedstock source. The high cost of 

ethanol f rom grain or sugar cane is due pr imar i ly to raw material w h i c h 
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206 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

represents about two- th i rds of alcohol p roduc t ion costs. In the U.S., there are 

t remendous tonnages of cel lulosic materials der ived f rom various urban and 

industr ia l organic wastes w h i c h can be obta ined at low cost. To use th is 

b iomass for fe rmenta t ion , it is most impor tan t to have it co l lected and 

avai lable at a central locat ion. Biomass enthusiasts of ten overlook the h igh 

cost of b r ing ing these types of raw mater ials to the produc t ion plant. 

Process P o s s i b i l i t i e s 

Signi f icant breakthroughs have recent ly taken place w h i c h w i l l improve the 

economic p ic ture for mak ing alcohol f rom sol id waste . Rutgers Universi ty 

research (20) on thermoto lerant m u t a n t strains of organisms produc ing 

cel lulase of a h igher order than reported heretofore should be ment ioned. 

Impor tant w o r k on v a c u u m techno logy to overcome factors of a lcohol 

inh ib i t ion l im i t ing fe rmenta t ion ef f ic iency has been reported by Cysewski and 

Wi l ke (21) as we l l as Ramal ingham and Finn (22). 

Cysewski and Wi l ke suggested some process des ign fe rmenta t ion schemes 

for con t inuous cell recycle and also v a c u u m fermenta t ion processes for 

mak ing 75,000 gal lons of 9 5 % ethanol /day. Using a reasonable yeast by

produc t credi t of $0 .10 / lb , their net est imated p roduc t ion cost appeared to be 

$0 .823/ga l for the con t inuous cell recycle system as compared to $0 .806/ga l 

for the v a c u u m fermenta t ion . This compares favorably w i t h the current pr ice 

of synthet ic 9 5 % ethanol sel l ing around $1 .40 /ga l . 

Spano (23) at the U.S. A r m y Laborator ies has reassessed the economics of 

cel lulose process techno logy for p roduc t ion of ethanol using urban waste as 

a cel lulosic substrate. The results of th is s tudy are encourag ing. W i t h 

impoved cel lulose p roduc t i v i t y and by-p roduc t credi ts of $0 .54 /ga l of 

e thanol , Spano has been able to get the lowest est imated cost d o w n to 

$0 .89 /ga l of 9 5 % ethanol using a uni t cost of $0 .11/ga l of a lcohol for the 

cel lulosic mater ia l . 

Hoge (24) has suggested a novel ethanol process using steam-ster i l ized 

impure cel lulosic f ract ions of sol id mun ic ipa l wastes t reated w i t h a mix tu re of 

enzyme and yeasts. The comb ined enzymat ic d igest ion of cel lulose to sugars 

and the fe rmenta t ion of sugars to alcohol takes place in a c o m m o n react ion 

vessel. The system has several reactors operat ing at a tmospher ic pressure. 

Each reactor is in termi t ten t ly connected to a shared reci rculat ion system 

hav ing a f lash chamber f rom w h i c h alcohol is d ist i l led f rom the react ion 

mass. The react ion tempera ture of the fe rmenta t ion is also cont ro l led by the 

v a c u u m . The unique design of th is process extends the life of the enzyme and 

reduces cost. Repeated reuse of the enzyme also makes the process 
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10. P R E B L U D A A N D W I L L I A M S Economics of Ethanol Production 207 

at t ract ive. Enzyme cost has been ho ld ing back commerc ia l -scale cel lulose 

d igest ion. Ethanol cost in the Hoge process is est imated around $0 .40 /ga l , 

exclusive of sel l ing expenses, admin is t ra t ive costs and prof i ts based upon an 

annual p roduct ion of 32.7 mi l l ion gal lons of ethanol . Recent unpubl ished data 

f rom Cornell Universi ty showed that v a c u u m removal of alcohol f rom the 

Hoge process improved yields per uni t of cel lulase enzyme used. 

Ano ther no tewor thy deve lopment is go ing on at Purdue Universi ty. A 

combina t ion of solvent pret reatment and enzyme hydrolysis of cel lulose is 

used to obta in a very h igh yield of sugar for the produc t ion of alcohol (25). 

This opens great oppor tun i t ies for mak ing use of the one bi l l ion tons of 

cel lulosic residues available each year f rom cornstalks, whea t s t raw, sugar 

mil l bagasse, sawmi l l rejects, packaging residues, logging residues, animal 

feedlot wastes, c i ty t rash, etc. There is no quest ion that the d imin ish ing 

suppl ies of our non-renewable materials w i l l accentuate the demand for 

resources that are renewable. W e should be pract ical in our th ink ing . Let us 

remember that if a / / the corn g r o w n in the W o r l d and a/ / the whea t and all the 

other wor ld crops g r o w n by farmers were to be conver ted into a lcohol , it 

w o u l d be six to seven percent of the energy equivalent of the wor ld crude oil 

p roduc t ion (Table I). The calculat ions in Table I are based on the assumpt ion 

that upon fe rmenta t ion , approx imate ly half the energy of grain is conver ted 

to ethanol . This is exclusive of natural gas or coal energy sources. 

The idea of renewable sounds great unt i l you put it into perspect ive and look 

at the economics (Table II). Most ecologists just don' t . The economic d ispar i ty 

of fe rmenta t ion alcohol as fuel at the service stat ion p u m p compared to 

gasol ine at today 's prices of around $1.00/ga l is sel f-evident w i t h o u t even 

go ing into Btu or per formance rat ings. 

Yet in the midst of th is pess imism, there is some hope to at least make use of 

industr ia l and urban waste mater ia l to ex tend our fuel suppl ies (26). 

W e feel that our greatest oppor tun i t ies may yet come f rom breakthroughs 

invo lv ing the cross discipl ines be tween the chemist , engineer, agr icul tura l 

engineer, microbio logis t , genet ic is t , b iochemist , agronomist and last but not 

least, the economist 

As W i n s t o n Churchi l l once said. " W e have not reached the beg inn ing of the 

end. but perhaps w e have reached the end of the beg inn ing . " 
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T a b l e I. A N N U A L W O R L D G R A I N S U P P L Y A L C O H O L E Q U I V A L E N C E 

A N D CRUDE OIL USE 

CRUDE OIL 1975 1 9 . 5 x 1 0 9 barrels 

5 . 8 X 1 0 6 Btu/barre l 

Total 113.1 X 1 0 1 5 Btu's 

113.1 Quads 

CORN 1975 324 .721 .000 met r ic tons (358 x 1 0 6 short tons) 

3 8 0 Kca l /100 grams 6 8 5 9 Btu / lb 

W H E A T 1975 355.985.000 met r ic tons (392 x 1 0 6 short tons) 

3 3 0 Kca l /100 grams 5 9 5 7 B tu / lb 

RICE 1975 348,374.000 metr ic tons ( 3 8 4 x 1 0 6 short tons) 

3 7 0 Kca l /100 grams 6 6 7 9 Btu / lb 

S O Y B E A N 1975 68.900.000 met r ic tons (76 Χ 1 0 6 short tons) 

3 6 0 Kca l /100 grams 6 4 9 8 B tu / lb 

Btu - .25198 K i l o g r a m - c a l o r i e 

Pounds — 4 5 4 grams 

3.97 Btu/ .22 lbs. 

18.05 B tu / lb 

CORN 7 1 6 x 1 0 9 I b s . x 6 . 8 5 9 x 1 0 3 - 4 . 9 X 1 0 1 5 Btu's - 4.9 quads 

W H E A T 7 8 4 X 1 0 9 I b s . x 5 . 9 5 7 x 1 0 3 = 4 . 7 X 1 0 1 5 Btu's = 4.7 quads 

RICE 7 6 8 X 1 0 9 I b s . x 6 . 6 7 9 x 1 0 3 = 5 . 1 x 1 0 1 5 Btu's = 5.1 quads 

S O Y B E A N 1 5 2 X 1 0 9 I b s . x 6 . 4 9 8 x 1 0 3 - . 9 x 1 0 1 5 B t u ' s - .9 quads 

15.6 quads 

1 5 . 6 x 0 . 5 0 - 7.8 quads - a lcohol equ iva lent of W O R L D GRAINS 

2J* = 6.9% of CRUDE OIL USE 
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10. P R E B L U D A A N D W I L L I A M S Economics of Ethanol Production 209 

Tab le I I . F E R M E N T A T I O N E T H A N O L A S FUEL 

W O O D S U G A R 

Φ/QAL CORN W A S T E C A N E C A S S A V A 

Net Raw Mater ia l Cost 4 4 68 56 6 8 

Processing Cost 3 0 4 0 20 33 

Capital Charges 4 0 82 30 36 

SUB-TOTAL 114 190 106 137 

Dis t r ibut ion 5 5 5 5 

Dealer Marg in 8 8 8 8 

PUMP PRICE 127 203 119 150 

(excluding taxes) 
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11 
Chemicals from Biomass by Improved Enzyme 
Technology 

GEORGE H. EMERT1 

Gulf Oil Chemicals Company, P.O. Box 2900, Shawnee Mission, KS 66201 

RAPHAEL KATZEN 
Raphael Katzen Associates, 1050 Delta Avenue, Cincinnati, OH 44208 

PART I - CELLULOSE TO ETHANOL PROCESS 
Introduction 

Gulf's biochemical research program began in 1971 with a search for 
alternate feedstocks for petrochemicals manufacture. Practically all of the 
organic chemicals industry relies on chemicals derived from fossil fuels — 
petroleum, natural gas or coal. We had become concerned even before the 
Arab embargo that increasing prices of petroleum and petroleum feedstocks 
would eventually make many of the materials now supplied by the chemicals 
industry too expensive for general use. It was becoming imperative to have 
alternate feedstock sources available. 

Subsequent research led to the construction of a cellulose-to-ethanol pilot 
plant at Pittsburgh, Kansas. This pilot plant has a capacity of one ton of 
feedstock per day and has been in operation since January, 1976. Information 
gained from work done in our Merriam laboratories and the operation of the 
pilot plant has led us to recognize that renewable resources in the form of 
carbohydrates are an excellent source of a variety of chemicals now derived 
from fossil fuels. 

Our plans for th is techno logy in the very near fu ture inc lude the process 

design, procurement , fabr icat ion, cons t ruc t ion and operat ion of a 50 - ton /day 

cel lulosic was te convers ion faci l i ty, fo l lowed by a commerc ia l scale faci l i ty 

1 Current address: 415 Administration, University of Arkansas, Fayetteville, A R 72701 

0097-6156/81/0144-0213$05.00/0 
© 1981 American Chemical Society 
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214 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

ut i l iz ing 2.000 tons /day of cel lulosic feedstocks to be operat ional by 1983. 

This b ioconvers ion techno logy addresses itself to t w o impor tant nat ional 

problems. One is the removal or decrease in vo lume of solid waste. Secondly, 

it provides ethy l a lcohol and other chemicals w h i c h can be ut i l ized to 

supplant fossil fuel sources as a feedstock. 

D i r e c t Ce l lu lose t o E thano l P rocess 

The cel lu lose-to-ethanol process has f ive basic steps as s h o w n in Figure I. 

They are: feedstock handl ing and pret reatment , enzyme produc t ion , yeast 

p roduc t ion , s imul taneous sacchar i f i ca t ion / fermenta t ion (SSF) and ethanol 

recovery. Cellulose is the most abundant organic mater ia l on the earth. It is 

annual ly renewable, and not d i rect ly useful as a foodstuf f . It is a po lymer of 

g lucose l inked / M . 4 as compared w i t h the ο - 1 , 4 l inked po lymer starch 

w h i c h by contrast is easily d igest ib le by man. There are three basic classes of 

potent ia l cel lulose feedstocks. These are agr icu l tura l by-products , industr ia l 

and mun ic ipa l wastes, and special crops. The avai labi l i ty of these mater ials in 

the U.S. is s h o w n in Table I. For economic reasons, w e are concent ra t ing our 

efforts on those mater ials tha t are col lected for some other reason. 

W i t h respect to convers ion to ethanol or other chemicals , there are four major 

factors to consider regarding the suscept ib i l i ty of nat ive cel lulose to 

biodégradat ion. These are: its insolubi l i ty in water , part ic le size, ex tent of 

l ign i f icat ion, and crystal l in i ty . L ign in , a po lyphenol ic , cement- l ike mater ia l , is 

f ound closely associated w i t h natural ly occur r ing cel lulose, and not only 

inh ib i ts access to cel lulose l inkages but in some cases is tox ic to 

microorganisms. L ignin presence in kraft or sul f i te pu lped cel lulosics is not a 

p rob lem using our system. The crystal s t ructure of cel lulose has f in i te 

physical measurements w h i c h d isa l low the cel lu lo ly t ic enzymes access to 

the 0 - 1 , 4 l inkage. 

A w i d e var iety of potent ia l feedstocks has been tested at the pi lot p lant level. 

These inc lude co t ton g in t rash, clari f ier s ludges, digester f ines, digester 

rejects, s t raw, bagasse, and munic ipa l solid waste. Several microb ia l , 

mechan ica l , and chemica l pret reatments have been tested. Microbia l 

pre t reatments inc lude: l ign inase-produc ing organisms and xy lanase-produc-

ing organisms. Mechanica l pre t reatments tested inc lude hammer mi l ls, rod 

mi l ls , roller mi l ls, ball mi l ls, mul lors. and attr i tors. Chemical pret reatments 

tested inc lude ac id . base, c a d m i u m oxide, d imethy l suf foxide. e th -

y lenediamine. tar t rate, etc. Obviously, there are speci f ic part ic le sizes, 

degrees of mois tur izat ion, and l ignin contents w h i c h are o p t i m u m for 

convers ion of the cel lulose to chemicals. 
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11. EMERT AND KATZEN Chemicals from Biomass 215 

Character izat ions of potent ia l feedstocks have been accompl ished by 

measur ing percent cel lulose, l ign in, ash, and acid detergent-so luble materials 

as s h o w n in Table II. As an example, the compos i t ions of pulp and paper 

wastes show approx imate ly a 5 5 % average cel lulose content . Most of these 

materials have been part ial ly del igni f ied and thus show a moderate l ignin 

content . High ash conten t w o u l d be a de t r iment for processing purposes 

since it is w e i g h t w h i c h has to be moved th rough the process along w i t h 

substrate, thus using excess energy. Pretreatment of feedstock for subse

quent processing may inc lude mix ing in water to obta in a un i fo rm mix ture 

and moistur izat ion fo l lowed by ei ther pasteurizat ion or steri l izat ion as 

necessary. 

The second step in the direct ethanol process is that of enzyme product ion . 

The Gulf process uti l izes a mu tan t strain of Trichoderma reesei. g r o w n 

cont inuous ly to produce a comple te cel lulase system. The residence t ime is 

4 8 hours. Enzyme produc t ion begins on a spore plate w i t h subsequent scale-

up to the enzyme produc t ion vessel size to be used. Our pi lot plant faci l i ty has 

300-gal enzyme reactors. 

The cel lulase system consists of /8-1,4-endoglucanase, a cel lobiohydrolase 

and a /8-glucosidase. These act iv i t ies are measured col lect ively for their 

abi l i ty to enzymat ica l ly catalyze the degradat ion of crystal l ine cel lulose to 

glucose. The tr ip le enzyme system does not have to be isolated or pur i f ied, 

but is used as a w h o l e broth. 

The th i rd step in the direct e thanol process is to produce the yeast necessary 

for conver t ing the glucose to ethanol . Variet ies of organisms have been 

screened for compat ib i l i t y w i t h the Trichoderma reesei cel lulase system. The 

o p t i m u m temperature for the cellulase system is 45° to 50°C. Most yeasts 

have a temperature op t ima less than that , e.g., 30° to 35°C. W e have tested a 

var iety of strains, inc lud ing Saccharomyces cerevisiae, S. carlsbergensis, and 

Candida brassicae. A temperature of 40°C has been ident i f ied as o p t i m u m for 

the comb ined cel lulase and yeast systems. 

The four th step in the direct e thanol process is considered to be key to the 

economic v iabi l i ty of the bioconvers ion of cel lulose to chemicals. The 

pretreated cel lulose slurry is s imul taneously conver ted to glucose and the 

glucose to ethyl a lcohol in the same vessel in a cont inuous or semi -

con t inuous mode. The enzyme sample is the who le cu l ture f rom the enzyme 

produc t ion vessel. The feedstock is a slurry of 7.5% to 15% cellulose. The 

yeast is ei ther added as a cake or recycled as a cream. 
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216 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

W h e n a compar ison is made of s imul taneous sacchar i f i ca t ion / fe rmenta t ion , 

and sacchar i f icat ion alone w i t h subsequent convers ion to ethyl alcohol of the 

glucose, one f inds a considerable enhancement of ethanol p roduc t ion as 

s h o w n in Figure II. This enhancement amoun ts to a 2 5 % to 4 0 % increase in 

y ie ld and is due to the removal of p roducts fo rmed dur ing sacchar i f icat ion 

w h i c h inhib i t the cel lulase system. Glucose and cel lobiose are feedback 

inhib i tors of enzymes in the cel lulase system. In SSF, w h e n glucose is 

removed as fast as it is p roduced, there is no p roduc t inh ib i t ion ; thus the 

enzymes func t ion more ef f ic ient ly. Figure III shows the pro jected ethanol 

p roduc t ion w h e n paper and pu lp mi l l was te is reacted w i t h a s tandard 

a m o u n t of enzyme as prote in w h i c h co inc ides w i t h a 10% v / v i nocu lum of the 

enzyme produc t ion mater ia l . It is a s imple mat ter to raise the convers ion to 

9 0 % w i t h s l ight ly more prote in , for example using a 2 0 % v / v inocu lum. 

The last step in the d i rect e thanol process is recovery of e thanol . To do th is , a 

slurry str ipper was des igned in w h i c h w e cou ld d i rect ly p u m p the mash of 

SSF into a s t r ipp ing c o l u m n and str ip the a lcohol using an u p w a r d f l ow of 

s team. Approx imate ly 2 5 % by w e i g h t e thanol concent ra t ion is obta ined in 

th is f irst step. This mater ial can then be upgraded th rough a normal 

rect i f icat ion system to ei ther industr ia l grade, moto r grade, or pharmaceut ica l 

grade ethy l a lcohol . 

There are four basic character is t ics of fe rmenta t ion processes w h i c h come to 

m i n d w h e n compar isons are made w i t h convent iona l pet rochemica l 

processing techniques. These are that fe rmenta t ion occurs at essential ly 

ambien t temperatures and pressures, incurs low corrosion of equ ipment , 

inherent ly involves l ow react ion rates, and results in low produc t concen t ra 

t ions. The f irst t w o character ist ics are advantageous and suppor t us ing 

fe rmenta t ion techno logy industr ia l ly. The second — low rates and low 

concent ra t ions — are d isadvantageous. It is the abi l i ty to manage or 

overcome these w h i c h determines whe the r or not a part icular fe rmenta t ion 

techno logy is appropr iate for commerc ia l use. Shown in Table III are the 

comb ined results ind icat ing progress made in our research laboratories and 

pi lot plant since 1975. The level of accomp l i shment in enzyme produc t ion 

and SSF ethanol y ie ld s h o w n for 1978 w a s ut i l ized for the economic 

evaluat ion and energy calculat ions w h i c h are inc luded in th is paper. 

P A R T II - T E C H N I C A L A N D E C O N O M I C E V A L U A T I O N 

The basic f lowsheet for the proposed commerc ia l process is s h o w n in Figure 

IV. 
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11. E M E R T A N D K A T Z E N Chemicals from Biomass 217 

Table L UQNO-CELLULOSE A V A L A B U T Y 
tons/year 

Coftected 
Municipal Solid Waste 140,000,000 

Pulp and Paper Mil l Waste 3.000.000 

Selected Agricultural Waste 1.000.000 

UncoMectBd 
Forest Residues 145.000.000 

W o o d Processing 20,000.000 

Agricultural Residues 300.000.000 

Table L C O M O S F T O N OF CELLULOSCS 

% Dry Solids 
Wastes Cellulose Lignin Ash Ads 

Primary clarifier sludge 48 8 18 26 

Secondary clarifier sludge 21 4 55 20 

Deinking sludge 29 4 38 29 

Super fines 62 6 8 24 

Digester rejects 65 13 1 21 

Digester fines 64 9 5 22 

Municipal solid waste RDF 61 9 8 22 

Bagasse 43 14 8 35 

Table WL PROGRESS SUMMARY 

Enzyme Production 

Residence Time 

Enzyme Act iv i ty 

(Conversion of Cellulose) 

1976 

14 days 

1976 

10 days 

1 1 % 

1977 

4 days 

5 1 % 

1978 Design 

2 days 

90% 

2 days 

90% 

Saccharification-Fermentation 

Residence Time 

Cellulose Concentration 

Ethanol Production 

(Concentration) 

6 days 

6% 

1% 

2 days 

10% 

1.8% 

1 day 

8% 

3.6% 

1 day 

8% 

3.6% 
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218 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Figure 2. Comparison of simultaneous saccharification/fermentation (SSF) and 
saccharification 
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11. EMERT AND KATZEN Chemicals from Biomass 219 

NUTRIENTS • WATER Of REACTION 
( I K tons/day) 

Municipal Solid Waste 
(500 00 tons/day) 

Saw mil Waste 
(250 00 tons/day) 
Pulp Mill Waste 
(250 00 tons/day) 

RAW 
MATERIAL 

RECEIVING 
& 

STORAGE 
SECTION 100 

MATERIAL 
PREPARATION 

I c 13.984 KW 

ENZYME 
PRODUCTION 

: I 
"I 

GENERAL 
UTILITIES 

POWER t 
13.711 KW OfFSITES 

SECTION 700 

Treated Waste Sludg 
(15 tons/day)-

f"""~TYEA! 

SIMULTANEOUS 
SACCHARIFICATION 

* FERMENTAT I Of.' 

J SECTI 

1, o l 
Enzyee / 
Recycle 

(424 00 tons/day) 

L i 
WASTE LIQUOR 

A 
CONDENSATE 
TREATMENT 

(EVAPORATION) 
SECTION 600 

Dissolved 
Solids 

ALCOHOL 
RECOVERY 

CO; VENTINĜ  

INDUSTRIAL (190°PR) ALCOHOL, 

,000 U.S. Gal/day] 

(37.440 U.S. Gal/day) 
(TOTAL » 242 tons/day) 

Figure 4. 1000 TPD feedstock 
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220 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

The nominal quant i t ies s h o w n are based on assumed avai labi l i ty of 1,000 

tons /day (dry basis) of cel lulosic wastes, con ta in ing approx imate ly 5 5 % 

cel lulose. From the data s tud ied, projected produc t ion of 75 ,000 ga l /day of 

ethanol (190° pr basis) is est imated. Also, by -p roduc t /an ima l feed in the 

a m o u n t of 267 tons /day w o u l d be produced. Inherent in th is process is the 

separat ion of insoluble sol ids, the organic conten t of w h i c h , pr imar i ly l ignin 

and unconver ted cel lulose, w o u l d become the basic fuel for the plant, 

p rov id ing essential ly all of the thermal energy and a major part of the mot ive 

(turbine-drive) energy. A mixed feedstock of mun ic ipa l sol id waste , pu lp mi l l 

was te and sawdus t was used as the basis for these balances. This, of course, 

may be var ied regional ly, and may inc lude agr icu l tura l wastes and residues. 

The essential ly sel f -conta ined process requires only small amounts of fossil 

fue l , and purchased electr ic power , w h i c h may be generated f rom fossil fuel . 

Energy balances based on net fuel value of the raw materials and products 

( inc luding fuel used to p roduce electr ic power) indicate an overal l energy 

ef f ic iency of 5 1 % as ind icated in Figure V. 

Ongo ing invest igat ions have indicated a substant ia l economic advantage in 

conver t ing 2,000 tons /day of cel lulosic was te t o 150,000 gal lons of a lcohol . 

This amoun t of was te mater ia l appears to be economica l ly avai lable at a 

number of locat ions in the U.S. Such a commerc ia l faci l i ty, p lanned for 

cons t ruc t ion du r ing the per iod 1980-82. has been est imated to cost 

approx imate ly $ 1 1 2 mi l l ion (1981 costs). As ind icated in Table IV. tota l 

p roduc t ion cost on a 100% investor equ i ty capi ta l basis is $0 .70 /ga l of 

a lcohol . The pro jected sel l ing pr ice dur ing the f irst p roduc t ion year. 1983, is 

$1 .44 /ga l e thanol , after credi t is taken for animal feed by-products and 

a l lowances are made for taxes and a 15% after- tax return on investment for a 

10-year plant life. 

Since the fac i l i ty is d isposing of was te mater ials, and may be considered a 

solut ion to a g r o w i n g nat ional sol ids was te disposal p rob lem — part icular ly 

the need for e l iminat ion of landfi l ls — the project may be considered as a 

was te disposal fac i l i ty and thereby m igh t be f inanced to a substant ia l extent 

by munic ipa l tax-free bonds. 

As s h o w n in Table V. on the basis of 8 0 % munic ipa l bond f inanc ing over 2 0 

years for the f ixed investment , and equ i ty capi tal f inanc ing of the remain ing 

f ixed investment a long w i t h bor rowed work ing capi ta l f rom convent ional 

sources, after tak ing credi t for the animal feed by-product , the tota l operat ing 

cost is $0 .59/ga l lon of a lcohol and the projected sel l ing pr ice for a 15% after

tax return on investor 's equ i ty capi tal is $0 .95/ga l lon in the year 1983. The 

1983 sell ing pr ice is atyp ica l because the federal and state taxes are reduced 

due to previous losses in interest payment prior to s tar tup of the plant. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
1



11. E M E R T A N D K A T Z E N Chemicals from Biomass 221 

Purchased Fuel Oil • 99 Bbl/D 
594 MM Btu/D 

Feedstocks 1,000 T/D (dry) 
15,088 MM Btu/D 

Fuel - 10,000 Btu/kwh 
3,290 MM Btu/D 

Power 
Plant 

329,000 kwh 
(Purchased) or 

1,151 MM Btu/D 

Heat to Cooling Water & Stack 
2,139 MM Btu/D 

± 
Flue Gas Energy Loss 
1,786 MM Btu/D 

STEAM AND POWER CO-GENERATION 

Residue 
419 T/D 

6,369 MM Btu/D/ 

PROCESS 

Heat and Mechanical 
Energy Losses 

5,967 MM Btu/D 

! Steam 2,070 T/D 
4,800 MM Btu/D 

Electric Power & Turbine Drive 
152,500 kwh/D 

521 MM Btu/D 

Alcohol 75,000 gal/D (190°Pr) 
6,000 MM Btu/D 

Animal Feed - 267 T/D (dry) 
3,080 MM Btu/D 

Overall Gross* Energy Efficiency, ( Products ) * 48% 
Feedstocks & Power 

Overall Net Energy Efficiency, (Corrected for Boiler Efficiency Differences = 51% 

(•Neglecting Differences in Boiler Efficiencies among Various Fuels) 

Figure 5. Cellulose alcohol process: energy balance, daily basis 

B.OO-

4Λ0-

Process Plant Fixed 
Curve Code Raw Material Capacity Investment Method of Financing 

A X Ethylene SO MM GPY $50.6 MM lOOt Co. Financed 
Β • Com SO MM GPY S63.1 MM 1001 Co. Financed 
C • Cellulose 50 MM GPY $112.2 MM 100X Co. Financed 
D • Cellulose SO MM GPY $112.2 MM 801 Municipal Bond 

Financing 

Figure 6. Comparative ethanol economics, selling price for 15% ROI A Τ 
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2 2 2 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Table IV. CELLULOSE ALCOHOL 2000 T/D 

Commercial Plant Investment (1981 Costs) 
50 UNI USGPY (190° Proof) Ethanol 

1981 
$ M M 

Section 100 - Raw Materials Receiving & Storage 8.95 

200 - Raw Material Preparation 11.65 

300 - Enzyme Production 8.34 

4 0 0 - S S F 16.80 

500 - Alcohol Recovery 10.42 

600 - Waste Liquor (feed molasses) & 

Condensate Treatment 13.98 

700 - General Facilities and Offsites 

Including Dryer 

Boiler 

Power Generation 

Power Distr ibution 

Scrubber 

Cooling Tower 

Wells 

Water Treatment 

Offsifes 

Office and Labs 

Maintenance & Stores 

Alcohol Storage and Shipping 

Fire Protection 

Yard Piping 

Miscellaneous 

Total Section 700 

27.46 

Total Installations $ 97.60 

+ 1 5 % Contingency 14.60 

Total Investment $112.20 
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224 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Table VI. SYNTHETIC AMD 

Baata: SO MM US9PY (ISO* Ptaaeff) Etjoaxd) 

Total Fixed Investment (TFO 
(For Construction 1980-1962) 
Working Capital 

Read ( 
Depreciation (D). 10% of TR 
License Fees. (10 yr payout) 
Maintenance. 4% of TFI 
Taxes & Insurance. 2% of TR 

Ethylene ($0.18/lb) 
Com ($3.00/bu) 
Other 

Total Praduodan Coat (TFO 

By-product Credit (S120.00/T) 

Sales. Freight. G&AO ($0.10/gal) 

Total Operating Coats 

Federal & State Taxes 

Net Profit 

M i l 

50.6 

72 
57A 

5.6 
02 
Z0 
10 

37.5 

1.2 

11.9 

03 

0.112 
0.004 
O040 
0O20 

8u8 0.176 

0.750 

0.024 

0238 

50 

65.3 

0018 
1030 

0100 

1.306 

a7 0.174 

a7 0.174 

82.7 1.654 

1Z7 
75B 

6l3 
006 
2 i 
13 

600 
005 

13.9 

23 

0.126 
0001 
0.060 
0JD26 

10.15 0203 

1200 
ooqi 

027B 

0046 
1525 7625 

( - 200) ( - 0400) 

50 0100 

714 1428 

114 0228 

114 0228 

942 1884 
(15% ROI After Taxes) 
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11. EMERT AND KATZEN Chemicals from Biomass 225 

Figure 6 shows the projected sel l ing price for a 15% return on investment 

after taxes for the 50,000,000 ga l /y r Gulf cel lulose alcohol plant and for 

fe rmenta t ion corn and synthet ic ethy lene-alcohol plants of the same capaci ty 

(Table VI). The ethy lene costs are escalated at 9%, per industry project ions, 

cel lulosics at 7%, and accord ing to USDA project ions, corn at 5%. Feedstock 

costs used as a basis for these graphs are (start ing 1983 as in Tables V and 

VI): M S W $14.00/oven-dr ied ton (ODT). S M W $21.00/ODT, Pulp mil l wastes 

$14.00/ODT. Ethylene $0 .18 /pound and corn $3.00/bushe l . Thus, the total 

feedstock cost per gal lon of e thanol p roduced is $0 ,104 in the case of 

cel lulose, $0.75 for ethylene, and $1.20 for corn. By-product credits used 

escalated f rom prices l isted in 1983 at a 7% rate. 

The t w o curves for cel lulose alcohol represent the economics for 100% 

investor equi ty capi ta l and for munic ipa l bond f inanc ing. A lso shown on the 

f igure is the projected sel l ing pr ice for ethanol at 7% and 5% inf lat ion rates. 

The cel lulose alcohol curve w i t h munic ipa l bond f inanc ing shows the effect 

of interest losses prior to the first operat ing year. The th i rd-year sel l ing price 

is more representat ive of actual economics. 

The technica l feasibi l i ty has been demonst ra ted by the research work carr ied 

out at the Gulf Oil Chemicals Company. The commerc ia l process economics, 

w h i c h are based on produc ing 50 mi l l ion ga l /y r of a lcohol , show a more 

favorable sel l ing price than grain fe rmenta t ion and synthet ic alcohols w i t h 

100% investor equi ty capital f inanc ing. W i t h munic ipa l bond f inanc ing , 

cel lulosic waste alcohol yields m u c h greater prof i tabi l i ty or much lower 

sel l ing prices to obta in a 15% return on investor equi ty. 
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12 
Methane Production by Anaerobic Digestion of 
Bermuda Grass 

DONALD L. KLASS and SAMBHUNATH GHOSH 

Institute of Gas Technology, 3424 South State Street, Chicago, IL 60616 

It is now clear that every technically and economically feasible source of 
additional methane must be tapped to meet the growing demand for natural 
gas. One potentially large-scale source of methane is land- and water-based 
biomass which can be converted to substitute natural gas (SNG) by a variety 
of techniques. Because biomass is a renewable nonfossil carbon source that 
derives its energy from photosynthetic fixation of ambient carbon dioxide, 
the concept could lead to the development of perpetually available SNG 
supplies (1). 

Perennial grasses have been suggested as one category of land-based 
biomass suitable for conversion to methane (2). Most perennial grasses can 
be grown vegetatively, and they reestablish themselves rapidly after 
harvesting. Also, more than one harvest can usually be obtained per year. The 
warm-season grasses are preferred over the cool-season grasses because 
their growth rate increases rather than declines as the temperature rises to its 
maximum in the summer months (3). In certain areas, rainfall is adequate to 
permit harvesting every 3 to 4 weeks from late February into November, and 
yields between 18 to 24 metric ton/ac-yr (8 to 10 short ton/ac-yr) of dry grass 
equivalent are believed to be attainable in managed grasslands (3). 

0097-6151/81/0144-0229$0.5.25/0 
© 1981 American Chemical Society 
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230 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Our init ial exper imenta l w o r k to s tudy the convers ion of grass to methane 

and the feasibi l i ty of deve lop ing smal l-scale instal lat ions for on-si te use by 

the indiv idual h o m e o w n e r was done w i t h c o m m o n lawn grass, w h i c h 

consis ted predominate ly of Kentucky bluegrass g r o w n in Nor thern Il l inois (4). 

Exper iments carr ied out in laboratory digesters showed that the grass can be 

conver ted d i rect ly to h igh-methane gas under convent ional anaerobic 

d igest ion condi t ions. Methane yields of 2.5 and 3.1 SCF/lb volat i le solids (VS) 

added were observed at mesophi l ic temperatures and semicont inuous 

d igest ion condi t ions. This cor responded to energy recovery ef f ic iencies as 

methane of about 2 8 % and 34%. Alkal i t rea tment of Kentucky bluegrass 

before d igest ion gave a methane yield and energy recovery ef f ic iency of 4.6 

SCF/lb VS added and 5 1 % . 

This paper summarizes the pre l iminary exper imenta l w o r k carr ied out w i t h 

the warm-season grass Coastal Bermuda grass (Cynodon dactylon) t o s tudy 

its convers ion to methane by anaerobic d igest ion. Bermuda grass is w ide ly 

d is t r ibu ted th roughou t the t rop ica l and subt rop ica l count r ies of the wor ld , 

and in the Uni ted States, is best adapted to the states south of a l ine 

connec t ing Virg in ia and Kansas (5). Coastal Bermuda grass, w h i c h tolerates 

more frost, makes more g r o w t h in the fal l , and remains green m u c h later than 

c o m m o n Bermuda grass, g rows tal l enough to be cu t for hay on a lmost any 

soil (5). From an overal l s tandpo in t of d is t r ibu t ion and g r o w t h character is t ics. 

Coastal Bermuda grass is a good candidate for b iomass energy appl icat ions. 

M A T E R I A L S A N D M E T H O D S 

D i g e s t e r s 

The d igest ion runs were carr ied out in the semicont inuous mode in w h i c h 

sequent ia l was t i ng of a por t ion of the digester contents and feeding of grass 

slurry were per formed on a dai ly basis under anaerobic condi t ions. Cus tom-

made. 7 - / , cy l indr ica l , f l a t -bo t tomed. Luci te digesters (7.5 in. ID) hav ing 

w o r k i n g vo lumes of 5 / were employed . M ix ing was prov ided by t w o 3-in. 

d iameter, stainless steel, propel ler- type impel lers m o u n t e d on a single, top -

dr iven, stainless steel shaft posi t ioned in the center of the vessel. The 

impel lers were m o u n t e d 3 in. and 6 in. f rom the bo t tom of the digester and 

were dr iven by an external ly m o u n t e d 1/8-hp AC motor at 130 rpm. Four 

internal Luci te baff les 6 in. x 3 in. X 1 in. spaced 9 0 ° apart were a t tached to 

the digester wa l l at the 6 in. x 1/4 in. surface. The long d imens ion of each 

baff le w a s perpendicu lar to the f lat b o t t o m and to ta l ly immersed in the 

cul ture. The top of the digester w a s equ ipped w i t h a the rmomete r we l l , a 

shaft seal on the st i r r ing shaft, and feed, gas removal , and gas sampl ing ports. 

The bo t tom of the digester conta ined an ef f luent w i t h d r a w a l port. 
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12. K L A S S A N D G H O S H Methane from Bermuda Grass 231 

Temperature was contro l led by m o u n t i n g the digesters in a constant 

temperature cabinet in w h i c h preheated air was cont inuous ly c i rculated. The 

gas col lect ion and measur ing system for each digester was m o u n t e d outs ide 

the constant temperature cabinet and was similar in design to that descr ibed 

previously (6). 

D i g e s t e r Feeds 

Coastal Bermuda grass was obta ined f rom the North Louisiana Hill Farm 

Exper iment Stat ion in Homer, Louisiana. The stat ion reported that the soil 

f rom w h i c h the grass was taken is classif ied as a Shubuta f ine sandy loam, a 

soil t ype c o m m o n to the Coastal Plains region of North Central Louisiana. The 

area was fert i l ized w i t h 3 0 0 lb per acre of Ν as N H 4 N 0 3 on Apr i l 22, 1977, 

and w i t h 60 lb of K 2 0 and 90 lb of P 2 0 5 /acre on Apr i l 28, 1977. The grass 

was harvested on May 23-24, 1977 w i t h a sickle bar mower , left on the 

ground the f irst day, raked into w i n d r o w s the next day, and baled on the th i rd 

day. The yield for th is cu t t i ng was approx imate ly 1.5 ton/acre . A b o u t 1400 lb 

(20 bales) were sh ipped to IGT by t ruck f re ight and arr ived on June 30. 1977. 

The bales were stored under ambien t cond i t ions in an enclosed trailer. As 

received, the grass conta ined stems and blades 3 in. or longer in length. 

A 300- lb sample of the grass was ground t w i c e in an Urschel Laboratory 

Grinder (Comitrol 3600) equ ipped w i t h a 0.030- in. cu t t i ng head, d ry -mixed in 

a r ibbon blender, and stored in a covered 20-gal plastic d r um at room 

temperature. A typ ica l part ic le size analysis of the ground grass is s h o w n in 

Table I, and the physical and chemica l propert ies of the as-received and 

ground grass as we l l as the g round grass after room- temperature storage for 

3 mon ths are s h o w n in Table II. 

Feed slurries were prepared fresh dai ly by b lending the required amounts of 

g round grass and demineral ized water . The propert ies of feed slurries 

prepared about 4 mon ths apart are presented in Table III. The pH of the 

digester contents was main ta ined in the 6.8 to 7.2 range as m u c h as possible 

by add ing a pre-determined amoun t of 1.0 Ν NaOH solut ion to the feed slurry 

before d i lu t ion to the required vo lume w i t h water. W h e n added nut r ient 

solut ions were used, the compos i t ions of w h i c h are s h o w n in Table IV. pre

selected amounts were also b lended w i t h the feed slurries before d i lu t ion to 

the f inal feed vo lume. 

A n a l y t i c a l T e c h n i q u e s 

Most analyses were per formed in dup l ica te ; several were per formed in 

t r ip l icate or higher mul t ip les. The procedures were ei ther A S T M , Standard 
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232 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Table L PARTICLE SIZE ANALYSIS OF GROUND GRASS 

U.S. Sieve Size, mm Grass Retained on Sieve. wt% 

1.18 0 

0.60 0 

0.297 36.2 

0.250 55.4 

0.212 74.6 

0.180 83.3 

0.149 87.9 

0.105 92.6 

0.063 98.5 

Table II. PHYSICAL A N D CHEMICAL CHARACTERISTICS OF GRASS 

After Storage 
As Received After Grinding and Grinding 

Ultimate Analysis, w t% 

C 47.1 47.5 

H 6.04 6.12 

Ν 1.96 

S 0.21 

Ρ 0.24 

Ca 0.30 

Na 0.08 

Κ 1.6 

Mg 0.14 

Μη 0.01 

Fe < 0.005 

Sr < 0.001 

Zn < 0.005 

Proximate Analysis. w t % 

Moisture 9.26 5.15 6.26 

Volatile Matter 95.3 95.0 95.1 

Ash 4.73 5.05 4.90 

Organic Components. w t% 

Crude Protein 12.3 

Cellulose 31.7 

Hemicellulose 40.2 

Lignin 4.1 

High Heating Value. 

Btu/dry lb 8.185 8.162 

Btu/ lb (MAF) 8.616 8.583 

Btu/ lb C 17.378 17.183 

Bulk Density, l b / f t 3 4.70 23.76 
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12. K L A S S A N D G H O S H Methane from Bermuda Grass 233 

Table ft CHARACTERBTCS OF FEED SLURRY* 

Jury 23. 1977 November 14, 

Density, g /ml at 25°C 0.944 

Total Solids. w t% of slurry 1.59 1.59 

Volatile Matter. w t % of slurry 1.51 1.50 

Total Alkalinity, m g / / as C a C 0 3 211 240 

Bicarbonate Alkalinity, m g / / 

as C a C 0 3 
137 143 

PH 6.02 6.11 

Conductivity, μ mho/cm 1.030 1.060 

Volatile Acids, m g / / 

Acet ic 104 115 

Propionic 0 24 

Butyric 0 0 

Isobutyric _0 _0 

Total As Acetic 104 136 

Chemical Oxygen Demand, m g / / 35.000 32.630 

Ammonia N. ppm as Ν 3.5 5.0 

* Formulated for loading rate of 0.1 lb VS/ f t 3 -day. 12-day detention time. 5 / culture 

volume. 

Table IV. COMPOSITION OF ADDED NUTRIENT SOLUTIONS 

Mixed Nutrient Ammonium Chloride 
Component Formulation, g// Solution, g// 

N H 4 C I 3.0 120.0 

N a H 2 P 0 4 20.0 

KI 2.0 

FeCI 3 2.0 

M g C I 2 2.0 

CoCI 2 0.25 - -

N a M o 0 2 0.10 

CuCI 2 0.10 

M n C I 2 0.10 

Ν concent ra t ion . 

mg/ml 7.85 31.42 
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234 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

Methods , or special techn iques as reported previously (6). Cellulose, 

hemicel lu lose, and l ignin in the grass and d igested sol ids were de te rmined by 

the methods of Goering and van Soist (7). 

D a t a R e d u c t i o n 

Gas y ie ld , methane y ie ld , volat i le sol ids reduct ion , and energy recovery 

ef f ic iency were ca lcu lated by the methods descr ibed previously (6). A l l gas 

data repor ted are conver ted to 60°F and 3 0 in. of mercury on a d ry basis. 

I n o c u l u m , S t a r t - U p and O p e r a t i o n 

Development of the mesophi l ic i nocu lum for the grass digester runs was 

star ted on June 22 and 29 . 1977 by accumu la t i ng dai ly ef f luents f rom 

ex is t ing laboratory d igest ion runs operat ing on g iant b r o w n kelp and on 

mixed pr imary-act ivated sewage sludge. The kelp and s ludge digesters were 

operated at 35°C and de ten t ion t imes of 18 and 5.6 days, and loading rates of 

0.1 and 0.8 lb V S / f t 3 - d a y . respect ively. The ef f luents f rom these digesters 

were col lected in o ther digesters unt i l 8 . 7 5 / o f the b iomass cu l tu re and 7 . 5 0 / 

of the s ludge cu l ture had been accumula ted . Each digester w a s then 

operated semicont inuous ly for 10 days to stabil ize its per formance. On Ju ly 

15. 1977. 1.75 / o f b iomass cu l ture and 0.75 / of s ludge cu l tu re were 

anaerobical ly t ransferred to each of t w o Bermuda grass digesters w h i c h were 

thus started w i t h 2.5 / of m ixed inocu lum. These digesters were then 

operated in the semicont inuous mode w i t h a dai ly feeding and was t i ng 

schedule des igned to increase cu l ture vo lumes by 10% per day to a vo lume of 

5 . 0 / w h i l e ma in ta in ing the de ten t ion t i m e and loading constant at about 15 

days and 0.1 lb VS/ f t 3 -day . The digesters were fed w i t h kelp, s ludge, and 

grass. The ratio of kelp VS to s ludge VS was main ta ined at 70 :30 . The 

percentages of the kelp and s ludge were gradual ly decreased wh i l e the 

percentage of grass was gradual ly increased dur ing th is t rans i t ion. The 

cu l tu re vo lume of 5 . 0 / was at ta ined on Ju ly 2 3 . 1 9 7 7 and the kelp and s ludge 

were comple te ly d isplaced by Bermuda grass by A u g u s t 19. 1977. Digest ion 

was then con t inued at the selected operat ing cond i t ions w i t h grass feed only. 

Steady-state d igest ion was def ined in th is work as operat ion w i t h o u t 

s ign i f icant changes in the gas produc t ion rate, gas compos i t ion , and ef f luent 

character ist ics. Usual ly, operat ion for t w o or three de ten t ion t imes estab

l ished steady-state per formance. 

W i t h the except ion of Run 1, w h i c h d id not achieve steady state, selected 

steady-state results are shown in Table V. Run 1 is the exper iment started as 

ind icated above to establ ish a baseline w i t h o u t added nutr ients. Runs 5 and 
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12. KLASS AND GHOSH Methane from Bermuda Grass 235 

Table V. SUMMARY Of SELECTED STEADY-STATE DATA 

Run1 d Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 
Operating Conditions 

Digester Volume. / 7 7 7 7 7 7 7 7 
Working Volume. / 5 5 5 5 5 5 5 5 
Agitation Schedule3 c c c C c c c c 
Agitation Type9 M M M M M M M M 
Feeding Frequency3 D D D D D D D D 
Nutrients Added3 0 MN MN MN Ν Ν Ν Ν 
Temperature. eC 35 35 35 35 35 35 35 55 
p H b c 68 6.9 6.9 69 6.8 6.8 6.8 6.4 
Loading Rate, lb VS/ft 3 -day 0.10 010 010 0.10 0.10 010 0.10 0.10 
Detention Time, day 12 12 12 12 12 12 12 12 
Total Solids in Feed Slurry. 
wt% 1 59 1 59 1 59 1.59 1.59 1.59 1.59 1 59 

Volatile Solids in Feed 
Slurry. wt% 1.51 1.51 1 51 1.51 1.51 1.51 1.51 1.51 

C/N Ratio in Feed Slurry 240 16 3 12.3 83 12.3 83 6.3 12.3 

Caustic Requirements, m- q/f Feed 72 66 66 103 81 81 36 42 
Gas Production0 

Gas Production Rate. 
vol/vol-day 0313 0.459 0407 0.398 0.350 0.464 0.587 0527 

Gas Yield. SCF/lb VS 
added 3 13 459 407 398 3.50 464 587 527 

Methane Yield. SCF/lb VS added 1 92 268 245 2.45 2.20 290 351 2.73 
Methane Concentration. mol% 61.4 583 603 61.7 637 62.4 59.8 51.8 
Coefficient of Variation. 
Methane Yield 10 7 6 10 9 13 9 10 

Efficiencies 
Volatile Solids Reduction. % 200 293 260 25.4 22.1 29.7 37.5 33.7 
Energy Recovered as Methane. % 22 6 31 5 288 289 258 34.1 41.2 32.1 

Effluent Volatile Acids, m g / / 
as HOAcc 1.989 2.056 1.300 2.123 2.540 1.159 354 2.273 

a "C" denotes continuous agitation "M" denotes continuous mechanical mixing "D" denotes daily feeding and wasting 
cycles "Ο" denotes no nutrients added to feed slurry. "MN" denotes mixed nutrient solution added to feed slurry "N" 
denotes ammonium chloride solution added to feed slurry 

b pH maintained in indicated range by periodic NaOH additions. 
0 Mean values. 
d Did not achieve steady state 
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236 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

6. 7 were sequent ia l ly der ived f rom Run 1. Runs 2, 3, and 4 were sequent ia l ly 

der ived f rom a repl icate of Run 1. Typical per formance of one of the runs (Run 

7) over an ex tended t ime is s h o w n in Figure 1. 

Thermophi l i c Run 8 was in i t ia ted by anaerobical ly accumu la t i ng the ef f luent 

f rom Run 7 unt i l 5.0 / had been col lected. The cu l ture w a s main ta ined in the 

batch mode at 55°C for a f e w days, and then semicont inuous operat ion w i t h 

grass was started at a de ten t ion t ime of 5 0 days and a loading rate of 0.02 lb 

V S / f t 3 - d a y . The a m m o n i u m chlor ide nut r ient so lut ion (Table IV) was added to 

the feed slurry at a rate of 1.0 ml of so lut ion per 0.02 l b / f t 3 - d a y loading. The 

loading rate w a s gradual ly increased at a constant de ten t ion t i m e ; 0.1 lb 

V S / f t 3 - d a y loading rate w a s at ta ined in 10 days. The de ten t ion t ime w a s then 

gradual ly reduced to 12.0 days over a 10-day per iod. Operat ion of Run 8 was 

then con t inued at the target condi t ions. 

D e w a t e r i n g T e s t a 

Gravi ty sed imenta t ion tests were conduc ted by a mod i f ied AEEP m e t h o d (8) 

in w h i c h a 4 0 0 - m I sample of ef f luent w a s examined in a 1 - / graduated 

cy l inder g iv ing a f lu id dep th of 140 m m . The height of the interface be tween 

the th ickened s ludge and clar i f ied supernatant is p lo t ted versus t ime. 

V a c u u m f i l t ra t ion tests were conduc ted by a modi f ied AEEP me t hod j9) in 

w h i c h a 0.05 f t 2 c i rcular Luci te leaf covered w i t h an Eimco No. NY-415 

monof i lament f i l ter c lo th w a s used in a 1 - / beaker con ta in ing 4 1 7 ml of 

ef f luent sample. 

D I S C U S S I O N 

Feed P r o p e r t i e s 

Al l of the d igest ion runs were carr ied ou t w i t h smal l part icle-size grass to 

faci l i tate m a x i m u m gas yields and produc t ion rates in the laboratory work. 

Some moisture loss was observed on g r ind ing as expected, and no s igni f icant 

changes were detected on room- tempera ture storage of the g round grass 

(Table III). Several character ist ics of the part icular lot of grass and resul t ing 

feed slurries examined in th is work ind icated that anaerobic d igest ion under 

convent iona l cond i t ions m igh t not provide good methane fe rmenta t ion . The 

mass ratios of C/N (24), C/P (196), C/Ca (157). and C / M g (336) in the dry 

grass solids and the COD/N ratio (105-112) in the feed slurry appear too high 

w h e n compared w i t h the cor responding ratios suppl ied by sui table 

substrates such as sewage s ludge and g iant b r o w n kelp. The quant i t ies of 

ammon ia Ν (3.5 m g / / ) . Ca (48 m g / / ) , Na (13 m g / / ) , and M g (23 m g / / ) in the 

feed slurries fo rmula ted to meet the desired loading rate and detent ion t ime 
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12. KLASS AND GHOSH Methane from Bermuda Grass 237 

condi t ions are also less than the s t imula tory concent ra t ions recommended 

for anaerobic t rea tment of was te (10). The concent ra t ions of N, P. Na, Ca, and 

M g m igh t thus have to be adjusted to promote adequate methane 

product ion . Also, the relat ively low pH (6.0) and bicarbonate alkal ini ty (137 

m g / / as CaCO^ of the feed slurry indicate poor buf fer ing capaci ty and 

potent ia l prob lems w i t h pH cont ro l dur ing d igest ion. 

M e s o p h i l i c D i g e s t i o n 

Representat ive data f rom Run 1, w h i c h d id not achieve steady state, as 

previously ment ioned , are s h o w n in Table V. This represents the baseline run 

w i t h o u t added nutr ients. It was found that to main ta in pH in the 6.8-7.2 

range, 72 meq N a O H / / of feed slurry was requi red; th is raised the sod ium ion 

concent ra t ion in the digester to about 1670 m g / / . Overal l , the results of Run I 

were poor. The methane y ie ld, volat i le sol ids reduct ion, and energy recovery 

ef f ic iency as methane in the product gas were low, and the volat i le acids 

concent ra t ion in the digester ef f luent was h igh. 

The per formance of Run 1 and the composi t iona l data ind icat ing possible 

nut r i t ional def ic iencies led to the evaluat ion of Runs 2, 3, and 4 at the same 

operat ing condi t ions as Run 1 except that the mixed nutr ient so lut ion in 

Table IV was added to the feed slurry to raise the concent ra t ions of the 

nutr ients. Suf f ic ient nut r ient fo rmula t ion was added to reduce the C/N ratios 

of Runs 2. 3. and 4 to 16.3. 12.3. and 8.3, respect ively Substant ia l 

improvements were observed in the per formance of these runs, but the 

volat i le acids concent ra t ions in the digester ef f luents were sti l l h igh. Also, 

there d id not seem to be a correlat ion be tween gas produc t ion and the 

concent ra t ion of added mixed nut r ient so lut ion. 

Signi f icant improvement in digester per formance was also observed w h e n 

pure NH 4 CI nut r ient so lut ion (Table IV) was added to the feed slurry as shown 

by the results in Table V for Runs 5. 6, and 7. In these exper iments, there was 

a good correlat ion of methane y ie ld, volat i le solids reduct ion, and energy 

recovery ef f ic iency w i t h the concent ra t ion of added n i t rogen. The higher the 

added n i t rogen concent ra t ion up to the h ighest concent ra t ion evaluated (C/N 

ratio 6.3; ca lculated a m m o n i a N, 1.190 m g / / ) . the higher the gas y ie ld. Figure 

2. w h i c h includes the data f rom Runs 1. 5, 6, a n d 7 as we l l as data f rom three 

other runs not s h o w n in Table V, i l lustrates th is correlat ion. No inh ib i t ion by 

added n i t rogen was observed a l though it m igh t be expected at concent ra

t ions above 1.500 m g / / (JO). 

Run 7 exhib i ted the best methane yield of 3.51 SCF/lb VS added and the 

highest volat i le solids reduct ion and energy recovery eff ic iencies of Runs 1 to 

7. Also, the volat i le acids concent ra t ion in the digester ef f luent is in the range 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
2



238 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Figure 2. Effect of ammonium chloride added to feed slurry on methane yield: 
35°C, 0.1 lb VS/ff-day, 12-day detention time 
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12. KLASS AND GHOSH Methane from Bermuda Grass 239 

expected for balanced d igest ion. The plot in Figure 2 supports the conclus ion 

that the part icular lot of Coastal Bermuda grass evaluated in this work was 

n i t rogen- l imi ted under anaerobic d igest ion condi t ions, and that con t inued 

addi t ion of a m m o n i u m chlor ide up to the highest concent ra t ion studied (C/N 

rat io of 6.3) appeared to have a s t imula tory effect on methane product ion . 

Since it is known that fert i l izat ion methods and dosage rates affect the 

n i t rogen content of Coastal Bermuda grass (JJJ, a tradeoff analysis w o u l d 

have to be per formed to establ ish the incremental benefi ts of increased 

fert i l izat ion vs. nut r ient addi t ion if an integrated product ion-harvest ing-

gasi f icat ion system were designed to manufac ture methane. 

A reasonably good linear correlat ion was found between energy recovery 

ef f ic iency as methane in the produc t gas and volat i le solids reduct ion as 

s h o w n in Figure 3. This type of correlat ion has also been found to exist for 

g iant b r o w n kelp after correct ion was made for any hydrogen in the product 

gas (6). 

T h e r m o p h i l i c D i g e s t i o n 

One run. Run 8. was carr ied out to s tudy the effect of d igest ion at 

thermoph i l i c temperatures. The results shown in Table V were obta ined w i t h 

supp lementa l n i t rogen addi t ions at the same concent ra t ion as that used in 

Run 5. Run 8 exhib i ted about 5 0 % higher gas produc t ion and volat i le solids 

reduct ion than Run 5. but due to the lower methane content in the product 

gas, the energy recovery ef f ic iency of Run 8 was only about 2 4 % higher than 

tha t of Run 5. It is apparent also that the h igh volat i le acids concent ra t ion in 

the digester ef f luent of Run 8 does not indicate balanced digest ion. 

Carbon a n d Energy Ba lancée 

It was d i f f icu l t to calculate carbon and energy balances for the digester runs 

per formed w i t h Coastal Bermuda grass because of the addi t ion of relat ively 

large quant i t ies of alkali for pH contro l and of nutr ients. These addi t ives 

con t r ibu ted to ash we igh ts . T w o techn iques were used to c i rcumvent these 

problems. One assumed that added NaOH was conver ted to N a H C 0 3 on 

ashing at 550°C and remained in the ash, and that added NH 4 CI was 

comple te ly volat i l ized on ashing. These assumpt ions are probably not st r ic t ly 

t rue. The other techn ique relied upon exper imenta l measurement of ash and 

volat i le solids in the dry d igested solids. 

The detai ls of one set of calculat ions by both techn iques are i l lustrated in 

Chart 1 for Run 1 w h i c h was per formed w i t h only added alkali. The best 

balance, 1 0 1 % carbon and 100% energy accounted for, was obta ined by the 
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12. KLASS AND GHOSH Methane from Bermuda Grass 241 

techn ique that assumed the added alkali was conver ted to bicarbonate in the 

ash. The techn ique that relied on exper imenta l ash and volat i le solids 

determinat ions gave results tha t accounted for less than the feed carbon and 

energy. But th is d id not occur in the other calculat ions, the results of w h i c h 

are summar ized in Table VI. Higher and lower deviat ions f rom 100% occurred 

w i t h each technique. 

P r o p e r t i e s o f E f f l u e n t a n d D i g e a t e d So l ids 

As already po in ted out , the volat i le acids concent ra t ions in the ef f luents f rom 

most of the runs were h igh. The detai led breakdown of the indiv idual acids 

and other propert ies are summar ized for the feed slurry and ef f luents f rom 

Runs 1, 7. and 8 in Table VII. The effects of the added NaOH and NH 4 CI on the 

alkal ini ty, ammon ia n i t rogen, and specif ic conduc t i v i t y are in the expected 

di rect ions. The convers ion of non-ammon ia n i t rogen to ammon ia n i t rogen in 

Run 1, w h i c h was conduc ted w i t h o u t added NH 4 CI , dur ing the digest ion 

process is ev ident ; the a m m o n i a n i t rogen increased f rom 3.5 m g / / in the 

fresh feed slurry to 76 m g / / in the eff luent. 

Gravity sed imentat ion and v a c u u m f i l t rat ion tests were conduc ted on the 

uncond i t ioned ef f luent f rom Run 7. The ef f luent exhib i ted rapid set t l ing 

veloci t ies (Figure 4) and the f i l t rat ion character ist ics were excel lent (Table X). 

The propert ies of the d igested solids f rom Runs 1, 7, and 8 are compared w i t h 

those of the dry feed solids in Table IX. For the tota l d igested solids, carbon 

conten t and heat ing values decreased and the ash conten t increased as 

expected dur ing d igest ion. The heat ing values of the d igested solids per mass 

uni t of carbon, however, d id not exhib i t a general decrease on digest ion. On 

this basis, the heat ing value of the digested solids f rom Run 1 was sl ight ly 

less than the cor responding value of the feed sol ids, wh i le the heat ing values 

of the solids f rom Runs 7 and 8 were higher. These t rends are probably the 

result of di f ferent rates of b iodegradabi l i ty of the organic components in the 

grass, each of w h i c h w o u l d be expected to have di f ferent heat ing values. 

To a t tempt to acquire in format ion on the degradabi l i t ies of the major classes 

of organic components in the grass, the convers ion data summar ized in Table 

X were derived f rom the composi t iona l data in Table IX by assuming that a 

decrease in the concent ra t ion of any organic componen t was caused by 

gasi f icat ion. This assumpt ion is not str ic t ly t rue, but it permi ts f irst-

approx imat ion calculat ions of relative biodegradabi l i t ies. Hemicel lu lose, 

w h i c h was present in the highest concent ra t ion , was conver ted to gas at the 

highest yield w i t h one except ion, wh i le the crude protein f ract ion and the 

l ignin f ract ion gave the lowest gas yields. The except ion appears to be 
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242 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Table VI. S U M M A R Y OF CARBON AND ENERGY BALANCES 

Accounted For 
Feed Carbon, % Feed Energy, % 

Run 1 9 4 . 0 a . 1 0 1 b 9 3 . 4 a . 1 0 0 b 

Run 7 8 5 . 7 a , 1 1 5 b 9 6 . 7 a . 1 1 6 b 

Run 8 1 0 7 a , 1 1 6 b 1 0 6 a . 1 1 6 b 

a Calculated from experimental determinations for moisture, volatile solids, ash. carbon, and 

heating values of feed and digested solids, and yield and composit ion of product gas. 

Volati le solids in digested solids calculated f rom percent volati le solids reduction. 

b 
Calculated from parameters in footnote " a " except that ash in digested solids estimated by 
assuming original ash in feed is in digested solids, that NaOH used for pH control is 
converted to N a H C 0 3 on ashing at 500° C and remains in ash. that that N H 4 CI. if added, is 
volatilized on ashing. 

Table VII. COMPARISON OF FEED AND DIGESTER EFFLUENT SLURRIES 

Parameter* Feed Run 1 Run 7 Run 8 

pH 6.0 6.8 6.8 6.4 
Total Alkalinity, m g / / as CaCU3 221 3.182 2.571 2.906 
B i c a r b o n a g e A l k a l i n i t y , m g / / as 

C a C 0 3 137 1.525 2.276 1.013 
Ammonia Nitrogen, m g / / 3.5 76 738 500 
Specific Conductivity, μιτιηο/οπη 1.030 5.000 12.540 6.250 
Volatile Acids (Filtrate), m g / / 

Acet ic 104 1.461 238 1.821 
Propionic 0 541 126 323 
Butyric 0 43 5 71 
Isobutyric 0 42 9 125 
Valeric 0 25 2 72 
Isovaleric 0 54 3 18 
Caproic 0 0 0 14 
Total As Acetic 104 1.989 354 2.273 

* Mean Values 

Table VIII. VACUUM FILTRATION CHARACTERISTICS OF 
UNCONDITIONED DIGESTER EFFLUENT. RUN 7 

TEST TEMPERATURE 26"C 

Effltftnt Ç j k j Yirtd-
TS.wt% VS.wt%ofTS TS.wt% VS.wtttofTS Dry Cake, lb/ft2 -hr Filtrate, lb/lb dry cake 

1 6 6 788 16 8 96 9 12.3 115 
1 6 6 78 8 1 6 3 97 1 13.1 155 

30 sec cycle time. 6 sec form time. 12 sec drying time. 12 sec removal time. 20 in. Hg. 
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12. K L A S S A N D G H O S H Methane from Bermuda Grass 243 

Figure 4. Interface height vs. time for gravity settling of unconditioned effluent 
from Run 7 
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244 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Table IX. COMPARISON OF DRY FEED A N D DIGESTED SOLIDS 

Digested Solids* 

Dry Feed Run 1 Run 7 Run 8 

Ultimate Analysis. w t% 

C 47.1 37.6 30.2 43.9 

H 6.04 4.78 5.43 5.50 

Ν 1.96 2.34 6.65 2.34 

Proximate Analysis, w t% 

Moisture 5.15 

Volatile Matter 95.0 81.8 78.8 80.2 

Ash 5.05 18.2 21.2 19.8 

Organic Components. w t% 

Crude Protein (Kjeldahl Nx6.25) 12.3 14.6 

Hemicllulose 40.2 17.7 15.9 37.9 

Cellulose 31.7 17.5 13.6 19.5 

Lignin 4.1 7.4 4.5 13.6 

Heating Value 

Btu/dry lb 8.185 6.237 6.021 7.721 

Btu/ lb (MAR 8.616 7.625 7.641 9.627 

Btu/ lb C 17.378 16.588 19.957 17.588 

* Prepared by evaporation of total effluent to dryness on steam bath, pulverization, and 

drying in an evacuated desiccator to a constant weight. 

Table X. COMPARISON OF ORGANIC COMPONENT CONVERSION 

Run 1 Run 7 Run 8 
Component Mass Ratio Gasified, Gasified, Gasified. 

In Feed Solids wt% Ratio* wt% Ratio* wt% Ratio* 

Hemicellulose 1.0 55.1 1.0 67.3 1.0 16.2 1.0 

Cellulose 0.79 43.8 0.63 64.5 0.76 45.3 2.2 

Crude Protein 0.30 0 0 

Lignin 0.10 0 0 9.3 0.01 0 0 

* Expressed as mass of indicated component gasified per unit mass of hemicellulose 

gasified. 
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12. K L A S S A N D G H O S H Methane from Bermuda Grass 245 

thermoph i l i c Run 8, in w h i c h less hemicel lu lose was conver ted than 

cel lulose. The higher level of unconver ted hemicel lu lose than cel lulose in Run 

8 may be an art i fact caused by convers ion of cel lulose at thermoph i l i c 

cond i t ions to der ivat ives w h i c h are detected in the hemicel lu lose f ract ion. 

The exper imenta l data also indicate that a small a m o u n t of the l ignin f ract ion 

was conver ted in Run 7. Overal l , the polysacchar ide f ract ion is more 

b iodegradable than the protein and l ignin f ract ions. The low biodegradabi l i ty 

of l ignin under anaerobic d igest ion cond i t ions is expected, wh i le the higher 

b iodegradabi l i ty of the hemicel lu lose m igh t be predic ted because it has a 

higher react iv i ty to acid and alkali than cel lulose. The lower b iodegradabi l i ty 

of protein w i t h respect to the monosacchar ides and polysacchar ides in giant 

b r o w n kelp has been reported (12). 

T h e r m o d y n a m i c E s t i m a t e s 

The entha lpy of d igest ion, p roduct gas compos i t ion , and methane yield for 

the lot of grass examined in th is w o r k were est imated as s h o w n in Chart 2. 

The process is projected to be s l ight ly exothermic , — 1 7 3 Btu / lb grass 

reacted, w h i c h agrees we l l w i t h the s l ight exo thermic i ty reported for kelp (6). 

Assuming that 2 0 % of the carbohydrate f ract ion and 7% of the prote in 

present in the grass w o u l d be conver ted to n e w bacterial cells by anaerobic 

fe rmenta t ion and hence not be avai lable for methane produc t ion by a single 

pass th rough the fermentor , the m a x i m u m theoret ical y ield of methane is 

g iven by (12): 

(1 lb VS added - 0.176 lb VS to cells) f 7 9 2 S C F CHM - 6.87 S C F C h 4 

\ 0 . 9 5 lb VS / lb VS-pass 

The highest exper imenta l y ield obta ined in th is w o r k is 3.5 SCF/lb VS added 

(Run 7) or 5 1 % of the theoret ica l m a x i m u m value. Thus, considerable yield 

improvements are sti l l possible. 

C o m p a r i s o n W i t h O t h e r S u b s t r a t e s 

The gas yields and volat i le sol ids reduct ion and energy recovery ef f ic iencies 

f rom Coastal Bermuda grass are compared in Table XI w i t h those obta ined 

f rom other substrates under s imi lar mesophi l ic d igest ion condi t ions. The 

n i t rogen-supp lemented Bermuda grass was conver ted to methane at about 

the same eff ic iencies as giant b r o w n kelp and pr imary sewage sludge. The 

non-supp lemented Bermuda grass, however, af forded considerably lower 

methane yields and eff ic iencies than these substrates. Untreated Kentucky 

bluegrass was somewha t bet ter in per formance than Coastal Bermuda grass. 
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246 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

Chart 2. Summary of Thennodynamk Calculations 

I. Crass Composition C, 47.10 wt% (dry) 
H, 6.04 
N, 1.96 
S, 0.21 
0, 39.64* 

Ash, 5.05 

II. Empirical Formula C 3 q 2 ^ 0 ^ N Q u S Q Q Q J Ashj Q , Mol. Wt. 100 

III. Heat of Digestion, Gas Composition, Methane Yield 

a. Assuming Ν and S can be neglected and C1U and C0 2 are the only products 

C3 92 H5 99 °2 48 + 1 , 1 8 2 H 2 ° " 2 , 0 8 9 C H " + 1 , 8 3 1 C ° 2 

Gas composition: 53.3 moIX CH*, 46.7 molZ C0 2 

Methane Yi e l d : 7.92 SCF CHw/lb grass reacted (max.) 

b. For 1.00 lb dry grass reacted: 

Input = 8,185 Btu 

Output- 8,012 Btu 

Heat of Reaction: 8,012 - 8,185 - -173 Btu 

*By difference. 
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12. KLASS AND GHOSH Methane from Bermuda Grass 247 

Table XI. COMPARISON OF COMPOSITIONS AND SELECTED 
STEADY-STATE ANAEROBIC DIGESTION RESULTS 

Compositional Coastal Kentucky Giant Primary 
Parameter Bermuda Grass Bluegrass 0 Brown Kelp f Sludge 9 

C. w t% 47.1 45.8 27.8 43.75 

H. w t% 6.04 5.9 3.73 6.24 

N. w t% 1.96 4.8 1.63 3.16 

Moisture. w t% 5.15 7.8 88.8 94.12 

Volatile matter. w t% 95.0 86.5 57.92 73.47 

Ash. w t% 5.05 13.5 42.08 26.53 

High heating value. Btu/dry 

lb 8.185 8.052 4.620 8.537 

High heating value. Btu/lb 

(MAR 8.616 9.309 7.977 11.620 

High Heating value. Btu/lb 

C 17.378 17.581 16.619 19.513 

Digestion Conditions 
Mechanical Ag i ta t ion 3 c C C C C 

Feeding Frequency a D D D D D 

Nutrients A d d e d b O d N e 0 0 0 

Temperature. °C 35 35 35 35 35 

6.8 6.8 7.1 7.0 7.0 

Loading Rate, lb V S / f r -day 0.10 0.10 0.13 0.10 0.10 

Detention Time, day 12 12 12 12 12 

C/N Ratio in Feed Slurry 24.0 6.3 9.54 17.1 13.8 

Gas Production 
Gas Production Rate, vol/vol-day 0.313 0.587 0.55 0.662 0.78 

Gas Yield. SCF/lb VS added 3.13 5.87 4.20 6.62 7.8 

Methane Yield. SCF/lb VS added 1.92 3.51 2.54 3.87 5.3 

Methane Concentration. mol% 61.4 55.9- 60.4 58.4 68.5 

Efficiencies 
Volatile Solids Reduction. % 20.0 37.5 25.1 43.7 41.5 

Energy Recovered as Methane. % 22.6 41.2 27.6 49.1 46.2 

a " C " denotes continous agitation. " D " denotes daily feeding and wast ing cycle. 
b " O " denotes no nutrients added to feed slurry. " N " denotes ammonium chloride added to 

feed slurry. 
c RunBo fRe f .4 . 
d Run 1 of Table 5. 
e Run 7 of Table 5. 
f Run2o fRef . 12. 
9 Experimental data obtained w i th primary thickened sewage sludge in laboratory digesters 

under standard high-rate conditions. Sludge obtained f rom Metropoli tan Sanitary District 

of Greater Chicago. 

American Chemical 
Society Ubraiy 

Ï1M 169 St N. W. 
ttllBglm, D. C. 2003· 
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248 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

S U M M A R Y A N D C O N C L U S I O N S 

Bermuda grass (Cynodon dactylon) is one of the h igh-y ie ld warm-season 

grasses tha t has been suggested as a promis ing raw mater ial for convers ion 

to methane. Exper imental work per formed w i t h laboratory digesters to s tudy 

the anaerobic d igest ion of Coastal Bermuda grass harvested in Louisiana and 

hav ing a C/N rat io of 2 4 is descr ibed. Methane yields of about 1.9 SCF/lb of 

volat i le sol ids (VS) added were observed under convent iona l mesophi l ic 

h igh-rate condi t ions. W h e n supp lementa l n i t rogen addi t ions were made, t h e 

methane yields increased. This observat ion a long w i t h the compos i t iona l 

data compi led on the grass used in th is w o r k ind icated tha t the n i t rogen 

con ten t of the unsupp lemented grass w a s insuf f ic ient to sustain h igh-rate 

d igest ion at the higher y ie ld level. H o w e v e r as the C/N rat io was reduced by 

add i t ion of a m m o n i u m chlor ide, the methane yield cont inua l ly increased up 

to 3.5 SCF/lb added at the lowest C/N rat io examined (6.3) even after 

relat ively h igh concent ra t ions of a m m o n i u m n i t rogen were measured in the 

ef f luent. It appears that the added nut r ient had a s t imu la tory ef fect on 

methane produc t ion above the point where n i t rogen w a s not l im i t ing . 

Thermophi l i c d igest ion w i t h supp lementa l n i t rogen addi t ions af forded 

methane yields of about 2.7 SCF/lb VS added. Carbon and energy balances 

were ca lcu lated and the relat ive b iodegradabi l i t ies of the organics were 

est imated. 

It was conc luded f rom th is w o r k tha t Coastal Bermuda grass can be 

conver ted to h igh -methane gas under convent iona l anaerobic d igest ion 

cond i t ions The per formance of the part icular lot of grass s tud ied was 

substant ia l ly improved by supp lementa l n i t rogen addi t ions. 
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12. KLASS AND GHOSH Methane from Bermuda Grass 249 
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13 
Advanced Digestion Process Development for 
Methane Production from Biomass-Waste Blends 

SAMBHUNATH GHOSH and DONALD L. KLASS 

Institute of Gas Technology, 3424 South State Street, Chicago, IL 60616 

Biomass and organic wastes (discarded biomass or biomass-derived material) 
may supply up to 15% of the U.S. energy needs by the end of this century via 
gasification or other conversion schemes (1). One conversion process that is 
expected to play a role in producing methane from biomass and wastes is 
anaerobic digestion. Commercial production of substitute natural gas (SNG) 
and medium-Btu fuel gas by anaerobic digestion of waste materials has 
already started in the U.S. and other countries (2). Increased usage of the 
anaerobic digestion process for methane production is, however, hindered 
because of the low reaction rate and conversion efficiency of the 
conventional digestion process. New digestion techniques are needed to 
improve conversion rates and efficiencies so that the full potential of 
anaerobic digestion as a methane-producing process can be realized. 

Starting with the crude septic tank, a number of improved process 
configurations, including "standard-rate" digestion, stage digestion, "high
-rate" digestion, and the anaerobic contact process, have evolved during the 
nearly 100 years of application of the anaerobic digestion process to sewage 
sludge stabilization. However, the design requirements of even one of the 
best anaerobic sludge stabilization modes, high-rate digestion, result in 
large expensive plants that are difficult to justify for commercial SNG 
production. An additional problem with the conventional digestion process is 

0097-6156/81/0144-0251 $07.00/0 
© 1981 American Chemical Society 
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252 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

that 4 0 to 7 0 % of the feed organics remain unconver ted and mus t be 

disposed of at substant ia l cost. Considerable research, such as tha t reported 

by Pohland and Ghosh (3). Gavett (4), Ort (5,6). Swi tzgable (7). Klass et al. (8). 

Ghosh et al. (9). Ghosh and Klass (10, ] \ ) t Haug (12). and others (13) has 

therefore been d i rected to the deve lopment of bet ter d igest ion methods. 

Considerable w o r k has been done at the Inst i tu te of Gas Techno logy since 

1971 to develop advanced digest ion methods and process conf igurat ions for 

the convers ion of var ious organic feeds to h igh-Btu fuel gas (8-11). In th is 

paper, w e w i l l descr ibe a f e w selected advanced d igest ion concepts and the 

results of thei r appl icat ion to b iomethanat ion of a mixed b iomass-waste 

b lend. The te rm "advanced d iges t ion" as used in th is paper includes 

unconvent iona l fe rmenta t ion modes and process conf igura t ions for improved 

methane produc t ion rate and y ie ld. 

The research reported here consisted of a laboratory evaluat ion of several 

advanced d igest ion methods and a selected b iomass-waste b lend. The 

object ive of th is w o r k was to search for an o p t i m u m bioconvers ion system 

conf igura t ion , and the u l t imate goal is to apply th is conf igura t ion to the 

p roduc t ion of SNG. Specif ical ly, the advanced d igest ion techn iques s tud ied 

were d igest ion of pretreated feed, recycl ing of d igester ef f luent and produc t 

gas. aerobic pos t t rea tment and recyc l ing of d igester ef f luent , and two-phase 

d igest ion. 

The exper imenta l p lan consisted of: 

• Convent ional h igh-rate d igest ion under basel ine operat ing cond i t ions of 

35°C d igest ion temperature . 0.1 lb V S / f t 3 - d a y loading and a 12-day 

detent ion t ime. 

• Mesophi l ic (35°C) and thermoph i l i c (55°C) d igest ion of feed subjected to 

mi ld alkal ine (sodium hydroxide) pre t reatment w i t h recycl ing of spent 

caust ic for fresh feed t rea tment and neutral izat ion of t reated feed w i t h 

digester gas to min imize acid neutral izer requirement . 

• Mesophi l ic (35°C) d igest ion w i t h p roduc t gas recycl ing. 

• Mesophi l ic (35°C) d igest ion w i t h recycl ing of aerobical ly post t reated 

digester ef f luent. 

• Two-phase d igest ion. 
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13. GHOSH AND KLASS Methane from Biomass-Waste 253 

M A T E R I A L S A N D M E T H O D S 

D i g e s t e r Feeds 

Four feedstocks, wa te r hyac in th (Eichhornia crassipes) and Coastal Bermuda 

grass (8) (Cynodon dactylon) ind igenous to the Gulf Coast, and sewage 

s ludge and munic ipa l sol id was te (MSW) were considered for b ioconvers ion 

to methane. Convent ional mesophi l ic (35°C) h igh-rate d igest ion of a b iomass-

s ludge blend prepared w i t h these mater ials showed that the mixed feed was 

superior to the single feeds in terms of nutr i t ional balance and methane yield 

and produc t ion rate (14-16). Ut i l izat ion of a b iomass-waste blend has several 

advantages. Use of a blend faci l i tates feedstock supply on a year-round basis, 

and a mixed feed may be superior to biomass alone in terms of process 

economics. In add i t ion , use of a b iomass-waste blend provides the 

oppor tun i t y for s imul taneous energy recovery and waste stabi l izat ion in an 

opt imized integrated system. The feed used for the work descr ibed in this 

paper is a mix ture of sewage lagoon e f f luen t -g rown water hyac in th , Coastal 

Bermuda grass, the combus t ib le f ract ion of munic ipa l sol id waste, and mixed 

act ivated-pr imary s ludge b lended in the mass ratio of 32.3:32.3:32.3:3.1 on a 

volat i le solids (VS) basis. This part icular ratio was selected based on the 

projected avai labi l i ty of these feed componen ts for a commerc ia l plant in the 

Gulf States area. The biomass and M S W componen ts were f inely g round 

before b lending. 

The mixed feed had a median part ic le size of 0.25 m m . It had moisture, VS, 

carbon, n i t rogen, phosphorus, sulfur, hydrogen, ca lc ium, sod ium, potass ium, 

magnes ium, cel lulose, hemicel lu lose. l ign in. and crude prote in contents and a 

high heat ing value of 88.97. 82.78 (of tota l solids). 43.14, 1.64, 0.43. 0 .31 , 

5.60, 1.23. 0.78, 1.05, 0.22. 37.5. 31.8. 4.6. and 10.1 w t %. and 7.445 Btu / lb 

(dry), respectively. The mixed feed had the empir ica l fo rmula C3595 H5545 

Ο1.979 N 0 .117 p o.o i4 S0.010 A s h 1 7 2 2 at a molecular w e i g h t of 100, and a 

theoret ical methane yield on anaerobic d igest ion of about 6.4 SCF/lb VS 

added (14).* Also, it was de termined by long- term batch d igest ion tests that 

this mixed feed had an u l t imate anaerobic b iodegradabi l i ty or volat i le solids 

dest ruct ion ef f ic iency of 6 6 % (14). 

Digester feed slurries were prepared by d i lu t ing a we ighed mass of the feed 

accord ing to the loading rate w i t h dist i l led demineral ized water to a vo lume 

determined by the hydraul ic detent ion t ime of the run. 

• Assumes 30% of volatile solids converted to cells on one pass through the digester. 
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254 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

D i g e s t e r s 

The d igest ion runs were conduc ted in cus tom-made, f l a t -bo t tomed, 

cy l indr ica l Plexiglas digesters hav ing four vert ical baff les m o u n t e d 90° apart 

on the inside wal ls to prevent vor tex ing of the cu l ture dur ing mechanica l 

ag i ta t ion by t w o stainless steel impel lers at 130 rpm. The digesters were 

heated by p lac ing t h e m in a constant - tempera ture chamber or by thermis tor -

cont ro l led heat ing tapes. A l l d igesters were geometr ica l ly s imi lar in 

cons t ruc t ion . The cu l ture vo lumes of the var ious digesters are ind icated in 

the tabula t ions of the exper imenta l results. Except for the two-phase system, 

all d igesters were manual ly fed once per day after w i t h d r a w i n g an equal 

vo lume of digester ef f luent . As descr ibed later, the two-phase system was 

equ ipped w i t h an au tomated feeding system. 

A D V A N C E D S Y S T E M C O N F I G U R A T I O N A N D O P E R A T I O N 

D i g e s t i o n o f P r e t r e a t e d Feed 

The mixed hyac in th -g rass-MSW-s ludge feed w a s pretreated w i t h caust ic 

soda solut ion at m i ld temperatures and pressures in an a t tempt to improve 

feed b iodegradabi l i ty and methane y ie ld. Treatment temperatures (5°. 25° , 

55° . 100°. 121°C) and pressures (atmospher ic and 3 0 psig) and d i lu te caust ic 

concent ra t ions were selected for the pre t reatment studies for reasons of 

lower react ion vessel costs, reduced energy and chemica l inputs , and to keep 

the salt concent ra t ion in the digester low. Alkal ine t rea tment under these 

cond i t ions is expected to be a cost-ef fect ive me t hod for increasing methane 

produc t ion f rom cel lulosic feeds (14.17). 

Digest ion of the caust ic- t reated feed w a s conduc ted at selected mesophi l ic 

(35°C) and thermoph i l i c (55°C) temperatures. Flow d iagrams dep ic t ing the 

exper imenta l sequence are presented in Figures I and II. The processing steps 

inc luded m ix ing of the und i lu ted feed w i t h caust ic so lu t ion, pre t reatment at 

the chosen temperature , pressure, and t i m e ; d i lu t ing the t reated feed w i t h 

dist i l led demineral ized water and neutral izat ion of the digester feed slurry 

w i t h hydrochlor ic ac id or digester gas; and d igest ion of the pretreated 

neutral ized feed. In some runs, the digester feed slurry w a s neutral ized w i t h 

the digester gas to reduce neutral izer ac id requ i rement and digester sal ini ty, 

and to increase the b icarbonate alkal in i ty (buffer capaci ty) . In sti l l o ther runs, 

the caust ic- t reated feed w a s v a c u u m f i l tered, and a por t ion of the f i l t rate 

con ta in ing the spent caust ic so lut ion w a s recycled for fresh feed pretreat

ment . Filtrate recyc l ing reduced the caust ic requ i rement for feed pretreat

ment . the acid requi rement to neutral ize the pretreated feed, and the salt 

concent ra t ion in the feed slurry and digester. 
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13. GHOSH AND KLASS Methane from Bio mass-Waste 255 

I I - / DIGESTER 

G A S 

CAUSTIC 

NoOH ι P R E T R E A T M E N T H 2 0 

SOLUTION / j j ^ " 1 ^ 1 

MIXING FEED S L U R R Y N E U T R A L I Z A T I O N 

PREPARATION 

E F F L U E N T QAS COLLECTION 

Figure 1. Experimental sequence for mesophilic digestion of caustic-treated feed 

MIXING PRETREATMENT 
IN 55"C/KX)*C 

INCUBATOR 

- ALTERNATE PATH 

Figure 2. Experimental sequence for thermophilic digestion of caustic-treated feed 
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256 BIOMASS AS A NONFOSSIL FUEL SOURCE 

D i g e s t i o n W i t h P r o d u c t Gas R e c y c l i n g 

The system used to conduc t the gas recycl ing studies is s h o w n in Figure III. 

Digester gas was c leaned and dr ied by passing it t h rough a g lass-wool 

par t icu late t rap, a water -coo led condensate t rap, and a C a S 0 4 - f i l led gas-

dry ing co lumn. The c lean, dry gas was recycled at a selected recycle ratio 

(defined as the rat io of recycled gas f l ow rate in dry s tandard cub ic feet at 

60°F and 30 in. Hg to the digester gas p roduc t ion rate in dry s tandard cub ic 

feet) into the d iges t ing cu l ture th rough a glass dif fuser. Exper iments were 

conduc ted at gas recycle ratios ranging f rom about 2 t o 125. The pressure 

di f ference across the gas p u m p cor responding to these recycle ratios ranged 

f rom about 1 to 9 psi. 

D i g e s t i o n W i t h R e c y c l i n g o f A e r o b i c a l l y P o s t t r e a t e d D i g e s t e r E f f l u e n t 

The purpose of th is s tudy was to examine the effect of aerobic biological 

pos t t reatment of d igester ef f luent on the b iodegradabi l i ty of recalc i t rant feed 

componen ts passing unconver ted or part ial ly conver ted t h r o u g h the digester. 

Presuming tha t aerobic t rea tment of the digester ef f luent improved 

b iodegradabi l i ty . recycl ing of the t reated sol ids was expected to increase 

methane produc t ion rate and yield w i t h s imul taneous and enhanced 

reduct ion of the ef f luent solids and soluble organics load d ischarged f rom the 

overal l anaerobic-aerobic system. 

In the exper imenta l process conf igura t ion (Figure IV). d igester ef f luent was 

aerobical ly t reated in a 1 4 / cu l tu re vo lume semicont inuous ly . or in a 2 / 

cu l tu re vo lume batch act ivated s ludge unit . Aera t ion and mix ing were 

accompl ished by d i f fused aerat ion. Dissolved oxygen was moni to red by a 

lead-silver galvanic probe inserted in the cul ture. The 1 4 / act ivated s ludge 

uni t was a t w o - c o m p a r t m e n t tank, the aerat ion chamber of w h i c h was 

separated f rom the adjacent set t l ing zone by a vert ical plate. This uni t was 

used for semicont inuous operat ion at aerator detent ion t imes greater than 2 

days. Sett led s ludge w i t h d r a w n f rom the b o t t o m of the sett ler was recycled 

to the digester. The 1 4 / uni t w a s operated at 35°C w i t h an air f l ow rate of 

1 / / m i n . Var ious runs were c o n d u c t e d at selected aerator de tent ion t imes 

and s ludge recycle rat ios (def ined as the vo lume of recycle s ludge d iv ided by 

the vo lume of the digester feed). 

The 2 / batch uni t was operated under cond i t ions of l imi ted aerat ion (0.12 

/ / m i n ) at an ambien t tempera ture of about 25°C). The f i l l -and-draw 

act ivated s ludge uni t was fed dai ly w i t h 1.667 ml of f resh digester ef f luent 

after w i t h d r a w i n g an equal vo lume of mixed l iquor aerated for 2 4 hours. 

Selected vo lumes of the aerator mixed l iquor were recycled to the digester to 
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13. GHOSH AND KLASS Methane from Biomass-Waste 257 

Figure 4. Recycling system for aerobically-posttreated digester effluent 
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258 BIOMASS AS A NONFOSSIL FUEL SOURCE 

obta in the desired recycle ratio (defined as the ratio of the vo lume of mixed 

l iquor to the vo lume of fresh feed). In some exper iments, the aerator feed 

(fresh digester eff luent) was pretreated w i t h d i lu te sod ium hydrox ide solut ion 

for 2 4 hours at 100°C. The recycle s ludge was deoxygenated w i t h a he l ium 

purge in some runs before charg ing it to the digester. 

T w o - P h a s e D i g e s t e r 

Two-phase d igest ion has considerable potent ia l for increasing methane 

p roduc t ion rate and yield (3.10,18,^9). It is a mul t i -s tage, h igh-rate d igest ion 

process in w h i c h ac idogenic and methanogen ic fermentat ions are opt imized 

in separate digesters. The two-phase sys tem used in our w o r k consis ted of a 

comple te ly mixed acid-phase digester and a comple te ly mixed methane-

phase digester or a methane-phase anaerobic f i l ter packed w i t h Raschig rings 

(Figure V). The acid digester w a s gravi ty fed f rom a sealed overhead feed 

reservoir hav ing a he l ium or argon blanket above the feed slurry. Caust ic-

t reated feed w a s del ivered to th is d igester in smal l s lugs up to 7 0 t imes per 

day by a t imer-operated valve to obta in operat ing cond i t ions closely 

approach ing those of con t inuous feeding. Eff luent f rom the acid digester 

over f lowed d i rect ly to the comple te ly mixed methane-phase digester. 

A l ternat ive ly , part of th is ef f luent was v a c u u m f i l tered, and the f i l t rate was 

fed con t inuous ly to the anaerobic f i l ter f r o m a constant -head Mar io t te bot t le 

suppl ied w i t h he l ium to f i l l the reservoir gas phase. 

The packed-bed anaerobic f i l ter had a gross vo lume of 1 8 . 5 / and a void 

rat io of 0.63. Filter ef f luent was reci rculated con t inuous ly to the inlet end at a 

reci rculat ion rat io of 5.1 (defined as the rat io fo the recycle f l ow rate to the 

dai ly feed f l ow rate) to d i lu te the incoming feed and accelerate the t ranspor t 

of d igest ion products out of t he cul ture. The f i l ter had a hydraul ic detent ion 

t ime of about 2.33.days (defined as the gross vo lume d iv ided by the dai ly 

feed f l ow rates). 

The two-phase system feed was supp lemented w i t h external n i t rogen, 

phosphorus, and magnes ium to ensure tha t feed hydrolysis, ac id i f icat ion, and 

gasi f icat ion were not nut r ient l imi ted. 

RESULTS A N D D I S C U S S I O N 

C o n v e n t i o n a l H i g h - R a t e D i g e s t i o n 

Steady-state per formance of convent iona l h igh-rate mesophi l ic d igest ion of 

the b iomass-waste blend at the baseline loading and detent ion t ime is 

presented in Table I. The methane yields f rom repl icate baseline runs ranged 
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13. GHOSH AND KLASS Methane from Biomass-Waste 261 

be tween 3.4 and 3.5 SCF/lb VS added. These yields were be tween 53.1 and 

54.7% of the theoret ical methane yie ld. As expected for digesters of similar 

geomet ry and m ix ing conf igura t ion , cu l ture vo lume had no discernib le effect 

on methane produc t ion (compare Runs 5 M , 6 M , and 3 M A ) . Nutr i t ional 

studies, the detai ls of w h i c h were presented in an earlier paper (14), showed 

that convent iona l d igest ion of the b iomass-waste feed was not nut r ient or 

g rowth - fac to r l imi ted. The per formance of subsequent advanced d igest ion 

runs w a s evaluated w i t h reference to the baseline per formance data reported 

in Table I. 

Methane yield decreased to 2.4 SCF/lb VS added (43.8% of theoret ical yield) 

w h e n the loading rate was increased to 0.18 lb V S / f t 3 - d a y and the detent ion 

t ime decreased to 9 days (Table I). These data indicate that convent ional 

d igest ion process ef f ic iency w o u l d decrease substant ia l ly as the loading rate 

is increased and the detent ion t ime is decreased beyond the baseline values 

of these parameters. Unconvent iona l or advanced d igest ion methods are thus 

needed to overcome the l imi ta t ions of the convent iona l h igh-rate process. 

D i g e s t i o n o f P r e t r e a t e d Feed 

As poin ted out previously, on ly about 6 6 % of the hyac in th -g rass-MSW-

sludge feed VS was de termined to be biodegradable under long- term batch 

d igest ion condi t ions. A b o u t 5 2 % of the b iodegradable organics and 3 2 % of 

the cel lulose componen t of the feed were gasif ied at the baseline operat ing 

cond i t ions of 0.1 lb V S / f t 3 -day loading and a 12-day detent ion t ime (14). 

These data suggest that 3 4 % of the feed organics resisted anaerobic 

degradat ion, and tha t only about one-hal f or less of the biodégradables cou ld 

be gasif ied by convent iona l h igh-rate d igest ion. One probable explanat ion for 

the low bioconvers ion ef f ic iency was tha t hydrolysis and ac id i f icat ion l imi ted 

the d igest ion of the h ighly f ibrous l ignocel lu losic feed (14). If th is is the case, 

then considerable improvement w o u l d be expected w h e n the feed is 

pretreated chemica l ly to hydrolyze the complex polymer ic substances or to 

conver t t h e m to a fo rm sui table for subsequent enzymat ic hydrolysis. 

Ac id or alkaline t reatments of par t icu late feeds have been shown to improve 

digester gas yields (17,22-25). Ac id hydrolysis was not used in our work 

because severe react ion cond i t ions are required, and there is considerable 

decompos i t ion of the hydro ly t ic products under these condi t ions (26). Di lute 

alkal ine pret reatment was evaluated because alkali was shown to be more 

ef fect ive in p romot ing hydrolysis of cel lulosic biomass than acid (j_7,26). It is 

postu la ted, for example, that sod ium hydrox ide breaks d o w n the cross-l inked 

l ignin macro-molecu les sur round ing the cel lulose f ibers into alkal i-soluble 

lower -molecu la r -we igh t uni ts. In th is way . the cel lulose f ibers are exposed for 
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262 BIOMASS AS A NONFOSSIL FUEL SOURCE 

enzymat ic hydrolysis dur ing anaerobic d igest ion. Also, it has been suggested 

that alkali t rea tment hydrolyzes ester bonds be tween the uronic acids of 

hemicel lu lose and l ignin (27), thereby enhanc ing the b iodegradabi l i ty of 

hemicel lu lose. 

As already ment ioned , d igest ion runs w i t h caust ic t reated feed were 

conduc ted under a var iety of operat ing condi t ions. The results of a f e w 

selected runs w i t h pretreated feed are presented in Table II. The data in th is 

table s h o w that the highest mesophi l ic (35°C) methane y ie ld . 4.10 SCF/lb VS 

added, f rom d igest ion of the pretreated feed at a loading of 0.1 lb V S / f t 3 - d a y 

and a 12-day de ten t ion t ime w a s obta ined w i t h w e t feed pretreated w i t h 3 w t 

% caust ic so lut ion. However, the mesophi l ic methane y ie ld (3.92 SCF/lb VS 

added) f rom feed t reated w i t h 1 w t % NaOH solut ion w a s not s ign i f icant ly 

di f ferent. Also, neutral izat ion of the pretreated feed or add i t ion of external 

n i t rogen to the digester d id not af fect the mesophi l ic methane yield. These 

observat ions indicate tha t an increase in mesophi l ic methane y ie ld up to 2 0 % 

may be expected at a loading of 0.1 lb V S / f t 3 - d a y and a de ten t ion t ime of 12 

days w i t h alkal ine pret reatment . 

Thermophi l i c (55°C) d igest ion of the caust ic- t reated feed at 0.4 lb V S / f t 3 - d a y 

loading and a 6-day detent ion t ime showed the same methane yield of about 

4 SCF/lb VS added as observed dur ing mesophi l ic d igest ion of the pretreated 

feed at a 0.1 lb V S / f t 3 - d a y loading and a 12-day de ten t ion t ime (Run 5 T / 2 4 . 

Table II). However , the thermoph i l i c gas p roduc t ion rate was 4-5 t imes the 

mesophi l ic rate. A lso, the caust ic requi rement for feed pre t reatment w a s 

lower for the thermoph i l i c run o w i n g to the recyc l ing of the spent caust ic 

solut ion. 

A thermoph i l i c methane yield of about 3.7 SCF/lb VS added, w h i c h was sti l l 

larger than the basel ine y ie ld , w a s observed at a loading rate of 0.43 lb V S / f t 3 

-day and a de ten t ion t ime of 5.5 days w h e n the caust ic- t reated feed was 

neutral ized to pH 10 w i t h digester gas instead of to pH 9 w i t h hydrochlor ic 

acid(Run 5 T / 2 6 . Table III). This reduced yield resul ted f rom increased loading 

and decreased de ten t ion t ime. As expected, a h igher b icarbonate alkal in i ty 

cou ld be main ta ined w h e n the digester w a s charged w i t h pretreated feed 

neutral ized w i t h digester gas. In add i t ion , neutral izat ion of the alkal ine feed 

w i t h p roduct gas e l iminated the need for neutral iz ing acid and prov ided a 

method of carbon d iox ide removal f rom the digester gas. This techn ique 

should provide a reduct ion in the cost of feed t rea tment and digester gas 

c leanup. 
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13. GHOSH AND KLASS Methane from Biomass-Waste 263 

Table II. MESOPHILIC (3BaC) AND THERMOPHILIC (55°C) DIGESTION OF 
HYACINTH-QRAS8-M8W-SLUDGE BLEND PRETREATED WITH 

CAUSTIC SODA 80LUTION 

Neutralization Method 

Operating Conditions 
Culture Volume. I 
Loading, lb VS/ft3-day 
Detention Time, days 

Qas Production 
Rate, std vol/vol 
culture day 

Methane Content, mol % 
Methane Yield. 
SCF/lb VS added 

Effluent Quality 
PH 
Volatile Acids. 
mg/f as acetic 

Total Alkalinity. 
mg/f asCaC03 

Bicarbonate Alkalinity. 
mg/f asCaC03 

VS Reduction. % 
Energy Recovery in 
Collected Methane. % 

Mesophilic 
Run 6M A/13* 

No neutralization 
of caustic-

treated feed 

10 
0.1 
12 

0.606 
59.5 

4.10 

684 

20 

2618 

2592 

41 9 

46 1 

Run •MA/22b 

Whole feed to 
pH 8-8.4 
with acid. 

10 
0.1 
12 

0.670 
58 1 

392 

6.71 

21 

2433 

2412 

41.0 

44.1 

Thermophilic Digester Feed 
Run 5T/24C Run 5T/26d 

Mixed vacuum filter Mixed vacuum filter 
cakes plus filtrate to cakes plus filtrate 

pH 9 with acid. to pH 10 with acid. 

5 
0.4 
6.0 

2.851 
56.4 

4.00 

7.35 

99 

6075 

5993 

43.1 

45.0 

5 
0.43 
5.5 

2.911 
56.0 

3.68 

743 

140 

6298 

6240 

40.0 

41.4 

The fresh feed was treated with 140 ml of 3 wt % NaOH solution at 55°C for 24 hr The treated feed was not neutralized, and no 
N H 4 C I was added 
Feed pretreatment same as Run 6MA/13 except that 140 ml of 1 wt % NaOH solution was used at 25°C for 24 hr. The treated 
feed was neutralized with HCI to the indicated pH and supplemented with 10 ml of 120-g/l NH4CI solution. 
Fresh feed was treated with 160 ml of 3 wt NaOH solution at 100°C for 24 hr. The treated feed was vacuum filtered, and about 
158 g of filter cake and 200 ml of filtrate were fed to the digester after dilution to the proper volume and neutralization with HCI 
to pH 9. 
Fresh feed was treated in the same way as in Run 5T/24. except that the alkaline feed slurry was neutralized by bubbling a por
tion of the digester gas (Ave 9.2 f . range 7.19-11.55 f ) through it. The average pH of the digester feed after gas neutralization 
was 9.98 (range 9.31 -11.55). 
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13. GHOSH AND KLASS Methane from Biomass-Waste 265 

The exper imenta l data suggest the fo l low ing sequence of operat ions for 

improved d igest ion of the hyac in th -grass-MSW-s ludge feed: 

1. Caustic t rea tment of und i lu ted feed for 24 hr at 100°C w i t h 3 w t % NaOH 

and recycl ing of spent caust ic so lut ion. Fresh caust ic is added at the rate 

of about 3 meq per g ram of VS. Spent caust ic recycle f l ow rate is 75 vol 

% of the feed slurry f l ow rate. 

2. Dewater ing of the pretreated feed. Dewatered cakes and the balance of 

the f i l t rate after recycl ing are fed to the digester. 

3. Neutral izat ion of alkal ine feed slurry w i t h digester gases. 

4. Thermophi l i c d igest ion of the feed at a loading rate of 0.4 lb V S / f t 3 - d a y 

and a detent ion t ime of 6 days. 

D i g e s t i o n W i t h P r o d u c t Gas a n d P o s t t r e a t e d E f f l u e n t R e c y c l i n g 

The second major advanced system was concerned w i t h the recycl ing of 

product gas and l iquid ef f luent to the digester. The ef f luent was post t reated 

before recycl ing. The product gas was dehydra ted before reci rculat ion to the 

d igest ing cul ture. The aqueous ef f luent was subjected to var ious forms of 

post t reatment inc lud ing sonicat ion, s imple heat t rea tment for 30 m in at 

270°F and 25 psig. and act ivated s ludge t rea tment to improve the 

biodegradabi l i ty of the undigested solids. Recycl ing of sonicated and heat-

t reated s ludge to the digester d id not increase methane yield above the 

baseline yield. Gas recycl ing and act ivated s ludge p o s t t r e a t m e n t w h i c h 

ef fected a higher system VS reduct ion, w i l l be discussed here. 

Gas R e c y c l i n g 

Recycl ing of product gases th rough the d igest ing cu l ture was expected to 

increase methane p roduc t ion because of addi t ional methane fermenta t ion 

f rom increased reduct ion of carbon d iox ide and because the sweeping act ion 

of the recycled gas m i g h t be expected to accelerate removal of the gaseous 

products sur round ing the microorgan isms thereby min imiz ing end-produc t 

repression. 

Digester gases were recycled at var ious recycle ratios f rom 2 to 125. The best 

methane yield of 3.95 SCF/lb VS added, w h i c h was about 15% higher than 

the baseline y ie ld, was observed at a gas recycle ratio of 3 9 (Table III). The 

gas-phase d i lu t ion rate at th is recycle ratio was about 0.2 hr" ' . The existence 

of an o p t i m u m gas recycle rat io is rat ional ized as fo l lows: As the gas recycle 
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266 BIOMASS AS A NONFOSSIL FUEL SOURCE 

ratio is increased, the oppor tun i t y for carbon d iox ide reduct ion and sweep ing 

of the gaseous d igest ion products out of the digester increases thereby 

s t imu la t ing methane produc t ion . H o w e v e r as the gas recycl ing rat io is 

increased fur ther, the cu l ture is increasingly saturated w i t h gaseous end 

p roduc ts ; th is w o u l d tend to repress or inhib i t addi t ional methane 

product ion . The oppos ing ef fects of increasing gas recycle on methane 

produc t ion equal each other at the o p t i m u m gas recycle rat io w h i c h 

maximizes methane y ie ld. 

It should be noted tha t dur ing gas recyc l ing, the test d igester was 

mechanica l ly mixed as in the baseline cont ro l runs so tha t the effect of the 

recycled gas on test digester methane p roduc t ion cou ld be evaluated. Since 

mechanica l m ix ing alone was designed to provide comple te mix ing of the 

digester contents , the benef ic ial ef fect of gas recyc l ing may not be a t t r ibu ted 

to ef fects such as substrate t ranspor t and subst ra te-microorganism contact . 

M i ld mechanica l m ix ing also proved to be benef ic ial dur ing gas recycl ing 

because scum fo rmat ion , w h i c h arises due to gas f lo ta t ion of d igester sol ids, 

was surpr is ingly not a p rob lem even at very h igh gas recycle ratios. The 

reason for th is w a s tha t mechanica l ag i ta t ion at a m ix ing Reynolds n u m b e r of 

about 9,000 dispersed the surface sol ids and moved t h e m d o w n into the 

cu l ture by the fo ld ing act ion of the t w o propel ler mixers p laced at heights of 

one and t w o impel ler d iameters above the digester b o t t o m . The results of the 

gas recycl ing exper iments showed that modest increases in methane yield 

can be obta ined by recycl ing product gas at an o p t i m u m gas recycle ratio. 

Dual mechanica l and gas m ix ing e l iminated the s c u m prob lem associated 

w i t h gas m ix ing alone. 

A e r o b i c S l u d g e P o s t t r e a t m e n t o f D i g e s t e r E f f l u e n t 

The object ive of aerobic post t reatment is to treat the " re f rac tory" ef f luent 

organics to render t h e m biodegradable, and to increase methane produc t ion 

by recycl ing the post t reated mater ia l for fu r ther d igest ion. Post t reatment may 

be preferred to pre t reatment because it on ly treats the recalc i t rant residue 

remain ing after the b iodegradable mater ial is gasif ied and not the to ta l solids 

in the feed. Thus, the organic loading rate on the post t reatment process is 

substant ia l ly lower than tha t for a simi lar pre t reatment process. Also, wh i le 

improv ing the b iodegradabi l i ty of the recalc i t rant feed f ract ion, pre t reatment 

may adversely af fect the d igest ib i l i ty of feed componen ts that are easily 

gasi f ied in their or ig inal forms. Post t reatment obviates th is prob lem. 

Aerob ic b iochemica l and chemica l -b iochemica l post t reatments were inves

t iga ted because several species of fung i and aerobic organisms are k n o w n to 

hydrolyze and degrade complex l ignocel lu losic substances to s impler 
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13. G H O S H A N D K L A S S Methane from Biomass-Waste 267 

substances (26). Trichoderma viride. Cellulomonas, and Cytophaga hutchin-

sonii. Cytophaga vulgaris are examples of aerobic microorganisms that 

mediate these react ions (28.29). Because some aerobes cannot ef f ic ient ly 

at tack l ignocel lu losic cel lulosic complexes (30,31). one run was also 

conduc ted in w h i c h the aerator feed (digester eff luent) was predigested w i t h 

hot caust ic to make the f ibers avai lable for aerobic decompos i t ion (28). 

Finally, act ivated s ludge post t reatment of the digested residue was also 

conduc ted under cond i t ions of " l i m i t e d " aerat ion to arrest cel lulose 

b reakdown before the fo rmat ion of monomer ic products (hexose, pentose, 

etc.) w h i c h are readily oxidized aerobical ly and, thus, become unavai lable for 

gasi f icat ion), so tha t the products of part ial aerobic d igest ion cou ld be 

gasif ied anaerobical ly upon recycl ing to the digester. Evidence of part ial 

cel lulose degradat ion by l imi ted aerat ion was presented by Kalnins (32), w h o 

showed that Bacterium protoziodes decomposed cel lulose to dextrose w i t h 

an un l imi ted supply of oxygen. However, w h e n the supply of oxygen was 

l imi ted, dextrose p roduc t ion was s topped, but the organism decomposed an 

increased quant i t y of cel lulose to derive an amoun t of energy equivalent to 

that obta ined dur ing degradat ion of cel lulose to dextrose. Thus, the 

advantage of l imi ted aerat ion pos t t rea tment is that it should l imi t 

degradat ion of the residual sol ids to forms that are lost by ox idat ion before 

recycl ing to the digester. 

Post t reatment studies of digester ef f luent conduc ted in the 1 4 - / mesophi l ic 

(33°-34°C) aerobic s ludge uni t at de ten t ion t imes of 2.4 and 5.3 days, and an 

air f l ow rate of 1 / / m i n produced sett leable s ludge w h i c h , w h e n recycled to 

the digester at recycle ratios of 5.3 and 33.7%, ef fected digester methane 

yields based on fresh-feed volat i le sol ids ranging between 2.81 and 3.51 

SCF/lb VS added. These yields were lower than or equal to the baseline 

methane yield observed under the same digester operat ing condi t ions, w h i c h 

ind icated that aerobic biological pos t t rea tment at long detent ion t imes and a 

high air f l ow rate (producing residual aerator dissolved oxygen concent ra t ion 

of 0.7 to 2.8 m g / / ) d id not enhance methane product ion . However, residue 

post t reatment in the 2 - / batch uni t operated under l imi ted aerat ion 

cond i t ions (no residual dissolved oxygen in aerator) was superior in that 

recycl ing of th is s ludge at a 5 6 % recycle rat io led to a modest increase in the 

digester methane yield (Run 1 M A / 1 3 . Table III). The methane yield d id not 

increase fur ther w h e n the recycle s ludge w a s deoxygenated. the recycle ratio 

was increased f rom 56 to 2 5 7 % (Run 1 M A / 1 8 ) , or the feed to the aerator was 

pretreated w i t h hot caust ic. It is interest ing to note that the volat i le solids 

reduct ion increased w h e n the aerobic post t reatment me thod was used as 

s h o w n by the overal l VS reduct ion of Run 1 M A / 1 8 . 
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268 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T w o - P h a s e D i g e s t i o n o f S l u r r y S y s t e m s 

Two-phase studies were under taken to develop a mul t is tage h igh-rate 

process superior to convent iona l d igest ion. Results of selected two-phase 

runs are presented in Tables IV and V. Two-phase d igest ion of the unt reated 

feed at an overal l de tent ion t ime of 7.6 days and a loading rate of 0.26 lb 

V S / f t 3 - d a y exh ib i ted a to ta l gas p roduc t ion rate of 1.35 std vo l / vo l of cu l tu re-

day and an ef f luent volat i le acid concent ra t ion of about 19 m g / / (Run 

A 3 0 / M 1 6 . Table IV). Thus, the two-phase system had a gas p roduc t ion rate 

tha t w a s about 2.5 t imes tha t of convent iona l baseline d igest ion, and yet had 

about the same ef f luent volat i le acid concent ra t ion as tha t observed dur ing 

convent iona l d igest ion at a 12-day de ten t ion t ime. The methane y ie ld for th is 

run. however , w a s about 2 SCF/lb VS added, and the volat i le acid (VA) y ie ld 

f rom th is system w a s es t imated to be 0.31 (mass of V A as acet ic d iv ided by 

mass of VS added), w h i c h ind icated tha t hydrolysis and ac id i f icat ion of the 

feed organics were ineff ic ient. To improve th is cond i t ion . Run A 3 C / M 3 C was 

conduc ted w i t h caust ic- t reated feed. Gas p roduc t ion rate, methane y ie ld , and 

acid y ie ld f rom th is run were 1.5 std vo l / vo l of cu l ture-day. 3 SCF/lb VS 

added, and 0.49, respect ively, all of w h i c h were substant ia l ly h igher than 

those observed w i t h the unt reated feed. The volat i le acid y ie ld coef f ic ient of 

0.49 for the sol id b iomass-waste feed was lower than the acid y ie ld of 0.73 

reported by Ghosh and Pohland (33) for two-phase d igest ion of t he s imple 

soluble sugar, g lucose, suggest ing tha t it may sti l l be possible to improve the 

VS-to-ac id convers ion ef f ic iency beyond tha t realized by caust ic t reatment . 

Further acid y ie ld or b iodegradabi l i ty increase is expected to be d i f f icu l t to 

achieve and may require more severe feed pret reatment . 

Run A 7 C / M 7 C in Table IV had the same operat ing cond i t ions as the t w o 

other runs discussed above, but received only external n i t rogen instead of 

external n i t rogen, phosphorus and magnes ium. Inspect ion of the data in 

Table IV shows tha t e l iminat ion of external phosphorus and magnes ium f rom 

the feed d id not af fect two-phase process per formance. This observat ion 

correlated w i t h the results of the convent iona l d igest ion runs w h i c h showed 

that the b iomass-waste blend used in th is work was not nut r i t ional ly 

def ic ient. Al l two-phase process feeds, however , were for t i f ied w i t h external 

n i t rogen to guard against any def ic iency of th is e lement due to loss that 

cou ld occur dur ing caust ic t rea tment of the feed. A d d i t i o n of external 

n i t rogen w o u l d not be required in a commerc ia l process ut i l iz ing a proper ly 

des igned con t inuous pre t reatment reactor. 

To test kinet ic potent ia l of the two-phase system, addi t ional runs were 

conduc ted at decreased detent ion t imes of 5 and 4 days, and increased 

loading rates (Table V). A temperature of 55°C was selected for the ac id-
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13. GHOSH AND KLASS Methane from Biomass-Waste 269 

Table IV. EFFECT OF FEED PRETREATMENT ON TWO-PHASE MESOPHILIC (35°C) 
DIGESTION OF HYACINTH-QRA88-MSW-8LUDGE BLEND 

Untreated Feed Caustic Traatad Feed 
Run AM/MI β Run A3C/M3C Run A7C/M7C 

Operating Condition*' 
Acid-Phase Culture Volume, t 16 16 16 
Methane-Phase Culture Volume. / 45 45 45 
Acid-Phase Loading. 

lbVS/ft3-day 1.0 10 10 
Methane-Phase Loading. 
lbVS/ft3-day 0.32 0.32 0.32 

Acid-Phase Detention Time, days 2.0 2.0 2.0 
Methane Phase Detention Time. 
days 5.6 5.6 5.6 

Overall Loading, lb VS/ft3-day 0.26 0.26 0.26 
Overall Detention Time, days 7 6 7 6 7 6 
External Nutrient Additions 
to Acid-Phase Feed N.P.Mg N.P.Mg Ν 

Gas Production 
Rate, std vol/vol culture-day 
Acid Phase 1.346 - -
Methane Phase 0.924 - — 
Total 1.035 1484 1.443 

Methane Content, mol % 
Acid Phase 49 2 - -
Methane Phase 59.0 - -
Total 497 528 559 

Gas Yield. SCF/lb VS added 
Acid Phase 1.34 - -
Methane Phase 2.91 - -
Total 3.98 563 5.50 

Total Methane Yield. 
SCF/lb VS added 1 98 2.87 3.07 

Effluant Quality 
PH 
Acid Phase 5.86 6 72 6 82 
Methane Phase 6.44 7.03 7.15 

Volatile Acids, mg/y as acetic 
Acid Phase 1047 2440 I860 
Methane Phase 19 287 148 

Efficiency 
VS Reduction. % 24 2 34 2 33 4 
Energy Recovery in Collected 
Methane. % 22 3 33 4 34.5 

" No alkali was used for digester pH control. The acid-phase feeds for Runs A3C/M3C and A7C/M7C were pretreated for 24 hr 
with 2.561 of 1 wt % NaOH solution in a total volume of 4 8 f under ambient conditions. The product gases from each phase 
were collected together for these two runs. 
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270 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Table V. THERMOPHILIC IBB'C) ACID-PHASE AND MESOPHILIC (3B"C) 
METHANE-PHASE DIGESTION OF PRETREATED HYACINTH-GRAS8-M8W-8LUDQE BLEND 

Operating Conditions' 
Acid-Phase .Culture Volume, f 
Methane-Phase Culture Volume. I 
Acid-Phase Loading, lb VS/ft3-day 
Methane-Phase Loading, lb VS/ft -day 
Acid-Phase Detention Time, days 
Methane-Phase Detention Time, days 
Overall Loading, lb VS/ft3-day 
Overall Detention Time, days 
External Nutrient Additions 

to Acid-Phase Feed 
Gas Production 

Rate, std vol/vol culture-day 
Acid Phase 
Methane Phase 
Total 
Methane Content, mol % 
Acid Phase 
Methane Phase 
Total 
Gas Yield. SCF/lb VS added 
Acid Phase 
Methane Phase 
Total 
Total Methane Yield. SCF/lb VS added 

Effluent Quality 
PH 
Acid Phase 
Methane Phase 

Volatile Acids, mg/f as acetic 
Acid Phase 
Methane Phase 

Efficiency 
VS Reduction. % 
Energy Recovery m Collected Methane. % 

Run A3B/M21 

5 
20 
2.0 
044 
1.0 
4.0 
0.40 
50 

Ν 

3.189 
1 553 
1.880 

60.3 
59.6 
598 

1.53 
335 
4.70 
2.81 

699 
7.05 

1734 
347 

28.6 
31.6 

Run A37/M23 

5 
20 
2.5 
0.56 
0.80 
32 
0.50 
4.0 

Ν 

3.472 
1.740 
2.086 

58.5 
59.1 
57.9 

1.40 
3.11 
425 
2.46 

7.05 
7.05 

2255 
591 

25.8 
27.7 

No alkali was used for digester pH control. The acid-phase digester feed was pretreated for 24 hr with NaOH solution at 
ambient conditions. The caustic concentration in the slurry was 142 meg/f 
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13. GHOSH AND KLASS Methane from Biomass-Waste 271 

phase digester because of the earlier observat ion that th is thermoph i l i c 

temperature improved gasi f icat ion rates at higher loadings and shorter 

detent ion t imes w i t h o u t s igni f icant ly a f fect ing methane yield. As s h o w n in 

Table V, an overall system gas p roduc t ion rate of 1.9 std vo l /vo l cu l ture-day, a 

methane yield of 2.8 SCF/lb VS added, and an ef f luent volat i le acid 

concent ra t ion of about 3 5 0 m g / / were observed at a system loading and 

detent ion t ime of 0.4 lb V S / f t 3 - d a y and 5 days, respectively. As expected, gas 

produc t ion rate and ef f luent volat i le acids concent ra t ion increased to about 

2.1 s td vo l /vo l cu l ture-day and 6 0 0 m g / / , and methane yield decreased to 

about 2.5 SCF/lb VS added w h e n the system detent ion t ime was decreased 

to 4 days and the system loading was increased to 0.5 lb V S / f t 3 - d a y . Volat i le 

acid yields at the 5- and 4-day detent ion t imes were, however, about the 

same. 0.46 and 0.50, respectively. Compar ison of acid product ion yield 

coef f ic ients for the runs in Tables IV and V indicated that volat i le solids 

convers ion to volat i le acids is s igni f icant ly increased by alkal ine feed 

pret reatment . Furthermore, it was observed that , wh i le the VS-to-ac id 

convers ion ef f ic iency of the pretreated feed remained the same as the system 

detent ion t ime was decreased f rom 7.6 to 4 days, the gas produc t ion rate 

increased by 5 0 % compared to a 17% decrease in methane yield. These 

observat ions indicate that it is desirable to operate the two-phase system at a 

detent ion t ime of 4 days or less, and to couple this system to a cell mass 

recycl ing device (e.g.. anaerobic settler) to prevent methane yield reduct ions 

and volat i le acids accumula t ion associated w i t h short de tent ion t imes. It 

should be noted, however, that set t l ing of relat ively concent ra ted d igested 

b iomass-waste slurry and anaerobic sett ler operat ion were prob lemat ic and 

appeared impract ica l in l ight of our exper ience w i t h cus tom-des igned 

laboratory sett lers. A n al ternate approach, w h i c h has the same effect of 

main ta in ing higher cell densi ty and increasing solids retent ion t ime (SRT) as 

in a sett ler, is a packed bed anaerobic f i l ter. W i t h this reactor, it is be possible 

to conduc t d igest ion at short hydraul ic retent ion t ime (HRT) and sti l l obta in 

h igh methane yield and low ef f luent volat i le acid concent ra t ion because of 

the h igh SRT. 

P a c k e d - B e d A n a e r o b i c D i g e s t e r 

The packed-bed anaerobic digester, c o m m o n l y referred to as an anaerobic 

" f i l te r " , was operated w i t h f i l t rates f rom the v a c u u m f i l t ra t ion of the ac id-

digester ef f luent. Filtrate was used because unf i l tered acid-digester ef f luents 

tended to c log the packed bed. The feed to the packed-bed digester had 

volat i le acids concent ra t ions be tween 1500 and 2 0 0 0 m g / / as acet ic and a 

solids conten t of about 0.5 w t %. The digester was operated at an HRT of 

about 2.3 days and a loading rate of about 0.15 lb V S / f t 3 - d a y based on the 

gross f i l ter vo lume (1.5 days and 0.24 lb V S / f t 3 -day w h e n based on the void 
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272 BIOMASS AS A NONFOSSIL FUEL SOURCE 

or cu l ture volume). Eff luent reci rculat ion and cu l ture temperature had 

s igni f icant effects on gas product ion (Table VI). Recirculat ion of the ef f luent 

f rom the top to the bo t tom of the bed increased gas product ion rate by 76%, 

wh i le also increasing the methane yield by 45%. Methane content was above 

70 mo l % w i t h or w i t h o u t reci rculat ion. Increase in mean digester 

temperature f rom 33° to 38°C decreased gas p roduc t ion rate by about 2 0 % 

and methane yield by about 25%. Depending on the operat ing cond i t ion , 

volat i le acids concent ra t ions in the f i l ter ef f luent var ied be tween 90 and 190 

m g / / (Table VI), w h i c h were sti l l lower than those in the slurry methane 

digester operated at a h igher HRT of 5.6 days (Table V). 

It should be po in ted out tha t the per formance of the packed-bed methane 

digester is more dependent perhaps on the in f luent volat i le acids 

concent ra t ion than the overal l VS loading rate. Thus, f i l ter per formance w i t h 

acid-digester f i l t rate m igh t be expected to be better than that obta ined w i t h 

methane-d igester ef f luents having comparab le volat i le acids content . 

H y p o t h e t i c a l M u l t i - S t a g e D i g e s t i o n P r o c e s s 

The u l t imate object ive of th is research was to synthesize a hypothet ica l 

b iomass-waste pi lot process design based on the results of our invest igat ion 

of p romis ing advanced d igest ion modes. The w o r k presented here prov ided 

in format ion on the ef fects of alkal ine p r e t r e a t m e n t alkali recyc l ing, d igest ion 

temperature , and digester gas recyc l ing ; h e a t sonicat ion, and aerobic 

pos t t rea tment and recyc l ing of d igested s ludge under di f ferent aerat ion, 

s ludge recycle, and aerator de tent ion t ime cond i t ions ; s lurry and packed-bed 

d iges t ion ; and two-phase d igest ion. The results of th is w o r k are suggest ive of 

an advanced b iomass-waste d igest ion sys tem as dep ic ted in Figure VI. 

Add i t iona l w o r k to refine the pre- and pos t t rea tment techn iques and t w o -

phase process opt imizat ion is better c o n d u c t e d in a pi lot system simi lar to 

that of Figure VI . 

The hypothet ica l system is necessari ly a mul t i -s tage system to accomodate 

p r e t r e a t m e n t mul t i -s tage phasic d igest ion, and d igested residue post t reat

ment . The hydraul ic residence t ime in the to ta l sys tem is about 6 days 

a l low ing for 12 hr of d i lu te caust ic p r e t r e a t m e n t 12-24 hr of the rmoph i l i c 

acid d igest ion. 2-5 days of s lurry-phase mesophi l ic methane d igest ion. 2 days 

of mesophi l ic packed-bed methane d igest ion, and 12 hr of l imi ted-aerat ion 

bio logical t rea tment of t he d igested s ludge. Based on the data comp i led in 

th is work , methane yields up to 5.5 SCF/lb VS added are expected for th is 

t ype of conf igura t ion. 
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13. GHOSH AND KLASS Methane from Biomass-Waste 275 

S U M M A R Y 

A series of exploratory anaerobic d igest ion exper iments was per formed w i t h 

a mixed b iomass-waste feed to search for d igest ion conf igurat ions that 

provide improved per formance over that of convent iona l h igh-rate d igest ion. 

The techn iques s tud ied were pret reatment of the feed w i t h caust ic soda, 

p roduc t gas recycl ing to the digester, recyc l ing of aerobical ly t reated digester 

ef f luent to the digester, two-phase d igest ion w i t h comple te mix ac id- and 

methane-phase reactors, and packed-bed. methane-phase d igest ion of the 

ef f luent f rom an acid-phase reactor. Amb ien t - tempera tu re pret reatment of 

the feed blend w i t h d i lu te caust ic and recycl ing of the product gas each 

af forded higher methane yields and volat i le solids reduct ion eff ic iencies than 

high-rate d igest ion alone. It was found that spent caust ic cou ld be recycled 

for fresh feed pre t reatment and that neutral izat ion was not necessary before 

feeding to the digester. Two-phase d igest ion in the comple te -mix reactors 

gave methane yields and reduct ion eff ic iencies about the same as those of 

high-rate d igest ion but at m u c h higher loadings and reduced detent ion t imes 

thereby of fer ing s ign i f icant reduct ions in equ ipment size for the same 

th roughpu ts . The use of a packed-bed anaerobic f i l ter as a methane-phase 

reactor also showed considerable promise for operat ion at reduced detent ion 

t imes w h e n the f i l ter ef f fuent was recycled to the f i l ter inlet. Analysis of the 

data f rom the exper iments conduc ted to s tudy each advanced d igest ion 

techn ique indicates tha t an integrated series of uni t processes consis t ing of 

d i lu te caust ic pret reatment , thermoph i l i c acid-phase d igest ion, mesophi l ic 

comple te -mix and packed-bed methane-phase d igest ion, and l imi ted-

aerat ion aerobic t rea tment of the methane-phase ef f luents coupled w i t h 

recycl ing should exhib i t d igest ion eff ic iencies and methane yields near the 

upper pract ical l imits. 
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14 
Methane Production from Landfills 
An Introduction 

EDWARD J. DALEY, IRA J. WRIGHT, and ROBERT E. SPITZKA 

Brown and Caldwell Consulting Engineers, Resource Recovery and Energy 
Conservation, 1501 North Broadway, Walnut Creek, CA 94596 

The sanitary landfill process was developed to provide a means of disposal of 
wastes, particularly urban refuse and industrial solid wastes, in a manner that 
will not pollute the environment. In simple terms, this is accomplished by 
sealing the wastes to prevent interaction with the environment. Soil with low 
permeability provides the seal. The integrity of the seal is dependent upon the 
quality of the landfill operation, especially the cover soil compaction 
requirements. In a well-designed landfill, the movement of moisture and gas 
into or out of the interior of the landfill is significantly restricted to create a 
relatively closed environment for the wastes. 

Within this closed environment can be found an extremely wide variety of 
materials. Though waste composition differs widely from place-to-place and 
from season-to-season, a typical landfill can be expected to have a 
composition similar to that shown in Table I (1). The waste contains 
considerable moisture (about 25 percent by weight) and a high concentration 
of organics. As a result of the collection, unloading, spreading, and 
compaction of wastes during landfilling, the fill material will be hetero
geneous with a large surface area-to-volume ratio. It will be under 
compression due to the weight of the compacted trash and earth above it. 

Dur ing the landf i l l ing process, a cer ta in a m o u n t of air w i l l be t rapped in the 

landfi l l interior a long w i t h the trash. The quan t i t y of air cannot be determined, 

but can logical ly be expected to be signi f icant . A smal l amoun t of free wa te r 

0097-6156/81/0144-0279$05.00/0 
© 1981 American Chemical Society 
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14. DALEY ET AL. Methane from Landfills 281 

is also likely. There are t w o pr imary sources for th is water. It may result f rom 

wate r entra ined in the waste that is released because of compac t ion , or it 

may result f rom rainfall occur ing dur ing the day prior to the p lacement of 

cover soil over the t rash. In poorly designed landfi l ls, it could also result f rom 

ra inwater percolat ion th rough the cover soil or g roundwate r inf i l t rat ion. 

The temperature w i t h i n the landfi l l is af fected by the insulat ing qual i ty of the 

soil (2). The landfi l l in many respects is an ideal env i ronment for chemica l 

and microbia l act iv i ty . It provides a large quant i ty of organics w i t h a large 

surface area- to-volume ratio, s igni f icant amounts of air and water , is under 

compress ion, and is very temperature-constant . As a result, the solid waste is 

subject to extensive chemica l and microbia l decompos i t ion . Over a period of 

many years, these natural processes conver t the organic f ract ion of the solid 

was te into a fair ly inert waste mater ia l and generate l iquid and gaseous 

byproducts , inc lud ing methane. Landf i l l decompos i t ion has been the subject 

of considerable scient i f ic invest igat ion over the last few years. Researchers 

are develop ing a better unders tanding of the mechanics of the physical 

processes involved and h o w they affect the generat ion of methane. 

C h e m i c a l Fac to rs 

A l t h o u g h the chemica l and microbia l factors cannot , in reality, be understood 

separately, it is useful to discuss major chemica l changes w h i c h take place 

w i t h i n the landfi l l s ince they serve to accelerate the breakdown of the waste, 

thus fac i l i ta t ing microbia l act iv i ty . Generally speaking, the major chemica l 

react ions occur in the l iquid phase. Contact w i t h the solid was te results in a 

l iquid heavily loaded w i t h organics and inorganics. Typical processes 

occur r ing in a con tamina ted l iqu id env i ronment , such as ion exchange and 

hydrolysis, increase the abi l i ty of the l iquid to dissolve addi t ional waste 

components . The ox idat ion- reduct ion potent ia l of the l iquid steadi ly 

increases, resul t ing in an env i ronment tha t is h ighly conduc ive to chemica l 

b reakdown of complex molecules. This produces a fair ly homogeneous 

substrate that is very suscept ib le to microbia l act ion. 

M i c r o b i a l Fac to rs 

A recent report (3) inc luded a review of biological decompos i t ion w i t h i n a 

landf i l l . This report serves as the basis for a brief summary of these microbial 

processes. 

The solid waste placed in the landfi l l conta ins a w i d e var iety of ub iqu i tous 

microorganisms. As the free oxygen in the landfi l l env i ronment is consumed 

by the microorganisms, the overal l process goes th rough aerobic, facul tat ive. 
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282 BIOMASS AS A NONFOSSIL FUEL SOURCE 

and f inal ly anaerobic stages, as var ious groups of organisms domina te 

depend ing on thei r oxygen dependency. The separat ion of the phases is 

general ly not d is t inct . This occurs because the phases are interrelated, and to 

an extent , in terdependent . In add i t ion , w h e n consider ing the landfi l l as a 

mic ro-env i ronment , it is clear tha t the state of ac t iv i ty can vary w ide l y f rom 

locat ion to locat ion w i t h i n a landfi l l due to the vary ing was te compos i t ion 

and age. 

In the ini t ial phase, aerobic microorgan isms conver t readi ly degradable 

organics in the was te to sol id residuals, water , and a gas mix ture tha t is 

pr imar i ly carbon dioxide. This process results in fur ther mod i f i ca t ion of the 

landfi l l env i ronment . Since the process is exothermic , the tempera ture w i t h i n 

the landfi l l increases s igni f icant ly . The carbon d iox ide part ial ly dissolves in 

the wa te r and, a long w i t h organic acids released as was te mater ia l by the 

microorganisms, reduces the pH. (The chemica l processes descr ibed in the 

previous sect ion are thus fortif ied.) Very l i t t le methane is generated dur ing 

th is phase of the landfi l l decompos i t ion . 

The facul ta t ive microorgan isms w h i c h become dominan t as the oxygen is 

depleted by the aerobes are c o m m o n l y cal led acid formers. As the name 

impl ies, organic acids are major p roducts of their act iv i ty . Carbon d iox ide 

remains the major major gaseous product , and less heat is generated. Due to 

the s imi lar i ty of p roducts generated in th is phase and the aerobic phase, it is 

ext remely d i f f icu l t to d is t ingu ish be tween the t w o in pract ice. In many cases, 

th is phase may actual ly never become dominant . However, its t ransi tory 

func t ion is very relevant to the overal l decompos i t ion process. 

The anaerobic phase is of most interest because it results in the generat ion of 

gases w h i c h are typ ica l ly r ich in methane. This is the phase of the 

decompos i t ion w h i c h has been s tud ied most extensively. However, most of 

the w o r k has not yet reached f i rm conclus ions. The yet - to-be comple te ly 

con f i rmed hypothesis is tha t three main groups of microorganisms are act ive 

in th is phase. Microorgan isms classed as fermentors act upon cel lulose, 

l ipids, and proteins, resul t ing in the produc t ion of a w i d e var iety of organic 

acids as we l l as alcohols, hydrogen, carbon d iox ide, ammon ia , and sulf ide. 

Ano ther group, the acetogenics. (a l though they have not been conf ident ly 

ident i f ied as such to date), apparent ly conver t h igher molecular w e i g h t 

organics to acetate and hydrogen. There is considerable speculat ion tha t 

hydrogen accumula t ion plays a major role in t r igger ing the operat ion of the 

most impor tant g roup of microorganisms, the methane formers. These 

microorganisms are capable of p roduc ing methane f rom carbon d iox ide and 

hydrogen or formic , acet ic, and possibly propr ionic and butyr ic acids, using 

ammon ia as a n i t rogen source. They provide the last l ink in the 

decompos i t ion process. 
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14. DALEY ET AL. Methane from Landfills 283 

A very s impl i f ied scheme for convers ion of cel lulosics to methane in a landfi l l 

m igh t be represented by: 

Hydrolysis 

(C 6 Hio05)x + H 2 0 - C 6 H 1 2 0 6 

Ac id Format ion 

C g H ^ O e C H 3 CO2 H 

Methane Format ion 

C H 3 C O 2 H - C H 4 + CO2 

As w i t h any over s impl i f ica t ion of a complex process, its t rue character can 

be unders tood only by c o m b i n i n g th is representat ion w i t h an appreciat ion of 

the detai ls of the comple te process. Our knowledge of landfi l l decompos i t ion 

w i l l be altered as new invest igat ions shed more l ight on the subject. Basically, 

the process is simi lar to the anaerobic d igest ion of sewage and other wastes 

in wa te r slurries but ef fect ively corresponds to high-sol ids d igest ion. 

G A S G E N E R A T I O N A N D RECOVERY 

G e n e r a t i o n Fac to rs 

Since landfi l l gas generat ion is a result of the complex natural processes 

summar ized above, it is not surpr is ing that the rate of methane generat ion 

varies w ide ly be tween landfi l ls. The m a x i m u m rate of generat ion requires a 

mix tu re of diverse nutr ients and microorgan isms as wel l as o p t i m u m 

env i ronmenta l cond i t ions such as near-neutral pH, adequate moisture, and 

moderate temperature (5,6,7). Generally, o p t i m u m condi t ions are seldom 

present in a landfi l l s ince one or more of the e lements is absent. A c o m m o n 

def ic iency is n i t rogen. In dry c l imates, mois ture may be def ic ient . The 

methane conten t of the gas w i l l be s ign i f icant ly retarded if pH levels drop too 

low or if oxygen is in t roduced into the landfi l l after the anaerobes have 

become establ ished. Under o p t i m u m condi t ions , waste stabi l izat ion is 

obta ined in 10 to 20 years and is character ized by the cessation of gas 

generat ion. In the absence of o p t i m u m condi t ions, it is very d i f f icu l t to predict 

the t ime required for decompos i t ion of the landfi l l to the point of stabi l izat ion. 

This cond i t ion may require up to 30 years. It is also d i f f icu l t to determine 

w h e n the landfi l l w i l l reach the anerobic stage and begin to produce 

s igni f icant amounts of methane. Up to th is point , the landfi l l gas is of l i t t le 

interest because of its low heat ing value. To date, a means of pred ic t ing the 

t ime interval for the generat ion of methane- r ich landfi l l gas in s igni f icant 

quant i t ies does not exist. 
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284 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The uncer ta in ty regarding methane generat ion rate is fur ther c o m p o u n d e d 

by the fact that there is no scient i f ic agreement w i t h regard to the total 

quan t i t y of gas w h i c h w i l l be produced in a landfi l l prior to was te 

stabi l izat ion. The reported in format ion on landfi l l gas p roduc t ion is 

summar ized in Table II to i l lustrate the w i d e var iance in ca lcu la ted, measured 

or es t imated gas p roduc t ion . Add i t iona l s tudy is needed to more accurate ly 

predic t the quan t i t y of gas w h i c h w i l l be generated in a landfi l l . 

In pract ice, the to ta l gas generat ion potent ia l w i l l never be realized in a 

landf i l l . Generat ion losses w i l l occur for a number of reasons. One source of 

carbon loss, par t icu lar ly in a poor ly des igned landf i l l , results f rom l iquid 

substrate (called leachate) percolat ing ou t of the landf i l l . Leachate f rom a 

landfi l l can have a bio logical oxygen d e m a n d (BOD) on the order of several 

thousand mi l l ig rams per liter, w h i c h represents the loss of a small amoun t of 

organics (J_3). A n addi t ional a m o u n t of substrate w i l l pass ou t of the landfi l l 

w i t h the gas, par t icu lar ly dur ing the operat ion of a gas recovery system. In 

one recovery system in Cal i fornia, the l iqu id condensate removed f rom 

recovered gas w a s found to be very h igh in organic acids (20). A certain 

a m o u n t of the substrate is also conver ted to cell mat ter by the 

microorganisms. This loss reportedly can be qu i te s igni f icant (21). Finally, a 

var iable a m o u n t of gas w i l l be unavai lable for recovery as a result of gas 

migra t ion , par t icu lar ly for landfi l ls located in permeable soils tha t permi t 

lateral m o v e m e n t and ven t ing to the atmosphere. 

Because of these numerous uncer ta int ies, a t tempts to predic t the quan t i t y of 

recoverable gas for a g iven landf i l l have to date been based on previous 

exper ience in ex is t ing landfi l l recovery systems. This empir ica l approach 

leaves m u c h to be desired. A survey of ex is t ing systems indicated somewha t 

w idespread use of an empir ica l factor of 2 0 0 - 6 0 0 cub ic feet per m inu te of gas 

per mi l l ion tons of refuse w i t h i n a landf i l l dur ing a peak generat ion period 

beg inn ing one to t w o years after p lacement of the waste, a date w h i c h varies 

f rom point to po int in a landf i l l , and ex tend ing for f ive to f i f teen years. (22) 

However, there is a considerable a m o u n t of w o r k being done in an a t tempt to 

develop an accurate numer ica l mode l for the pred ic t ion of the gas generat ion 

prof i le for a landf i l l . Those efforts w i t h w h i c h the authors are fami l iar are 

being conduc ted by Pacif ic Gas and Electric Company in San Francisco, and 

Johns Hopkins Universi ty App l ied Physics Laboratory. 

T y p i c a l Gas C o m p o s i t i o n 

A l t h o u g h the var ia t ion in gas compos i t ion reported in the l i terature and 

observed by the authors in past exper ience is large, there is in general a 

certain amoun t of s imi lar i ty. In a typ ica l landf i l l , the compos i t ion of the gas 
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286 BIOMASS AS A NONFOSSIL FUEL SOURCE 

can be predic ted in approx imate terms w i t h a reasonable amoun t of certa inty. 

Dur ing the f i rst t w o phases of decompos i t ion , the gas w i l l be pr imar i ly carbon 

dioxide. In a classic example, a Cali fornia landf i l l exh ib i ted a carbon d iox ide 

concent ra t ion of 9 0 percent dur ing th is per iod (23). As the methane formers 

become d o m i n a n t the gas typ ica l ly becomes increasingly methane- r ich , 

unt i l a po in t of fair ly constant methane generat ion is reached. From th is po in t 

on , the gas can be expected to conta in 4 0 to 5 0 percent carbon d iox ide and 

4 5 to 55 percent methane, a l though higher methane contents have been 

reported in very l imi ted cases (1). In many instances, the comb ined 

concent ra t ion of carbon d iox ide and methane w i l l approach 9 9 percent , w i t h 

other const i tuents present in very smal l amounts . There w i l l also be a var iety 

of t race gases w h i c h can at t imes be cr i t ical as a result of their corrosive, 

tox ic or odor qual i t ies. In other instances, hydrogen w i l l be found in 

s igni f icant quant i t ies , a l though normal ly on ly dur ing short intervals prior to 

the anaerobic stage. This probably results f rom a temporary imbalance in the 

relat ive act iv i ty of the acetogenic and methane fo rm ing microorganisms. 

Ni t rogen is qu i te o f ten found in samples of gas f rom recovery systems and is 

o f ten an ind icat ion of the presence of air in the landf i l l or air leaks in the 

recovery system. The n i t rogen remains fo l l ow ing the consumpt ion of oxygen. 

Other c o m p o u n d s found in landfi l l gas in o ther than t race quant i t ies are 

general ly the result of anomalous was te compos i t ion . For example, the sul fur 

con ten t of sol id was te is normal ly too low to result in the fo rmat ion of 

s igni f icant amounts of hydrogen sul f ide (1), but unusual wastes tha t cou ld be 

deposi ted w i t h i n the landfi l l cou ld conta in more sul fur and cause h igh 

hydrogen sul f ide concent ra t ions in the gas. If air is not ent ra ined in the 

recovery process and the was te does not conta in abnormal quant i t ies of 

nontyp ica l compounds , the landfi l l gas can be expected to exhib i t a h igher 

heat ing value of 4 5 0 to 540 Btu/SCF. The gas can also be expected to be 

saturated w i t h water vapor. 

The compos i t ion of the gas w i l l remain relat ively constant t h rough the period 

of peak generat ion. As the landfi l l nears the stabi l izat ion point , gas generat ion 

w i l l begin to approach zero asymptot ica l ly . For th is reason, the tota l per iod of 

gas generat ion is o f ten descr ibed in terms of a half- l i fe. Dur ing th is per iod of 

decreasing generat ion, a l though the compos i t ion of the generated gas w i l l 

probably remain constant , the low generat ion rate w i l l result in low internal 

pressures and the seepage of air into the landf i l l . A t th is point , the gas 

w i t h d r a w n may conta in s ign i f icant concent ra t ions of n i t rogen and oxygen , 

because it w i l l become d i f f icu l t to col lect the generated gas w i t h o u t 

co l lec t ing air as we l l . 
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14. DALEY ET AL. Methane from Landfills 287 

Gas R e c o v e r y S y s t e m D e s i g n 

There is a dearth of in format ion on the proper design of landfi l l gas recovery 

systems. Most ex is t ing reports emphasize the quest ions of gas generat ion 

and ut i l izat ion. Several of the exist ing projects have been developed under 

propr ietary condi t ions by pr ivate f i rms. The most i l luminat ing report to date is 

a site s tudy for the Moun ta in V iew landfi l l (24) in Cali fornia, an EPA — Pacific 

Gas and Electric Company demonst ra t ion project. None of the other gas 

recovery system designs has been publ ic ized to any extent and the U.S. 

Depar tment of Energy has only recent ly become involved in fund ing studies 

related to landfi l l gas recovery system design. 

Landf i l l gas recovery systems consist of a series of wel ls and lateral p ip ing 

connected to a central ized v a c u u m pump. In s imple systems, the p u m p is 

actual ly a centr i fugal blower. In systems requi r ing compress ion of the gas to 

faci l i tate processing or t ransport , the compressor is normal ly used to provide 

the w i t h d r a w a l v a c u u m as we l l . A system w i t h decentral ized v a c u u m pumps 

w o u l d be technica l ly feasible, but has not yet been imp lemented. This 

approach may have meri t if a low-Btu . small-scale gas turb ine electr ic 

generator, w h i c h is being developed by A lpha Nat ional , proves feasible. The 

lateral p ip ing cou ld then be replaced w i t h electr ical t ransmission wi res 

be tween generators located at each we l lhead and the power user or a 

substat ion. 

Horizontal co l lect ion pipes have been proposed for landfi l ls present ly being 

f i l led, but interference w i t h ongo ing equ ipmen t operat ion poses a major 

prob lem. In current pract ice, the wel ls consist of perforated pipes ex tend ing 

vert ical ly into the was te to a point approx imate ly 3 /4 of the total dep th of the 

landf i l l . The perforat ions are normal ly th in slots. The borehole is backf i l led 

w i t h rock or gravel to prevent was te f rom block ing the slots in the pipe 

casing. The perforat ions are located in the lower por t ion of the wel l to prevent 

the induc t ion of air into the landfi l l f rom above the cover soil layer. A concrete 

seal is typ ica l ly p laced above the gravel. The upper por t ion of the borehole is 

backf i l led w i t h earth. 

Plastic pipe is normal ly used for the wel l cas ing, a l though a f ew steel wel ls do 

exist. Steel wel ls are general ly t h o u g h t to be less desirable because of the 

corrosiveness of the w e t gas and the tendency of the landfi l l t o sett le 

d i f ferent ia l ly as the waste decomposes. Polyvinyl chlor ide, polyethy lene, and 

f iberglass are not subject to corrosion and are more f lexible than steel. Plastic 

has been used for lateral p ip ing in most designs due to its abi l i ty to 

accommoda te the di f ferent ia l se t t lement of the landfi l l . Telescoping wel ls 

and expansion jo ints in the laterals have also been used. Laterals have been 
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288 BIOMASS AS A NONFOSSIL FUEL SOURCE 

placed be low the cover soi l , in the cover soil layer, and above the cover, but 

are a lways blanketed w i t h earth to prevent expansion and cont rac t ion that 

w o u l d result if the plast ic pipe were exposed to ambien t temperatures. The 

earth also tends to keep the pipe w a r m , thereby reduc ing the a m o u n t of 

wa te r w h i c h condenses in the pipe. This wa te r can be a prob lem in low f l ow 

rate systems, and considerable effort has been expended in the design of 

acceptable wa te r t raps. Valves are placed at key points in the sys tem to 

cont ro l the a m o u n t of v a c u u m at each we l lhead. 

A d i f f icu l t part of a landfi l l gas recovery system design is the de terminat ion of 

the we l l spac ing. The area of in f luence of each w e l l , or the was te vo lume 

around the we l l casing f rom w h i c h the gas is ex t rac ted, is de te rmined by: (1) 

the permeabi l i ty of the was te and in termediate soil layers w i t h i n the landfi l l 

w h i c h vary w ide ly be tween landfi l ls, and (2) the level of appl ied v a c u u m . But 

the area of in f luence can f luc tua te since the internal pressure of the landfi l l 

o f ten tends to vary accord ing to a d iurnal cyc le, and the necessary v a c u u m at 

the we l lhead can change over t ime as the f l o w character is t ics in the we l l , the 

rock backf i l l , and the was te immedia te ly sur round ing the we l l change. The 

area of in f luence is normal ly de te rmined using test wel ls . The heterogenei ty 

of the landfi l l makes the ext rapolat ion of test we l l results to other we l ls qu i te 

approx imate. Unant ic ipated pockets of wa te r in the landfi l l tend to restr ict 

the wel l in f luence and are one example of factors that can con found the 

designer. In a deep landf i l l , e.g.. 100 to 2 0 0 feet deep, an area of in f luence 2 0 0 

to 8 0 0 feet in d iameter w o u l d be expected. For shal lower landfi l ls, the area of 

in f luence w o u l d be propor t ionate ly smaller, s ince it w o u l d be necessary to 

apply a smal ler v a c u u m to avoid ent ra in ing air f rom above the landf i l l . Unt i l 

an accurate means of de te rmin ing the area of inf luence is developed, 

recovery system designs w i l l cont inue to be qui te conservat ive. 

There is an overal l aspect of recovery sys tem design tha t is o f ten over looked. 

The generat ion of t he gas is a natural process w i t h inherent l imi tat ions. The 

landf i l l should not be considered as an un l im i ted source of gas. In the design 

and operat ion of a landfi l l gas recovery system, every a t tempt should be 

made to w i t h d r a w the gas at a rate no greater than the natural rate of gas 

generat ion w i t h i n the landf i l l . Experience in Moun ta in V iew, Cal i fornia has 

s h o w n tha t the generat ion of methane r ich gas in a landf i l l can actual ly be 

comple te ly t h w a r t e d by excessive ext rac t ion rates. This l imi ta t ion, as we l l as 

the addi t ional l imi ta t ions and uncer ta int ies discussed in previous sect ions, 

must be taken into account in the design of the landfi l l gas processing and 

ut i l izat ion systems. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
4



Ta
b

le
 I
II.

 S
U

M
M

A
R

Y
 O

F 
E

X
IS

TI
N

G
 L

A
N

D
FI

LL
 O

A
S

 R
E

C
O

V
E

R
Y

 S
Y

S
T

E
M

S
 

A
sc

o
n 

C
A

 
- 

W
il

m
in

g
to

n
. 

A
zu

sa
 W

e
st

e
rn

 
-

A
zu

sa
. 

C
A

 

C
in

ni
m

in
ns

on
 —

 
N

ew
ar

k.
 N

J
 

C
ity

 o
f 

In
d

u
st

ry
 
-

C
ity

 o
f 

In
d

u
st

ry
 

C
A

 

O
w

n
er

/O
pe

ra
to

r 

W
a

ts
o

n 
E

ne
rg

y 
S

ys
te

m
s 

A
zu

sa
 L

an
d 

R
ec

la
m

a
tio

n 
C

om
pa

ny
 

P
ub

lic
 S

er
vi

ce
 

E
le

ct
ri

c 
a

n
d 

G
as

 
C

o
m

p
a

n
y 

C
ity

 o
f 

In
d

u
st

ry
 

P
ro

ce
ss

 D
es

cr
ip

ti
on

 

C
on

de
ns

at
e

 a
nd

 p
ar

tic
ul

at
e

 
re

m
ov

al
 to

 p
ro

du
ce

 1
.5

 X
 1

0
6

 

cu
 f

t/
da

y 
m

ed
iu

m
 B

tu
 g

as
 f

or
 

sa
le

 to
 S

he
ll 

O
il 

re
fin

er
y 

fo
r 

pr
oc

es
s 

st
ea

m
 g

en
er

at
io

n
 

D
eh

yd
ra

tio
n

 a
nd

 a
ci

d
 re

m
ov

al
 

fo
r 

re
co

ve
re

d
 g

as
 a

nd
 s

al
e

 
o

f0
5

X
 1

0
6
cu

 ft
/d

ay
 

to
 a

 c
he

m
ic

al
 c

om
pa

ny
 to

 
ge

ne
ra

te
 p

ro
ce

ss
 s

te
am

 

S
ul

ph
ur

 a
nd

 
co

nd
en

sa
te

 re
m

ov
al

 
to

 p
ro

du
ce

 2
50

.0
00

 c
u

 f
t/

da
y 

m
ed

iu
m

 B
tu

 g
as

 fo
r 

sa
le

 to
 a

 
ne

ar
by

 p
ow

er
 s

te
el

 p
la

nt
 

fo
r 

pr
oc

es
s 

he
at

in
g.

 

D
eh

yd
ra

tio
n

 a
nd

 p
ar

tic
ul

at
e

 
re

m
ov

al
 to

 p
ro

du
ce

 Q
 5

 X
 1

0 
cu

 
ft/

da
y 

of
 m

ed
iu

m
 B

tu
 g

as
 f

or
 

he
at

in
g

 a
nd

 c
oo

lin
g

 n
ea

rb
y 

co
nv

en
tio

n
 c

en
te

r 
fa

ci
lit

ie
s.

 

P
ro

je
ct

 S
ta

tu
s 

S
ys

te
m

 h
a

s
 b

ee
n 

o
p

e
ra

ti
n

g 
si

nc
e 

la
te

 
1

9
7

8
 S

ec
on

d 
u

n
it 

u
n

d
e

r 
co

n
si

d
e

ra
tio

n 

G
as

 h
as

 b
ee

n 
re

co
ve

re
d 

si
nc

e 
ea

rl
y 

19
78

. 
C

ur
re

nt
 

p
la

n
s 

a
re

 
to

 c
o

n
st

ru
ct

 
1
0

 M
W

 p
o

w
e

r 
st

a
tio

n 
an

d 
fir

e 
ga

s 
in

 i
n

te
rn

a
l 

co
m

b
u

st
io

n 
e

n
g

in
e

s 
to

 g
e

n
e

ra
te

 
e

le
ct

ri
ci

ty
 f

o
r 

C
ity

 o
f 

A
zu

sa
. 

S
ys

te
m

 h
as

 b
ee

n 
o

p
e

ra
ti

n
g 

si
nc

e 
fa

ll 
1

9
7

9
 

In
 s

ta
rt-

up
 p

ha
se

 

O
w

n
e

rs
 c

o
n

si
d

e
r 

th
e

 p
ro

je
ct

 a
 

fin
a

n
ci

a
l 

su
cc

es
s 

F
ul

l 
p

o
te

n
tia

l 
o

f 
fil

l n
o

t 
ta

p
p

e
d 

y
e

t 
d

u
e

 to
 m

a
rk

e
ti

n
g 

p
ro

b
le

m
s 

P
re

se
nt

ly
 e

xp
a

n
d

in
g 

to
 1

 
m

ill
io

n 
c
u

 f
t/

d
a

y 

S
ta

rt
up

 h
as

 b
ee

n
 d

el
ay

ed
 d

ue
 

to
 c

ha
ng

es
 in

 th
e

 u
se

 o
f 

th
e

 g
as

 

M
o

n
te

re
y 

P
ar

k 
-

M
o

n
te

re
y 

P
ar

k.
 

C
A

 

M
o

u
n

ta
in

 V
ie

w
 
-

M
o

u
n

ta
in

 V
ie

w
. 

C
A

 

P
al

os
 V

er
de

s 
-

R
ol

lin
g 

H
ill

s 
E

st
at

es
. 

C
A

 

S
h

e
ld

o
n

-A
rl

e
ta
 
-

Lo
s 

A
n

g
e

le
s.

 C
A

 

G
et

ty
 

S
yn

th
e

tic
 

F
ue

ls
. I

n
c
 

P
ac

ifi
c 

G
as

 a
n

d
 

E
le

ct
ri

c 
C

om
pa

ny
 

(p
rio

r 
ph

as
e 

in
cl

u
d

e
d 

E
P

A
 

D
O

E
 n

o
w

 in
vo

lv
e

d
) 

G
et

ty
 

S
yn

th
e

tic
 

F
ue

ls
. I

n
c
 

C
ity

 o
f 

Lo
s 

A
n

g
e

le
s 

D
e

h
yd

ra
tio

n 
an

d 
ca

rb
o

n 
d

io
xi

d
e 

S
ta

rt
ed

 u
p

 A
u

g
u

st
 

1
9

7
9

 S
til

l 
re

m
o

va
l 
to

 p
ro

d
u

ce
 4

X
1

0 
in

 s
h

a
ke

d
o

w
n 

d
u

e
 to

 f
ie

ld
 

cu
 f

t/
d

a
y 

o
f 

p
ip

e
lin

e 
q

u
a

lit
y 

ca
p

a
ci

ty
 

p
ro

b
le

m
s 

ga
s 

fo
r 

sa
le

 t
o

 S
o

u
th

e
rn

 C
a

lif
o

rn
ia

 
G

as
 C

o
m

p
a

n
y 

fo
r 

b
le

n
d

in
g 

in
to

 
p

ip
e

lin
e 

D
e

h
yd

ra
tio

n 
a

n
d 

ca
rb

o
n 

d
io

xi
g

e 
re

m
o

va
l 
to

 p
ro

d
u

ce
 0

.5
 X

 1
0

 
cu

 f
t/

d
a

y 
o

f 
h

ig
h 

B
tu

 g
as

 f
o

r 
b

le
n

d
in

g 
in

to
 p

ip
e

lin
e

. 

D
e

h
yd

ra
tio

n 
a

n
d 

ca
rb

o
n 

d
io

xi
d

e 
g

a
s
 

re
m

ov
al

 t
o

 p
ro

d
u

ct
 0

.7
5 

X
 1

0
 

cu
 f

t/
d

a
y 

o
f 

p
ip

e
lin

e 
q

u
a

lit
y 

g
a

s
 

fo
r 

sa
le

 t
o

 S
o

u
th

e
rn

 C
a

lif
o

rm
ia

 G
as

 
C

o
m

p
a

n
y 

fo
r 

b
le

n
d

in
g 

in
to

 p
ip

e
lin

e 

D
e

h
yd

ra
tio

n 
an

d 
p

a
rt

ic
u

la
te

 
C

om
m

er
ci

al
 o

p
e

ra
tio

n 
b

e
g

a
n 
ι 

re
m

ov
al

 t
o

 p
ro

d
u

ce
 2

 6
 X

 1
0
 
c
u

 
N

ov
em

be
r 

1
9

7
9

 
ft

/d
a

y 
o
f 

m
e

d
iu

m
 B

tu
 g

as
 f

o
r 

st
ea

m
 

g
e

n
e

ra
tio

n 
a
t 

a
 n

ea
rb

y 
st

ea
m

 p
la

n
t.

 

S
ys

te
m

 o
p

e
ra

te
d 

a
s
 a

 d
e

m
o

n
st

ra


tio
n 

fa
ci

lit
y 

m
id

-1
9

7
8 

to
 

Ja
n

u
a

ry
 

19
80

. 
N

o
w

 i
n

 
co

m
m

e
rc

ia
l 

m
o

d
e

. 

S
ys

te
m

 h
a
s

 b
ee

n 
o

p
e

ra
ti

n
g 

re
lia

b
ly

 s
in

ce
 1

9
7

7
 

S
ec

on
d 

g
e

n
e

ra
tio

n 
fa

ci
lit

y 
ba

se
d 

o
n

 k
n

o
w

le
d

g
e 

g
a

m
e

d 
a
t 

P
al

os
 V

er
de

s 
fa

ci
lit

y 

M
aj

or
 e

m
p

h
a

si
s 

o
f 

fir
st

 
ph

as
e 

w
as

 t
o

 d
e

m
o

n
st

ra
te

 
fe

a
si

b
ili

ty
 

of
 g

as
 r

ec
ov

er
y 

a
n

d 
u

til
iz

a
tio

n 
fr

o
m

 r
e

la
tiv

e
ly

 s
h

a
llo

w
 

la
n

d
fil

ls
 

(4
0 

ft
 d

ee
p)

. 

F
irs

t 
co

m
m

e
rc

ia
l-

sc
a

le
 

la
n

d
fi

ll 
ga

s 
re

co
ve

ry
 a

nd
 

u
ti

liz
a

ti
o

n 
fa

ci
lit

y 
m

 t
h

e
 U

n
ite

d 
S

ta
te

s 

E
xt

en
si

ve
 t

e
st

in
g 

o
f 

fi
ri

n
g 

la
n

d
fi

ll 
g

a
s
 in

 i
n

te
rn

a
l 

co
m

b
u

st
io

n 
e

n
g

in
e

s 
d

u
ri

n
g 

ea
rl

y 
st

ag
e 

o
f 

p
ro

je
ct

. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
4



290 BIOMASS AS A NONFOSSIL FUEL SOURCE 

E X I S T I N G S Y S T E M S 

Current ly, there are present ly e ight landfi l l gas recovery systems opera t ing in 

the Uni ted States. These e ight systems are l isted on Table III (22). Numerous 

projects are in the p lann ing , des ign, or cons t ruc t ion stages. Several of these 

may be operat ing by the end of 1980. A l t h o u g h there are sti l l several aspects 

of the techno logy tha t cou ld be improved. the recovery of landfi l l gas appears 

to be suf f ic ient ly we l l developed for w idespread imp lementa t ion . Since 

landfi l l gas recovery taps an energy source tha t is o therwise tota l ly was ted , 

the present and fu ture need for a l ternat ive energy sources makes it l ikely that 

th is techno logy w i l l be economica l ly and inst i tu t ional ly at t ract ive for many 

years to come. 
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15 
Product Distribution in the Rapid Pyrolysis of 
Biomass/Lignin for Production of Acetylene 

MARTHA GRAEF, G. GRAHAM A L L E N , and BARBARA B. KRIEGER 

Department of Chemical Engineering, University of Washington, BF-10, 
Seattle, WA 98195 

Chemical feedstocks and fuels supplied by the petrochemical industry are in 
ever increasing demand. Due to the projected difficulty of traditional 
petroleum based resources meeting these demands, alternative materials and 
technologies are being examined. Although coal will be used as a raw 
material for these processes, it presents a number of environmental problems. 
In view of these problems, one might focus attention on the potential of 
pyrolyzing polymeric renewable resources such as agricultural and urban 
wastes (lignocellulosics) which have a higher hydrogen to carbon ratio than 
coal into useful monomeric chemicals and fuels. In particular, the relatively 
large amounts (1,2), of collected, low cost waste materials generated by the 
forest products industry represent a low ash, low sulfur, environmentally 
acceptable alternative feedstock to coal. 

Dry hardwood and softwood lignocellulosics are chemically characterized as 
50% C, 6% H, 44% O, less than 0.1% nitrogen, and 0.3% ash (3). Although the 
high oxygen and water content of woody waste materials has prevented wide 
usage of lignocellulosics as feedstocks in the past (4), the cellulose fraction 
(43%) and hemicelluloses (28% to 35%) containing the oxygen are utilized by 
the forest products industry, leaving the highly aromatic lignin fraction (22% 
to 29%) to be further processed (see Figure I). 

0097-6156/81/0144-0293$05.00/0 
© 1981 American Chemical Society 
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15. GRAEF ET AL. Acetylene from Biomass/Lignin 295 

A deterent to der iv ing chemicals and fuels f rom polymers such as coal and 

l ignin is precisely the w i d e var iety of products , each of a relatively low yield, 

w h i c h are found in convent iona l pyrolysis processes. In a t tempts to cont ro l 

the product d is t r ibu t ion, several workers (5-8) have studied the effects of 

heat ing rate, u l t imate temperature , and quench ing rate on pyrolysis products , 

especial ly the amoun t of char produced (8). It appears that rapid, severe 

degradat ion favors gas fo rmat ion and can, in some cases, nar row the product 

d is t r ibut ion considerably (9). Extremely rapid, h igh temperature heat ing w i t h 

rapid quench ing can be provided by plasma heat ing (10-13). Recently, 

p lasma heat ing has been successful ly used in coal pyrolysis and a process 

unit is current ly under s tudy (14). 

Pyrolysis studies have been carr ied out w i t h l ignocel lu losics (8,9,15-24), but 

few have invest igated the heat ing rate effect on product d is t r ibut ion and 

unfor tunate ly , o f ten only a single compone n t or the large classes of 

compounds such as char, l iquids (tars or condensib le volati les), and gases are 

reported. The detai led character izat ion of all products is se ldom carr ied out 

(25). It is the intent of th is art ic le to characterize the products f rom 

mic rowave- induced plasma pyrolysis (rapid heat ing rate pyrolysis) of l ignin 

as a prelude to determinat ion of the kinet ics and economics of chemica l 

p roduc t ion f rom p inewood Kraft l ign in, a waste mater ial of the pulp and 

paper industry. 

PREVIOUS S T U D I E S 

Extensive surveys of the l i terature on mic rowave pyrolysis appear in Che (26), 

B i t tman (27), and Fu and Blaustein (28-31), w h o studied the react ions of a 

complex molecule, coal , in a mic rowave- induced plasma. Most other studies, 

however, have been conduc ted w i t h s imple low molecular w e i g h t c o m 

pounds such as CO and C 0 2 (32) and s imple hydrocarbons (27,33). These 

studies, conduc ted w i t h relat ively expensive chemicals of h igh pur i ty , lend 

insight in to the nature of the plasma react ions, but cont r ibu te l i t t le to the role 

heat ing rate plays in pyrolysis or to economic evaluat ion of plasma 

processing. In add i t ion , most of these studies have used resonance cavi ty 

m ic rowave appl icators w h i c h are l imi ted to small size by design and are 

exclusively research tools. As discussed in Bosisio (34), wavegu ide 

appl icators and more recent designs (35) a l low reactor conf igurat ions that 

are sui ted to possible industr ia l scale-up. Discussion of the effect m ic rowave 

appl icator design has on f ield intensi ty and u l t imate product d is t r ibut ion is 

beyond the scope of th is s tudy. A t least t w o patents exist concern ing 

m ic rowave degradat ion of was te (36,37) and hazardous mater ials (38) but 

specif ic react ions are not discussedTThi"degradation of l ignin in a discharge 

is l imi ted to w o r k by Goheen (9) in an arc and Zaitsev (39) w h o used a 
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296 BIOMASS AS A NONFOSSIL FUEL SOURCE 

tungs ten electrode discharge system. The emphasis in both art icles was to 

s tudy only a single class of p roducts such as the gases or char. 

S imple thermal pyrolysis of l ignocel lu losics w i t h or w i t h o u t addi t ives has 

been rev iewed by several authors (15-17). In contrast to m ic rowave pyrolysis. 

reasonably extensive convent iona l pyrolysis p roduc t character izat ion has 

been conduc ted for certain types of b iomass (15-25) and some of these 

results w i l l be compared to those c i ted here. To these authors ' knowledge, no 

single s tudy on m ic rowave pyrolysis (plasma or d i -e lectr ic loss mode) has 

ident i f ied the componen ts of all p roduc t f ract ions nor thei r relative amounts 

(40.41). The w o r k reported here has been ex tended by others (43.44) to 

inc lude pyrolysis studies of b iomass f ract ions and other types of b iomass 

w i t h the emphasis on detai led p roduc t character izat ion, fo rmat ion kinet ics, 

and effect of t ranspor t rates. 

E X P E R I M E N T A L 

M i c r o w a v e A p p l i c a t i o n S y s t e m a n d Reac to r 

The m ic rowave c i rcu i t used in th is s tudy is s h o w n in Figure II. The Ger l ing-

Moore variable 0-2.5 k W power generator operates at 2 4 5 0 MHz. Three 

crystal detectors in the c i rcu i t measure fo rward , ref lected, and t ransmi t ted 

power and are m o u n t e d in the S-band wave-gu ide (3.8 x 7.6 cm). The latter 

t w o power measurements are recorded cont inuous ly . Constant fo rward 

power and magne t ron pro tec t ion are ensured by the presence of a 3-port 

c i rculator . The impedance of the c i rcu i t is manual ly ma tched w i t h the E-H 

f ie ld tuner. The reactor is placed th rough the wave gu ide as s h o w n . 

The gas handl ing and react ion sys tem is s h o w n in Figure III. The reactor (I.D. 

18 mm) is made of Vycor fused to s tandard tapered glass. Carrier gases 

(Argon. A i rco , CP grade; He l ium, L iqu id Air , CP grade; and Hydrogen, L iquid 

Air, CP grade) were dr ied before f l o w i n g th rough the reactor. Indul in AT, a 

p inewood . kraft l ignin (Westvaco Company) was ext racted w i t h ether in a 

Soxhlet extractor for 4 8 hours, dr ied under v a c u u m , and stored over C a S 0 4 . 

The dry l ignin powder was pel l i t ized (average densi ty . 1.1 ± 0 . 0 5 g / c m 3 ) . 

w e i g h e d , and placed on a ho l low quartz pedestal in the react ion zone. 

Result ing m ic rowave f ield intensi t ies are about 5 0 t o 100 W / c m 2 . This value 

is ca lcu lated assuming the ini t ial ind icated absorbed power impinges on the 

pellet cross-sect ion. The ent i re system was evacuated and checked for leaks 

prior to beg inn ing the react ion. L iqu id n i togen or ice baths were used to 

col lect condensib le products . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
5



GRAEF ET AL. Acetylene from Biomass/Lignin 297 

Ζ REACTOR 
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Figure 2. Microwave circuit 

Figure 3. Gas handling and reactor schematic 
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298 BIOMASS AS A NONFOSSIL FUEL SOURCE 

A n a l y t i c a l S c h e m e 

The so-cal led permanent gas f rac t ion was rout ine ly analyzed on a 6-f t X 1/8-

inch d iameter Supelco Porapak Q c o l u m n using a Perkin-Elmer Mode l 3 9 2 0 

gas ch romatograph (G.C.). The f lowra te of the G.C. carrier, he l ium, w a s 30 

m l / m i n . The br idge current was set for 175 m A and the thermal conduc t i v i t y 

detector temperature was main ta ined at 200°C. CO and C O 2 peaks were 

quant i ta t ive ly analyzed at room tempera ture wh i le the assymmet ry of the 

acety lene peak necessi tated e lu t ion at 100°C. The presence of hydrogen was 

de termined on a molecular sieve 13X c o l u m n at room temperature . Since 

acety lene was not separated f rom ethy lene, con f i rmat ion of acety lene was 

made on a Supelco Porapak Τ c o l u m n (10 f t X % inch) at room temperature. 

The l iquid f rac t ion, d issolved in ether, w a s separated on a Supelco DEGS 50-

f t x 16- inch capi l lary c o l u m n (l iquid loading 10%). The sample was prepared 

by d ry ing over M g S O * add ing para-bromo phenol as an internal s tandard 

and br ing ing it a lmost to dryness in a Danish Kaderna evaporator. A sample 

ch romatogram is s h o w n in Figure IV. Conf i rmat ion of the major componen ts 

were made by an associated Hi tachi Perkin-Elmer RMS-4 mass spectrometer . 

Add i t iona l analyses are detai led in Graef (46). 

A l imi ted number of char f ract ion analyses were conduc ted on a Beckman 

I.R.-4 infrared spectrometer . A sample size of 0.5 m g residual to 8 0 0 m g KBr 

was found to g ive the best spectra (41). 

RESULTS 

H e l i u m P lasma P r o d u c t C h a r a c t e r i z a t i o n 

The mic rowave reactor parameters are expected to affect the product 

d is t r ibut ion and thus, the cond i t ions in Table I w i l l be considered baseline 

react ion condi t ions. The absorbed energy is read d i rect ly f rom power 

moni tors and th is part icular power level was the lowest that prov ided a 

consis tent ly stable d ischarge over an acceptable range of pressures and f l ow 

rates. 

The gross d is t r ibut ion of p roducts fo rmed f rom l ignin in a he l ium discharge 

are s h o w n in Table I. The values in parenthesis are those calculated by 

exc lud ing the residual f ract ion. The uncer ta in ty suggested by the upper l imi t 

(<10%) g iven for the volat i le f ract ion is a consequence of the deposi t ion of 

f ine part ic le mater ia l in the n i t rogen t rap. The inabi l i ty to dissolve this 

substance in a var iety of solvents suggests tha t it should be categorized w i t h 

the polymerized f ract ion, thus the lower l imit ( > 3 % ) given for the 

polymer ized f ract ion. 
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15. GRAEF ET AL. Acetylene from Biomass/Lignin 299 

Figure 4. Gas chromatograph of condensable volatiles 
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300 B I O M A S S AS A N O N F O S S I L F U E L S O U R C E 

The plasma pyrolysis values presented in Table I can be compared w i t h the 

compi la t ion by Al lan and Mat t i la (1_7) of the thermal pyrolysis products of 

l ignin under solvent- free cond i t ions over a broad range of temperatures. The 

t w o product d is t r ibut ions are qu i te dissimilar. Thermal pyrolysis promotes 

l iquefact ion (78% on a residual-free basis) wh i le p lasma processing is 

pr imar i ly a gasi f icat ion react ion ( 8 1 % on a residual-free basis). As expected 

the p lasma react ions cause a more severe degradat ion to lower molecular 

w e i g h t products . 

T a b l e I. O V E R A L L P R O D U C T D I S T R I B U T I O N 

R e p r e s e n t a t i v e C o n d i t i o n s 

R e a c t i o n P r o d u c t H e l i u m P l a s m a 1 P y r o l y s i s 2 

Residual 3 3 % (0%) 5 5 % ( 0%) 

Volat i le Fraction < 10% (<15%) 3 5 % (78%) 

Permanent G a s e s 3 5 4 % (81 %) 12% (22%) 

Polymerized P r o d u c t s 4 > 3 % ( > 4 % ) 

1. Baseline Reactor Parameters 

Hel ium Init ial Pressure: 25 Torr 

M a x i m u m Pressure: — 100 Torr 

Forward Power: 5 5 0 w a t t s 

Batch Reaction T ime: 10 m in 

Total Absorbed Energy: 75 w a t t - h o u r 

Carrier Flow Rate: 8 6 c m 3 / m i n 

2. From Ref. 17. A l lan and Mat i l la 

3. M W a v e = 1 4 g / m o l e 

4. By di f ference 

Gas F rac t i on C h a r a c t e r i z a t i o n 

Detai led character izat ion of the gas f ract ions of the respect ive pyrolysis 

processes s h o w n in Table II suggests tha t the d iss imi lar i ty ex tends beyond 

the d is t r ibut ion of the products . 
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15. GRAEF ET AL. Acetylene from Biomass/Lignin 301 

T a b l e I I . C O M P O S I T I O N OF P E R M A N E N T G A S E S 
1 

H e l i u m P lasma T h e r m a l Py ro l ys i s 

Carbon Monox ide 

Carbon Dioxide 

Hydrogen 

Methane 

Ethane 

Acety lene 

Higher Hydrocarbons 

S u m 

4 4 % 

2% 

4 3 % 

2% 

Trace 

14% 

Trace 

5 0 % 

10% 

None 

3 8 % 

2% 

None 

Trace 

105% 3 100% 

1. Vo lume percent 

2. Reference 17 

3. Indicates error in measurements , ± 5 % 

The analyt ical scheme for these studies prec luded measurement of water. 

Both pyrolysis methods evolve carbon monox ide and carbon d iox ide in 

comparab le amounts . However, p lasma processing produces 4 3 % hydrogen 

and 14% acetylene on a vo lume basis wh i le thermal pyrolysis gases conta in 

nei ther component . Instead, the major hydrocarbon generated in the thermal 

pyrolysis system is methane (38%), wh i le saturated hydrocarbons are minor 

componen ts in the plasma process. These di f ferences i l lustrate that the 

nature of convent iona l pyrolysis react ions is radical ly d i f ferent f rom the 

mic rowave plasma pyrolysis react ions. 

C o n d e n s i b l e L iqu id C h a r a c t e r i z a t i o n 

The gas phase species were swept f rom the plasma zone by the carrier gas 

and a por t ion of t h e m condensed in a l iquid n i t rogen cold trap. Some of the 

major condensib le volat i les were ident i f ied w i t h G.C.-Mass spectroscopy as 

s h o w n in Figure IV. Quant i ta t ive de terminat ion of several of the larger peaks 

is g iven in Table III for the he l ium plasma reactor baseline condi t ions. 

Compar ison of Table III w i t h typ ica l l ignin pyrolysis products f rom Al lan and 

Mat t i la (17) s h o w n in Figure V reveals that wh i le guaiacol and the cresols are 

present in both systems, a var iety of other products , speci f ical ly the 

condensed aromat ics, are not convent iona l pyrolysis products. The major 

componen ts ident i f ied represent on ly 4 % by vo lume of the volat i le f ract ion 

wh i le at least 50 addi t ional c o m p o u n d s account for the remain ing 96%. No 

a t tempt has yet been made to opt imize or nar row the product d is t r ibut ion of 

the l iquid f ract ion obta ined in a he l ium plasma since the l iquids represent 

only about 10 w e i g h t percent of the tota l products. A l t h o u g h current studies 

are addressing the issue of w h i c h exper imenta l variables nar row the product 
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302 BIOMASS AS A NONFOSSIL FUEL SOURCE 

COMPOUNO 

NAME 
STRUCTURE 

IDENTIFIED AS MAJOR 
COMPONENTS IN 

CONDENSIBLE VOLATILE 
FRACTION OF 

HEL IUM 
MICROWAVE 

PLASMA 
PYROLYSIS 

phenol 

o -c re so l 

p-cresol 

guaiacol 

2 , 4 dimethyl phenol 
(xylenol) 

2-methoxy,4-methyl 
phenol 

2-methoxy, 4 - e t h y l 
phenol 

2-methoxy, 4 - p r o p y l 
phenol 

p - v i n y l phenol 

napthalene 

anthracene 

styrene 

phenyl acetylene 

acenaphthcene 

OH 

è 
OH 

Φ 
C H 3 

OH 

ο ) 

C H 3 

OH 

, O C H 

C H 2 - C H 3 

OH 

C H = C H 2 

C = CH 

OH 

érCHs 

OH 

J s ^ O C H 3 

OH 

, O C H , 

3 C H , 

OH 

^ v v . O C H 3 

Ψ 
C H 2 - C H 2 - C H 3 

β ί ο ] 

C H » C H 2 

y 

j 

y 

y 

y 

y 

y 

y 

y 

FigureS. Contrast between plasma and thermal pyrolysis condensable volatile 
fraction (tars) produced in solvent-free pyrolysis of lignin 
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15. GRAEF ET AL. Acetylene from Biomass/Lignin 303 

dis t r ibut ion (43,44), it is d i f f icu l t to generalize about the react ions fo rming the 

condensib le l iquid f ract ion in th is reactor geometry and quench zone 

conf igura t ion (44). Even if more favorable yields of the above c o m p o u n d s 

could be achieved, economic considerat ions suggest the decreased diversi ty 

of the gas f ract ion should take precedence and its compos i t ion should be 

opt imized. 

T a b l e I I I . C O M P O S I T I O N OF V O L A T I L E S 

(Base l ine Reac to r Pa ramete rs ) 

V o l u m e 

Frac t ion 

M a j o r C o m p o n e n t s o f T a r s , % 

Styrene 0.5 

Phenyl Acety lene 0.5 

Napthalene 0.9 

Guaiacol 0.2 

O-Cresol 1.0 

P-Cresol 0.4 

Acenaph thene 0.1 

Anthracene 0.5 

4.1 

O t h e r * 

Methy lpheny lacety lene not 

1,2-Dimethoxybenzene quan t i 

Other un ident i f ied componen ts . 50 tat ive 

100% 

* Unconf i rmed 

Residua l A n a l y s i s 

A n elemental analysis was per formed (42) on the residual f ract ion. The 

fo l low ing w e i g h t percents were obta ined on the char: C. 83.92%; H. 2.09%; N, 

0.45%; O, 8.5%; and remainder, 5.06%. The char is a black, porous mater ial 

w i t h a shape simi lar to an expanded pellet. Infrared spectra (41) of the char 

f ract ion showed v i r tual ly no features and none of the or iginal l ignin 

funct iona l g roup absorpt ion bands, substant ia t ing tha t nearly comple te 

react ion occurred. A l t h o u g h few residual f ract ion samples were analyzed 

spectroscopical ly , each was visual ly inspected and it is bel ieved tha t the lack 

of func t iona l i ty is representat ive of all char f ract ions. Certain runs not 

reported here showed unreacted l ignin in a zone con t iguous w i t h the reactor 

wa l l . The pat tern of the reacted and unreacted zones suggests that the pellet 
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304 BIOMASS AS A NONFOSSIL FUEL SOURCE 

was misaligned in the field shielding a portion of the lignin from electron 
bombardment. This phenomenon, together with short duration runs showing 
a distinct shell of reacted lignin, lends support to the explanation that the 
lignin is transformed primarily by electron bombardment, a surface 
phenomenon, the rate of which depends on the electron concentration and 
energy. 

E f f e c t s o f S o m e S y s t e m P a r a m e t e r s o n A c e t y l e n e P r o d u c t i o n 

In order to evaluate the importance of the major system parameters on the 
product distribution and composition, experiments were conducted in which 
power, carrier gas composition, flowrate, and time were varied (41J. The 
variation of carrier composition and power are best described simultaneously 
since the effect of the input power is dependent on the carrier gas under 
consideration. This interaction exists since a change in either parameter 
alters the electron concentration and electron energy in the system (10). 

The power, expressed as energy absorbed over the 10-minute run. was varied 
in several experiments and its effect on acetylene production is shown in 
Figure VI for three carrier gases, helium, argon, and hydrogen. The effects on 
other products are reported elsewhere (46). The higher concentration of H 2 

when it serves as the carrier gas promotes an increase of roughly 1.5 times 
the acetylene produced in either inert carrier. 

The mechanism for the homogeneous production of acetylene from the CO 
and H 2 in the plasma has been suggested by Mertz, et al. (32) as follows: 

H 2 + e - — 2H- + e -
H- + CO — CH- + 0 · + 

2CH* C 2 H 2 

Although this mechanism can be expected to occur in H 2 carrier gas 
experiments, a considerable volume fraction, 43%, of the gaseous products is 
H 2 derived from the lignin itself (Table II). Thus the CH- radical is being 
generated directly from lignin and complex hydrocarbon fragmentation. 
Several studies (13.26,31) of coal plasma pyrolysis report acetylene 
production in somewhat smaller quantities than reported here consistent 
with the lower H to C ratio of coal. We suggest, however, that the acetylene 
production rate is a complex phenomenon dependent on the reactor 
geometry, local plasma temperature (47.48), plasma applicator configuration, 
quenching rate, and mass transfer limitations. This matter is under continued 
investigation. 
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15. GRAEF ET AL. Acetylene front Biomass/Lignin 305 

D I S C U S S I O N 

Devolat i l izat ion kinet ics exper iments (43,44) and pellet behavior in w h i c h the 

unreacted-reacted interface is sharply marked indicate that the pr imary 

react ions w i t h i n the solid can be descr ibed by a shel l-progressive model of 

the t ype discussed by Carberry (45) and others. However, the expected 

secondary react ions descr ibed brief ly be low are qui te di f ferent for volat i les 

escaping to the gas phase plasma or volat i les remain ing in the pellet or char-

residual. The di f ferences be tween plasma and thermal pyrolysis regarding 

product d is t r ibut ions s h o w n in Figure V and Tables II and III arise f rom the 

nature of the secondary reactions. 

In the gas phase, the plasma reactor env i ronment conta ins electrons 

generated and sustained by the mic rowave f ield (10). The electron, by v i r tue 

of its charge and minu te mass, is the predominant "carr ier" by w h i c h this 

t ransfer of e lec t romagnet ic energy to kinet ic energy is achieved. Specif ical ly, 

the e lect ron, accelerated by the rapidly osci l la t ing f ie ld, develops suf f ic ient 

k inet ic energy (1-2 KEV) or pseudo- temperatures (on the order of 1 0 4 °K) to 

dissociate, exci te, or ionize other molecules present in the gas. The energet ic 

e lectron also f ragments the surface l ignin and other hydrocarbons upon 

col l is ion. Because of the relat ively h igh concent ra t ion of free radicals and 

other energet ic species, the plasma gas react ions are character ized as high 

temperature react ions occur r ing at rapid rates and produc ing other energet ic 

species. The produc t ion of acety lene in a mic rowave plasma, as contrasted to 

ethane or methane in convent iona l pyrolysis, suppor ts th is concept of the 

plasma gas as a high energy zone, since as Figure VII f rom Baddour and 

T i m m i n s (10) shows, acety lene is thermodynamicaJly stable at higher 

tempera ture wh i le methane and ethane are not. A l t h o u g h the rmodynamic 

a rguments cannot str ict ly be used in a mic rowave plasma as a consequence 

of the inequal i ty of the electron temperature and the temperature of the ions 

and molecules, the produc t ion of acety lene tends to suggest that the electron 

concent ra t ion and veloc i ty de termine the energet ics of the gas phase. Further 

detai ls of the plasma gas react ions are discussed in Graef (41,46). 

A l t h o u g h electron bombardmen t is rapid and the predominant fo rm of heat 

t ransfer in the gas phase, t ranspor t processes w i t h i n the pellet are qui te 

d i f ferent and m u c h slower. Increased char y ie ld and condensed aromat ics 

found in th is s tudy are consistent w i t h the fo l l ow ing descr ip t ion of the 

processes occur r ing w i t h i n the pellet. Upon col l is ion w i t h the pellet surface, 

the f lux of electrons relases large amounts of heat w h i c h volati l izes and 

cracks the polymer ic l ign in. Depending on the gas compos i t ion as in Figure 

VI , the s to ich iomet ry (or C/O/H ratios) of the biomass, and the mass t ranspor t 

s i tuat ion, an amoun t of residual or char forms inward f rom the pellet surface, 

w h i l e the volat i les ou t f l ow increases the gas pressure near the pellet. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
5



306 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Figure 6. Acetylene evolved (standard 
ce) as a function of tubegrabed power 
absorbed over a 10-min experiment: (0) 
He, (A) Ar, and (+) H9 carriers; line is 

trend only 

PRODUCTION OF ACETYLENE 
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ENERGY ABSORBED 
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Figure 7. Thermodynamic stability of some hydrocarbons as a function of tem
perature (10) 
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15. GRAEF ET AL. Acetylene from Biomass/Lignin 307 

Kinetic exper iments s h o w the char th ickness progressively increases 

fo l low ing the same rate as the w e i g h t loss (41,43,44) and th is fact causes the 

rate and nature of fur ther degradat ion react ions in the solid phase to be qui te 

d i f ferent f rom those occur r ing s imul taneously in the gas phase for three 

reasons: 

1. The hot char [300° to 1000°C as measured by infrared pyrometry (44)] 

and ash provide surfaces w h i c h can catalyze secondary thermal 

react ions of the reactive f ragments of the escaping volat i les. The char 

can also be consumed by t h e m as suggested by Lewel lyn et al. (8) 

However, both processes occur at temperatures lower than the ef fect ive 

plasma temperature and degradat ion is not as severe. 

2. The rate of heat penetrat ion th rough the char layer is in propor t ion to the 

thermal propert ies and porosi ty of the char (43,44) since the mode of 

heat transfer to the unreacted l ign in /char interface is by ordinary 

conduc t ion th rough the char rather than by electron bombardment . Thus 

the apparent rate of devolat i l izat ion as measured by w e i g h t loss kinet ics 

is s lower (k > 1-10 m i n " 1 ) than one m igh t predict f rom electron pseudo-

temperatures in the gas plasma. Af ter an init ial per iod, these apparent 

devolat i l izat ion rates are consistent w i t h rates for conduc t ion in porous 

char (44,49). 

3. The porous interior of the pellet provides a resistance to mass transfer, 

i.e., conf ines the volat i les, w h i c h increases react ive f ragment concent ra 

t ions. This promotes polymer izat ion and condensat ion react ions w h i c h 

fo rm the greater char f ract ion and condensed aromat ics (Table III and 

Figure V) than reported for convent iona l pyrolysis. 

Depending on the carrier gas f l ow rate, v a c u u m p u m p capaci ty , degree of 

cracking and local p lasma temperature , the just-volat i l ized higher molecular 

we igh t gases can be either swept f rom the plasma zone or undergo 

secondary plasma reac t ions . These gas-phase s e c o n d a r y reac t ions 

(described previously) occur to vary ing extents due to the residence t ime 

d is t r ibut ion (laminar f low) and spatial ly nonun i fo rm plasma pseudo-

temperature (48). The condensib le volat i le f ract ion componen ts such as 

guaiacol and cresol that reflect the or ig inal l ignin s t ructure are rapidly 

quenched volat i les subjected to short residence t imes or low-p lasma 

temperatures, perhaps f rom the outermost pellet layer reacted. 

The descr ip t ion of the secondary react ions in the gas phase is fur ther 

compl ica ted by the fact tha t e lectron concent ra t ion and average electron 

ve loc i ty or energy do not remain constant for the entire exper iment because 
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308 BIOMASS AS A NONFOSSIL FUEL SOURCE 

of nonconstant system pressure and compos i t ion . The electron concent ra t ion 

is inversely related to pressure and h ighly dependent on gas compos i t ion via 

the ionizat ion potent ia l of t he componen ts (47). The absorbed power also 

changes w i t h gas compos i t i on , fur ther coup l ing the variables. Thus, the 

volat i les ou t f l ow reduces the plasma heat ing rate as a func t ion of the rate 

and a m o u n t of pressure increase. Exper iments conduc ted w i t h increasing 

ini t ial power as s h o w n in Figure VI s h o w a complex dependence on power 

and exper iments are being conduc ted to uncover the mechanisms. A s t rong 

ef fect of part ic le size is observed and descr ip t ion of the coupled t ranspor t and 

react ion processes is reported elsewhere (43,44). 

S U M M A R Y 

Rapid, severe degradat ion has been s h o w n to nar row the react ion p roduc t 

d is t r ibu t ion in p lasma pyrolysis of the aromat ic f ract ion of b iomass. l ignin. 

This paper reports on ly f ive c o m p o u n d s w i t h yields > 2 % if the tar (3% to 

10%) and char (33%) are considered t w o of the f ive. Primari ly gasi f icat ion 

occurs since y ields of 51 w e i g h t percent gases are found . These gases, are 17 

w e i g h t percent H 2 (43 vo lume percent) and C 2 H 2 is 13 w e i g h t percent (14 

vo lume percent) . Char y ie ld is reduced as suggested by Lewel lyn because of 

consumpt ion by increased radical concent ra t ions, here, associated w i t h the 

p lasma. Condensed aromat ics in add i t ion to phenol - type c o m p o u n d s are 

found in the tar f rac t ion, due presumably to mass t ranspor t l imi ta t ions in the 

pellet. Despite the nar row produc t d is t r ibu t ion and h igh heat ing value of the 

gas p roduced, energy consumpt ion for the process is h igh due to the 

necessity of ma in ta in ing the plasma and to the large pel let size s low ing the 

rate. Because of the potent ia l of very fast react ions in the p lasma, t ranspor t 

considerat ions, especial ly heat transfer, become increasingly impor tan t and 

po in t the w a y to fur ther improvements . 
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16 
The Effects of Residence Time, Temperature, and 
Pressure on the Steam Gasification of Biomass 

MICHAEL J. ANTAL, JR. 

Department of Mechanical and Aerospace Engineering, Princeton University, 
Princeton, NJ 08540 

The underlying science of thermochemical conversion of biomass materials 
to useful gaseous fuels is poorly understood. Recent experimental research in 
the U.S.A. (1) and Sweden (2) has offered new and important insights into the 
gasification process. The two research teams independently conclude that 
biomass gasification occurs in three steps: 1) pyrolysis. producing volatile 
matter and char; 2) secondary reactions of the evolved volatile matter in the 
gas phase; and 3) char gasification. Detailed understanding of the rates and 
products of these three steps offers important guidance for the improved 
design of biomass gasifiers. 

Pyrolysis of biomass materials occurs under normal conditions at relatively 
low temperatures (300° to 500°C), producing volatile matter and char. Very 
rapid heating causes pyrolytic weight loss to occur at somewhat higher 
temperatures. In general, the volatile matter content of cellulosic materials 
approximates 90% of the dry weight of the initial feedstock. Woody materials 
contain between 70% and 80% volatile matter, and manures contain 60% 
volatile matter. However, it is known (3) that cellulosic materials can be 
completely volatilized when subject to very rapid heating (>10,000°C/sec). 
Several relatively complete reviews of the mechanisms and kinetics of 
cellulose pyrolysis are available in the literature (4-7). 

0097-6156/81/0144-0313$05.50/0 
© 1981 American Chemical Society 
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314 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Volat i le mat ter produced by pyrolysis of the biomass begins to par t ic ipate in 

secondary, gas-phase react ions at temperatures exceeding 600°C. These 

react ions occur very rapidly and yield a hydrocarbon-r ich syngas product . As 

recognized by Diebold (8), these react ions resemble the hydrocarbon 

crack ing react ions employed in the manufac ture of e thy lene and propylene 

by the pet rochemical industry (9.10). The secondary gas-phase react ions 

domina te the gasi f icat ion chemis t ry of biomass. 

A t st i l l h igher temperatures ( > 7 0 0 e C ) . pyro ly t ic char reacts w i t h s team to 

produce hydrogen, carbon monox ide and carbon dioxide. Rates of gasi f ica

t ion of b iomass-der ived chars are k n o w n to be higher than coal-der ived chars 

(2); however, m u c h higher temperatures are required to achieve char 

gasi f icat ion than were ini t ial ly required for the pyrolysis reactions. Catalysis 

of char gasi f icat ion has been reported (1_1.12) w i t h l imi ted success. 

Research descr ibed in th is paper focuses on the second step of the 

gasi f icat ion process, and detai ls the ef fects of temperature and residence 

t ime on product gas fo rmat ion . Cellulose is used as a feedstock for pyro ly t ic 

volat i les fo rmat ion . Earlier papers (13.14) have discussed the effect of s team 

on cel lulose pyrolysis kinet ics. T w o recent papers (15.16) presented early 

results on pellet ized red alder w o o d pyro lys is /gasi f icat ion in s team. Future 

papers w i l l discuss results using other w o o d y materials, crop residues, and 

manures (1_7.18). Research to date indicates that all biomass mater ia ls 

produce qual i ta t ive ly similar results in the gasi f icat ion reactor descr ibed in 

the fo l low ing sect ion of th is paper. Effects of pressure on the heat of pyrolysis 

of cel lulose are also discussed as a prelude to fu ture papers deta i l ing the 

more general effects of pressure on react ion rates and product slates. 

EFFECTS OF T E M P E R A T U R E A N D RESIDENCE T I M E O N T H E SEC

O N D A R Y . G A S - P H A S E R E A C T I O N S 

E x p e r i m e n t a l P r o c e d u r e 

For the exper iments descr ibed below, dry W h a t m a n No.1 f i l ter paper stored 

in a desiccant bot t le was used as feedstock mater ial . The use of an oven to 

obta in "bone d r y " mater ial was found to be fut i le due to the hygroscopic 

nature of the cel lulose. The cel lulose w a s assumed to have the chemica l 

compos i t ion 0.444 C. 0.062 H, 0.494 0 on a mass f rac t ion basis, and the char 

compos i t ion was de termined to be 0.7835 C. 0.04 H. and 0.1765 by an 

independent laboratory. 

A special ly designed quartz, tubular , p lug- f low reactor was fabr icated to 

s tudy the gas-phase reactions. Rates of gas fo rmat ion by species can be 
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16. A N T A L Steam Gasification of Biomass 315 

measured using the reactor ei ther in a di f ferent ia l or an integral mode. Results 

descr ibed here emphasize the integral aspects of the tubu lar reactor since 

they are the easiest to interpret. 

A schemat ic of the exper imenta l apparatus is g iven in Figure I. A typ ica l 

exper imenta l procedure was : 

1) W i t h all three furnaces co ld , a smal l (0.1 to 0.5 g) sample of the 

mater ia l to be pyrolyzed is placed in the center of the pyrolysis reactor. 

2) A n inert gas is bled th rough ports D and Ε to cool the sample and 

purge the reactor, wh i le furnaces 1 and 3 br ing the steam superheater 

and the gas-phase reactor to the desired temperature. 

3) The peristal t ic p u m p is actuated and pumps water into the steam 

generator at a measured rate. Concurrent ly , a smal l amoun t of inert 

t racer gas (argon) is ccn t inuous ly in jected th rough port A into the rear 

of the reactor. 

4) W h e n condensed wa te r f irst begins to appear in the pyrolysis 

reactor, furnace 2 (which was preheated to the desired pyrolysis 

temperature) is moved into place around the pyrolysis zone of the 

reactor. 

5) W h e n pyrolysis temperatures are reached, the six-port Valco valve 

is sw i t ched and the 34-por t Valco valve automat ica l ly takes 15 

samples of the gas stream for later analysis in the Hewlet t -Packard 

5834a Gas Chromatograph (HPGC). Unsampled gas is col lected in a 

Tef lon bag for later analysis. 

6) W h e n all 15 samples have been taken, the six-port valve is 

sw i t ched again and the samples are automat ica l ly analyzed by the 

HPGC. Gases col lected in the Tef lon bag are sampled using a gas t igh t 

syr inge and analyzed by the HPGC. 

7) The char and tars p roduced dur ing the exper iment are col lected 

and we ighed . Wate r co l lected in the condenser is also we ighed . 

Temperatures w i t h i n the reactor are contro l led by var ious temperature 

control lers and moni to red by Type Κ thermocoup les w i t h cont inuous 

recording on chart recorders. Measured temperature var iat ions along the 

length of the gas-phase reactor have been descr ibed in an earlier pub l ica t ion 

(1). 
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16. A N T A L Steam Gasification of Biomass 317 

The evolved gas compos i t ion was observed to undergo considerable 

var iat ion dur ing the course of the exper iment ; consequent ly ten gas 

standards were acqui red to cal ibrate the HPGC for quant i ta t ive analysis of the 

fo l low ing gases: Ar, N 2 . H 2 , CO, C 0 2 . C H 4 , C 2 H 4 . C 2 H 6 , C 3 H 6 , C 4 H 8 , C 4 H 1 0 , 

C 5 H 1 2 , and C 6 H 1 4 . Ident i f icat ion of the higher hydrocarbons (>C3> is 

obscured by the fact that some other pyrolysis products have simi lar 

retent ion t imes. Analyses g iven in this paper for l ight hydrocarbons ( ^ C 3 ) 

have been checked using a mass spectrometer. The HPGC uses a Poropak QS 

co lumn in series w i t h a Porosil c o l u m n operat ing be tween — 5 0 °C 

(cryogenic) and 200°C for gas analysis w i t h a thermal conduc t i v i t y detector 

(TCD). The carrier gas is an 8.5% H 2 - 91.5% He mixture. A typ ica l gas 

analysis takes 14 minutes. 

The comple te recovery of mois ture and tars f rom the reactor somet imes 

poses di f f icul t ies. The moisture is absorbed on dry paper towels and 

w e i g h e d ; whereas the tars condense on a rol led piece of a l u m i n u m foil 

inserted in the condenser. Mass balances are a lways better than 0.8, but can 

be mis leading because m u c h more water is used dur ing the course of an 

exper iment than solid reactant. The carbon balance is a better measure of the 

exper iment 's qual i ty , and customar i ly ranges between 0.7 and 1.0 for the 

results reported here. Our inabi l i ty to close the carbon balance in part reflects 

the fo rmat ion of water -so lub le carbonaceous c o m p o u n d s w h i c h are not 

subject to analysis by our exist ing ins t rumenta t ion . Their presence is 

mani fested by the color and odor of the col lected water , w h i c h ranges f rom 

clear w i t h an odor resembl ing au tomobi le exhaust, to deep amber w i t h a 

stronger, more noxious odor. 

As des igned, the reactor bears some resemblence to a di lu te-phase t ransport 

reactor in that the solids and volat i le pyrolysis products are present only in 

low concent ra t ions in the steam reactant. Dur ing pyrolysis.the compos i t ion of 

gas in the gas-phase reactor using the lowest s team f l ow and a 0.1 g sample 

is nominal ly 6 8 % steam, 2 8 % volat i les, and 4 % argon carrier (on a vo lume 

percent basis). Somewha t larger samples, leading to an increase in volat i le 

concent ra t ions, do not markedly affect the results reported here. 

Rates of gas produc t ion can be measured using the reactor in either a 

di f ferent ial or an integral mode. The di f ferent ia l mode employs the Valco 

valve system to obta in f i f teen 0.6-ml samples of gas evolved dur ing the 

course of the exper iment . W i t h Ar tracer gas in jected at a measured rate, the 

d i lu t ion of the tracer gas sample can be direct ly related to the " ins tan 

taneous" rate of volat i le gas product ion in the reactor. For example, w i t h a 

tracer gas f low of 5 ml per m in . a d i lu t ion of 5 0 % in the gas sample w o u l d 

correspond to an " ins tan taneous" volat i le gas produc t ion rate of 5 ml per 
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318 BIOMASS AS A NONFOSSIL FUEL SOURCE 

min . Unfor tunate ly , departures f rom t rue p lug f l ow w i t h i n the reactor 

(pr imari ly due to the ef fect of the condenser on gas f low) make the 

di f ferent ia l m o d e exper imenta l data more d i f f icu l t to interpret than ind ica ted 

above. Research repor ted here emphasizes the integral aspects of the reactor 

des ign. 

W h e n used in the integral mode, tota l gas p roduc t ion by species is measured 

using te f lon bags to col lect all the reactor ef f luent . The dependence of to ta l 

gas p roduc t ion on gas-phase residence t ime in the gas-phase zone of the 

reactor is de te rmined using the c o m b i n e d data of many exper iments . This 

data can be used to infer rates of gas p roduc t ion w i t h i n the gas-phase 

reactor. Kinet ic models of gaseous species fo rmat ion can be obta ined 

t h r o u g h a s tudy of the ef fects of bo th tempera tu re and residence t i m e on 

species p roduc t ion . 

K i n e t i c I n t e r p r e t a t i o n o f R e a c t o r D a t a 

Consider the pyrolysis of a smal l sample of organic mater ia l in the pyrolysis 

zone of the tubu la r reactor system. A t any t ime t. the rate of evo lu t ion of 

gaseous volat i le mat ter ( rh v ) f rom the pyro lyz ing sample is g iven by: 

m v ( t ) - m ^ - m k [ V - V ( t ) ] n ; k - A e x p ( - E / R T ) (1) 

w h e r e m is the t ime dependent sample mass, mj is the init ial sample mass. 

m f is the f inal sample mass. V = (mj — m f ) / m i . V = (mj — m ) / m j , A is the 

pre-exponent ia l constant . Ε is the apparent ac t iva t ion energy, R the Universal 

Gas Constant . Τ is the t ime-dependen t absolute tempera tu re , and η is the 

apparent order of the react ion. The concen t ra t ion of volat i le mat te r (C v ) in the 

f l o w i n g st ream is g iven by: 

C v ( t ) - — , — ^ , , . (2) 
m S ' P s + m v / p v 

w h e r e m s is the mass f l o w of s team in the tubu lar reactor and ρ s and ρ v 

are the densi t ies of s team and volat i le mat ter (respectively). A s s u m i n g p lug 

f low, the volat i le mat ter evolved at t ime t enters the gas-phase reactor at t ime 

t + Tj and leaves the gas-phase reactor at t ime t + r 0 . The residence t ime 

θ = TQ . Tj of the volat i les in the gas phase is g iven by: 

0 - L 2 / J L v ( x ) d x ^ c r L / V (3) 
ο 

where L is the length of the gas-phase reactor, ν is the spat ia l ly -dependent 

gas ve loc i ty in the reactor. V is the vo lumet r i c f l ow of volat i les plus s team in 

the reactor at the gas-phase reactor tempera tu re T, and σ is the reactor 's 

ef fect ive cross sect ional area. 
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16. ANTAL Steam Gasification of Biomass 319 

Suppose tha t the rate of d isappearance of condensib le volat i les (due to 

crack ing, re forming, etc. and t reat ing the condensib le volat i les as a single 

chemica l species) in a di f ferent ia l vo lume e lement ν δ τ of gas mov ing w i t h 

average ve loc i ty ν = L / 0 satisfies a first order rate law: 

^ - - C v r v (4) 
d r 

where the rate cons tan t r v is g iven by the Ar rhen ius expression: 

r v - A v e x p ( - E v / R T ) (5) 

The t ime var iable τ can be t h o u g h t to " t rack " the posi t ion of the di f ferent ia l 

vo lume e lement w i t h ini t ial volat i le concent ra t ion C v ( t ) as it moves th rough 

the gas-phase reactor. The produc t ion of permanent gases produced by 

c rack ing / re fo rming react ions is also assumed to satisfy a f irst order rate law: 

dCj 

- j f . - C , , (6) 

where η is the rate constant associated w i t h the j t h permanent gas and : 

rj - A j exp ( - E j / R T ) (7) 

As a f irst approx imat ion , the gas-phase zone can be treated as an isothermal 

reactor (however, see the fo l l ow ing sect ion), leading to the expressions: 

C v ( t + T Q ) - C v ( t ) e x p [ - r v ( τ 0 - T J ) ] (8) 

C j ( t + τ 0 ) — Cj(t) - J T ° C v (t)rj exp [ - r v ( T - T J ) ] C I T 

T j 

- C v ( t ) ( r j / r v ) { l - e x p [ - r v ( τ 0 - T J ) ] } (9) 

where r v and r j are cons tan t (by assumpt ion of constant T), and it is also 

assumed that the tempera tu re of the pyrolysis zone is suf f ic ient ly " c o l d " so 

that the c rack ing / re fo rm ing react ions do not c o m m e n c e unt i l the di f ferent ia l 

vo lume e lement enters the gas-phase reactor. 

The mass of species j in the di f ferent ia l vo lume e lement emerg ing f rom the 

reactor at t ime t + τ 0 js g iven by: 

a v ô t C j (t + τ 0 ) 
(10) 
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3 2 0 BIOMASS AS A NONFOSSIL FUEL SOURCE 

and the tota l mass m; of species j p roduced dur ing the exper iment is g iven 

For short residence t imes [ r v ( τ 0 — Tj) < < 1 ] Equat ion (11) becomes: 

A plot of mj vs. residence t ime ( τ 0 — τ ( ) should y ie ld a st ra ight l ine w i t h 

tempera tu re dependent slope ν σ η / C v (t)dt — k j . A subsequent plot of 

/ n ( k j ) vs. T" 1 shou ld y ie ld s t ra ight l ines w h o s e slopes are the apparent 

ac t iva t ion energy Ej associated w i t h the rate of p roduc t ion of species j . Thus, 

the data obt ra ined f rom the tubu lar reactor are suscept ib le to kinet ic 

in terpretat ion. 

It should be noted tha t th is analysis only provides an ins ight into the init ial 

rates of the crack ing react ions. Tert iary gas-phase react ions tend to obscure 

the in terpretat ion of the kinet ic data der ived f rom the reactor. Moreover, the 

init ial rate measurements for the crack ing react ions are mean ing fu l on ly for 

short residence t imes [ r v ( T 0 — τ j )< < 1 ] . Because the crack ing react ions 

occur rapidly, th is const ra in t is d i f f icu l t to satisfy. 

D e p a r t u r e s F r o m an Idea l I s o t h e r m a l R e a c t o r 

The tubu la r quartz reactor was des igned ant ic ipa t ing the need to prov ide for 

long (5 seconds or more) gas-phase residence t imes in order to reform the 

oi ly volat i le matter . Surpr is ingly, the observed react ion rates were so h igh 

tha t residence t imes on the order of 0.5 sec or less were needed to satisfy the 

cond i t ion r v ( 1 0 — τ j ) < < 1 . T o obta in such short residence t imes, large mass 

f lows were required w h i c h caused the reactor to deviate f rom its in tended 

use as an ideal isothermal system. In add i t ion , the L indburg furnaces were 

observed to be less un i fo rm in tempera ture than expected. Consequent ly , 

heat t ransfer plays a cr i t ical role in de te rm in ing the residence t ime of the 

volat i les at tempera ture . The fo l l ow ing paragraphs out l ine our " f i rs t order" 

approach towards recogniz ing the affects of heat t ransfer on the kinet ic 

in terpretat ion of the exper imenta l data. 

by: 
m j - crJv(t)Cj( t + T 0 ) d t 

= vo - /C j ( t + r 0 ) d t - [ v o - ( r j / r v ) ] { l -

exp [ - r v ( T 0 - T j ) ] } / C v ( t ) d t 

+ V a J C j (t)dt (11) 

m j — ν σ η ( τ 0 - T J ) J C v ( t ) d t + vo - /C j ( t )d t (12! 
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16. A N T A L Steam Gasification of Biomass 321 

A s imple energy balance for laminar f lu id f low in a long tube leads to the 

equat ion : 

— + a T = a T w (13) 
dx 

where « = π D h / m c p . and T(x) is the bulk gas temperature along the length 

χ of the tube. T w is the constant wa l l - temperature , D is the tube's d iameter , h 

is the heat transfer coef f ic ient , m is the mass f low of the gas and c p is the 

speci f ic heat of the gas. Equat ion (13) can be solved to de termine the 

dis tance f required for the gas to reach temperature T, w i t h the result: 

, (14l 
\ * - k N N u D J \ t w — τ j y 

where h = k N N u D / D . k is the thermal conduc t i v i t y of the gas. and the Nusselt 

number N N u d = 3.7. 

In order to obta in an approx imate residence t ime ( τ 0 — τ , ) for the volat i les 

in the gas-phase reactor, the length f was calculated assuming T w — Τ = 

5°C. A n error of 5°C in the gas-phase tempera ture measurement gives rise to 

about a 10% error in the determinat ion of E, . The residence t ime of the 

volat i les at temperature was then calculated using the fo rmula : 

(L - Λ )σ 
T ° - T | " m s / p s + m v / p v (15) 

where L is the tota l length of the gas-phase sect ion of the reactor, and σ is 

the apparent cross sect ional area of the reactor. 

Table I lists values o f . / as a func t ion of T w for a s team f low of 0.34 g / m i n 

(used in the short residence t ime kinet ic exper iments) . From this data, it is 

apparent that at the higher gas-phase temperatures, the volat i les spend 

about 5 0 % of their t ime in the gas-phase reactor being heated to isothermal 

condi t ions. Consequent ly , k inet ic measurements at the higher temperatures 

represent in tegrated values of the rates at lower temperatures, in add i t ion to 

the (assumed) constant rate at T w . This result c louds the kinetic 

in terpretat ion of the reactor data. A l t h o u g h more effort cou ld be made to 

expl ic i t ly account for the w a r m u p t ime in the kinetic model for the reactor 

data, w e have chosen to focus our effort on the design of a "second 

generat ion reactor" w h i c h w i l l provide suf f ic ient heat t ransfer rates to ensure 

nearly isothermal cond i t ions for the shortest residence t ime exper iments. 
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322 BIOMASS AS A NONFOSSIL F U E L SOURCE 

T a b l e I. P A R A M E T E R S U S E D T O C A L C U L A T E 

G A S - P H A S E RESIDENCE T I M E 

E f f e c t i v e E f f e c t i v e 

R e a c t o r V o l u m e , I nse r t V o l u m e , 

w« °C f , c m c m 3 c m 3 

7 5 0 13.4 46.4 30.2 

7 0 0 13.9 48.1 31.3 

6 7 5 14.2 49.2 32.0 
6 5 0 14.5 50.2 32.6 

6 2 5 14.8 51.3 33.3 
6 0 0 15.2 52.7 34.2 

5 7 5 15.6 54.0 35.1 
5 5 0 16.1 55.8 36.2 
500 17.2 59.6 38.7 

L « 29.2 c m 

σ - 3.474 c m 2 

Bulk vo lume of insert ^ 70 c m 3 

Length of insert 31.1 C m  P
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16. A N T A L Steam Gasification of Biomass 323 

Some efforts have also been made to exper imenta l ly measure the 

temperature rise of the steam enter ing the gas-phase reactor. Qual i tat ive 

agreement w i t h the results of the heat transfer calculat ions was f o u n d ; 

however, a brief ca lcu lat ion of the effect of radiat ion on the thermocouple 's 

measurement of the gas temperature po in ted to a s igni f icant error in the 

measurement . For example, w i t h a steam f l ow of 0.12 g / m i n and a gas-phase 

temperature of 600°C. the thermocoup le temperature was calculated to 

exceed that of the gas by 13°C. Careful ly const ruc ted radiat ion shields are 

needed to e l iminate th is effect. Because our research effort in this area was 

d raw ing to a close, it was decided to use the methodo logy descr ibed earlier 

(Equation 15) to est imate the residence t ime of the volat i les at temperature. 

D e p a r t u r e s F r o m A n Idea l P l u g - F l o w Reac to r 

Both tu rbu lence and molecular d i f fus ion cause tubular reactors to depart 

f rom ideal p lug- f low behavior. It is standard pract ice to account for the t w o 

effects by a single d imensionless parameter D/vL, cal led the vessel 

dispersion number. This number is usually determined exper imenta l ly , and its 

magn i tude indicates the degree of depar ture of the reactor f rom plug f low 

(2VvL) < 0 . 0 1 for p lug f low) . A good discussion of the effects of dispersed 

p lug f l ow on the kinet ic in terpretat ion of reactor data is g iven by Levenspiel 

(19). 

The value Z)/vL = 0.122 was measured by T. Mat tocks (V7). A l t h o u g h this 

value suggests s igni f icant departures f rom plug f low, w e believe most of the 

dispersion occurs in the condenser w i t h o u t af fect ing the kinet ic measure

ments presented here. 

Resu l t s a n d D i s c u s s i o n 

Figures II. Ill, and IV display the dependence of gas produc t ion (g gas per g 

cel lulose or % conversion) by species on gas-phase residence t ime for var ious 

gas-phase reactor temperatures. For these exper iments, the steam super

heater was mainta ined at 350°C, and the pyrolysis furnace at 500°C. This 

latter set t ing gave rise to a measured sample heat ing rate of 100°C/min . 

Residence t imes were altered by vary ing the peristal t ic pump's water f l ow 

rate be tween 0.06 and 0.34 g / m i n . and by insert ing a closed quartz cy l inder 

into the gas-phase reactor to reduce its apparent vo lume. 

Data points reported in Figures ll-V were accumula ted over a period of e ight 

mon ths using exper imenta l techn iques w h i c h evolved and improved dur ing 

that t ime period. Data points w i t h residence t imes of t w o to three seconds 

were obta ined using a water f l ow rate of 0.34 g / m i n for a 0.25 g sample. 
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324 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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Figure 2. Nonhydrocarbon gas production vs. residence time for various gas-
phase temperatures: Ο 500°, (A) 600°, (O) 650°, (·) 700°, (X) 750°C 

0.08 

0.07 

0.06 

0.05 

0.04 

0 . 0 3 

0 .02 

Δ Δ 

0 1 2 3 4 5 6 7 8 9 10 U 12 

0.014 

0.012 

0.010 Ι 

0.006 - Ο 

0.004 -

0 .002 

_ J I I L_ 

Residence T 1 M (sec) 

Figure 3. Paraffinic hydrocarbon gas production vs. residence time for various 
gas—phase temperatures: Ο 500°, (A) 600°, (O) 650°, (%) 700°, (X) 750°C 
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A N T A L Steam Gasification of Biomass 325 
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Figure 4. Olefinic hydrocarbon gas production vs. residence time for various gas-
phase temperatures: Ο 500°, (A) 600°, (0)650°, (·) 700°, (X) 750°C 
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Figure 5. Carbon, hydrocarbon, and oxygen efficiency vs. residence time for vari
ous gas—phase temperatures: Ο 500°, (A) 600°, (O) 650°, (·) 700°, (X) 

750°C 
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326 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Shorter residence t imes were obta ined using a quartz insert to reduce the 

gas-phase reactor's apparent vo lume. Longer residence t imes were obta ined 

by reduc ing the wa te r f l ow rate and cel lulose sample size proport ionately . 

Thus, all the data represents the same steam f low/ce l lu lose w e i g h t ratio. 

Since cel lulose pyrolysis occurs in about one m inu te w i t h a heat ing rate of 

100°C /m in . the data correspond to a s team d i lu t ion ratio of about 1.4 g s team 

per 1 g cel lulose feed. Avai lable ev idence suggests tha t h igher s team d i lu t ion 

ratios have l i t t le affect on the gasi f icat ion results. Efforts are present ly being 

made to more fu l ly e luc idate the effects of d i lu t ion rat io on steam gasi f icat ion 

products . 

Of the var ious gases represented in Figures ll-IV. the behavior of carbon 

d iox ide is s implest to interpret, since it shows the least dependence on gas-

phase residence t ime or temperature. Apparent ly , the pr imary mechan ism for 

C O 2 fo rmat ion rests in the init ial pyrolysis process. Secondary gas-phase 

react ions at temperatures of about 500°C con t r ibu te less to C O 2 fo rmat ion . In 

order to increase gasi f icat ion ef f ic iency by reduc ing C O 2 fo rmat ion (each 

molecu le of C O 2 fo rmed represents a net loss of carbon f rom the combust ib le 

products of the process), the cond i t ions af fect ing the pyrolysis step of 

gasi f icat ion must be careful ly examined. For example, the use of h igh heat ing 

rate may reduce C 0 2 fo rmat ion . 

Methane fo rmat ion is also relat ively easy to interpret. Increasing t e m 

peratures and increasing residence t imes result in increased methane 

fo rmat ion . The slope of the dashed lines in Figure III g ives the apparent rate of 

methane product ion at the var ious temperatures studied. The dependence of 

th is p roduc t ion rate on temperature is used later in th is sect ion to est imate 

the act ivat ion energy for methane fo rmat ion . Efforts to e lucidate the 

mechan ism of methane fo rmat ion (most probably the pyro lys is /hydro-

genat ion of h igher hydrocarbons) are present ly underway. 

Carbon monox ide and hydrogen produc t ion data behave simi lar ly, and reach 

a m a x i m u m at about 5 sec residence t ime and 7 0 0 0 to 750°C. Data for C 2 H 6 

produc t ion s h o w some s imi lar i ty to that of C H 4 ; however . C 2 H 6 p roduc t ion 

reaches a m a x i m u m at temperatures of 6 5 0 ° to 700°C and residence t imes of 

about 2 sec. Compet i t i ve rates of fo rmat ion by pyrolysis and c o n s u m p t i o n by 

pyrolysis or dehydrogenat ion react ions probably explain th is observed 

behavior. 

Ethylene produc t ion is maximized at temperatures of 700° to 750°C and 

residence t imes of about 6 sec. whereas propylene fo rmat ion is favored by 

lower temperatures (650°C) and shorter residence t imes (2 sec). 
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16. A N T A L Steam Gasification of Biomass 327 

In general , these results indicate that the gas-phase react ion temperature is 

the most s igni f icant parameter. The role of pr imary pyrolysis condi t ions and 

gas-phase residence t imes are m u c h less s igni f icant. Moreover, for 

temperatures above 650°C, the init ial rates of species fo rmat ion are very 

h igh, so that m u c h of the gas format ion is comple te in less than 0.5 sec. 

These very h igh rates of gas fo rmat ion due to secondary react ions are of 

great s igni f icance for reactor design. 

The preceding conclus ions are substant ia ted by Figure V, w h i c h shows the 

effect of gas-phase tempera ture and residence t ime on the carbon, hydrogen 

and oxygen gasi f icat ion eff ic iencies (carbon ef f ic iency = carbon in gas - r -
feedstock carbon). Aga in , the gas-phase reactor temperature most s ignf i -

cant ly affects the carbon and hydrogen eff ic iencies of the system. 

Under the best cond i t ions examined to date, 8 3 % of the feedstock's energy 

was retained by the gaseous products of the process, and tar p roduc t ion was 

reduced to 3% of the feedstock we igh t . The gas had a heat ing value of 4 9 0 

Btu/SCF. Other per t inent stat ist ics are g iven in Table II. 

Init ial exper iments in f l ow ing argon w i t h no steam present yield essential ly 

the same results as the comparab le steam runs. From this, it appears tha t the 

gasi f icat ion process is domina ted by crack ing react ions and not steam 

reforming reactions. Var iat ions in heat ing rate of the cel lulose f rom 5 0 ° C / m i n 

to 2 0 0 ° C / m i n do not markedly af fect results. 

Using gas-phase residence t imes of 0.46 to 0.97 sec at temperatures of 750° 

and 500°C, respect ively, apparent rates of p roduc t ion were measured for 

seven gaseous species: C 0 2 . H 2 . CO. C H 4 , C 2 H 4 , C 2 H 6 and C 3 H 6 . Figures VI 

and VII are graphs of log ( k j / m j ) vs. Τ" 1 , where kj is the exper imenta l ly 

de te rmined rate of p roduc t ion of gas species j . As indicated in Figures VI and 

VII, the slope of the lines connec t ing the values of log (kj / m j ) gives the 

apparent act ivat ion energy Ej associated w i t h the rate of p roduc t ion of each 

species j . Values for each Ej are g iven in Table III. 

Several conc lus ions can be d r a w n f rom Figures VI and VII. A t h igh 

temperatures (and short residence t imes), the rate of convers ion of volat i le 

mat ter to ethy lene is second only to carbon monox ide and methane. Thus, 

large yields of ethy lene can be expected f rom a wel l designed biomass 

gasifier. In contrast to ethylene, the rate of p roduc t ion of propylene peaks at 

675°C and rapidly decl ines at h igher temperatures. As expected, the rates of 

p roduc t ion of hydrogen and carbon monox ide are favored by high 

temperatures. 
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328 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e I I . SELECTED G A S I F I C A T I O N RESULTS FOR CELLULOSE 

Steam Superheater Temperature 350°C 

Pyrolysis Reactor Temperature 500°C 

Gas-Phase Reactor Temperature 700°C 

Gas-Phase Reactor Residence T ime 3.5 sec 

Sample W e i g h t 0.125 g 

Char Residue W e i g h t 0.012 g 

Char Residue W e i g h t Percent 10% 

Tar Residue W e i g h t 0.003 g 

Tar Residue W e i g h t Percent 2% 

Gas Vo lume Produced 8 4 ml 

Gas Heat ing Value 4 9 0 Btu/SCF 

Calorif ic Value of Gases 13.7 M M B tu / ton 

Calorif ic Value of Char 2.8 M M B tu / ton 

Calorif ic Value of Tars 0.5 M M B tu / ton 

Mass Balance 0.84 

Carbon Balance 0.96 

Gas A n a l y s i s (Vol %) 

CO 52 
H 2 18 

c o 2 8 
C H 4 14 

C 2 H 4 6 
C 2 H 6 1 
C3H6 0.1 
Other 0.9 

T a b l e I I I . A P P A R E N T L O W T E M P E R A T U R E ( 5 0 0 ° C s= Τ s= 6 7 5 ° C ) 

A C T I V A T I O N ENERGY (Ej) FOR V A R I O U S G A S SPECIES 

Gas S p e c i e s ( k c a l / g m o l ) 

C 0 2 21 

H 2 35 

C 2 H 6 3 8 

C2H4 55 

C3H6 55 

CO 60 

C H 4 67 
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l.o l.i looo/T ( · κ - ΐ ) , z , J 

I I I I I I I I I 
750"C 700"C 675-C ISOt SXt 600*C 575*C 5S0'C 500*C 

Figure 7. Arrhenius plot of the gas—phase production rate for various gas species: 
(X)CtH„ (+) CtHkt (O) CsHe 
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330 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The rate curves for methane and ethy lene " t rack " each other closely, sug

gest ing tha t the same mechan ism may be responsible for the fo rmat ion of the 

t w o gases. Al l the rates exh ib i t a break at about 675°C, w i t h lower apparent Ej 

above 675°C. This may indicate a change in the crack ing mechan ism, or it 

may be an ar t i fact of poor heat t ransfer in the gas-phase reactor. A more 

expl ic i t mechanis t ic in terpretat ion of the data is made d i f f icu l t by the effects 

of heat t ransfer and non-ideal p lug f l ow on the kinet ic in terpretat ion of the 

exper imenta l data. Nevertheless, the data are qu i te useful for engineer ing 

design purposes, and suggests cr i ter ia to be used for the design of second 

generat ion reactors in tended t o prov ide more accurate measurements of gas-

phase crack ing rates. 

Finally, Figures ll-IV also exh ib i t the f i t (dashed lines) of Equat ion 11 to the 

exper imenta l data for a gas-phase tempera tu re of 600°C. Values for ν σ / c j (t) 

d t and vo- ( r / r v ) J c v ( t ) d t at 600°C used in Equat ion 11 are l isted in Table IV. 

The relat ively good agreement of the mode l embod ied in Equat ion 11 w i t h 

the exper imenta l data g iven in Figures ll-IV is not ent i re ly fo r tu i tous, but less 

good at h igher temperatures w h e r e the const ra in t r v ( τ 0 — Τ | ) < < 1 is not 

sat isf ied. A mechanis t ic in terpretat ion of gas-phase phenomena is needed to 

improve our abi l i ty to mathemat ica l l y predict the products of gasi f icat ion 

under a var iety of condi t ions. 

EFFECTS OF PRESSURE O N T H E P Y R O L Y S I S H E A T OF R E A C T I O N 

A comprehens ive exper imenta l research program to invest igate the effects of 

pressure on the products of s team gasi f icat ion of b iomass is current ly 

underway. A stainless steel, tubu lar microreactor similar to the quartz reactor 

descr ibed earlier has been fabr icated for the exper imenta l work . The pyrolysis 

furnace used w i t h the quartz reactor system has been replaced in the 

pressurized s team system by a Setaram Dif ferent ial Scanning Calor imeter 

(DSC). The DSC provides for quant i ta t ive determinat ion of the effects of 

pressure on pyrolysis kinet ics and heats of react ion. 

Figure VIII presents the results of three measurements of the heat of pyrolysis 

of cel lulose at d i f ferent pressures. A t elevated pressures, the pyrolysis 

react ion becomes exothermic , and char p roduc t ion increases f rom about 12% 

by w e i g h t of the cel lulose feedstock at 1 bar to 16% at 6 bars. Future research 

is expected to refine this init ial data and extend it over a broader range of 

pressures. 
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16. A N T A L Steam Gasification of Biomass 331 

T a b l e IV. N U M E R I C A L V A L U E S U S E D I N T H E G A S - P H A S E K I N E T I C 

M O D E L 

c o 2 

H 2 

CO 

C H 4 

C 2 H 6 

C 2 H 4 

C 3 H 6 

v o - / c j ( t ) d t 

0.061 

0.001 

0.045 

0.0035 

0.0009 

0.0 

0.0002 

v a ( r j / r w ) / c w ( t ) d t | T = e o c c 

0.046 

0.0057 

0.155 

0.0145 

0.0039 

0.010 

0.0058 

• I Pressure (bars) 

Figure 8. Cellulose ΔΗ pyroiysis vs. pressure 
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332 BIOMASS AS A NONFOSSIL FUEL SOURCE 

C O N C L U S I O N S 

Gas-phase, s team crack ing react ions domina te the chemis t ry of b iomass 

gasi f icat ion. A t temperatures above 650°C, these react ions proceed very 

rapidly and generate a hydrocarbon r ich syngas con ta in ing commerc ia l l y 

interest ing amoun ts of e thy lene, propylene, and methane. Increased pressure 

appears to inh ib i t the gasi f icat ion process. 

These results indicate tha t b iomass gasif iers should be designed to provide 

for h igh heat ing rates and short residence t ime w i t h gas-phase temperatures 

exceeding 650°C. Transport reactors, character ized by large th roughpu ts , 

h igh heat ing rates, modest pressures, and short residence t imes appear to be 

ideal ly sui ted for th is purpose. Future b iomass gasif iers should rely on steam 

crack ing to produce fuels and chemicals . 
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17 
Gasification of Oak Sawdust, Mesquite, Corn 
Stover, and Cotton Gin Trash in a Countercurrent 
Fluidized Bed Pilot Reactor 

STEVEN R. BECK, MAW JONG WANG, and JAMES A. HIGHTOWER 

Texas Tech University, Box 4679, Lubbock, T X 79409 

Research on pyrolyzing manure and wood using a pilot scale, counter-
current, fluidized bed reactor to produce ammonia synthesis gas and 
hydrocarbons has been conducted by the Department of Chemical 
Engineering at Texas Tech University since 1970. Results have been 
encouraging and justify further study. 

This paper reports the results of a comparison of the gasification of various 
biomass residues in the Synthesis Gas From Manure (SGFM) pilot plant. The 
residues evaluated include oak sawdust, mesquite, corn stover, and cotton 
gin trash. The SGFM process is based on a countercurrent, fluidized bed 
reactor. In this system, biomass is fed to the top of the reactor. As a result, the 
fresh feed is partially dried by direct contact with hot product gas prior to 
entering the reaction zone. This process has been described in detail by 
various researchers (1-4). 

In the SGFM reactor, fresh feed enters the pyrolysis zone of the reactor pr ior 

to encounter ing an oxid iz ing atmosphere. As a result, s igni f icant amounts of 

olef in ic c o m p o u n d s are fo rmed and exit the reactor before they can 

decompose. This also results in the fo rmat ion of tars w h i c h present prob lems 

in downs t ream processing. 

0097-6156/81/0144-0335$05.00/0 
© 1981 American Chemical Society 
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336 BIOMASS AS A NONFOSSIL FUEL SOURCE 

S G F M PILOT P L A N T 

The SGFM pi lot p lant was designed and cons t ruc ted in 1975 to test the 

SGFM process in a con t inuous system and provide data for design and 

evaluat ion of a commerc ia l faci l i ty. A schemat ic d raw ing of the SGFM pi lot 

p lant is s h o w n in Figure I. The heart of the pi lot p lant is the reactor itself. The 

reactor is 15.2 c m in the lower 1.5 m and 20.3 m in the upper 1 m or 

d isengaging zone. The sol ids are fed to the top of the reactor th rough a screw 

feeder, w h i c h contro ls the feed rate, and fall by grav i ty in to the reactor itself. 

The air -steam mix ture w h i c h enters the b o t t o m of the reactor is preheated in 

an 8 -m length of t ub ing tha t serves as a resistance heater. The char is 

removed f rom the reactor th rough a centerpor t open ing in the b o t t o m 

d is t r ibutor plate. A hydraul ic ram is used to prevent any br idg ing of the char 

in the d ischarge line. The gases exi t the top of the reactor and pass into a 

cyc lone that is operated at approx imate ly 350°C. The cyc lone is heated to 

prevent condensat ion of any of the react ion products and adequately 

removes most of the ent ra ined solids. The gases leaving the cyc lone then 

pass th rough a 3-stage impinger sequence w h i c h is operated at about 1 1 0 ° — 

140 e C. This serves to condense the tar bu t mainta ins the wa te r in a vapor 

state. Fol lowing the impingers. the wa te r is condensed in a doub le-p ipe heat 

exchanger and col lected in the downs t ream impinger sect ion. The produc t 

gases are then passed th rough a turb ine meter for f l o w rate measurements 

and vented to the atmosphere. Using this ar rangement , good mater ial 

balance data has been obta ined, bu t there are some prob lems in operat ion of 

the pi lot plant. W i t h the screw feeder, very f e w prob lems have been 

encountered in feeding the biomass. The tar co l lec t ion system is current ly the 

major prob lem. Tar produced f rom biomass feedstocks is a very v iscous 

mater ia l and tends to condense on all p ip ing and also p lug the impingers. For 

th is reason, the errors that are apparent in mater ial balance are pr imar i ly due 

to the inabi l i ty to col lect and measure all the tar p roduced. This is a relat ively 

minor error because of the fact that the tar p roduct is only about 5% of the 

raw feedstock we igh t . 

FEEDSTOCKS 

The c o m stover used in th is s tudy w a s acqu i red f rom area farms in Lubbock 

County, and w a s g round in a hammermi l l such that it w o u l d pass a 1/4- inch 

screen. Because of the f ibrous nature of the corn stover, all of the part icles 

were not smaller than 1/4 inch. Some of the part ic les were greater than 1 

inch long but on ly about 1/16 inch in diameter. Figure II gives the part ic le size 

d is t r ibu t ion of the g round corn stover. 
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17. BECK ET AL. Countercurrent Fluidized Bed Reactor 337 

Figure 1. Flowsheet of SGFM pilot plant 
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338 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The oak sawdust used in th is s tudy was obta ined f rom Missour i . Figure III 

g ives the part ic le size d is t r ibu t ion of the sawdust . 

Cot ton g in trash was obta ined in pelletized form f rom Amer i can Cot ton 

Growers, Crosbyton Gin Divis ion in Crosbyton, Texas. The g in t rash was 

pel let ized w i t h no b inder added. Figure IV gives the part ic le size d is t r ibu t ion 

of the co t ton g in t rash. 

The mesqui te used in th is s tudy was obta ined f rom Lubbock County. It was 

g round in a hammermi l l and then pulver ized in a micro-pulver izer such tha t it 

w o u l d pass a 2-mi l l imeter screen. Figure V gives the part ic le size d is t r ibu t ion 

of the mesqui te . 

The mois ture and ash con ten t of t he feedstocks are s h o w n in Table I a long 

w i t h the heat ing value of each mater ial . 

T a b l e I. FEEDSTOCK PROPERTIES 

M o i s t u r e 

F e e d s t o c k C o n t e n t , % 

Corn Stover 6.1 

Oak Sawdus t 35 

Cot ton Gin Trash 11.2 

Mesqui te 6.9 

D I S C U S S I O N 

A s h H i g h H e a t i n g V a l u e , 

C o n t e n t , % a s - r e c e i v e d , B t u / l b 

5.0 6,550 

0.9 4 ,842 

7.9 6,886 

5.6 10.195 

Gas Y i e l d 

The object ive of th is s tudy was to determine the total gas yield and gas 

compos i t i on f rom the var ious feedstocks as a func t ion of reactor temperature, 

air- to-feed ratio, and steam-to- feed ratio. The gas componen ts of greatest 

interest are hydrogen, carbon monox ide, methane, and ethylene. These 

componen ts con t r ibu te not on ly to the gas heat ing value, but also to the 

value of the gas as chemica l synthesis feedstock. 

The gas yields as a func t ion of average reactor temperature are s h o w n in 

Figure VI for dry sawdust , green sawdust , corn stover, co t ton g in trash and 

mesqui te . For compar ison , the gas yields f rom cat t le feedlot manure are also 

s h o w n in Figure VI (2). The gas y ie lds for all the feedstocks are greater t han 

for manure. It is assumed that m u c h of the hemicel lu lose and cel lulose fed to 

the cat t le w a s c o n s u m e d dur ing d igest ion. As a result, the manure is low in 

cel lulose and h igh in l ignin, prote in, and fat. The biomass residues evaluated 
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Figure 2. Particle size distribution of corn stover 
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Figure 3. Particle size distribution of oak sawdust 
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340 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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Figure 4. Particle size distribution of cotton gin trash 
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Figure 5. Particle size distribution of mesquite 
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17. BECK ET AL. Countercurrent Fluidized Bed Reactor 341 

conta in relat ively h igh amounts of hemicel lu lose and cellulose. Previous 

studies reported by S t a m m (5) s h o w that hemicel lu lose and cel lulose gasify 

at a m u c h higher rate than does l ignin. Therefore, unal tered plant matter, 

w h i c h is h igh in cel lulose, should produce more gas than catt le manure 

w h i c h is low in cel lulose. 

The four runs w i t h green sawdust are very interest ing. T w o runs, 56 and 57, 

were made w i t h no steam injected into the reactor. This resulted in a higher 

gas y ield than runs 5 4 and 55 w h i c h were made w i t h steam in ject ion. It is felt 

that the steam served as a heat sink and reduced the react ion temperature of 

the part icles. These results also indicate that the steam-char react ion d id not 

occur. Previous studies (6,_7) indicate that the react ion temperature must 

exceed 860°C in order for the steam-char react ion to be signi f icant. This 

conc lus ion is also suppor ted by the gas compos i t ion w h i c h w i l l be discussed 

later. The gas yields for corn stover are very simi lar to those obta ined for the 

dry sawdust . Corn stover poses some very d i f f icu l t operat ing problems 

however. These w i l l be discussed in the sect ion on operat ing di f f icul t ies. The 

pel leted co t ton gin trash behaved somewha t d i f ferent ly than the other 

feedstocks. The tota l gas yield w a s not great ly di f ferent, but it appeared tha t 

the s team-char react ion d id occur. The gin trash was composed of some large 

pellets and a s igni f icant f ract ion of f ines and broken pellets. This great ly 

af fected f lu id izat ion in the reactor. The who le pel lets probably d id not f luidize 

unt i l they were most ly ash. Consequent ly , they were able to lay on the 

d is t r ibutor and undergo steam gasi f icat ion at l ow temperature ( < 8 0 0 ° C ) and 

long residence t ime. The char ex i t ing the b o t t o m of the reactor was l ight grey 

wh i l e the cyc lone f ines were black. W i t h all other feedstocks, both the 

b o t t o m char and cyc lone f ines were black. 

The ash conten t of the char and cyc lone f ines suppor ts the conc lus ion that 

the g in trash char underwent steam gasi f icat ion. Table II shows the ash 

conten t f rom the var ious runs. The h igh ash content of the char f rom co t ton 

g in trash indicates a high degree of convers ion to gas. 

The corn stover also showed a h igh level of convers ion. This is probably due 

to the very small d iameter of the part icles w h i c h a l lows for rapid heat 

transfer. This results in h igh gasi f icat ion rates. 
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342 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e I I . A S H C O N T E N T OF C H A R A N D C Y C L O N E FINES 

Run R a w A s h C o n t e n t , % 

N o . F e e d s t o c k Feed Char C y c l o n e F ines 

51 Corn Stover 5.0 88.8 57.8 

6 0 Corn Stover 5.0 89.5 51.7 

71 Corn Stover 5.0 69.4 56.7 

72 Corn Stover 5.0 46.6 72.8 

7 3 Corn Stover 5.0 70.5 46.1 

7 4 Corn Stover 5.0 86.5 28.9 

76 Mesqu i te 5.6 19.6 29.9 

77 Mesqui te 5.6 17.3 31.4 

7 8 Mesqu i te 5.6 24.0 34.1 

79 Mesqu i te 5.6 18.6 20.5 

67 Cot ton Gin Trash 7.9 67.7 31.9 

6 8 Cot ton Gin Trash 7.9 82.8 28.7 

6 9 Cot ton Gin Trash 7.9 84.3 39.1 

7 0 Cot ton Gin Trash 7.9 90.3 29.3 

5 4 Green Oak Sawdus t 0.9 11.1 29.8 

55 Green Oak Sawdus t 0.9 9.0 28.4 

56 Green Oak Sawdus t 0.9 8.7 31.6 

57 Green Oak Sawdus t 0.9 2.2 19.6 

6 4 Green Oak Sawdus t 0.9 · 5.6 

65 Green Oak Sawdus t 0.9 7.1 

* No char was obta ined. 

Add i t iona l ev idence ind icat ing lack of f lu id izat ion of the large g in t rash 

pel lets appeared w h e n the b o t t o m f lange of the reactor was removed. W i t h 

manure, sawdust , mesqui te . and corn stover, the reactor was e m p t y at the 

conc lus ion of each run. W i t h pel leted co t ton g in t rash, a bu i ldup of ash was 

found on the d is t r ibutor plate. This means tha t the pel leted g in t rash cou ld 

not be used in the SGFM reactor on a cont inuous basis. 

Gas C o m p o s i t i o n 

The yields of hydrogen, carbon monox ide and ethylene are impor tan t w h e n 

consider ing use of b iomass as a chemica l feedstock. Hydrogen is a valuable 

product for chemica l synthesis and upgrad ing low qual i ty fuels such as coal 

and heavy oils. 

S h o w n in Figure VII is the u l t imate hydrogen yield f rom the var ious 

feedstocks. This is ca lcu lated as the sum of the hydrogen y ie ld and carbon 
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Figure 6. Total dry gas yield 
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Figure 7. Ultimate hydrogen yield 
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344 BIOMASS AS A NONFOSSIL FUEL SOURCE 

monox ide y ie ld. It is assumed that all of the CO can be shi f ted to H 2 and C 0 2 -

The co t ton g in trash and oak sawdust appear to produce the most hydrogen. 

In the case of g in t rash, this is due to the steam-char react ion. For oak 

sawdust , it is probably due to higher react iv i ty of the mater ial . 

A un ique aspect of the SGFM reactor is tha t e thy lene is present in the gas at 

s ign i f icant concentrat ions. Figure VIII shows the ethy lene yield obta ined f rom 

the var ious feedstocks. The ethy lene y ie ld f rom all the feedstocks s tud ied is 

lower than for cat t le manure. In all cases, the ethy lene conten t is be low the 

l imi t where recovery is economic . By operat ing at h igher temperatures and 

gas ve loc i ty , it should be possible to increase the y ie ld of ethylene. 

Gas H e a t i n g V a l u e 

If the gas is to be used for fue l , the heat ing value of the gas is cr i t ical . In 

Figure IX. the h igher heat ing value (HHV) of the raw gas is s h o w n as a 

func t i on of reactor temperature . In all cases, the gas has an HHV be tween 

2 0 0 and 4 0 0 Btu/SCF. Feedstocks, such as oak sawdust , w h i c h produce more 

hydrocarbon gases, have a higher HHV. 

T h e r m a l C o n v e r s i o n 

A relat ive measure of the thermal ef f ic iency of the process is s h o w n in Figure 

X. This shows the total heat ing value of the gas as a percentage of the to ta l 

heat ing value of the feed. The relative values depend pr imar i ly on gas heat ing 

value and total gas y ie ld. 

C o m p a r i s o n o f F e e d s t o c k s 

Of the four feedstocks used in th is s tudy, oak sawdus t proved to be the 

easiest to work w i t h as no br idg ing occurred w i t h i n the feed hopper and no 

p lugg ing occurred be tween the screw feeder and the reactor inlet. The 

prob lem of tar removal and bu i ldup in the impingers and downs t ream lines 

was no greater than that created by the other feedstocks. 

Mesqu i te and corn stover were the second and th i rd most desirable 

feedstocks in te rms of ease of handl ing. Mesqu i te required addi t ional 

preparat ion in that it had to be pulverized to prevent br idg ing w i t h i n the feed 

hopper and c logg ing be tween the screw feeder and the reactor inlet. Tar 

removal problems were comparab le to those of oak sawdust . Feeding 

d i f f icu l t ies were encountered w i t h c o m stover, as it t ended to br idge w i t h i n 

the feeder and the reactor inlet. Carry-over of f ines in the product gas f rom 

corn stover increased tar bu i ldup in the impingers and downs t ream lines. It is 
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Figure 8. Ethylene yield as a function of 
temperature 
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346 BIOMASS AS A NONF OSSIL FUEL SOURCE 

the authors ' op in ion that d i f f icul t ies encountered in the use of corn stover 

cou ld be e l iminated if the feedstock w a s pulver ized to reduce the length- to-

d iameter rat io of the part icles and an electrostat ic prec ip i ta tor was used to 

knock ou t all solid f ines in the p roduc t gas s t ream as it left the reactor. 

Cot ton g in t rash w a s the least favorable of the feedstocks in te rms of 

hand l ing . The fo rmat ion of cl inkers w i t h i n the reactor is a serious prob lem, 

one w h i c h cannot be solved in the present system. The b o t t o m f lange of the 

reactor mus t be taken off in order to remove cl inkers f rom the reactor. This 

s i tuat ion is not conduc ive to any con t inuous operat ion process. 

Product gas y ields for the four feedstocks all increased as average reactor 

tempera ture increased. A h igh air- to-feed rat io was found to increase produc t 

gas y ie ld for oak sawdust , corn stover, the value being 1.5 / / g DAF feed, and 

the lowest f rom mesqui te , the value being 0.51 / / g DAF feed. The 

percentage of corn stover and co t ton g in t rash conver ted to p roduct gas was 

higher than that of oak sawdus t and mesqui te. Ash contents of char and 

cyc lone f ines for corn stover were be tween 4 6 and 8 9 % and be tween 4 6 and 

73%, respect ively, w h i l e those for co t ton g in t rash were be tween 67 and 9 0 % 

and be tween 28 and 39%. respect ively. A s h contents of char and cyc lone 

f ines f rom mesqui te ranged f rom 17.3 t o 2 4 % and f rom 2 0 to 34%. 

respect ively, and ash contents of cyc lone f ines f rom oak sawdus t were 5.6 

and 7 . 1 % . The di f ference in percentage convers ion is due to e i ther a 

d i f ference in gasi f icat ion rates of the feedstocks, or a d i f ference in residence 

t ime. It is bel ieved tha t the h igh percentage convers ion of corn stover was 

caused by a h igh pyrolysis and gasi f icat ion rate. Corn stover feed rates were 

low, but h igh in terms of vo lume of feed because of the low bulk densi ty of 

the feedstock. This s i tuat ion a l lowed for a greater heat transfer area per 

pound of feed, thereby increasing conversion rate. As ment ioned previously, 

char f rom co t ton g in trash col lected in the bo t tom of the reactor, g iv ing the 

feedstock a long residence t ime. 

The ef fect of average reactor temperature on product gas y ield f rom co t ton 

g in t rash is not as p ronounced as tha t for the other feedstocks. Char bu i ldup 

in the b o t t o m of the reactor creates this effect, as a long residence t ime 

a l lows for increased heat t ransfer and as a result, increased convers ion of the 

feedstock to p roduc t gas. L o w produc t gas yields f rom mesqui te at l ow 

temperatures are probably a result of a low gasi f icat ion rate. A s tempera ture 

is increased, p roduct gas rate increases sharply. The sharp rise in p roduc t gas 

rate at elevated temperature is probably due to the breakup of l ignin w h i c h 

was not conver ted to product gas at lower temperatures. 
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17. BECK ET AL. Countercurrent Fluidized Bed Reactor 347 

Product gas yields f rom oak sawdust were higher than those f rom corn stover 

and mesqui te and approx imate ly the same as those f rom co t ton g in trash at 

the same average reactor temperatures. A l t h o u g h gas yield is h igh, ash 

conten t of cyc lone f ines is relat ively low in compar ison to the other 

feedstocks. This indicates that h igh gas yields are probably a result of the 

compos i t ion of the oak sawdust . Ash conten t w o u l d have been greater if the 

h igh produc t gas yield had been caused by a long residence t ime or h igh 

gasi f icat ion and pyrolysis rates. It is postu lated that at increased heat transfer 

rates, (i.e., e levated temperatures) , p roduc t gas yields f rom oak sawdus t and 

mesqui te w o u l d con t inue to increase wh i l e p roduc t gas yields f rom co t ton 

g in trash and corn stover w i l l level off and remain constant . 

Increased heat transfer cou ld be accompl ished by a longer residence t ime in 

the reactor, higher temperatures or smaller part icles. However, part ic le size 

must be large enough to prevent ent ra inment . If the reactor was operated in 

the temperature range covered in this s tudy, char and cyc lone f ines f rom 

mesqui te and oak sawdus t cou ld be recycled, increasing total gas yie ld per 

pound of dry, ash-free feed. Very l i t t le addi t ional gas cou ld be obta ined w i t h 

the recycle of char and cyc lone f ines f rom corn stover and cot ton gin trash. A 

semiquant i ta t ive rat ing system for the various feedstocks was developed. 

This was based on operat ing considerat ions and product yields. This w i l l 

serve as a guidel ine for fu ture work . Table III presents a w e i g h t e d compar ison 

of the four feedstocks used in this study. 

T a b l e I I I . W e i g h t e d C o m p a r i s o n o f Corn S t o v e r , Oak S a w d u s t 

C o t t o n Q in T r a s h , and M e s q u i t e 

A Β C D Ε F G H I 

1. Corn Stover ? 6 3 3 2 3 6 6 29 

2. Oak Sawdust ? 15 4 3 3 6 10 10 51 

3. Cot ton Gin 

Trash ? 0 3 2 3 4 8 6 26 

4. Mesqui te ? 8 2 4 1 6 8 3 32 

A « Avai labi l i ty and Price 

Β - Operabi l i ty (1-15) 

C - Product Gas Yield ( 0 - 4 ) 

Ε - U l t imate Hydrogen Yield ( 0 — 4 ) 

F - Gas Qual i ty ( 0 - 6 ) 

G - Calorif ic Value of Gas/ lb Feed ( 0 - 1 0 ) 

H - Percentage Conversion of Raw Feed Heat ing Value to Gas Heat ing Value 

( 0 - 1 0 ) 

I - Sum of A t h r o u g h Η 

Society Library 
1155 1«h St ft W. 

^̂ eefcfceĵiOe ν)· 20050 
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348 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The avai labi l i ty and price of the feedstocks is a major factor in de te rmin ing 

the feasibi l i ty of a part icular feedstock. Values are not presented because 

they w i l l vary depend ing on locat ion. Operabi l i ty is a major concern and is 

therefore w e i g h t e d heavily. Oak sawdus t is the best feedstock as to 

operabi l i ty because it feeds easily and requires very l i t t le t rea tment pr ior to 

feed ing. Mesqu i te is rated lower than oak sawdus t because it mus t be 

pulver ized before feed ing, wh i le corn stover is rated even lower because it 

must be g round and has a tendency to p lug and br idge w i t h i n the hopper. 

Fine part ic les f r o m corn stover are also b l o w n out of the reactor because of its 

low bulk densi ty , causing p lugg ing in d o w n s t r e a m lines. Cot ton g in t rash is 

rated at zero because of c l inker fo rmat ion w i t h i n the reactor. This w i l l not 

a l low con t inuous operat ion in a system such as the one used in th is s tudy. 

Product gas y ie ld , tota l hydrocarbon y ie ld , and u l t imate hydrogen y ie ld are 

rated on a scale of 1 to 4 because di f ferences be tween feedstocks are not 

great enough to war ran t a large deviat ion in values. Gas qual i ty is considered 

to be of more impor tance than C. D. and Ε and is therefore rated on a scale 

f rom 1 to 6. It is considered more impor tan t because a higher gas qual i ty w i l l 

lower gas sh ipp ing costs. 

The calor i f ic value of the gas per pound of feed and the percentage 

convers ion of raw feed heat ing value to gas heat ing value are bo th of major 

impor tance and are rated on a scale f rom 1 to 10. The calor i f ic value of gas 

produced f rom mesqui te is lower than o ther feedstocks at l ow temperatures, 

but increases to h igh values at h igh temperatures. Mesqu i te w a s g iven a high 

rat ing because the potent ia l for h igher y ields of energy per pound of feed at 

elevated temperatures exists. The percentage convers ion of energy stored in 

the feed to energy in the gas is rated heavi ly because low percentage 

convers ions m i g h t indicate tha t h igher energy yields cou ld be obta ined in an 

al ternate process. The pract ica l i ty of f lu id ized bed gasi f icat ion is great ly 

reduced if a h igher energy yield can be obta ined f rom some other process. 

S U M M A R Y 

The Synthesis Gas From Manure (SGFM) process w a s designed to conver t 

cat t le feed lot manure to a m m o n i a synthesis gas. Current w o r k is a imed at 

using any b iomass feedstock to produce ei ther med ium-Btu gas or chemica l 

feedstocks. This paper presents a compar ison of the exper imenta l results 

comp i led on gasi f icat ion of oak sawdust , corn stover, mesqui te . and co t ton 

g in trash in the SGFM pi lot plant. A we igh ted compar ison of the p roduc t gas. 

hydrocarbon, and hydrogen y ie lds, gas qual i ty , calor i f ic value of p roduc t gas. 

percentage convers ion of raw feed heat ing value to gas heat ing value, and 

operabi l i ty of each feed indicated that oak sawdust was the best feedstock. 
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17. BECK ET AL. Countercurrent Fluidized Bed Reactor 349 
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18 
Thermochemical Gasification of Woody Biomass 

H. F. FELDMANN, P. S. CHOI, H. N. CONKLE, and S. P. CHAUHAN 

Battelle Columbus Laboratories, 505 King Avenue, Columbus, OH 43201 

It is generally agreed that oil and gas supply problems can be partially met by 
the use of renewable resources such as forest products, agricultural 
materials, and urban wastes. The main advantage of renewable energy 
sources other than their renewable nature is that they are clean, i.e., low in 
sulfur and ash, and are highly reactive and nonagglomerating compared with 
fossil fuels. Gasification of renewable feedstock offers great potential 
particularly for retrofit of existing gas and oil-fired industrial boilers which 
represent about 84 percent of the boilers sold between 1963 and 1975 (1). 
Gasification can also be used for industrial dryers and furnaces and, on a 
larger scale, can be coupled in a combined-cycle system for power 
generation or used for the synthesis of transportation fuels. Although various 
types of gasification systems have been explored, there is a lack of steady
-state data on the effect of various operating parameters including the use of 
catalysts to improve gasification reactivities, product distribution, and yields. 

The object ive of th is paper is to present exper imenta l data on effects of 

operat ing parameters, inc lud ing the cata lyt ic effects of w o o d ash, ca lc ium 

oxide, and ca lc ium carbonate, on w o o d gasi f icat ion in a cont inuous reactor. 

These results w i l l be ut i l ized t o gu ide operat ion of a mul t i -so l id f lu id-bed 

(MSFB) w o o d gasi f icat ion process w h i c h is being developed by Battel le to 

improve the economics of p roduc ing a med ium-Btu gas or synthesis gas f rom 

w o o d and other b iomass (2). 

0097-6156/81/0144-0351$06.25/0 
© 1981 American Chemical Society 
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352 BIOMASS AS A NONFOSSIL FUEL SOURCE 

E X P E R I M E N T A L S Y S T E M A N D PROCEDURES 

The cata ly t ic w o o d gasi f icat ion exper iments were carr ied out in a 2.8- inch I.D. 

pressurized con t inuous reactor system. The exper imenta l system is s h o w n 

schemat ica l ly in Figure I and consists of the fo l low ing sect ions. 

1. Hydrogen and steam feed ing, 

2. W o o d feed ing, 

3. Gasifier, 

4. Char w i t h d r a w a l , 

5. L iqu id p roduc t co l lec t ion, and 

6. Gas meter ing and analysis. 

W o o d pellets are charged to the feed hopper and then the system is sealed 

and pressurized w i t h hydrogen or n i t rogen. The gasif ier is then b rought to the 

desired run temperature. A f te r establ ishing the desired gas f l o w rates, w o o d 

feed ing is in i t iated. 

The gasif ier is 12 feet in overal l he ight w i t h 8 feet w i t h i n the heated zone. It 

operates w i t h the f l ow of gas countercur ren t to the d o w n w a r d - m o v i n g w o o d . 

Char is cont inua l ly removed f rom the b o t t o m of the gasif ier to main ta in a 

constant bed height and stored in the pressurized char receiver. Hot gases 

ex i t ing the reactor are cooled in a condenser whe>e the l iquid products are 

co l lected. Af ter removal of the l iquid products , the gas is f i l tered, reduced in 

pressure, metered, and f inal ly analyzed by a gas ch romatograph and a 

con t inuous methane analyzer. 

D I S C U S S I O N 

E x p e r i m e n t a l Resu l t s 

Ul t imate and prox imate analyses of typ ica l w o o d feed mater ials are g iven in 

Table I. Ranges of the operat ing cond i t ions are: 

Feed Type: W o o d pellets 

Feed Rate: 4 " 1 2 Ib /hr 

Gasifier Temperature : 1150-1600 °F 

Pressure: 10-216 psig 

Residence T ime : 3 0 - 1 3 0 m i n (nominal) 

S t e a m / W o o d Ratio: 0.10-0.56 lb / lb MAF 

Feed H y d r o g e n / W o o d Carbon Ratio: 0.24-0.58 I b M / l b M 

Catalysts: W o o d ash, CaO and C a C 0 3 incorpor

ated in to w o o d pel lets 
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18. FELDMAN ET AL. Gasification of Woody Biomass 

Figure 1. Continuous gasification unit 
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362 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Results obta ined in the con t inuous uni t are summar ized in Table II. The runs 

carr ied out inc luded hydrogasi f icat ion and steam gasi f icat ion, as we l l as 

gasi f icat ion w i t h hydrogen and steam mixtures. In order to ident i fy the 

o p t i m u m operat ing cond i t ions and most ef fect ive catalyst appl icat ion, of ten 

more than one parameter w a s changed s imul taneously. Thus the correlat ions 

presented here must be considered empir ica l and more exper imenta l work 

should be carr ied out to isolate ind iv idual parameter effects. 

This s tudy establ ished tha t the fo l l ow ing parameters had the most s ign i f icant 

ef fect on gasi f icat ion. 

• Type of gasi fy ing a g e n t — w h e t h e r s team or hydrogen. 

• Feed g a s / w o o d ratio. 

• Temperature. 

• Solids residence t ime. 

• Presence of CaO and /o r recycled w o o d ash catalyst. 

The ef fect of reactor pressure w a s main ly to shif t the methane concent ra t ion 

in the gas. However, the heat content of the gas generated (net gas y ie ld / lb 

maf w o o d χ heat ing value of gas) was, if any th ing , increased by lower ing 

the reactor pressure. 

The discussion tha t fo l lows describes the results of s team gasi f icat ion and 

hydrogasi f icat ion separately since the t ype of gasi fy ing agent had perhaps 

the greatest ef fect on p roduc t y ie ld and compos i t ion . Despite the 

s imul taneous chang ing of parameters for these exper iments, the results are 

summar ized in a series of plots to i l lustrate t rends and avoid forc ing the 

casual reader to w a d e th rough the tables. The effects of gasi f icat ion 

parameters w i l l for the most part be i l lustrated by their effect on the net 

gaseous Btu y ie ld. This is probably the single most impor tan t ou tpu t 

parameter because it measures the saleable c o m m o d i t y of the process. A 

cursory compar ison of some of the results presented in these tables for steam 

gasi f icat ion w i t h data generated by Professor Ingemor Bjerle's g roup at the 

Universi ty of Lund-Sweden in an approx imate ly 1.5-ft I.D. f lu id bed indicated 

tha t at similar condi t ions, the gas compos i t ions were remarkably similar. 

From a process point of v iew, one of the surpr is ing and impor tan t 

impl icat ions of th is s tudy is tha t s team gasi f icat ion is m u c h more ef fect ive 

than hydrogasi f icat ion even if a methane-r ich gas is the desired end product . 
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18. FELDMAN ET AL. Gasification of Woody Biomass 363 

S t e a m G a s i f i c a t i o n 

In these exper iments, pure steam was injected into the gasif ier d is t r ibutor . 

The effect of temperature on the net Btu p roduc t gas y ield is s h o w n in Figure 

II. This f igure shows tha t : 

• Increases in temperature increase the net Btu yield. 

• CaO added to the pellets in a 5 w e i g h t percent ratio reduces the 

gasi f icat ion temperature required to achieve a given Btu yield by about 

100°F. 

• CaC03 , at least at the 9 w e i g h t percent level, d id not improve gasi f icat ion. 

• W o o d ash at a 5 w e i g h t percent ratio d id not affect gasi f icat ion. 

Figure III shows the effect of solids residence t ime on net Btu y ie ld. There is a 

quest ion as to whe the r the h igh Btu yield s h o w n for the pellets conta in ing 20 

percent recycled w o o d ash is due to the cata ly t ic ef fect of the w o o d ash or 

the relat ively h igh s t e a m / w o o d ratio used for that run. Further exper iments 

are needed to isolate the cata lyt ic effects f rom the effects of other process 

parameters. 

The s t e a m / w o o d rat io af fected both the net Btu yield of the gas and the 

f ract ion of carbon conver ted to l iqu id products . The increase in gaseous net 

Btu yield w i t h increasing s t e a m / w o o d ratio is s h o w n in Figure IV. Figure V 

shows a s igni f icant increase in both carbon convers ion to gas and l iquid 

products w i t h increasing s t e a m / w o o d ratio. One explanat ion for the increase 

in l iquid products w i t h increasing steam is that increasing the steam 

concent ra t ion reduces the amoun t of volat i les that crack to form residual 

carbon. 

The di rect fo rmat ion of methane increases the product gas heat ing value and 

reduces the amoun t of heat required for gasi f icat ion. On the other hand, if the 

gas is to be used for subsequent synthesis in a grass roots synthesis plant, 

methane is undesirable since it is a d i luent tha t increases compression costs 

and the size of the synthesis por t ion of the plant. The operat ing parameters 

found to have the greatest ef fect on methane concent ra t ion were the 

tempera ture and pressure. From coal gasi f icat ion experience, one w o u l d 

expect methane concent ra t ions to be higher for hydrogasi f icat ion than for 

steam gasi f icat ion, but w i t h w o o d it is not at all clear that the increased 

methane concent ra t ion in the gas is due to hydrogasi f icat ion. For example, a 

change f rom pure hydrogen to pure steam dur ing a run a lways resulted in a 

lower ing of reactor temperature. For bo th s team gasi f icat ion and hydro

gasi f icat ion, the methane concent ra t ion in the product gas increased w i t h 

increasing reactor temperature as s h o w n in Figure VI. A lso note that the 
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364 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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Figure 2. Net BTU yield (gas) as a junction of temperature in steam gasification 
of wood 
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Figure 3. Effect of residence time on net BTU yield (gas) in steam gasification of 
wood 
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366 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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Figure 4. Effect of steam/wood ratio on net BTU yield (gas) in Steam gasification 
of wood 
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FELDMAN ET AL. Gasification of Woody Biomass 367 

Steam/Wood Ratio, lb/ lb 

Figure 5. Effect of steam/wood ratio on carbon conversion to gaseous and liquid 
products 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
8



368 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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Figure 6. Methane concentration against temperature in gasification of raw wood 
with steam and H9 
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18. F E L D M A N E T A L . Gasification of Woody Biomass 369 

methane concent ra t ions measured for s team gasi f icat ion extrapolate d i rect ly 

to those for hydrogasi f icat ion at the higher temperature. Thus, Figure VI 

suggests that the higher methane concent ra t ions observed for hydrogasi f ica

t ion cou ld s imply be due to the higher temperatures achieved dur ing the 

hydrogasi f icat ion por t ion of the tests. 

Data at lower pressures than the 2 0 0 psig used to i l lustrate the impor tance of 

tempera ture in Figure VI suggest tha t the relat ive effects of hydrogen versus 

steam on methane concent ra t ion cou ld be greater at lower pressures. For 

example, several methane concent ra t ions for lower pressure tests for both 

catalyzed and uncatalyzed w o o d are p lo t ted against temperature in Figure 

VII. These results suggest that hydrogen is more ef fect ive than steam in 

increasing methane concent ra t ions at lower pressures than at higher 

pressures where temperature rather than gasi fy ing agent has the greatest 

effect. 

W i t h ei ther s team or hydrogen, increases in the tota l system pressure 

increase methane concent ra t ion as s h o w n in Figure VIII. Wh i le , as discussed 

above, the relative effects of hydrogen versus steam on methane concent ra 

t ion at the higher system pressures are probably due to temperature rather 

than the di f ferent gasi fy ing agents, the effect of system pressure seems 

pronounced for both hydrogen and steam over the pressure range f rom 

atmospher ic to 100 psig. Above th is pressure range, increases in pressure do 

not great ly increase the methane concent ra t ion . 

W i t h only one except ion , the gas compos i t ions f rom both s team and 

hydrogasi f icat ion and that f rom an exper iment w i t h a very short steady-state 

period were we l l in excess of methanat ion equi l ibr ia. This is s h o w n in Figure 

IX where the equ i l ib r ium constant for the react ion CO + ^ μ 2 « — ^ r . H 1 + 

H 2 0 and the exper imenta l values of the part ial pressure ratio ( P C H 4 P H 2 O ) 

/ ( p c o P 3 H 2 ^ a r e p lo t ted against temperature. Since the exper imenta l ratios 

are we l l above the equ i l ib r ium constant , in t roduc ing a methanat ion catalyst 

w o u l d decrease the methane yield and thereby increase the heat required to 

carry out the gasi f icat ion react ion. 

D i r e c t H y d r o g a s i f i c a t i o n 

In the direct hydrogasi f icat ion exper iments , hydrogen is fed into the 

d is t r ibutor at the b o t t o m of the gasifier. As the data in Table II show, there is 

no great d i f ference in gas compos i t ions be tween the tests in w h i c h pure 

s team is the feed gas and those in w h i c h pure hydrogen is used. However, 

because of the gas/sol ids con tac t in the 3- inch I.D. reactor, there is a 

considerable di f ference in the gas compos i t ion seen by the w o o d part ic les as 
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370 BIOMASS AS A NONFOSSIL FUEL SOURCE 

"δ 20 

8 
S 
σ 
€ 

Τ 
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Figure 7. Methane concentration against temperature in gasification of wood with 
steam and Hs 

Figure 8. Effect of system pressure on methane concentration in raw product gas in 
gasification of wood 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
8



FELDMAN ET AL. Gasification of Woody Biomass 
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Figure 9. Comparison of theoretical and actual equilibrium constants 
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372 BIOMASS AS A NONFOSSIL FUEL SOURCE 

they move d o w n w a r d in p lug f low th rough the reactor. In the case of pure 

hydrogen feed, the s team is evolved at the reactor top as the part ic les dry and 

the more h ighly conver ted w o o d char in the lower por t ion of the reactor sees 

on ly hydrogen. 

Tests w i t h mix tures of s team and hydrogen prov ide another example tha t 

s team is a bet ter gasi f icat ion agent than hydrogen at pressures at least up to 

2 0 0 psig. This is i l lustrated in Figure X w h e r e the net Btu y ie ld of p roduc t gas 

is p lo t ted against f ract ion of hydrogen in the feed gas. Since temperatures for 

the tests w i t h pure s team were usual ly lower than those w i t h pure hydrogen, 

the effect, on a constant tempera ture basis, w o u l d be more p ronounced than 

s h o w n in Figure X. 

Thus, these tests demonst ra te that , for lower pressure gasi f icat ion systems, it 

is very impor tan t for the char to "see" s team in order to achieve the 

m a x i m u m Btu y ie ld in the p roduc t gas and that , at the temperatures 

examined thus far (less than 1600°F), Btu y ie lds are h igher at lower pressures. 

C O N C L U S I O N S 

The fo l low ing tenta t ive conclus ions were reached f rom the data presented in 

th is paper. 

• W o o d ash and CaO are reasonably ef fect ive gasi f icat ion catalysts for 

pel lets. The ef fect iveness apparent ly depends on the i r incorporat ion in to 

the w o o d matr ix . 

• W o o d ash. CaO. and C a C 0 3 seemed to increase organic l iquid product 

fo rmat ion . 

• Steam gasi f icat ion proceeds at a m u c h higher rate than hydrogasi f icat ion. 

Carbon convers ions 3 0 to 4 0 percent higher than those achieved w i t h 

hydrogen can be achieved w i t h s team at comparab le residence t imes. 

• Temperature is the most impor tan t parameter in af fect ing bo th carbon 

convers ion and methane conten t in the raw produc t gas. Increases in 

gasif ier temperature resulted in increased carbon convers ion and 

increased methane concent ra t ion in bo th hydrogasi f icat ion and steam 

gasi f icat ion. The effect on methane concent ra t ion w a s greater at h igher 

system pressures. 

• Residence t i m e also is an impor tan t parameter tha t af fects carbon 

convers ion. 

• For steam gasi f icat ion, lower total system pressure increased carbon 

convers ion. However, methane concent ra t ion increased at h igher system 

pressure. 
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F E L D M A N E T A L . Gasification of Woody Biomass 

Figure 10. Effect of gasification agent on net BTU yield in gas product 
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374 BIOMASS AS A NONFOSSIL FUEL SOURCE 

• Increasing the s t e a m / w o o d ratios over the range of 0 to 0.45 lb / lb 

s ign i f icant ly increased carbon convers ion. 

• Higher pressures of about 2 0 0 psig are required for hydrogen to 

approach s team in its ef fect iveness in react ing w i t h the w o o d char. 

Because of a h igh "vo lat i le mat te r " con ten t of w o o d (approximately 8 0 

w e i g h t percent) , it seems reasonable tha t devolat i l izat ion plays a major role in 

the overal l convers ion process. Since devolat i l izat ion is probably suppressed 

w i t h increasing system pressure, gasi f icat ion and hydrogasi f icat ion react ions 

w i t h the sol id phase are probably m u c h more impor tan t at h igh pressure than 

at low pressure. A t lower pressure, the major convers ion to gas occurs 

th rough react ions of hydrogen and s team w i t h the vapor products of 

devolat i l izat ion. Thus, the increased effect iveness of s team at the lower 

pressures suggests tha t s team crack ing of the volat i les to gaseous products 

is probably more ef fect ive than hydrocrack ing. The addi t ional convers ion of 

sol id-phase carbon requires h igh system pressures for hydrogasi f icat ion than 

for s team gasi f icat ion w h i c h is not nearly as dependent on pressure. These 

factors are the probable reasons for the increased gas yields at lower pressure 

and the increased effect iveness of s team compared to hydrogen. 

The observat ions that at h igher system pressures, temperature inf luences 

methane concent ra t ion in the gas phase m u c h more than w h e t h e r s team or 

hydrogen is the gasi fy ing agent, and the m u c h h igher - than-equ i l ib r ium 

methane concent ra t ions suggests tha t methane probably arises f rom the 

pr imary devolat i l izat ion process rather than subsequent sol id phase 

react ions. 

S U M M A R Y 

The effects of gasi f icat ion parameters for both catalyzed and raw w o o d in 

gasi f icat ion exper iments w i t h hydrogen, hydrogen/s team, and s team are 

descr ibed. Calc ium oxide, ca lc ium carbonate, and w o o d ash were used as 

catalysts. Exper imental results indicate that s team is a more ef fect ive 

gasi f icat ion agent for w o o d than hydrogen. Steam gasi f icat ion proceeds at a 

h igher rate resul t ing in a greater net Btu recovery m the product gas. W h e n 

incorporated into pel let ized w o o d , w o o d ash and ca lc ium oxide are both 

ef fect ive in increasing carbon convers ion and net Btu recovery. W o o d ash is 

ef fect ive for bo th hydrogen and steam gasi f icat ion wh i le ca lc ium oxide 

seems more ef fect ive in s team than in hydrogen atmospheres. In add i t ion , 

ca lc ium carbonate w a s f o u n d to increase organic l iquid p roduc t fo rmat ion . 

Methane concent ra t ions in excess of tha t pred ic ted by t he rmodynamic 

equ i l ib r ium were achieved over the ent i re range of hydrogen/s team ratios 

and pressures s tudied. 
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19 
Comparative Economic Analysis of Chemicals 
and Synthetic Fuels from Biomass 

FRED A. SCHOOLEY, RONALD L. DICKENSON, STEPHEN M. KOHAN, 
JERRY L. JONES, PAUL C. MEAGHER, KENT R. ERNEST, 
GWEN CROOKS, KATHERINE A. MILLER, and WING S. FONG 
SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025 

The study summarized in this paper was designed to examine numerous 
technological processes for producing useful fuels and chemicals from 
biomass. 

The specific objectives of the study were: 

• To determine those biomass missions most likely to result in energy 
market penetration in the years 1985, 2000, and 2020; 

• To quantify the level of market penetration expected in those years; 
• To provide R&D program recommendations for the U.S. Department of 

Energy Fuels from Biomass Systems Branch. 

The details of this work are presented in the seven-volume final report to the 
U.S. Department of Energy. The titles of these volumes are: 

I Summary and Conclusions 
II Mission Selection, Market Penetration, Modeling, and Economic Analy

sis 
III Feedstock Availability 
IV Thermochemical Conversion of Biomass to Fuels and Chemicals 
V Biochemical Conversion of Biomass to Fuels and Chemicals 
VI Mission Addendum 
VII Program Recommendations 

0097-6156/81/0144-0379$09.75 
© 1 9 8 1 American Chemical Society 
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3 8 0 BIOMASS AS A NONFOSSIL FUEL SOURCE 

METHODOLOGY* 

Market Penetration Model 

The methodology underlying the comparative economic assessment is 
based in part on our previous work in the field of energy market analysis. In 
particular, this investigation has drawn on previously developed analytical 
approaches to the problem of forecasting the expected market potential of 
newly introduced energy technologies and commodities. To aid in these past 
analyses, a computer model was developed and applied to the evaluation of 
market potentials for various solar technologies and synthetic fuels. However, 

the level of model detai l necessary to invest igate specif ic biomass missions 

has required fur ther mode l ing effort. This work has focused on the 

deve lopment of a methodo logy that uses an i terat ive process to converge 

equ i l ib r ium biomass supp ly /demand /p r i ce condi t ions. The fo l low ing para

graphs descr ibe mode l inputs, summar ize the methodo logy , and discuss 

detai ls of the market penetrat ion formulas conta ined w i t h i n the model . 

I n p u t D a t a 

The data required for operat ion of the model consist of the resource 

avai labi l i t ies of the var ious types of b iomass feedstocks, the process 

economics of b iomass convers ion opt ions, a f ramework of energy demands 

and market prices, and a set of three parameters that are used to descr ibe the 

interact ion of the biomass-der ived products w i t h the markets in w h i c h they 

compete . 

B i o m a s s Resou rces 

Because of the un ique character of biomass resource avai labi l i ty, compute r 

mode l ing requires a more sophist icated approach than that sui table for other 

types of resources. Unlike other energy sources, biomass is both a renewable 

and depletable feedstock at the same t ime. It is renewable over long periods 

and depletable in the short te rm because of restr ict ions such as length of the 

g r o w i n g season and rate of residue generat ion. 

Biomass avai labi l i ty is most readily descr ibed in a manner similar to that 

typ ica l ly used for fossil fuels by the use of a curve tha t considers the resource 

quan t i t y avai lable as a func t ion of price. Unl ike fossil fuel resource curves, 

however , the biomass curves vary in t ime, ref lect ing changes in the expected 

fu ture avai labi l i ty of b iomass feedstocks f rom residues and energy farms. 

* See Appendix A for definit ions of the terms used in the paper, and Appendix Β for product 

demand and price data sources. 
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19. S C H O O L E Y E T A L . Economics of Chemicals & Fuel from Biomass 381 

Five major biomass feedstocks were considered in th is analysis — low 

mois ture plants, h igh moisture plants, w o o d y crops, manure, and marine 

crops. For each of these categories, Miss ion Analys is Final Report. Vo lume III, 

describes a set of resource curves, cor responding to the years 1975, 1985, 

2000 , and 2 0 2 0 — the t ime f rame of the analysis. Prices for the in tervening 

years are found by interpolat ion w i t h i n the compute r model . 

C o n v e r s i o n E c o n o m i c s 

The process economic data required for biomass conversion descr ibe the 

costs and eff ic iencies required in produc ing an energy product f rom a 

biomass feedstock. This in format ion determines the produc t ion price for any 

biomass product at any specif ic biomass feedstock cost. 

Specif ical ly, the compute r mode l cost inputs consist of a specif ic capital cost 

(SCO in uni ts of dollars per mi l l ion Btu of b iomass-der ived product per year 

and an operat ing and main tenance cost (M) in dollars per mi l l ion Btu. The 

ef f ic iency input parameter, e, specif ies the amoun t of product energy 

obta inable per uni t of energy conta ined in the biomass feedstock. These 

parameters are suppl ied for each feedstock-product mission. 

In de te rmin ing the overal l p roduct price, a capi ta l recovery factor (CRF) is f irst 

appl ied to the SCC to obta in a capi ta l charge in dol lars per mi l l ion Btu of 

p roduc t energy. The main tenance and feedstock costs are added to th is, 

resul t ing in the fo l l ow ing product cost equat ion : 

Biomass product p roduc t ion pr ice — CRF X SCC + M + feedstock cost /e 

W h e r e : 

CRF = capi ta l recovery factor 

SCC = specif ic capi ta l cost 

M = operat ing and main tenance cost 

e = ef f ic iency factor. 

E x p e c t e d Energy D e m a n d s a n d Pr ices 

In order to per form a market penetrat ion analysis, a f ramework of energy 

p roduc t demands and market pr ice project ions in w h i c h the biomass-der ived 

products compete must be assumed. For each of the markets under 

considerat ion, an overall energy demand sets the size of the available market 

open to the biomass products. A pro ject ion of the al ternat ive (nonbiomass) 

fuel market price also is g iven as an est imate of the compet i t i ve env i ronment 
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382 BIOMASS AS A NONFOSSIL FUEL SOURCE 

that the b iomass-der ived product w i l l face. Both the p roduc t demand and the 

market price project ions are input as a func t ion of t ime and region. 

M a r k e t P e n e t r a t i o n 

The market penetrat ion parameters are input to the model to character ize 

marketp lace behavior. Three di f ferent parameters are used — market share, 

the behavioral lag half- l i fe, and the behavioral lag response. 

M o d e l U t i l i z a t i o n 

The market penetrat ion analysis uses an i terat ive process tha t converges 

t o w a r d e q u i l i b r i u m b iomass s u p p l y / d e m a n d / p r i c e c o n d i t i o n s . S u p 

p l y / d e m a n d / p r i c e equ i l ib r ium is def ined here as the s i tuat ion in w h i c h the 

p roduc t ion pr ice of the b iomass feedstocks is at the levels necessary to 

ma tch the suppl ies of feedstocks w i t h the demands for t hem. Figure I is a 

f l ow d iagram of the procedure. 

Estimates are f irst made for the equ i l ib r ium marg ina l p roduc t ion prices of 

each major b iomass feedstock as a func t ion of t i m e and region. Because of 

the relat ionships be tween feedstock pr ice and quan t i t y of feedstock avai lable 

(as descr ibed by a set of b iomass resource curves), th is also determines 

est imates for the equ i l ib r ium supply quant i t ies of each major feedstock. 

Using the init ial feedstock p roduc t ion prices, the model calculates the 

equ i l ib r ium marg ina l p roduc t ion prices of each b iomass-der ived p roduc t as a 

func t ion of t ime. (The equat ion s h o w n earlier is used to f ind these prices.) 

Product penetrat ion est imates can then be made for each biomass product 

(shown later in th is sect ion), and the level of demand for each of the 

feedstocks can be evaluated for the est imated feedstock prices. 

To test for equ i l ib r ium condi t ions, the d e m a n d est imates for each major 

feedstock are compared w i t h the supply quan t i t y est imate obta ined earlier. 

On the f irst i terat ion th rough th is procedure, supp ly -demand mismatches 

possibly w i l l occur for var ious feedstocks and at var ious t ime periods. These 

discrepancies indicate tha t the equ i l ib r ium feedstock prices have not been 

accurate ly est imated and tha t ad jus tments mus t be made. If the calculated 

demand for a part icular feedstock exceeds the quan t i t y avai lable at the 

est imated feedstock pr ice level, for example, t hen the est imated pr ice is too 

low and should be adjusted upward . On the next i terat ion th rough the 

procedure, one of the effects of th is ad jus tment w i l l be to make a larger 

feedstock supply avai lable, as determined by the appropr iate biomass 

resource curve. Ano ther ef fect w i l l be to push the biomass product prices 
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INPUT 
I INITIAL BIOMASS FEEDSTOCK PRICE ESTIMATION 
I • 

EQIUBRIUM BIOMASS FEEDSTOCK 
PRICE ESTIMATION 

MANUAL REVIEW OF 
BIOMASS RESOURCE 

CURVES 

"npu: 
Canvamon P-octn 

Economics 

t 
inout 

Biomau Resource 
Prieil 

. 11. 

Determine 
Suopiv of Biomau 
Feeastocx Available 
At Estimated Price 

Β ioman Product ^ . j 
Production Prion 

PRODUCT 
PENETRATION 

ANALYSIS 

(See Fieure IS) 

COMPUTER COMPUTATION 

Output 
Equilibrium Biomaai 

Feedstock and Product 
Consumption Levari and Prices 

Figure 1. Overall methodology of biomass comparative analysis 
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384 BIOMASS AS A NONFOSSIL FUEL SOURCE 

u p w a r d , causing a reduct ion in demand as calcu lated by the product 

penetrat ion analysis. These t w o effects w i l l push the biomass feedstock 

supply and demand levels t o w a r d closer agreement. A t this point , the 

d i rect ion and size of the m ismatch is again evaluated, feedstock prices are 

again adjusted, and another i terat ion of the process is per formed. Af ter 

several such i terat ions, the equ i l ib r ium s u p p l y / d e m a n d / p r i c e cond i t ion wi l l 

be reached for each feedstock and for each t ime per iod chosen. 

The results obta ined f rom the f inal equ i l ib r ium i terat ion w i l l be those tha t are 

useful to the overal l b iomass mission analysis. Most impor tant ly , they wi l l 

prov ide est imates of regional d e m a n d for each major b iomass feedstock and 

each major b iomass-der ived product . 

P r o d u c t P e n e t r a t i o n A n a l y s i s 

The basic steps fo l lowed in the p roduc t penetrat ion assessment are 

presented in Figure II. This procedure f irst entai ls a stat ic economic analysis 

based on the compet i t i on be tween the b iomass-der ived product pr ice and 

the market price. The result is a steady-state market share, ref lect ing a 

s i tuat ion that w o u l d be expected to exist after a per iod dur ing w h i c h the 

compet i t i ve economic forces remained constant . Steady-state condi t ions do 

not hold soon after the in t roduct ion of a new. cos t -compet i t i ve miss ion, 

techno logy , or product . The marketp lace w i l l be in a state of f lux as the 

newcomer gains w ide r recogni t ion and acceptance. 

This dynamic market behavior is modeled as a "behaviora l l ag" constra int , 

w h i c h reduces the rate at w h i c h a new mission or techno logy may be 

in t roduced. W i t h th is in format ion a dynamic biomass p roduc t market share 

can be generated and appl ied to the product demand forecast to obta in an 

est imate of the potent ia l b iomass mission penetrat ion as a func t ion of t ime. 

In this methodo logy , the results produced are not interact ive w i t h the basic 

f ramework of energy demands and al ternat ive prices in w h i c h the 

technologies compete . Thus, the assumed market demands and prices are 

not d i rect ly per turbed by the biomass mission market penetrat ion, a val id 

assumpt ion as long as the potent ia l b iomass mission demand does not 

become too large a share of the tota l demand . 

S t e a d y - S t a t e M a r k e t Share 

As an ideal izat ion, the share of a part icular market tha t a s ingle new 

techno logy or p roduc t can at ta in at any part icular t ime under steady-state 
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INPUT 

BIOMASS PRODUCT PRODUCTION PRICES 

Market S here 
Parameter 

STATIC ECONOMIC 
ANALYSIS 

INPUT MARKET 
PENETRATION 
PARAMETERS 

Steady-6 tete Biomass 
Product Market Share 

Behavioral 
Lag 

Parameters 

BEHAVIORAL LAG 
ANALYSIS 

Dynamic Biomass 
Product Market Share 

OUTPUT 
BIOMASS PRODUCT 
CONSUMPTION ANO 

BIOMASS FEEDSTOCK 
DEMANO 

Market Prices For 
Alternative Futn 

i i 

INPUT EXPECTED 
ENERGY 

SCENARIO 

1 

Total Market 
Site 

DETERMINATION 
OF BIOMASS 
MARKET SIZE 

Figure 2. Logic used in biomass product penetration analysis 
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386 BIOMASS AS A NONFOSSIL FUEL SOURCE 

cond i t ions can be represented by the curves shown in Figure III and g iven by: 

Steady-State Market Share to Biomass-Derived Product — A χ ~ 

w h e r e P b and P m are the marg ina l pr ice of the biomass produc t and the 

marg ina l market pr ice, respectively.* This stat ic representat ion says that 

w h e n P b and P m are equal and under steady-state cond i t ions , the market w i l l 

be shared equal ly. The market share parameter (Ύ) is a measure of market 

imper fect ions, pr ice var iat ions, and consumer preferences. 

W h e n t w o or more n e w technolog ies are c o m p e t i n g for a share of the same 

market , a more general market share fo rmu la mus t be used. For example, if Ν 

d i f ferent b iomass missions all p roduce the same p roduc t (such as SNG). then 

their respect ive market shares w o u l d be represented by the fo l l ow ing 

equa t ion : 

Steady-State Share to N t h Biomass Product - 1 

where P B , t h rough P B | S | represents the prices of the f i rst t h r o u g h the N t h 

biomass produc ts and P M represents the expected market price. If all of the 

prices P B | t h r o u g h P B n and Ρ M were equal , each biomass product w o u l d 

receive l/(N + 1) of the market. 

In th is representat ion, a s ingle representat ive marg ina l pr ice is used for each 

b iomass p roduc t and a l ternat ive fuel . Ac tua l l y , s ign i f icant ind iv idual 

var iat ions f rom these representat ive prices do exist. For example, con t inued 

* The market penetration model converts the average market prices into marginal prices 

before use in the steady-state market share analysis. The equation used for this purpose is: 

ρ 0.25 (Pt + P t+i) (D t + D t + 1 ) - 0.25 (Pt + P t-i) (Dt + D M ) (1 - Α Τ / Χ ) 
0.5 [ D T + 1 - D M + (D T + D M ) ( A T / X ) ] 

where : 

P M is the marg ina l market pr ice. 

t denotes the t i m e per iod under cons iderat ion. 

Ρ is the average market pr ice. 

D is the tota l d e m a n d for the market . 

Δ Τ is the size of the t ime intervals used in the analysis (5 years). 

X is the l i fet ime of the energy faci l i ty or p roduc t ion uni t used in the market. 
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19. S C H O O L E Y E T A L . Economics of Chemicals & Fuel from Biomass 387 

governmenta l regulat ions m igh t in t roduce s igni f icant dispari t ies into the 

fu ture marginal prices of pipel ine gas. Also, other sources such as LNG 

impor ts and various h igh-Btu synthet ic products w i l l be in t roduced at yet 

di f ferent prices, causing an even w ider d is t r ibut ion of orices about our 

assumed representat ive marginal price. The market share parameter is used 

to model such price variat ions. 

Decision-makers also in f luence market share. Even if a new techno logy is 

somewha t more expensive than the al ternat ive, some f ract ion of purchasers 

w i l l choose it, perhaps because of env i ronmenta l or "energy independence" 

considerat ions. A l ternat ive ly , some f ract ion of purchasers w i l l con t inue to 

use their fami l iar fuel source even if economic considerat ions d ic tate a 

change to a new one. Imperfect price in format ion also affects the market 

share curve. These var ious factors are aggregated into the one market share 

parameter. In a perfect market w i t h h igh price elast ic i ty and none of these 

real wo r ld effects, y w o u l d be inf ini te, and the product w i t h even a very 

s l ight economic advantage w o u l d obta in a 100 percent steady-state market 

share. 

Based on previous work w i t h energy commodi t ies , w e have found that the 

character is t ic response pat terns of var ious markets can be modeled by a 

sui table choice of 7 . Large industr ia l and ut i l i ty markets, for example, could 

general ly be modeled w i t h a Ύ value in the range of 25 to 35. These high 

values reflect the st rong response to price var iat ions by industr ial and ut i l i ty 

consumers w h o deal w i t h large quant i t ies of energy and are acutely aware of 

economic considerat ions. The y value used for th is market penetrat ion 

analysis was 20, ref lect ing the somewha t larger degree of market 

imper fect ion that w o u l d be expected to obta in in markets that are available 

to b iomass-der ived products . Even lower y values w o u l d be appl icable for 

smaller scale energy consumers, w h o typ ica l ly behave in a less str ic t ly 

economic fashion. Factors such as aesthet ics and novel ty, for example, w o u l d 

be expected to play a m u c h larger role in the dec is ion-making process of a 

residential consumer than an industr ia l buyer. 

D y n a m i c M a r k e t Response 

The market share curve in Figure III is only a stat ic representat ion. To assess 

the dynamics of market penet ra t ion, a " d y n a m i c market response cu rve " can 

be used to descr ibe h o w fast the current market w i l l move t o w a r d the stat ic 

pr ice-determined market share curve as a result of real-wor ld behavioral 

response. This is cal led the behavioral lag effect. 
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388 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The dynamic market response curve, g iven by: 

is s h o w n in Figure IV where : 

h = behavioral lag half- l i fe ( t ime required for one-hal f of the market to 

respond to the ent rance of a new product) , 

η =•= years since n e w produc t in t roduct ion , 

α = behavioral lag response parameter. 

This curve tends to s low the in t roduc t ion of a n e w techno logy based on the 

t ime tha t it takes for market decis ion makers to accept and s w i t c h to the new 

product . 

The behavioral lag parameters, h and α . prov ide a means of quan t i f y ing the 

d y n a m i c market response. A half- l i fe of 10 years was chosen for th is analysis, 

a l l ow ing for a m a x i m u m of 50 percent market penetrat ion at a po int 10 years 

f rom the date assumed for commerc ia l iza t ion. The second behavioral lag 

parameter, a . f ixes the relat ive shape (curvature) of the dynamic market 

response curve once the half- l i fe parameter has been chosen; a value of 4 

w a s chosen for th is parameter. 

To f ind the share of t he open market captured by a n e w fuel in any part icular 

year, the equ i l ib r ium market share and dynamic market response curve are 

mul t ip l ied . This is done on an annual basis, resul t ing in a dynamic market 

share for the new produc t that varies w i t h t ime. The actual biomass produc t 

d e m a n d is then found as a func t ion of t ime by app ly ing the dynamic market 

share to est imates of the size of the market that is avai lable to the new 

product . 

O u t p u t s 

The market penetrat ion calculat ions are per formed at f ive-year intervals over 

the t i m e f rame of the analysis. However, par t icu lar emphasis is p laced on the 

analysis of three per iods - the year te rm (1985). the in termediate te rm (2000). 

and the long te rm (2020). 

The results of the penetrat ion analysis prov ide est imates of the expected 

market penetrat ion (in quads) of each mission by region and t ime interval . 

The expected demands for each type of feedstock and the equ i l ib r ium 

marginal prices for biomass feedstocks and products are also determined. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

01
9



19. SCHOOLEY ET AL. Economics of Chemicals & Fuel from Biomass 389 

Figure 4. Dynamic market response 
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390 BIOMASS AS A NONFOSSIL FUEL SOURCE 

RESULTS 

The s tudy involved the project ion of b iomass feedstock avai labi l i ty by market 

pr ice w i t h i n U.S. census regions and the deve lopment of a computer ized 

model to est imate regional b iomass fuel p roduc t market penetrat ion in f ive-

year increments. This ef fort required the regional pro ject ion of market prices 

and demands for ten convent iona l fuels and chemica ls as we l l as the 

der ivat ion of b iomass fuel p roduct p roduc t ion data on 53 missions. Fifteen 

missions were examined in detai l w i t h the deve lopment of process f l ow 

d iagrams, descr ip t ions, economics , and energy and mater ia l balances.* The 

costs of energy p roduc t ion for the 15 missions under regulated ut i l i ty 

f inanc ing and a 65%- to -35% debt - to -equ i ty rat io are s h o w n in Tables I and II. 

The opt imis t ic est imates reflect h igh by-p roduc t values and product yields 

for the b iochemica l missions and a 20 percent reduct ion in base case capital 

costs for the the rmochemica l missions. 

Using the base-case assumpt ions for feedstock avai labi l i ty (w i thout federal 

incent ives), 15 of the 53 missions penetrate the market by the year 2020 , 

p roduc ing approx imate ly 5.4 quads of fuel and chemica l products , inc lud ing 

electr ic i ty and steam. Assuming federal incent ives and opt imis t ic but 

achievable feedstock avai labi l i ty, 17 of the 53 missions penetrate the market 

by year 2020 , p roduc ing approx imate ly 10.3 quads of fuel and chemica l 

products . The penetrat ions expected by t ype of fuel for the "base case" and 

" o p t i m i s t i c " scenarios are s h o w n in Table III. 

The levels of market penetrat ion s h o w n are the result of compu te r model 

rout ines w h i c h s imulate the compet i t i ve fuels env i ronment and project 

usable energy demand as a func t ion of energy pr ice and histor ical market 

relat ionships. The model fo rmula t ions a l low a consis tent compar ison of 

pro jected market prices (marginal costs) w i t h b iomass-der ived product 

revenue requi rements and c o m p u t e p roduc t demand levels consider ing 

numerous factors, inc lud ing mission commerc ia l iza t ion dates, convers ion 

process thermal eff ic iencies, and the t ime lag be tween techno logy 

in t roduct ion and w idespread techno logy imp lementa t ion . However, the 

re lat ionship be tween expected biomass p roduc t pr ice (revenue required) and 

al ternat ive fuel and chemica l market pr ice is the most impor tant factor in 

de te rmin ing annual market penetrat ion levels. 

# See Appendix C for the results of the sensitivity analyses for each of the 15 missions, 

showing the effects on costs of changes in operating factors, feedstock prices, facility life and 

facility size. 
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394 BIOMASS AS A NONFOSSIL FUEL SOURCE 

M i s s i o n Rank ing 

W e assumed that a large deve lopment faci l i ty w o u l d be desirable to 

demonst ra te the feasibi l i ty of each high potent ia l mission and to assure the 

ach ievement of fu ture commerc ia l convers ion operat ions. Table IV shows a 

f igure of mer i t (cost-benef i t ratio), ca lcu lated by d iv id ing the program fund ing 

requi rement for each mission (based on the cost of a large deve lopment 

fac i l i ty operat ing for f ive years) by the annual quad penetrat ion in 2020 . The 

results of th is analysis provide the ranking of missions s h o w n in Table V. 

The model ou tpu ts and market demand levels are ext remely sensit ive to 

feedstock scenario assumpt ions* as ind icated by the doub l ing in p roduct 

d e m a n d w i t h a change f rom base case to op t imis t i c scenario (see Table VI). 

However, separat ing SRI-generated mission input data f rom data generated 

by others resulted in only a s l ight change in model results (an increase in 

b iomass fuel p roduc t penetrat ion f rom 10.00 to 10.25 quads in the year 2 0 2 0 

and a change in to ta l feedstock demand f rom 13.4 to 13.6 quads of biomass). 

As ind icated by the ratio of fuel p roduc t d e m a n d to feedstock d e m a n d , the 

overal l convers ion ef f ic iency percentage is about 75 percent , ref lect ing the 

s t rong inf luence of d i rect combus t ion mission penetrat ion. 

S U M M A R Y 

Biomass offers a s ign i f icant potent ia l for reduc ing nat ional dependence on 

impor ted fossil fuels t h r o u g h the convers ion of a renewable energy source to 

useful l iquid and gaseous fuels, electr ic power , process s team, and 

chemicals . Several previous studies have indicated tha t feasible nat ional 

goals cou ld be the p roduc t ion of about 5 quadr i l l ion Btu (quads) of energy by 

the year 2 0 0 0 and 10 quads of energy by the year 2020 . The results of these 

studies indicate tha t these are realistic and achievable goals prov ided 

Federal f und ing levels for b iomass deve lopment are increased and Federal 

incent ives are successful ly appl ied to increase biomass feedstock avai labi l i ty. 

The s tudy summar ized in th is paper involved the ident i f icat ion of over 1,100 

possible missions (specif ic convers ion routes f rom biomass feedstock to 

useful fuel and chemica l p roducts to end-use markets) pr ior to the select ion 

of 15 missions for detai led analysis. 

* As well as other factors such as end use demand projections and foreign oil prices. 
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398 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Based only on market penetrat ion project ions, processes that appear to offer 

minor fu ture cont r ibu t ions inc lude mar ine crops, cata ly t ic l iquefact ion, and 

fe rmenta t ion to produce ethanol . Missions tha t appear to have greater near-

te rm commerc ia l iza t ion potent ia l inc lude: 

• Gasif icat ion of w o o d and low moisture plants to produce LBG, IBG, SNG, 

and ammon ia . 

• Pyrolysis of w o o d and low-mois ture plants to produce SNG. fuel oil and 

char. 

• Combust ion of w o o d and low-mois ture plants to produce s team and 

steam w i t h e lectr ic i ty as a by-product . 

• Anaerob ic d igest ion of manure and h igh-mois ture terrestr ial crops to 

produce IBG and SNG. 

Overal l , the success of b iomass energy deve lopment (as measured by the 

levels of fu ture quad product ion) can best be achieved by emphasis on 

p roduc t ion methods, procedures and pol icies designed to increase feedstock 

avai labi l i ty. Biomass fuel p roduc t market penetrat ion is h igh ly sensit ive to 

feedstock scenario and costs. A doub l ing of feedstock avai labi l i ty at $ 3 0 per 

ton a l lows biomass energy p roduc t ion to approx imate ly double. Therefore, 

f inancia l incent ives of var ious types, possiby inc lud ing loan, tax credi t , and 

subsidies may be desirable to : (a) increase the use of avai lable crop and 

t imber lands for the p roduc t ion of energy crops and comb ina t ion energy, 

food/ f iber crops, and (b) encourage cons t ruc t ion and operat ion of b iomass 

fuel and chemica l p roduc t p roduc t ion faci l i t ies. 

REFERENCE 

1. Schooley, F. Α., et al. Dec 1978-Jan 1979, U.S. Department of Energy 
Final Report. 
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19. S C H O O L E Y E T A L . Economics of Chemicals & Fuel from Biomass 399 

A p p e n d i x A 

D E F I N I T I O N S 

Biomass product p roduc t ion pr ice — The total of all costs necessary for the 

manufac ture of a biomass-der ived product , inc lud ing manufacturer 's profi t . 

Market pr ice — The price against w h i c h the biomass-der ived product must 

compete for market share. 

Steady-state market share — The f ract ion of the product market that a 

biomass-der ived product w o u l d supply at a point long after the biomass 

produc t p roduct ion price and market pr ice had become unchang ing w i t h 

t ime. 

Market share parameter ( Ύ) — A variable used to character ize the behavior 

of an energy marketplace. This variable is an est imate of the steady-state 

market share of a biomass produc t once the comparat ive economics are 

determined. 

Behavioral lag — A means of descr ib ing the resistance of market dec is ion

makers to the in t roduct ion of new energy products and technologies. This 

concept forms the basis for the dynamic market response curve. 

Behavioral lag half- l i fe (h) — The t ime required for one-hal f of a given market 

to respond to the avai labi l i ty of a new energy product or technology. 

Behavioral lag response parameter (a) — This variable f ixes the relative 

shape of the dynamic market response curve for a part icular market once the 

behavioral lag half- l i fe has been chosen. 

Miss ion — A specif ic biomass feedstock- to-product convers ion process or 

procedure d i rected to a designated fuel or pet rochemica l market. 
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400 BIOMASS AS A NONFOSSIL FUEL SOURCE 

A p p e n d i x Β 

P R O D U C T D E M A N D A N D PRICE D A T A SOURCES 

1975 Product Demands and Prices were based upon the fo l l ow ing sources: 

Fuel 

Coal 

Natural Gas 

Electric Power 

Gasoline 

Residual Fuel Oil 

Crude Oil 

Methano l 

A m m o n i a 

IBG 

Steam 

S o u r c e o f D a t a 

U.S. Bureau of Mines — Mineral Industry Surveys 

Quarter ly and Annua l Reports: B i tuminous Coal and 

L igni te Dis t r ibut ion Quarter ly. Pennsylvania An th rac i te 

A n n u a l , Coke and Coal Chemicals Annua l 

U.S. Bureau of Mines — Mineral Industry Survey — 

Natural Gas Annua l 

Edison Electric Inst i tute Stat ist ical Yearbook — Data 

adjusted by Gulf Energy Mode l Outpu ts to yield base, 

in termediate, and peak load data 

Federal H ighway Admin is t ra t ion 's H ighway Stat ist ics 

Annua l and the Nat ional Petro leum Factbook Piatt 's 

Oi lgram Price Service 

U.S. Bureau of Mines — Mineral Industry Survey — Fuel 

Oil Sales Annua l , Federal Power Commiss ion — Annua l 

Summary of Cost and Qual i ty of Steam — Electric Plant 

Fuels 

U.S. Bureau of Mines — Mineral Industry Survey — 

Petroleum Statement Annua l , Oil and Gas Journal — 

Annua l Refining Issue, Federal Energy Admin is t ra t ion — 

M o n t h l y Energy Review 

Chemical Market ing Reporter 

Several recent studies by the SRI Chemical Economics 

Depar tment , SRI Chemical Economics Handbook, U.S. 

Bureau of Census Data on A m m o n i a Producers Sh ipments 

Not appl icable for 1975 

Based on the convers ion of coal at 8 5 % ef f ic iency to 

satisfy the Industr ial Process Steam Market — Fuel and 

Energy Prices Forecasts. EPRI, EA-411 and EA-443, Apr i l 

and September 1977. 
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19. S C H O O L E Y E T A L . Economics of Chemicals & Fuel from Biomass 401 

Fuel demand and price project ions are based on the fo l low ing sources: 

• Brookhaven Nat ional Laboratory. Regional Reference. Energy Systems. 

EPRI EA-462 (June 1977). 

• ERDA, Market Oriented Program Planning Study (September 1977). 

• Foster Associates. Inc.. Fuel and Energy Price Forecasts. EPRI EA-411 

(Apri l 1977). 

• SRI Internat ional . Fuel and Energy Price Forecasts: Quantities and 

Long-Term Marginal Prices. EPRI EA-433 (September 1977). 

• SRI Internat ional . "Assessing the Benefits of the Gas Research Inst i tute's 

Research and Development Programs", SRI Project 6955 (March 1978). 

Project ions of ammon ia demand were made by app ly ing a consumpt ion 

factor to the Obers pro ject ion of crop yields. 
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402 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Appendix C. 8UMMARY OF C08T SENSITIVITY DATA 
ON 15 MISSIONS 

Mission 

1 Wood to oil 
2 Wood to methanol 
3 Wood to ammonia 
4 SNG from wood 
5 Steam from wood 
6 Electricity from wood 
7 IBG from cattle manure 
8 SNG from cattle manure 
9 Wheat straw to IBG 

10 Wheat straw to ethanol 
11 High sugar content plant to ethanol 
12 Wood to oil via pyrolysis (maximum liquid yield) 
13 Kelp to SNG via anaerobic digestion 
14 Kelp to alcohol via fermentation 
15 Cogeneration of electricity and steam from wood 
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20 
An Analysis of Gasohol Energetics 

WILLIAM A. SCHELLER 

Department of Chemical Engineering, University of Nebraska, Lincoln, NB 68588 

The question of energy utilization and energy efficiency in the gasohol 
program has generated much discussion and considerable controversy. The 
purpose of this paper is to present a detailed energy balance associated with 
the components of the gasohol program, i.e., grain production, fuel alcohol 
production and the replacement of gasoline with ethanol to produce gasohol. 
The overall energy balance involves a comparison of a gasohol fuel economy 
with a gasoline fuel economy including the energy impact of the distillers 
dried grain which becomes available to the livestock feeding industry. 

ENERGY FOR CORN PRODUCTION 

Energy requirements for the production of agricultural products vary 
considerably from country to country. In less developed areas, the energy 
expended per unit of production is usually considerably lower than in highly 
developed areas of the world. On the other hand, the product production per 
unit of land is usually related to the energy expenditure and in those areas 
where less energy is expended, less product yield is obtained. Table I 
compares the energy consumption and product production in Mexico with 
hand labor and with oxen power with that for a modern U.S. farm. The corn 
production with hand labor is very energy efficient requiring only 35,000 
Btu's per bushel, but the grain yield is only 31 bushels per acre. When the 
farmer adds an ox to assist in the corn production, not only does the energy 
expended per bushel of grain increase, but the net grain yield per acre is cut 

0097-6156/81/0144-0419$05.75/0 
© 1981 American Chemical Society 
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420 BIOMASS AS A NONFOSSIL FUEL SOURCE 

almost in half because of the need to feed the ox. On a modern U.S. fa rm, the 

energy expendi ture per bushel of corn is about 3.5 t imes tha t for corn 

p roduc t ion w i t h hand labor in Mex ico . However, the y ie ld of corn per acre is 

increased by a factor of 2.8. If large quant i t ies of grain are to be p roduced, it is 

impor tan t that the p roduc t ion per uni t of land be maximized. 

T a b l e I. C O M P A R I S O N OF ENERGY R E Q U I R E M E N T S 

FOR C O R N P R O D U C T I O N * b 

M e x i c o U.S.A. 

H a n d O x e n M o d e r n 

Labor P o w e r F a r m 

1 0 0 0 B t u / A c r e 1084 1572 10,510 

Bushels /Acre 31 15 86 

Btu/Bushel 35 ,000 104,800 122.200 

a Excludes energy for manufac ture of farm machinery. 
b Data f rom Reference 1. 

Table II shows the evo lu t ion of energy requi rements for the p roduc t ion of 

corn in the Uni ted States be tween 1950 and 1975. Total energy c o n s u m p t i o n 

per acre inc lud ing the energy for fue l , ferti l izer, pest ic ides, herbic ides, 

manpower , etc., but not inc lud ing energy for the manufac ture of the farm 

machinery , increased f rom 3.8 mi l l ion Btu's per acre in 1975 to 10.51 mi l l ion 

Btu's per acre in 1975 (a factor of 2.8). The y ie ld per acre in tu rn increased 

f rom 3 8 bushels per acre to 8 6 bushels per acre or a factor of about 2.3. 

Dur ing th is same per iod, the energy consumed per bushel of corn increased 

only 22.2%. In all cases, the energy consumpt ion expressed as equivalent 

gal lons of oil consumed per bushel of corn was less than 1. 

T a b l e I I . ENERGY R E Q U I R E M E N T S FOR C O R N P R O D U C T I O N 

I N T H E U.S.A. ' b 

1 9 6 0 1 9 6 9 1 9 7 0 1 9 7 5 

1000 B tu /Ac re 3 8 0 0 6 0 3 0 9 7 6 0 10.510 

Bushels /Acre 3 8 5 4 81 86 

Btu/Bushel 100,000 111.600 120.500 122.200 

Gal Equivalent O i l / 

Bushel 0.67 0.74 0.80 0.81 

a Excludes energy for the manufac ture of farm machinery , 1 gal of equivalent 

oil equals 150,000 Btu. 
b Data f rom References 1 and 2. 
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20. SCHELLER Gasohol Energetics 421 

W h i l e detai led fuel , ferti l izer, and chemica l consumpt ions are not yet 

avai lable for 1979, these w i l l probably be somewha t higher than the 1975 

f igures. On the other hand, it is es t imated tha t the average yield of corn in 

1979 w i l l exceed 100 bushels per acre. Because the f igures in Table II are 

average f igures for the nat ion, they include the energy requi rements for an 

average amoun t of i r r igat ion. Unirr igated corn wi l l require less energy per 

acre for p roduc t ion wh i l e corn p roduced in arid areas w i l l require more 

energy per uni t of land area. For purposes of the energy compar isons 

conta ined in this paper, the energy f igure for 1975 was used. 

ENERGY R E Q U I R E M E N T S FOR FUEL A L C O H O L P R O D U C T I O N 

W h e n corn is fe rmented to produce alcohol , a number of products are 

produced. The most desirable product is probably the grain alcohol (ethanol). 

However, small amounts of heavier alcohols k n o w n col lect ively as fusel oil 

are also p roduced in the fe rmenta t ion . In the beverage industry, the fusel oil is 

considered to be undesirable and a large amoun t of energy is expended in 

removing it f rom the grain a lcohol . W h e n one is manufac tu r ing a fuel grade 

alcohol for use in gasohol , the fusel oil is a desirable componen t and should 

remain mixed w i t h the grain alcohol rather than being removed. Fusel oil 

p roduc t ion is about 0.5% of the ethanol . 

Table III conta ins a mater ial balance show ing the compos i t ion of the corn 

used for the calculat ions and the products produced. In add i t ion to fuel 

a lcohol , a h igh-prote in cat t le feed cal led dist i l lers dark grain (DDG) is also 

produced in the fermenta t ion process. As wi l l be seen later, inc lusion of DDG 

in the cat t le rat ion provides more w e i g h t gain than if the cat t le had been fed 

the or ig inal corn w h i c h was used to produce the fuel a lcohol and DDG. 

Carbon d iox ide is a second byproduc t p roduced in the fe rmenta t ion , but for 

purposes of this analysis, it has been assumed to be vented to the 

atmosphere. 

T a b l e I I I . M A T E R I A L B A L A N C E P R O D U C T I O N OF 

FUEL A L C O H O L 

Corn C o m p o n e n t I b / b u 

Starch 34.07 

Protein 4.73 

Other 8.52 

Moisture 8.68 

Total 56.00 

P r o d u c t , u n i t / b u 

Fuel A lcoho l , 2.6133 gal 

DDG (10% H 2 0 ) , 18.0161b 

Carbon Dioxide, 16.8861b 

A lcoho l Losses, 0.0531 gal 

Remaining H 2 0 , 3 . 4 4 9 2 lb 
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422 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The recovery of a lcohol by dist i l la t ion is very ef f ic ient w i t h a typ ica l to ta l loss 

of a lcohol be tween the fermentor and the anhydrous product of on ly 2%. It is 

also interest ing to note tha t there is suf f ic ient mois ture conta ined in the grain 

to supply the chemica l needs for convers ion of s tarch to a lcohol and to 

accoun t for the 10% moisture con ten t in the dist i l lers grains. A l l addi t ional 

wa te r added to the sys tem is s imply to supply appropr iate concent ra t ions 

and streams of appropr iate f lu id i ty . 

In the last f e w years, there has been a dramat ic reduct ion in the energy 

requi rements for grain a lcohol p roduc t ion main ly th rough more ef f ic ient heat 

recovery in the plant. Table IV compares the energy c o n s u m p t i o n in a 

beverage alcohol p lant of 1973 w i t h fuel a lcohol p lants des igned in early 

1978 and late 1979. The beverage a lcohol p lant c o n s u m e d about 172,000 

Btu's per gal lon of a lcohol p roduced. By early 1978, w i t h the realization that 

there w a s no need to produce a h igh ly pur i f ied neutral spir i ts for fuel a lcohol 

and w i t h the in t roduct ion of modest heat recovery faci l i t ies, the energy 

requi rements d ropped to 125,000 Btu's per gal lon. In a late 1979 plant design 

w h i c h inc luded use of fu rnace stack gases to dry the dist i l lers grain and 

deve lopment of a pressure prof i le in the plant to increase potent ia l heat 

recovery, the energy requi rement d ropped to 69 ,600 Btu's per gal lon of 

a lcohol produced. The h igh heat of combus t ion of one gal lon of anhydrous 

fuel grade alcohol is about 84 ,200 Btu's. 

T a b l e IV. E V O L U T I O N OF G R A I N A L C O H O L P L A N T 

ENERGY R E Q U I R E M E N T S 

B e v e r a g e Ear ly 1 9 7 8 L a t e 1 9 7 9 

P lan t Fuel P lan t Fue l P lan t 

190° Proof Spir i ts 109.000 68.000 52.900 

A n h y d r o u s A lcoho l None 14.000 Inc luded 

Subto ta l 109.000 82 .000 52.900 

DDG Product ion 63 .000 43 .000 16.700 

Tota l 172.000 125.000 69.600 

Gal Equivalent O i l / 

Gal Ale. 1.15 0.82 0.46 

The energy consumpt ions in Table IV inc lude the fossil fuel consumpt ion 

associated w i t h the generat ion of the electr ical needs for the alcohol p lant as 

we l l as the fossil fuel burned in generat ing steam for the plant. For the overall 

gasohol energy analysis, the late 1979 fuel a lcohol p lant energy c o n s u m p t i o n 

is used. 
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20. SCHELLER Gasohol Energetics 423 

B A S I S FOR ENERGY C O M P A R I S O N OF G A S O L I N E A N D G A S O H O L 

FUEL S Y S T E M S 

In making a consistent and val id compar ison of the energy consumpt ion in a 

gasohol fuel system and in a gasol ine fuel system, there are a number of 

factors that must be considered. These factors inc lude any di f ference in fuel 

consumpt ion (miles per gallon) be tween the t w o systems, any di f ference in 

fuel octane number be tween the t w o systems, any change in fuel vo lume 

be tween the t w o systems w h i c h may result f rom b lending of the fuel 

components , and any change in corn requirements that w o u l d be necessary 

to main ta in equal quant i t ies of beef p roduct ion in both systems. 

Research has been conduc ted to provide in format ion about each of these 

factors. In Nebraska, a t w o mi l l ion mile road test p rogram was conduc ted 

over a 3 4 - m o n t h per iod in w h i c h the fuel economy of unleaded gasol ine was 

compared w i t h the fuel economy of gasohol. Data f rom this test indicate the 

gasohol- fueled cars obta ined on the average 6.7% more miles per gal lon than 

the cars fueled on unleaded gasol ine. For purposes of the energy compar ison 

in this paper, it has been assumed tha t the gasohol cars w o u l d obta in only 3% 

more miles per gal lon. 

Measurements by independent laboratories have s h o w n that w h e n a mix ture 

is prepared conta in ing 10% anhydrous ethanol and 9 0 % unleaded gasol ine, 

the average octane, [(R + M ) / 2 ] , is three numbers higher for gasohol than for 

the unleaded gasol ine used as the base stock. In th is paper, a three octane 

number increase is used in the energy compar ison. In b lending 10% 

anhydrous ethanol w i t h 9 0 % unleaded gasol ine, laboratory measurements 

have s h o w n that the total vo lume of the mix ture is 0.23% greater than the 

sum of the vo lume of the components . For th is paper, th is excess vo lume of 

mix ing has been assumed to be zero. 

Finally, feeding tr ials involv ing dist i l lers dark grain have s h o w n that beef 

cat t le receiv ing this c o m p o n e n t in their d iet show increased w e i g h t gain over 

catt le not receiving th is mater ial . Tests carr ied out in Kentucky indicate that 

beef cat t le receiving dist i l lers dark grains f rom the fe rmenta t ion of 2 0 % of the 

corn fed to the animals gained 12.9% more w e i g h t than those cat t le receiv ing 

the to ta l rat ion of corn. Tests conduc ted in Nebraska suppor t the conc lus ion 

that dist i l lers dr ied grains are a better feed c o m p o n e n t than the who le corn 

f rom w h i c h they are produced. For purposes of this paper, it has been 

assumed that the increased w e i g h t gain associated w i t h feeding dist i l lers 

dark grains is 6% rather than the 12.9% reported f rom Kentucky. 

The results of exper imenta l observat ions and the evaluat ion basis used in this 

paper are conta ined in Table V. 
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424 BIOMASS AS A N O N F O S S I L F U E L S O U R C E 

T a b l e V. C O M P A R I S O N OF E X P E R I M E N T A L G A S O H O L D A T A 

W I T H ENERGY E V A L U A T I O N B A S I S 

E x p e r i m e n t a l E v a l u a t i o n 

O b s e r v a t i o n Bas is 

Increased MPG. % 6.7 3.0 

Excess Vo lume of Mix , % 0.23 0 

Increased Octane, (R + M ) / 2 3 3 

Increased Beef W e i g h t Gain 

W i t h DDG. % 12.9 6 

C R U D E OIL S A V I N G S A S S O C I A T E D W I T H G A S O H O L B L E N D I N G 

W h e n one gal lon of anhydrous grain a lcohol is b lended w i t h 9 gal lons of 

gasol ine to produce 10 gal lons of gasohol . there w i l l be a reduct ion in crude 

oil requi rements for the manufac ture of au tomot i ve fuel . The most obv ious 

reason for th is is tha t gra in a lcohol has replaced gasol ine in the mixture. 

Other factors also affect t he a m o u n t of c rude oi l used inc lud ing the fac t that 

the 9 gal lons of unleaded gasol ine can be produced at a lower octane number 

because the add i t ion of grain alcohol w i l l raise the octane number of the 

b lend to meet the market speci f icat ion. Furthermore, because a car w i l l travel 

fur ther on one gal lon of gasohol than it w i l l on one gal lon of gasol ine and 

since the au tomot i ve fuel market is a d e m a n d to dr ive a tota l number of miles, 

less gasol ine w i l l be needed to meet th is demand . 

The quant i ta t i ve ef fect of these factors expressed as crude oil savings is 

s h o w n in Table VI . By replacing one gal lon of gasol ine out of ten w i t h one 

gal lon of e thanol , w e save not only one gal lon of c rude oil but also a s l ight 

a m o u n t more because energy is not required to ref ine tha t gal lon of c rude oi l . 

This saving by rep lacement amounts to 1.014 gal of c rude oil per gal lon of 

grain a lcohol . The requi rements of a lower octane number for the 9 gal lons of 

unleaded gasol ine w i l l save 0.286 gal of crude oil per gal lon of grain a lcohol , 

and ob ta in ing 3% more miles per gal lon w i t h gasohol w i l l save 0.300 gal lons 

of c rude oil per gal lon of gra in alcohol for a to ta l c rude oil saving of 1.6 

gal lons. In format ion related to these crude oil savings was obta ined f rom 

refinery s imula t ion studies carr ied out by Bonner and Moore Associates, Inc. 

of Houston, Texas for the U.S. Depar tment of Energy. 
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20. SCHELLER Gasohol Energetics 425 

T a b l e V I . C R U D E OIL S A V I N G S A S S O C I A T E D W I T H 

G A S O H O L P R O D U C T I O N 

Ga l /Ga l A l c o h o l 

Replacement of Gasoline W i t h Ethanol 

Lower Average Octane Number of Gasoline 

3% More Mi les/Gal lon w i t h Gasohol 

Crude Oil Savings 

1.014 

0.286 

0.300 

1.600 

G R A I N S A V I N G S A S S O C I A T E D W I T H FEEDING DISTILLERS D A R K 

G R A I N S 

Feeding tr ials at the Universi ty of Kentucky have demonst ra ted that inc lus ion 

of dist i l lers dark grain in a cat t le rat ion results in increased w e i g h t gain. 

Specif ical ly, their results indicate an increased gain of 12.9%. As ment ioned 

previously, it is assumed for purposes of th is s tudy that the increased w e i g h t 

gain w o u l d be only 6%. Furthermore, beef p roduc t ion is geared to meet ing a 

market demand for a certain number of tota l pounds. This means that w i t h 

the inclusion of DDG in the animal rat ion, fewer total bushels of corn are 

required to br ing the cat t le to ful l we ight . This compar ison is i l lustrated in 

Figure 1. W h e n 2.03 bu of corn are fed w i t h an appropr iate a m o u n t of 

roughage (hay), the beef cat t le show a w e i g h t gain of 9.63 lb. On the other 

hand, if 2 0 % of 1.91 bu of corn (0.38 bu) are d iver ted to a grain alcohol plant, 

one gal lon of grain alcohol is produced. If the byproduc t DDG f rom the 

alcohol plant is comb ined w i t h the remain ing 1.53 bu of corn and fed w i t h 

the same a m o u n t of hay to the beef cat t le, they w i l l also gain 9.63 lb but w i t h 

a reduced consumpt ion 0.12 bu of corn. This saving of corn also represents a 

saving of energy. 

C O M P A R I S O N OF ENERGY R E Q U I R E M E N T S FOR G A S O L I N E A N D 

G A S O H O L 

The energy requi rements for the produc t ion of gasol ine and gasohol w i t h 

p roduc t ion of an equiva lent a m o u n t of beef in each case are presented as 

gal lons of equiva lent oil in Table VII. The basis for this compar ison is also 

inc luded in Table VII . One gal lon of fe rmenta t ion fuel e thanol is assumed to 

be mixed w i t h 9 gal lons of unleaded gasol ine in the gasohol case, and for the 

gasol ine case, a suf f ic ient a m o u n t of unleaded gasol ine is assumed to move 

the car the same dis tance as in the gasohol case. Al l other pet ro leum 

products produced in the ref inery are the same in both cases. The quan t i t y of 

corn in the t w o cases is as discussed in the preceding sect ion and is 

suf f ic ient to produce 9.63 lb of beef w e i g h t gain. The energy requi rement for 

p roduc ing this corn is presented in Table II for 1975. 
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426 BIOMASS AS A NONFOSSIL F U E L SOURCE 

2.03 Bu 
Corn Hay 

I Beef I 

9.63 lb 
Gain 

1.91 Bu 
Com 

1.53 

0.38 Bu 

Bu 
DDG 

I Beef I 

9.63 lb 
Gain 

Alcohol 
Plant 

Ψ 

Grain 
I Alcoholj 

1 Gal 

Figure 1. Making grain alcohol reduces grain production 
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20. S C H E L L E R Gasohol Energetics 427 

Item 1 in Table VII indicates that for the gasol ine case, 10.74 gal of crude oil 

must be ref ined to produce the base quant i ty of gasoline. In the gasohol case, 

only 9.14 gal of crude oil are ref ined to produce the needed gasoline. The 

di f ference in these t w o quant i t ies is the 1.6 gal of crude oil savings detai led in 

Table VI. The second i tem in Table VII deals w i t h corn p roduc t ion for cat t le 

feed. In the gasol ine case, this is 2.03 bu of corn as shown in Figure 1 w i t h an 

associated energy expendi ture of 1.65 gal of equivalent oi l . In the gasohol 

case, 1.53 bu of corn were fed di rect ly to he catt le. This corn has associated 

w i t h it an energy consumpt ion of 1.25 gal of equivalent oi l . I tem 3 is the 

energy consumpt ion associated w i t h produc ing corn for ethanol manufac

ture. In the gasol ine case, there is no corn used for ethanol . In the gasohol 

case, as shown in Figure 1.0.38 bu of corn are associated w i t h the product ion 

of 1 gal of grain a lcohol . Energy for the produc t ion of this corn is 0.31 gal of 

equivalent oi l . A t this point , the to ta l pet ro leum consumpt ion is 12.39 gal of 

equiva lent oil in the gasol ine case and 10.70 gal of equivalent oil in the 

gasohol case. 

In the gasohol case, w e must n o w add the energy consumpt ion associated 

w i t h a lcohol p roduc t ion and the DDG product ion . Using the f igures f rom 

Table IV, the energy consumpt ion for a late 1979 fuel a lcohol plant is 0.35 gal 

of equivalent oil for the alcohol p roduc t ion and 0.11 gal of equiva lent oil for 

the DDG product ion . This energy w o u l d probably be suppl ied by coal, so the 

subtota l plant energy for the alcohol and cat t le feed p roduc t ion is ind icated 

as coal w i t h an energy conten t equivalent of 0.46 gal of oi l . 

S u m m i n g the t w o subtotals, energy equivalent to 12.39 gal equivalent oil 

was consumed in the gasol ine case wh i le in the gasohol case, energy 

equivalent to only 11.16 gal of energy equivalent oil was consumed. Thus, 

there is a fossil fuel saving equiva lent to 1.23 gal of oil for every gal lon of 

grain alcohol that is b lended w i t h 9 gal of unleaded gasol ine. This is a very 

substant ia l saving. 
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428 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e V I I . G A S O H O L REDUCES FOSSIL FUEL C O N S U M P T I O N 

G a s o l i n e C a s e G a s o h o l C a s a 

Qa l Equ iv . Oi l Gal Equ iv . O i l 

1. Crude Oil Refining 10.74 9.14 

2. Com Product ion for Feed 1.65 1.25 

3. Corn Product ion for Ethanol 0.00 0.31 

Subtota l — Pet ro leum 12.39 10.70 

4 . A lcoho l Plant Operat ion 0.00 0.35 

5. DDG Plant Operat ion 0.00 0.11 

Subto ta l — Coal 0.00 0.46 

6. Tota l Energy Consumpt ion 12.39 11.16 

Fossil Fuel Saving w i t h Gasohol 1.23 

Basis: 

a. 1 gal of fuel e thanol mixed w i t h 9 gal of unleaded gasol ine. 

b. Unleaded gasol ine to move a car as far as the gasohol in " a " above. 

c. A l l o ther pe t ro leum products are the same in bo th cases. 

d. Corn and corn + DDG to produce 9.63 lb of beef w e i g h t gain. 

e. 1 gal of equiva lent oil is equal to 150,000 Btu. 

Even if gasohol d id not show the 3% increase in fuel economy and even if the 

DDG d id not produce a 6% w e i g h t gain in beef cat t le, the gasohol case w o u l d 

sti l l s h o w an energy saving of 0.84 gal of equiva lent oi l over the gasol ine 

case. These energy savings exist w h e t h e r the a lcohol p lant is fueled w i t h 

coal , o i l , or natural gas. If indeed, the alcohol p lant is fue led w i t h coal , then 

the actual savings in pe t ro leum is 1.69 gal per gal lon of a lcohol b lended. 

The U.S. Depar tment of Energy has est imated that the potent ia l exists for 

p roduc ing about 4.5 bi l l ion gal lons of grain alcohol f rom agr icu l tura l stocks in 

the near fu ture if a lcohol p lants to ma tch th is capac i ty are bui l t . A t a sav ing of 

1.69 gal of pe t ro leum per gal lon of grain a lcohol , there is the potent ia l of 

saving over 180 mi l l ion barrels per year of impor ted crude oi l . This in tu rn 

w o u l d reduce the ou t f l ow of dollars by at least $5 bi l l ion per year, w h i c h 

w o u l d be a s igni f icant percentage decrease in our trade def ic i t . 

C O N C L U S I O N S 

Based on th is analysis, it has been demonst ra ted tha t rep lacement of 

gasol ine w i t h gasohol in the au tomot ive fuel market w i l l result in a reduct ion 

of fossil fuel consumpt ion . This reduc t ion is present w h e t h e r or not gasohol 

provides greater fuel economy than gasol ine and whe the r or not beef cat t le 

gain addi t ional w e i g h t w h e n dist i l lers dark grains (DDG) are inc luded in their 

diet. The saving in pe t ro leum that results f r o m the p roduc t ion and use of 

gasohol has the potent ia l to reduce s igni f icant ly our t rade def ici t . 
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20. S C H E L L E R Gasohol Energetics 429 
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A P P E N D I X 

Table II conta ins a summary of energy requi rements for 1975 corn p roduc t ion 

in the Uni ted States. The indiv idual energy componen ts in 1975 corn 

p roduc t ion are l isted in Table A - 1 . This table shows that the three largest 

sources of energy consumpt ion are fuel , ferti l izer, and irr igat ion. Table A - 2 

conta ins the energy conten t of the corn grain and associated biomass 

mater ial (stover and cobs). The energy p roduc t ion (810,000 B tu /bu corn) is 

about 6.6 t imes the energy used in produc ing the corn. 

Table IV lists the energy requi rements for p roduc ing fuel grade ethanol and 

dist i l lers dark grains in a late 1979 p lant design. Table A - 3 conta ins a detai led 

l ist ing of the ut i l i ty requi rements for this late 1979 design. Using the 

relat ionship shown in Figure A - 1 , these ut i l i ty requi rements were conver ted 

to a total energy requi rement of 69 ,600 Btu per gal lon of fuel a lcohol 

p roduced and includes the energy for DDG product ion . The energy content of 

the grain stover f rom Table A - 2 is about 2.6 t imes the energy requi rement for 

p roduc ing ethanol and DDG. From Table A - 4 , it is apparent tha t the energy 

conten t of the products f rom the grain alcohol p lant is approx imate ly equal to 

the energy con ten t of the corn used (Table A-2) even though the mass of the 

products is only 6 3 % of the mass of the corn used (Table III). 
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430 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Tabla A -1 E N E M Y CONSUMPTION IN CORN FARMINQ - 1 9 7 5 a 

Ca—joaawt Btu/bu Corn Btu/gal EtOH 

1. Seed Com 2.700 1.040 
2. Fertilizer 43.900 16.800 
3. Herbicides 2.700 1.040 
4. Insecticides 1.500 580 
5. Fuel 39.300 15:030 
6. Electricity 7.100 2.720 
7. Irrigation 14.600 5.580 
& Drying 7.000 2.680 
9. Transportation 3.400 1.290 

Total Energy 122.200 46.760 

* Reference 1. 

Table A - 2 . ENERGY PRODUCTION IN CORN FARMINQ 

C<m*ommn Btu/bu C o m Btu/gal EtOH 

1. Com. Digestible energy 342.000 130.000 
2. Stover and cobs. HHV 486.000 180.000 

Total Energy 810.000 310.000 

Table A - 3 . UTILITY A N D ENERGY CONSUMPTION IN 
GRAIN ALCOHOL PRODUCTION 

(Late 1070 Deeign) 

Far Gallon of F uot Ethanol 
Steam. tt> Electric. kVYhr Cold Water. Gal Total Bti 

1. Milling and Propaga
tion 0.22 0.349 2.7 4.000 
2 . C o o k i n g & S a c 
charification 11.56 0.034 41.4 18.030 
3. Fermentation 0.06 0.053 19.0 650 
4. Distillation 20.46 0.021 54.8 31.500 
5. Thin Stillage Concen. 3.00 0.357 3.4 8.340 
6. DDG Drying and Other 1.18 0.503 45.4 7.080 

Total 36.48 1.317 166.7 69.600 

* Calculated using the listed utilities and Figure A-1. 
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20. S C H E L L E R Gasohol Energetics 431 

T a b l e A 4 . ENERGY P R O D U C T I O N F R O M A 

G R A I N A L C O H O L P L A N T 

C o m p o n e n t B t u / G a l E t O H 

1. Fuel Ethanol, HHV 84,200 

2. DDG. Digest ible Energy 45 ,000 

Total Energy 129,200 

TOTAL 

FUEL 

M A K E - U P . 

WATER 

STEAM BOILER 

REQUIRED POWER : 
1 kwh/1000 l b stm 
LABOR: 2 Sh. Pos. 

STM POWER 
COND 

PROCESS _ S n 

5 > u 

(LB/HR) STEAM 

POWER PLANT 

STM: 8 . 4 2 lb/kwh 
C.W: 0.5 3 gpm/kw 
LABOR: 2 Sh. Pos. 

C.W. 

M A K E - U P 

WATER 

Blowdown 
5% 

PROCESS, 

POWER 
0 

(KW) 

1 
POWER 

COOLING TOWER 

REQUIRED POWER: 
60 kw/1000 g p m 

P R O C E S S ^ CW0 

(GPM) COOLING' 

L o s s e s 
15'-

T o t a l Power P T (kw) - 1-05(P Q + .001C rS Q^ .0706C W Q ) 

T o t a l F u e l (Btu/Hr) - 10,000P T + 1.32S QAH 

Figure A-1. Block flow diagram: utility-fuel relationship 

RECEIVED M A Y 20,1980. 
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Wood Production Energetics 
An Analysis for Fuel Applications 

NORMAN SMITH and THOMAS J. CORCORAN 

Department of Agricultural Engineering, University of Maine at Orono, 
Orono, M E 04473 

Wood was the prime fuel source for the United States during much of the 
19th Century. Consumption probably peaked around 1880 at 146 million 
cords* per year. Coal replaced wood for most applications. However, use of 
wood for residential heating continued to be important in some rural areas 
until after World War II. Residential use of waste wood and sawdust from 
wood-utilizing industries persisted after the use of wood harvested directly 
for fuel had practically ceased. A number of industries continued to use their 
waste wood in boilers to produce steam for electricity generation and process 
heat. However, the convenience and low cost of heavy oil fuels caused all but 
a very small number of operations to terminate waste wood usage. The 
conical incinerator became a common sight at sawmills in the 1960's while 
wood drying kilns were being fired by oil in another part of the yard. 

* A cord is a volume measure of 128 feet3 of piled round wood, usually represented as a pile of 4 foot 
logs. 4 feet high and 8 feet long. Volume scaling is still much used in forestry as many operations are 
volume- rather than weight-sensitive. However, a cord represents very different weights of dry matter 
depending on the species of wood. Weight per cord also varies greatly with moisture content. Green 
wood is around 50% moisture content. Dry matter per cord varies from about 1900 lb for pine to 3500 
lb for hardwood such as birch and maple. 

0097-6156/81/0144-0433$05.00/0 
© 1981 American Chemical Society 
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434 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Salvage of waste wood from sawmills began anew a few years ago when 
some paper mills began to experience pulpwood shortages. Discarded pieces 

were ch ipped and sold for pu lp ing . More recently, there has been interest in 

using bark as a boiler fuel part ly because of the disposal p rob lem and part ly 

because of increased fuel prices. Since the Arab oil embargo of 1973, serious 

a t ten t ion has been g iven to use of w o o d as a fuel on a large scale. For 

example, Szego and Kemp (8) have evaluated the possibi l i ty of energy farms 

on w h i c h w o o d y plants w o u l d be produced for fuel use. The Ma ine Off ice of 

Energy Resources (9) has analyzed the possibi l i ty of methano l p roduc t ion 

f rom w o o d . Huff ( 4 p i a s reported on the deve lopment of an automat ica l ly 

cont ro l led furnace sui table for residences w h i c h can burn w o o d ch ips made 

f rom logging residues or puckerbrush. Smi th (7) has examined conceptua l 

designs for mechanized shor t - ro tat ion forestry, part icular ly the harvest ing 

phase. 

M e t h o d s of w o o d h a r v e s t i n g have been r e v o l u t i o n i z e d recen t l y as 

mechanizat ion has come to forestry. A number of harvest ing methods are 

n o w in use in w h i c h the basic operat ions of fe l l ing, t ranspor t to a landing, 

processing and loading for t ranspor t are approached in very d i f ferent ways. 

This paper examines the energy inputs to each sub operat ion to a l low 

est imat ion of tota l energy relat ionships or net energy p roduc t ion ef f ic iency 

for any comple te system whe the r or not it is current ly in use. 

It should be stressed that for a large por t ion of U.S. forest lands, the only 

s ign i f icant operat ion involved in w o o d p roduc t ion is tha t of harvest ing. 

Reforestat ion is o f ten by natural means, very l i t t le fert i l izat ion or cu l t iva t ion is 

carr ied out . Const ruct ion of a road ne twork and actual harvest ing of the trees 

at the end of the g row ing cycle is. by far, the greatest purchased energy input 

to w o o d product ion . The energy used in road bu i ld ing varies great ly w i t h 

terrain and harvest ing pat tern. It is probably small in relat ion to other inputs 

and is neglected in this analysis. 

H a r v e s t i n g E q u i p m e n t 

For many years, the axe and bucksaw were the sole means of fe l l ing and 

prepar ing w o o d for t ransport to the users' premises. Primary t ranspor t f rom 

the s t u m p to the col lect ion point at a roadside or on a r iverbank was by horse 

or ox team. Product ion rates for th is system vary t remendous ly depend ing on 

size of trees, haul d istances, terrain, etc., but it was general ly reckoned that 

one man could fel l , de l imb, cut up and load one cord of w o o d per day wh i le 

one horse w o u l d take about t w o hours to drag out that vo lume of w o o d . 
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2 1 . SMITH AND CORCORAN Wood Production Energetics 435 

Use of gasol ine powered cha insaws has increased a worker 's capaci ty about 

ten fo ld. Modern saws a l low a man to fel l , de l imb and cut up about 1.3 

cords/hour . Use of smal l t racked vehicles equ ipped w i t h w inches to skid out 

bunches of tree t runks have largely displaced the horse and ox, but a 

mul t i tude of new equ ipment is even now displac ing these devices. 

Short descr ipt ions of the main classes of equ ipment considered in this s tudy 

fo l lows: 

Chain Saw: A portable, gasol ine-engined, manual ly -cont ro l led machine w i t h 

a too thed chain used to fell trees and remove l imbs. 

Feller Buncher: A mobi le mach ine designed to shear a tree at the s tump, and 

hold it by means of a c lamp and cu t t i ng head wh i le it sw ings and deposi ts 

the tree on to a pile on the ground. The cu t t ing head is usually composed of 

t w o hydraul ical ly ac tuated shearing blades. Power requi rements are f rom 8 0 -

130 horsepower. 

Delimber Buncher: A mobi le machine carry ing a uni t w h i c h str ips the l imbs 

and top off the bole of a previously fel led tree and deposi ts the st r ipped bole 

in a pile on the ground ready for removal f rom the s tump area to a roadside 

landing. Usually requires around 120 horsepower. 

Wheeled Skidder: A t ractor unit , usual ly w i t h f rame steer ing and four whee l 

dr ive, equ ipped w i t h a w i n c h or grapple w h i c h gathers and skids behind itself 

loads of ful l trees, tree length boles logs f rom the s tump area to a roadside 

landing. Power requi rement usually exceeds 70 horsepower. 

Wheeled Forwarder: A f rame steered, sel f - loading vehic le equ ipped w i t h 

hydraul ical ly operated grapple and loading boom and a carrier or bunk to 

support its load of logs. Power requi rements vary f rom 4 0 to 100 horsepower 

depend ing on size. 

Loader: A hydraul ical ly operated boom and grapple w h i c h can be m o u n t e d 

on a t ruck chassis. It is used to gather logs or tree lengths f rom a pile and 

bui ld a load on a t ruck body. 

Chipper: A machine w h i c h reduces logs and tree length w o o d to small ch ips 

by means of a rapidly rotat ing d r u m or disc, carry ing a series of blades. The 

chips usual ly leave the cu t t i ng device in an air-stream induced by the fan 

effect of the ch ipp ing mechan ism and are thus automat ica l ly conveyed into 

t ransport vehicles or stockpi les. Power requi rements are around 3 0 0 

horsepower for a machine capable of ch ipp ing around 25 ton /hours . 
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436 BIOMASS AS A NONFOSSIL FUEL SOURCE 

E n e r g e t i c s o f M e c h a n i z e d H a r v e s t i n g S y s t e m s 

Table 1 shows typ ica l p roduc t ion rates and fuel consumpt ion f igures for the 

var ious pieces of equ ipmen t previously descr ibed. The wr i ters were for tunate 

in tha t the Amer i can Pu lpwood Associa t ion publ ished the results of a 1974 

survey of members ' operat ions (1) wh i l e th is paper w a s being wr i t t en . 

W h e n e v e r possible, the data f rom that survey w a s used in prepar ing the 

table. The data sources f r o m w h i c h o ther f igures were ca lcu lated are 

indicated in the footnotes. Figures for the energy subsidy represented by the 

energy used in manufac tu r ing the equ ipmen t are very approx imate and were 

der ived by assuming an average f igure of 25 .000 B tu / lb consumed in the 

manufac tu r ing process (most of the equ ipmen t w e i g h t is in the fo rm of steel 

w h i c h requires around 21 .000 Btu / lb in the t rans format ion f rom ore in the 

g round to steel plate (2[. The energy used in manufac ture w a s d iv ided by the 

approx imate l i fet ime p roduc t ion of the equ ipment to arrive at a f igure of Btu 

per ton of dry w o o d . 

The approx imate energy cost of pract ical ly any sys tem of p roduc t ion using 

present equ ipment can be ca lcu lated f r o m the table. For example, a very 

c o m m o n system uses cha in saw fel l ing and de l imb ing , t ree length sk idd ing 

to a forest landing, loading the tree length material on to large t rucks for 

t ranspor t to a mil l yard, un loading by the same type of loader used in the 

woods , fo l lowed by ch ipp ing . 

Many operators are n o w mov ing t o w a r d ch ipp ing w h o l e trees in the woods 

w i t h a fu l ly mechanized system. The steps m igh t be as fo l lows : Fell ing w i t h a 

fe l ler -buncher ; grapple sk idd ing to a land ing ; ch ipp ing , w i t h pneumat ic 

convey ing into t rucks as an integral part of the opera t ion ; t ranspor t ; 

un loading by t ipp ing the w h o l e t ruck body backwards to d u m p the chips by 

gravi ty . 

Table II i l lustrates the b reakdown of energy use in these t w o systems, 

inc lud ing a 50-mi le haul to the ut i l izat ion site, w h i c h appears to be a fair 

average for m u c h of the U.S. 

Several in terest ing facts appear f rom the compar ison : 

1. Both methods, t h o u g h very d i f ferent in procedure, have approx imate ly the 

same uni t energy consumpt ion . In fact , th is is so for most of the 

mechanized systems for p roduc ing w o o d f rom the tree t runk. Perhaps this 

is not surpr is ing as most of the same operat ions appear in each system 

t h o u g h they may be per formed in a di f ferent order. 
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2 1 . SMITH AND CORCORAN Wood Production Energetics 437 

Table I. APPROXIMATE ENERGY USE IN WOOD PRODUCTION OPERATIONS 
A. Energy Subsidy Due to Equipment Manufacture 

Machine 
Type or 
Operation 

Typical 
Machine 

Weight lb 

Production 

Manufacturing 
Energy Subsidy, 

Life Btu/ton dry wood r 
>a,b 

Felling 
Chain saw. 10 2.6 cd /h r c 2.000 hr 32.0 

(Felling and delimbing) 

Feller-Buncher 52.000 8 .38cd /h r c 10.000 hr d 10.350 

Delimbing 
Limber Buncher 45.000 9 c d / h r e 10.000 h r d 8.350 

Trans, to Landing 

Wheeled Skidder, 

whole trees 25.000 3.08 cd/hr 

9.02 green t o n s / r f 

13.000 h r d 10.400 

Forwarder residues 27.000 

3.08 cd/hr 

9.02 green t o n s / r f 13.000 h r d 11.300 

Wheel loader. 

prebunch residues 4.000 4.5 green tons/hr f 13,000 d 3.400 

Yard Operations 

Chain saw. 

bucking to 10 3.65 c d / h r c 2.000 hr 23.0 

short lengths 

Loading 

Tree length 25.000 10.78cd/hr c 10.000 hr 3.900 

Trucking 
Small truck 12.000 300.000 m i d 6.700* 

Large truck 25.000 500.000 m i d 3.300 J 

Chipping 
Whole tree chipper 57.000 10 cd/hr 10.000 hr d 9.500 

Auxiliary 
Management 4.000 100.000 mi 1.000 k 

vehicles, etc. 
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438 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Table I. APPROXIMATE ENERGY USE IN WOOD PRODUCTION OPERATIONS (cont) 
B. Equipment Operation and Overall Energy Requiremanta 

Total Energy 

Machine Energy Use Requirements, 
Type or Fuel Btu/ton dry Btu/ton dry wood 

Operation Consumption wood b (to nearest 1000 Btu) 

Felling 

Chain saw. 0.41 g a l / c d c 33.000 33.000 

(Felling and delimbing) 

Feller-Buncher 0 .64ga l / cd c 59.700 70.000 

Delimbing 

Limber Buncher 0.62 g a l / c d d 57.900 66.000 

Trans, to Landing 
Wheeled Skidder. 

whole trees 0.95 gal/cd 88.500 99.000 

Forwarder residues 0.41 gal/green t o n 9 115.000 126.000 

Wheel loader. 

prebunch residues 1.24 gal/green t o n 9 67.200 71.000 

Yard Operations 

Chain saw. 

bucking to 0.39 g a l / c d c 31.200 31.000 

short lengths 

Loading, 

Tree length 0.47 g a l / c d c 43.500 47.000 

Trucking: 

Small truck 0.04 gal/cd m i c 373.000 h 380.000 

Large truck 0.02 gal/cd m i c 187.000 h 190.000 

Chipping 

Whole tree chipper 0.7 ga l / co rd d 65.500 75.000 

Auxiliary 
Management, 0.72 gal /cd 57.600 59.000 

vehicles, etc. 

8 Assumes 25,000 Btu/ lb consumed in equipment manufacture. 
b Assumes 3.000 lb dry wood per average cord. 
c Source — "Fuel Requirements for Harvesting Pulpwood" — ΑΡΑ Survey. 
d Source — Estimate of Woodlands Manager. 
β Source — Average of t w o company operations. 
f Source — Folia Forestalia 237 — Finnish Forest Institute. 
9 Estimate based on engine size and research reports. 
h Average figures for 100-mile round trip. 
1 10 cord loads, handles 45.000 tons in useful life. 
J 25 cords, loads handles 187,500 tons during useful life. 
k Assumes 1 vehicle per fully mechanized harvesting crew. 
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2 1 . S M I T H A N D C O R C O R A N Wood Production Energetics 439 

Table II. ENERQY USE IN WOOD PRODUCTION SYSTEMS 

Tree length system Btu/ton dry wood 

Felling and Delimbing 33.000 

(Chain saw) 

Skidding 99.000 

Loading (tree length) 47.000 

Transport (50 miles one way) 190.000 

Unloading 47.000 

Chipping 75.000 

Auxil iary 59.000 

Total 550.000 

Whole tree chip system 
Felling and Bunching 70.000 

Skidding 99.000 

Chipping 75.000 

Transport 190.000 

Unload negligible 

Auxil iary 59,000 

Total 493,000 
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440 BIOMASS AS A NONFOSSIL FUEL SOURCE 

2. Transpor ta t ion, even if only to a user 50 miles f rom the g r o w i n g site, can 

represent a lmost 5 0 % of the total energy input to present the product to 

the consumer. It may seem that substant ia l savings cou ld be made by 

consuming the w o o d closer to the g r o w t h site. However, economics 

rather than energet ics w i l l decide w h e t h e r th is w i l l be done. 

3. Reduct ion of the w o o d f rom tree length to the conven ient fo rm of w o o d 

chips takes only about 2 0 % of the energy used in p roduc t ion . Even t h o u g h 

the bulk of the w o o d is considerably increased by ch ipp ing , w e i g h t , not 

vo lume, remains the l imi t on load size for t ranspor ta t ion. The bonus of self 

loading f rom the ch ipper and easy un loading of ch ips make in-forest 

ch ipp ing very at t ract ive. 

4. Compar ing the energy consumpt ion in these systems w i t h the man-axe-

horse comb ina t ion of the past, where about 8 m a n hours and t w o 

horsepower hours produced one cord of w o o d ready for t ransport , shows 

one of the problems of mechanizat ion. If an overal l e f f ic iency of 2 0 % is 

assumed for the animal power uni ts involved, the energy required to 

prepare the w o o d for t ransport to the user w o u l d be less than 30,000 

B tu / ton of dry mater ial . This compares w i t h about 200 ,000 B tu / ton for the 

same operat ions in mechanized systems. The same order of increase in 

energy consumpt ion per uni t of p roduc t ion can be found in mechanized 

agr icu l ture (6). However, the compar ison of energy use to energy y ie ld is 

st i l l very favorable. A ton of dry material has a gross energy con ten t of 

about 16 mi l l ion Btu. Even a l low ing for the fact tha t each ton of dry mat ter 

is del ivered in the fo rm of green w o o d conta in ing approx imate ly 5 0 % 

moisture, i.e. w i t h a t o n of wa te r to be evaporated per ton of dry mater ia l , 

the net energy avai lable w i l l exceed 14 mi l l ion B tu / ton of dry mater ial . On 

th is basis the energy used in processing the w o o d represents less than 4 % 

of the energy available f rom the w o o d . 

5. The energy input to w o o d product ion in the fo rm of equ ipment 

manufac ture is fair ly small in relat ion to energy for operat ing the 

equ ipment . Manu fac tu r ing energy subsidy is less than 2 0 % of the total 

energy input per ton of w o o d for all of the equ ipment in Table I and 

averages around 10%. 

It w o u l d certain ly appear that fuel used to manufac ture and operate 

machinery to produce w o o d for fuel w o u l d be energy we l l used. However, it 

must be remembered that use of w o o d for fuel , as cur rent ly harvested, w o u l d 

compete w i t h other w o o d uses such as for paper and lumber. In all 

probabi l i ty , any large-scale use of w o o d for fuel w i l l need to come f rom an 

increase in p roduc t ion over and above current needs. 
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21. SMITH AND CORCORAN Wood Production Energetics 441 

The most obvious source of addi t ional w o o d is in the parts of the tree now 

discarded — the branches and tops — along w i t h undersized and other 

undesirable trees. This mater ial probably represents around 2 0 % of the 

g r o w t h on land n o w harvested, i.e.. on land w h i c h has a road system already 

developed and paid for by other forest products. The branch mater ial and 

smal l trees wi l l probably need to be ch ipped as early in the harvest ing 

process as possible to reduce bulk and provide an easily handled product . 

T w o basic methods of handl ing the branch mater ial are possible. One w o u l d 

be to skid who le trees to the landing, use a del imber in a stat ionary posi t ion 

and ch ip any th ing st r ipped off the boles. Sk idding who le trees w o u l d be very 

l i t t le d i f ferent f rom skidding de l imbed mater ia l , but exper ience has s h o w n 

that up to half of the branches are broken off as the trees are skidded out. 

Feeding the str ipped branches into a ch ipper need be no more energy 

consuming than feeding tree length logs. The second system migh t use a 

del imber at the s t u m p and leave the branches and undesirable w o o d at the 

g r o w t h site. Some work has been reported f rom Finland (3) on this possibi l i ty. 

Smal l bul ldozers or whee led loaders were used to pile up the branch material 

w h i c h was then brought out by a sk idder / forwarder for processing at the 

landing or a later stage. Performance f igures f rom this exper imenta l operat ion 

are inc luded in Table I. 

Table III compares the addi t ional energy inputs needed to obta in these 

harvest ing residues. Once again, it is apparent that the w o o d fuel can be 

del ivered to a consumer for less than 5% of its energy content . The more 

economica l method unfor tunate ly loses a good percentage of the branch 

mater ial . This leads to the considerat ion of w o o d produc t ion speci f ical ly for 

fuel . It is general ly accepted that in Northern areas, g r o w t h to matur i ty 

averages about 1 ton of dry matter /ac-yr . However, Ribe (5) has s h o w n that 

more than t w o t imes the w o o d present at harvest of a mature stand has 

g r o w n , d ied in the compet i t i on for sunl ight , and rot ted away dur ing the 

g r o w t h of the stand. This indicates that v is i t ing each site perhaps tw i ce 

dur ing the g r o w i n g cycle to remove dead w o o d and to th in too-dense areas 

cou ld increase total yields of w o o d by perhaps 100%. M u c h of the material 

obta ined w o u l d probably be " fue l grade" . However, the economics of such a 

pract ice are u n k n o w n and the quest ion of w h a t effect removal of such 

quant i t ies of material m igh t have on the available nutr ient pool in the soil is 

certainly impor tant . 

A fur ther possibi l i ty for w o o d fuel p roduct ion is for intensive shor t - rotat ion 

forestry w h e n small trees m igh t be harvested every f ive or ten years w i t h a 

mobi le mower / ch ippe r laid out simi lar ly to a grain combine. Such a machine 

m igh t be expected to cover one acre per hour for a th roughpu t of about 20 
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4 4 2 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Table III. ENERGY USE IN HARVESTING FOREST RESIDUES FOR FUEL 

Whole trees skidded, 
Delimbed at landing" Btu/ton dry wood 

Addit ional energy cost negligible 

of skidding 

Chipping 75.000 

Transport 190.000 

Unload negligible 

Auxil iary activit ies 59.000 

Total 324.000 

Residues prebunched in stump area. 
Forwarder used in transport to landing 

Prebunching residues 71.000 

Forwarding 126.000 

Chipping 75.000 

Transport 190.000 

Unload negligible 

Auxil iary activit ies 59.000 

Total 521.000 

8 This system probably loses half the available material in skidding. 

Table IV. PROBABLE ENERGY REQUIREMENTS FOR A SHORT 
ROTATION WOOD FUEL CROP 

Assumption 

Cultivate and plant at 20 year intervals — 6 gal fuel/ac-planting. 

Growth rate — 5 ton/ac-yr 

Fertilizer — 1000 lb nitrogen/ac-yr @ 33,000 Btu/ lb manufacturing and application cost. 

Harvesting — equivalent to present chipping in energy cost. 

Transport to truck or stockpile — equivalent to skidding. 

Loading trucks f rom stock pile or primary transport — equivalent to tree length loading. 

Energy Use Estimates Btu/ton dry wood 

Cultivation and planting 8,000 

Fertilization 660,000 

Harvesting 75.000 

Transport to stockpile 99.000 

Load trucks 47,000 

Transport to user 190,000 

Unload negligible 

Auxil iary operations 59,000 

Total 1.138.000 
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21. SMITH AND CORCORAN Wood Production Energetics 443 

tons of w o o d . There are d is t inc t engineer ing economies to this type of 

mach ine where each componen t performs its func t ion the who le t ime, for 

example, the m o w i n g mechan ism m o w s cont inuous ly and the ch ipper is 

cont inuous ly loaded. Equipment for full-size tree handl ing operates in termi t 

tent ly . The shear on a feller buncher shears the tree and then is out of use 

unt i l the tree has been l i f ted and bunched by the other parts of the machine. 

Ferti l ization of fast g r o w i n g species in a shor t - rotat ion system could produce 

annual yields of around 5 or 6 tons of dry matter. The use of species w h i c h 

g row up f rom exist ing root systems cou ld provide very fast regenerat ion after 

harvest, t h o u g h w o o d f rom such species m igh t be of too low qual i ty for use 

other than as fuel. Replant ing m igh t be necessary only after four or f ive 

harvest ing cycles — perhaps only every 20 years. Assumpt ions and energy 

cost est imates for such a system are given in Table IV. 

The intensi f ied p roduc t ion , as in agr icul ture, results in a greater energy cost 

per uni t of p roduc t ion , w i t h approx imate ly half the energy input accounted 

for by fertil izer. Omission of the ferti l izer w o u l d probably reduce the annual 

y ield to around 2-3 tons/ac, but w o u l d br ing the energy cost per uni t in line 

w i t h long-rotat ion systems. It is interest ing to speculate w h a t m igh t be done 

to fert i l ize intensive energy farms w i t h garbage and sewage sludge. Ac tua l 

f ield exper iments w o u l d be we l l w o r t h w h i l e . However, even w i t h ful l 

fer t i l izat ion, w o o d fuel f rom shor t - rotat ion systems can probably be produced 

at an energy cost not exceeding 7% of its energy content . 

In summary , it can be said tha t the energet ics of w o o d fuel are very at t ract ive. 

The fuel itself has many desirable qual i t ies — it conta ins pract ical ly no 

sulphur, on ly about 1 % ash, can be burned cleanly, is reasonably compac t 

(about 100,000 B t u / f t 3 in ch ip form), and represents a renewable energy 

source. Nevertheless, economics w i l l decide the acceptabi l i ty of w o o d fuel . A 

mater ial as versati le as w o o d clearly has several compet i t i ve uses. 

However, it is also interest ing to note that if w o o d avai lable for fuel use cou ld 

be increased to the 146 mi l l ion cord annual level of the year 1880, the energy 

con ten t w o u l d be equivalent to a lmost 600 mi l l ion barrels of oil per year. 

Unfor tunate ly , th is only represents a 30-35 day oil supply at current 

consumpt ion levels. W o o d fuel w i l l not solve the nat ional energy prob lem 

t h o u g h it may make s igni f icant cont r ibu t ions in some regions. 
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22 
Silvicultural Systems for the Energy Efficient 
Production of Fuel Biomass 

F. THOMAS LEDIG1 

Yale University, Greeley Memorial Laboratory, 370 Prospect Street, 
New Haven, CT 06511 

The price of imported crude oil delivered to the United States increased 235% 
on a constant dollar basis between 1960 and 1976 (9). Most of this increase 
occurred between 1973 and 1974 when the actual price of crude oil went 
from $4.00/barrel to $12.52. An additional increase of 14.5% has been 
announced by the OPEC oil ministers, raising prices to $14.54 by October 
1979 (13). Given the continued high rate of inflation, it is a certainty that 
OPEC will find it desirable to keep pace by future price increases, and should 
it be politically expedient to the Arab world, prices could again rise 
dramatically. Increasing prices for oil and the threat of arbitrarily restricted 
supply are incentives to explore alternative energy sources, particularly those 
under domestic control. It is likely that energy requirements can only be met 
by combined development of several energy sources. 

Among alternative energy sources, the production of biomass from 
agricultural crops and forest trees has much promise. However, total U.S. 
energy consumption in 1975 was 71 Q (Q or quad = 1015 Btu), but total 
annual production of biomass from crop and forest land based on current 
management practice has been estimated by one analyst to be 21 Q (6). 
Better than 50 percent of the total production was from agricultural land, and 
because food has a higher priority than energy, prime agricultural land will 
probably contribute little to a solution of the energy problem. It appears that 
forest biomass cannot singularly alleviate the U.S. energy shortages, but 

1Current address: Institute of Forest Genetics, U.S. Forest Service, P.O. Box 245, 
Berkeley, CA 94701 

0097-6156/81/0144-0433$05.00/0 
© 1981 American Chemical Society 
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448 BIOMASS AS A NONFOSSIL FUEL SOURCE 

nevertheless, it can play an impor tant role. The use of forests for fuel has 

several s igni f icant env i ronmenta l advantages. Forests are aesthet ical ly 

p leasing, and fuel p lantat ions can double as sites for leisure recreat ion, 

cont r ibu te to the main tenance of wo r ld geochemica l cycles, and w h e n 

consumed for fue l , con t r ibu te min imal ly to a tmospher ic po l lu t ion because 

biomass is low in sul fur content . 

The low annual p roduc t ion of 9 Q f rom U.S. forest land compared to 12 Q 

f rom agr icul tura l land reflects a lack of management and min imal care of 

forests. It is certa in that p roduc t ion cou ld be substant ia l ly increased by 

proper choice of species and strain, cu l t i va t ion , contro l of spac ing, and 

fert i l izat ion ( I f i ) . But. intensive cu l ture w i l l result in increased energy 

demands. For example, rel iance on natural regenerat ion requires no 

expendi ture of outs ide energy except for harvest, but p lant ing uses 1.2 to 1.5 

x 1 0 6 B tu /ha (5 ) . 

T a b l e I. ENERGY R E Q U I R E M E N T S I N FOREST O P E R A T I O N S 6 

O p e r a t i o n B t u ha 1 χ 1 0 

Seed col lect ion 2 8 1 . 2 1 a 

Nursery propagat ion 0 . 1 4 b 

Site preparat ion 

Burn ing: hand 335.92 

Burn ing : hel icopter 1.284.40 

KG blade, pi le and burn slash 3.267.81 

Chopp ing , c rush ing or r ipp ing 2.237.82 

w / o pi l ing 

B e d d i n g 0 

w / o pi l ing 

B e d d i n g 0 1.071.99 

Plant ing 

Hand 1.541.28 

Mach ine 1.217.71 

Aerial spraying 1,729.00 

Stock ing contro l 834.86 

Ferti l ization 37,529.18 

a For quant i t y suf f ic ient to p lant 2 2 2 3 seedl ings at 8 0 0 0 p lantable 

seedl ings/ lb . 
b For 2 2 2 3 seedl ings/ha. 
c P lowing to create fur rows and mounds so that the mounds are raised 

above high wa te r table. 

Ferti l ization w o u l d c la im an addi t ional expendi ture of 375 x 10 B tu /ha , and 

seed product ion , nursery p roduc t ion of seedl ings, site preparat ion, and 
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22. LEDiG Silvicultural Systems for Fuel from Biomass 449 

cont ro l of s tock ing all require energy input (Table I). In agr icu l ture, 

industr ia l izat ion or mechanizat ion has increased yields, but on an equiva lent 

energy basis the increase in yield is less than the overall increase in inputs. 

The energy ratio actual ly decl ined f rom 1945 to 1970 (19). It is impor tan t to 

determine whe the r inputs are so high that intensive cu l ture of forests for fuel 

b iomass is impract ical or whe the r increased inputs can establ ish forest 

b iomass as a s igni f icant componen t of the tota l energy picture. T w o factors 

to examine are: 1) energy ef f ic iency or energy ou tpu t /ene rgy input and 2) net 

energy yields under d i f ferent intensit ies of management . 

P R O D U C T I O N EFFICIENCY 

Certainly, one of the most energy-ef f ic ient systems for the product ion of 

biomass is a t radi t ional s i lv icul tural system using natural regenerat ion. 

Natural regenerat ion is forest regenerat ion ei ther f rom s tump sprout ing , 

seedl ing or sapl ings already present w h e n the mature stand was harvested, 

germinat ion of seed that lay do rman t in the l i t ter, or seeding f rom 

sur rounding forest w i t h o u t the inputs of site preparat ion, p lant ing or 

cu l t iva t ion. Neglect ing t ransport , such systems w o u l d generate energy costs 

only for harvest ing, w h i c h are assumed to be 5.16 gal o i l / cord of w o o d [ ] ) . On 

the average hectare of commerc ia l forest land in New England, there are 60 

cords w h e n both branches and s tem are inc luded. On this basis, gross energy 

yield can be calcu lated as 1,642 mi l l ion B tu /ha (Table II). Based on net annual 

g r o w t h in New England, about 62 years w o u l d be necessary to achieve this 

y ie ld. The ratio of energy yields to energy costs w o u l d be 37 compared to 

about 5.3 for the produc t ion of silage corn, one of the most energy-ef f ic ient 

forms of agr icu l tu re( ]2) . 
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450 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e I I . ENERGY Y I E L D F R O M O N E HECTARE OF 

C O M M E R C I A L FOREST L A N D IN N E W E N G L A N D 

Cubic feet of w o o d in tree stems 3.522 

5 inches d iameter and grea ter 8 

Al lowance for branches and fol iage as 3 0 % of to ta l 

Total cub ic feet 

Equivalent in cord s b 

Equivalent in pounds dry w e i g h t 0 

Equivalent in B t u d 

Cost of harvest in gal lons of o i l 6 

Equivalent cost in B t u f 

Energy ou tpu t /ene rgy input 

1.509 

5.031 

60 

193.190 

1.642 x 10 ( 

3 1 0 

4 4 x 10 1 

37 

,6 

>6 

8 Fromref . 18. 
b A t 0.012 co rd /cub ic foot 
c A t 3 2 0 0 lb /cord 
d A t 8 5 0 0 Btu / lb . 
β From ref. 1. 
f A t 6 x 1 0 6 Btu/barre l 

On industr ia l lands devoted to the p roduc t ion of w o o d products , a more 

intensive system is appl ied. Rather than risk fai lure of natural regenerat ion or 

lose product ive capaci ty wh i l e w a i t i n g for natural seed years, most 

commerc ia l operat ions resort to p lant ing. Plant ing also provides better 

cont ro l of species compos i t i on than is obta inable w i t h natural regenerat ion. 

In this case, sites are intensively prepared by mechanica l means, seedl ings 

p roduced in nurseries are p lanted at un i fo rm spac ing, and the site is fert i l ized. 

For a 30-year ro tat ion, the cyc le be tween regenerat ion and harvest, Smi th 

and Johnson (24) ca lcu lated an energy ratio of 22 for t radi t ional ly harvestable 

products , w h i c h is stil l m u c h better than our most ef f ic ient agr icul tura l 

systems. W h e n branches and fol iage are inc luded as 3 0 % of tota l above-

g round biomass, a conservat ive f igure, the ratio is 34.8. For Eucalypt species 

under management in Aust ra l ia , the ratio w a s 20:1 w h i c h surpassed cassava 

and kenaf but w a s equal led by e lephant grass on a tota l c rop yield basis (16). 

Simi lar values were calcu lated for Douglas-f i r and loblol ly pine (Table III); i.e. 

7.6 to 17.4 (5), but these inc lude only the t radi t ional ly harvested products , 

ignor ing branch and fol iage biomass. 
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22. LEDiG Silvicultural Systems for Fuel from Biomass 451 

T a b l e I I I . ENERGY C O S T S A N D Y I E L D S FOR T H E I N T E N S I V E 

M A N A G E M E N T OF D O U G L A S - F I R A N D L O B L O L L Y P I N E 5 

B t u h a 1 v r " 1 x 1 0 ~ 3 

D o u g l a s - F i r 8 L o b l o l l y p i n e " 

C o s t s H i g h I n t e n s i t y L o w I n t e n s i t y 

Site preparat ion 25.7 140.9 140.9 
Plant ing 44.5 88.9 61.7 
Aer ia l spraying 84.0 84.0 
Stock ing cont ro l 16.7 33.4 
Th inn ing 1.153.4 
Fert i l ization 4.503.5 4.503.5 
Fire protect ion 9.7 9.7 9.7 
Harvest 0 

7.647.3 4,621.3 3.007.1 

B t u h a ' 1 y r " 1 x 1 0 6 

Total energy 

consumpt ion 12.33 10.64 3.22 

Total energy yield 142.07 77.85 55.92 

Net energy yield 129.74 67.21 52.70 

a 50-year rotat ion 
b 25-year rotat ion 
c A s s u m i n g 8,746 B tu /cub ic foot (18) 

Finally, consider sti l l more intensive systems, var iously cal led shor t - ro tat ion, 

intensive cu l ture (27) or min i - ro ta t ion systems (2Λ). Such schemes employ 

species that sprout after c u t t i n g , such as poplars, sycamore, or w i l l ows , so 

regenerat ion is au tomat ic after each harvest (4, 25). The system of 

regenerat ing a stand by s t u m p sprout ing is k n o w n as copp ic ing . Spacing of 

trees is very close, less than 1 2 x 1 2 d m , and rotat ions are between 2 to 10 

years, depend ing upon spac ing. Site preparat ion before p lant ing is intense 

and is fo l lowed up by cu l t iva t ion to contro l weeds, both herbaceous and 

woody . Harvest ing employs techniques and equ ipment simi lar to that used in 

produc t ion of silage corn, so tota l above-ground biomass is harvested. 

Ferti l ization is mandatory to preserve site product iv i ty , and irr igat ion has 

been advised. One ca lcu la t ion (Table IV) of energy ef f ic iency in these systems 

indicated a ratio be tween 11.2 to 12.6 in Wiscons in for the first rotat ion (28). 

Eff ic iency w o u l d be higher for second rotat ions of sprout or igin because the 

root system has already been fabr icated and is in place, so that g r o w t h of 

above-ground port ions is great ly accelerated. Other authors (1Q) suggest 
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452 BIOMASS AS A NONFOSSIL FUEL SOURCE 

eff ic iency may be higher in southern lat i tudes; e.g. 13.4 in Pennsylvania 

(Table V) and 15.3 in Louisiana (Table VI). 

T a b l e IV. ENERGY C O S T S A N D Y I E L D S FOR S H O R T R O T A T I O N , 

I N T E N S I V E C U L T U R E OF POPLAR A N D J A C K P I N E S 2 8 

B t u ha 1 y r " 1 x 1 0 ' 3 

C o s t s Pop lar J a c k P i n e 

Fuel for operat ions 6,940 5.070 

Manufac ture , t ransport , and 11,640 5.080 

appl icat ion of ferti l izer 

Manufac tu re of i r r igat ion sys tem 2.040 2.040 

Fuel for i r r igat ion 5.220 5.220 

Plant propagat ion 2 0 2 5 0 

Other inputs 130 130 

Chipping 1.330 9 3 0 

B t u h a ' 1 y r " 1 x 1 0 " e 

Total energy consumpt ion 27.32 18.72 

Total energy y ield 306.40 236.40 

Net energy y ield 279.08 217.68 

T a b l e V . ENERGY C O S T S A N D Y I E L D S FOR S H O R T - R O T A T I O N , 

I N T E N S I V E C U L T U R E OF P O P L A R A N D 

N A T U R A L L Y REGENERATED F O R E S T 2 

B t u h a ' 1 y r " 1 x 1 0 " 3 

C o s t s I n t e n s i v e C u l t u r e N a t u r a l Fores t 

Fertilizer 9.962 

Growing and harvest ing 4.751 5.394 

Chipp ing 8 9 6 268 

Other 211 4 8 

B t u ha 1 y r " 1 x 1 0 ' 6 

Total energy consumpt ion 15.82 5.71 

Total energy y ield 212.52 63.57 

Net energy y ield 196.70 57.86 
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22. LEDIG Silvicultural Systems for Fuel from Biomass 453 

T a b l e V I . ENERGY C O S T S A N D Y I E L D S , N E G L E C T I N G 

T R A N S P O R T A T I O N , FOR S H O R T R O T A T I O N , I N T E N S I V E C U L T U R E OF 

P O P L A R O N " E N E R G Y F A R M S " IN W I S C O N S I N A N D L O U I S I A N A 1 0 

B t u h a 1 y r " 1 x 1 0 3 

C o s t s W i s c o n s i n Lou is iana 

Supervis ion 82 82 

Field supply 26 26 

Harvesters 4 6 6 389 

Tractor haul 269 271 

Irr igat ion move 6 4 32 

Irr igat ion p u m p i n g 11,047 5,524 

Manufac ture of urea 4 ,908 5,055 

Manufac ture of P 2 O 5 397 4 0 4 

Manufac ture of K 2 O 762 344 

Ground operat ions 57 30 

Aircraf t operat ions 7 8 

Fertil izer t ransport 4 8 32 

B t u h a 1 y r " 1 X 1 0 " 6 

Total energy consumpt ion 18.13 30.46 

Total energy yield 191.76 473.21 

Net energy yield 173.63 442.75 

For each level of s i lv icul tural intensi ty, the reported values indicate the 

produc t ion of forest b iomass is h igh ly energy-ef f ic ient . However, it should be 

observed that the calculat ions in Tables ll-VI do not take into accoun t 

processing of the biomass, notably d ry ing , and transport , w h i c h can be h ighly 

variable. 

NET ENERGY Y I E L D S 

Eff iciency is general ly h ighest w i t h min imal in tensi ty of cu l ture, leaving the 

impression that intensive cu l ture should be avoided in the produc t ion of 

forest fuels. But that is not necessari ly the case. Net energy y ie ld should be 

the pr imary concern in biomass fuel p roduc t ion , not p roduc t ion eff ic iency. In 

a s tudy of biomass produc t ion in shor t - rotat ion poplar and jack pine 

p lantat ions, Zavi tkovski (£2) tentat ive ly po int out that net energy y ie ld 

increased as a func t ion of input (Figure I). The example of natural ly 

regenerated forest presented here seems to f i t the pat tern we l l . Based on a 

net annual g r o w t h of 81 cubic feet ha" 1 (12), an average rotat ion for a stand 
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454 BIOMASS AS A NONFOSSIL FUEL SOURCE 

5 0 0 i 

Figure 1. Relationship between net energy yield and energy input for short-rota
tion intensive culture of hybrid (1) poplar and (2) jack pine, energy farms in (3) 
Wisconsin and (4) Louisiana, intensively cultured (5) Douglas fir and (6) loblolly 
pine, (7) loblolly pine under average intensity of management, (8) intensively man
aged southern pine, (9) short-rotation, non-irrigated poplar, (10) short-rotation 
natural forest in Pennsylvania and (11) natural forest in New England. Energy yields 
are for dry wood, and input does not include drying. Branches and foliage not in

cluded in 5, 6, 7. (2, 5, 10, 24, 28) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

02
2



22. LEDIG Silvicultural Systems for Fuel from Biomass 455 

of 5,031 cubic f e e t / h a w o u l d be 62 years, the f igure used in ca lcu la t ing 

energy y ie ld per hectare per year in Figure I. On the other hand, yields f rom 

the scheme proposed by Smi th and Johnson (24) are high. The reason seems 

to be an est imate of annual g r o w t h w h i c h is higher than that achieved on 

most sites. Values for poplar in Louisiana (10) are also h igh, perhaps, 

ref lect ing real and s igni f icant regional and species var iat ion in product iv i ty . 

The impor tant point is tha t for the present rate of biomass product ion f rom 

unmanaged stands, a land area the size of the entire Uni ted States w o u l d not 

satisfy its energy demands, but an area only one- th i rd its size w o u l d be 

suf f ic ient w i t h the shor t - ro ta t ion, intensive cu l ture scheme of Zavi tkovski 

(27). 

FUEL C O N V E R S I O N 

Al l of the foregoing, inc lud ing Tables l l -VI. is predicated on the basis of d i rect 

use of biomass as fuel , w i t h no provis ion for dry ing. In fact, the greatest 

demand is for gaseous or l iquid fuels so convers ion to alcohol , methane, or 

pyro ly t ic oil is a more likely fate for biomass. Because water content of green 

w o o d is roughly 50%, a great deal of its chemica l energy w i l l be required for 

dry ing . For shor t - rotat ion intensive cu l ture schemes, dry ing w o u l d reduce the 

ef f ic iency ratio to 4.3 to 4.7 (2g). Furthermore, to break d o w n l ignocel lu lose to 

fermentable sugars is energet ical ly expensive. Therefore, crops like cassava 

and sugar cane w i t h h igh sugar conten t can be conver ted to alcohol more 

ef f ic ient ly than w o o d . The ef f ic iency of p roduc t ion and convers ion of 

eucalypts to alcohol is so low that it is uneconomic , and to pyro ly t ic oil it is 

58%. equal to but no better than cereal s t raw (J6). The high ef f ic iency of 

forests for biomass p roduc t ion is offset by the low ef f ic iency of convers ion to 

l iquid and gaseous fuels. The major advantage of forest fuels is in di rect use 

for generat ion of heat or power. Nevertheless, the net energy yield of 145 

GJ/ha for pyrolyt ic oil f rom euca lyptus in Austra l ia is second only to the 154 

GJ/ha for alcohol for cassava (2). So even after convers ion, trees remain a 

compet i t i ve source of l iquid fuels. 

Biomass w i l l probably never supply the entire energy needs of a developed 

economy, even locally, bu t may be one componen t of a comprehens ive 

program. It is more likely that forest trees w i l l be used for energy p roduc t ion 

than agr icu l tura l crops because of the relat ive shortage of good agr icu l tura l 

land that w i l l suppor t the g r o w t h of crops like sugar cane or cassava and 

permi t use of the mechanized techno logy necessary to their ef f ic ient cu l ture. 

Good agr icul tura l land has a higher value for food product ion . Therefore, 

despi te the low convers ion ef f ic iency of w o o d , it w i l l be the major componen t 

of many biomass for fuel programs. 
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456 BIOMASS AS A NONFOSSIL FUEL SOURCE 

I M P R O V I N G EFFICIENCY 

How do trees achieve an advantage in energy ef f ic iency of biomass 

produc t ion compared to crops such as corn, w h i c h w e are accus tomed to 

th ink ing of as a physio logical ly "e f f i c ien t " plant, emp loy ing the C4-pa thway 

of carbon f ixat ion? Part of the answer is tha t s i lv icul ture is less intensive than 

agr icu l ture, so energy input is lower. But there are also di f ferences in ou tpu t 

on a year ly basis. Perennial t ree species en joy a longer g r o w i n g season than 

annual crops. W h i l e their rates of carbon d iox ide f ixa t ion are general ly lower 

than those of h igh ly product ive annuals, trees main ta in their ac t iv i ty for a 

longer per iod, and because of their permanent branch st ructure, can rapdi ly 

deploy fol iage in the spr ing to capture a large f rac t ion of the inc ident 

radiat ion. In annuals the process of c r o w n closure mus t begin all over again 

each spr ing, a l low ing m u c h of the energy f lux to fal l be tween plants. 

Evergreen conifers are part icular ly product ive over long rotat ions, surpassing 

dec iduous angiosperms (14), despi te the lower un i t leaf rates of carbon 

d iox ide f ixa t ion o f ten found in conifers. Evergreens can take rapid advantage 

of sui table cond i t ions for g r o w t h in spr ing or fall because their fol iage is 

a lways displayed. But in fact, their greatest advantage lies in lower yearly 

costs of fol iage product ion . Evergreen fol iage remains funct iona l f r om t w o to 

several years, depend ing upon species, whereas dec iduous trees must 

reinvest in an ent i re new canopy every year. For example, w i t h the same 

annual investment in leaf. Norway spruce has t w o to three t imes greater 

carbon d iox ide uptake than the dec iduous species, European beech, because 

spruce retain its leaves for f ive to seven years (22). Nevertheless, the 

ef f ic iency of energy p roduc t ion and net energy yields are much less than the 

theoret ica l l imit , even in conifers. One possibi l i ty for improvement is t h rough 

breeding. Only in the last t w o decades has there been major ef fort in 

incorporat ing improved variet ies or l ines into forest p lant ings, but none of 

these lines has been selected for energy product ion . Some reviewers have 

suggested genet ic improvement or env i ronmenta l manipu la t ion of energy 

con ten t in tree biomass (Q. 26. 28) ; for example, by s t imu la t ing the 

p roduc t ion of hydrocarbons such as oleoresins and latex, more h ighly 

reduced c o m p o u n d s than s t ructura l carbohydrates like cel lulose and l ignin. 

Since 1945, latex y ie ld in rubber trees was increased nearly s ix- fo ld by 

breeding (8). But a t rade-of f of one c o m p o u n d for a more h ighly energet ic one 

w i l l not by itself increase the net energy yield per hectare. A pine can store 

ei ther one gram of g lucose w i t h a caloric value of 3.7 kcal or use the glucose 

to produce a more reduced c o m p o u n d , such as l ip id. For example, 0.32 g of 

pa lmi t ic acid w i t h a caloric value of 3 kcal can be produced f rom 1.0 g 

g lucose (Table VII). The actual loss of stored energy occurs because some of 

the glucose must be respired to generate the ATP required in the 
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22. LEDIG Silvicultural Systems for Fuel from Biomass 457 

const ruc t ion of the l ipid (17)· Very l i t t le of the energy is lost in going f rom 

hexose sugars to cel lu lose; m u c h is lost in p roduc t ion of l ipids, oleoresins, 

and other h igh ly reduced compounds . The only possible value of breeding for 

energy-r ich c o m p o u n d s may be to reduce handl ing and storage costs. 

Concentrat ion of the same heat ing value in a smaller package migh t result in 

some economy, but it seems doub t fu l that it w o u l d offset the caloric loss. 

T a b l e V I I . L IPID Y I E L D F R O M G L U C O S E A S C A R B O N S K E L E T O N 

A N D ENERGY SOURCE 

Product ion value - w t . of l ip id /wt . of 

substrate for C-skeleton (19) 

Energy requi rement factor — mois ATP to 

synthesize gram of l ipid (19) 

Yield of ATP f rom ox idat ion of 1 mol 

glucose to C 0 2 and H 2 0 (17) 

Molecular w t . of g lucose (2§) 

Heat of combus t ion of one mol 

glucose in k cal (29) 

Heat of combus t ion of one g g lucose 

in kcal 

0.351 

0.05097 

36 

180.16 

673 

3.7 

W e i g h t of glucose in C-skeleton of 

ρ grams of l ipid 

W e i g h t of glucose needed to supply 

energy for synthesis 

One g glucose —> 0.32 g l ipid 

p/0.351 

0.05097p 

(180.16/36) 

Molecular w t . of pa lmi t ic ac id, a l ipid (29) 

Heat of combus t ion of one mol 

pa lmi t ic acid in kcal (29) 

Heat of combus t ion of 0.32 g 

palmi t ic acid in kcal 

2 5 4 

2398.4 

3.0 

The only w a y to increase energy yield per hectare is to increase energy 

capture and the ef f ic iency of convers ion to carbohydrate. A more rapid-

g row ing stand, or aggregat ion of trees, w i l l be more product ive of energy, 

assuming its chemica l compos i t ion is unchanged, than a s low-g row ing 

stand. Breeding programs in southern pines have been successful in 

increasing vo lume produc t ion about 15% in the f irst generat ion and increases 

of 2 5 % seem reasonable for the second generat ion (B. J. Zobel . pers. c o m m u n . 
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458 BIOMASS AS A NONFOSSIL FUEL SOURCE 

1978). The physio logical basis for these gains is u n k n o w n and cou ld ref lect 

bet ter ut i l izat ion of inc ident solar radiat ion because of improved canopy 

arch i tecture, abi l i ty to uti l ize more of the g r o w i n g season, and enhanced rate 

carbon dioxide absorpt ion and f ixat ion, a lower rate of respirat ion for t issue 

main tenance, or a reduct ion in losses to pathogens and stress factors of a 

nonacute type. M a x i m u m observed ef f ic iency for photosynthes is of poplar 

under intensive cu l ture w a s 3.5% of the v is ib le spec t rum (22), for Serbian 

spruce 7.9% ( IS) , for maize 10.9% (7). The goal of breeders is to increase 

energy yields by reaching the m a x i m u m theoret ica l ef f ic iency of 12% (15i). 

On the other side of the co in , breeding cou ld help to reduce dependence on 

energy i n p u t thereby also increasing net energy y ie ld and substant ia l ly 

improv ing the ef f ic iency rat io. Fert i l ization is one of the most cost ly i tems in 

s i lv icul tura l schemes for fuel b iomass p roduc t ion . Manufac tu re and t ranspor t 

of ferti l izers in the shor t - ro ta t ion, intensive cu l ture scheme of Zavi tkovski (22) 

cou ld account for nearly half of the to ta l energy input . In Smi th and 

Johnson 's scheme, (24) 70% of the to ta l input for site preparat ion and 

cu l t i va t ion w a s for fert i l izat ion. Most or all of these inputs are related to 

n i t rogen fert i l izat ion. If breeding cou ld develop types less dependent upon 

mineral fert i l izers, it w o u l d result in a major improvement in the energy 

balance sheet. In fact, there are major di f ferences in genet ic response to 

fer t i l izat ion, and of ten the genotypes most responsive to fert i l izat ion are 

those tha t are poorest w i t h o u t fert i l izat ion (\χ). Some genotypes have a 

relat ively stable per formance, o f ten equal to the fert i l izer-responsive types 

w h e n fert i l ized and being great ly superior w h e n g r o w n w i t h less than 

o p t i m u m levels of n i t rogen. 

Ano the r but more remote possibi l i ty for improvement is t h rough incorpora

t ion of new symbion ts or new genes for n i t rogen f ixa t ion in w o o d y plants. 

Some plants impor tan t to agr icu l ture have n i t r i fy ing bacter ia, housed in 

special root s t ructures, tha t ext ract gaseous n i t rogen f rom the atmosphere. 

The n i t rogen soon appears f ixed in amino and amide forms. Legumes like 

alfalfa are the most notable examples of plants tha t are host to n i t rogen-

f ix ing bacter ia, and they are of ten al ternated w i t h other crops to main ta in and 

improve soil fer t i l i ty . A m o n g w o o d y perennials, alders are capable of 

conver t ing a tmospher ic n i t rogen. Through genet ic engineer ing, it may some 

day be possible to improve the g r o w t h of other agr icu l tura l and forest crops 

by the addi t ion of n i t r i fy ing capaci ty . In the meant ime, proper choice of 

species or breeding of trees w h i c h are ef f ic ient scavengers of soil n i t rogen 

may reduce the need for fert i l izat ion. 
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22. LEDIG Silvicultural Systems for Fuel from Biomass 459 

W O O D P R O D U C T S A N D R E S I D U A L S 

Irrespective of h o w ef f ic ient ly forests can capture energy is the quest ion of 

whe the r w o o d can be economica l ly sold as fuel . A l l project ions suggest a 

con t inued increase in d e m a n d for f iber and solid products w h i c h w i l l be 

suppl ied f rom a d w i n d l i n g land base. Not only cou ld w o o d increase in value 

relative to a subst i tu te like coal , bu t the energy balance m igh t be enhanced 

more by p romot ing w o o d as a mater ia l than as a fuel source. For example, for 

every Btu expended in cons t ruc t ing a house of w o o d , there w o u l d be 6 Btu 

for steel or 25 Btu for a l u m i n u m (23). Of course, th is is t rue for furn i ture or any 

other manufac tured i tems in w h i c h material subst i tu t ions are possible. Thus, 

the best energy value of w o o d m igh t be its ut i l i ty for a diversi ty of products 

that are f requent ly made f rom more energet ical ly cost ly materials. 

As a byproduc t of w o o d processing, extensive residuals are produced. Slabs, 

the rounded shell outs ide the sawn boards, a lways cons t i tu ted a high 

propor t ion of the log, but the t rend to shorter, economic rather than biologic 

rotat ions forced harvest of smaller trees, and increased the propor t ion of slab 

to board. These residuals are already salvaged by large mil ls. They are 

ch ipped and sold for pu lp ing or used to supply heat and energy for mi l l 

operat ion. On a local scale, use of mi l l residuals may have a major impact . 

Ano ther class of residuals, and one not f requent ly used, includes the 

branches, tw igs , leaves, and roots left in the forest. Branches and leaves may 

const i tu te about 3 5 % of the tota l biomass or an amoun t equal to the s tem 

biomass (2g). Ch ipp ing the tops in the forest is qui te pract ical and could have 

an impact on local fuel needs. Roots represent 2 0 % of the above-ground 

biomass and const i tu te another source of fuel. Mechanized systems for root 

ext ract ion are avai lable, but the impact of root ext ract ion on soil s t ructure 

and site p roduc t iv i t y may be unfavorable and. of course, cou ld not be used in 

systems of coppice regenerat ion. 

C O N C L U S I O N S 

Product ion of biomass by forests is h ighly energy eff ic ient. Purely explo i ta t ive 

schemes are more ef f ic ient than h ighly intensive si lv icul ture. However, net 

energy y ie ld increases w i t h intensi ty of cu l t iva t ion , so si lv icul tural systems 

approach ing those of agr icul tura l c ropp ing should be favored f rom an energy 

produc t ion s tandpoint . Eff iciency can be fur ther increased by breeding, an 

area neglected in forestry for centur ies after it had become a proven assist in 

agr icul ture. The rate of p roduc t ion of biomass can be increased by breeding 

for rapid g r o w t h . S imul taneously , it may be possible to reduce energy inputs 

by breeding for trees that do not require supplementa l fert i l izat ion or by 

engineer ing new symbio t ic relat ionships w i t h n i t rogen- f ix ing organisms. 
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460 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Though produc t ion of forest b iomass is ef f ic ient, its convers ion to gaseous or 

l iquid fuels is not. Cellulose and l ignin are more d i f f icu l t to conver t to alcohol 

or methane than sugars, a major componen t of biomass in some crop plants. 

Therefore, trees w i l l probably be used d i rect ly for burn ing or perhaps in 

pyrol i t ic convers ion, a process w h i c h holds some promise. Merely increasing 

rel iance on w o o d in cons t ruc t ion w i l l have a posi t ive ef fect on w o r l d energy 

budgets because p roduc t ion of subst i tu tes requires a h igh energy expen

d i ture. Product ion of w o o d products inevi tably produces residuals. These can 

and are be ing used in energy p roduc t ion and may have a major impac t on a 

local scale. 
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23 
Electric Power Generation from Wood Waste 
A Case Study 

RICHARD T. SHEAHAN 

Hennington, Durham & Richardson, 5454 Wisconsin Avenue, 
Washington, DC 20015 

The current "Energy Crisis" being experienced worldwide has directed 
attention to the development of alternate sources of energy. One of those 
alternatives is wood. 

Wood appears to have numerous attractive advantages; it is available and 
renewable, a "clean" fuel, and has potential positive impacts on the 
enhancement of good forest management practice. The availability of wood 
residue exists in all forested areas of the United States, including "Urban" 
wooded areas. It is renewable because it regenerates in a relatively short time 
after each harvest cycle unlike fossil fuels. Wood is a relatively "clean" fuel 
because it contains virtually no sulfur. 

Most forested areas in the United States are currently not properly managed. 
Typical harvesting operations will "high-grade" a forest, or cut mostly the 
strong and marketable specimens, leaving the weak and "weedy" tree 
behind. As any gardener knows, if you do not "weed" your garden it will 
eventually become a weedpatch. This phenomenon occurs in numerous 
forested areas throughout the country. In most of these areas, there is no 
environmentally sound method of disposing of the rough and rotten wood 
residue, nor are there economic incentives for its removal. Utilizing this 
residue as an energy source can create an environmentally sound and 
economically viable motivation for "culling-out" and disposing of this 

0097-6156/81/0144-0465$05.00/0 
© 1981 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

02
3



466 BIOMASS AS A NONFOSSIL FUEL SOURCE 

mater ia l . Combust ion techno logy for generat ing electr ic i ty f rom w o o d wastes 

is we l l establ ished; the major prob lem area is the gather ing and t ranspor t ing 

of the w o o d mater ial in an economica l ly acceptable fashion. 

A general overv iew of the requi rements necessary to imp lement a w o o d 

residue energy p rogram is presented in th is art ic le. A case s tudy of an actual 

5 0 m e g a w a t t (MW) wood- f i red electr ic generat ing p lant in Bur l ing ton. 

V e r m o n t w i l l be presented as a model . Each componen t necessary to make 

up the ent i re w o o d energy system wi l l be discussed in suf f ic ient detai l to 

assist the reader in unders tand ing the requi rements necessary to evaluate 

any w o o d energy p rogram, be it thermal , s team, or e lectr ic generat ion. The 

exper ience of the Bur l ington project is based on the results of a conceptua l 

engineer ing s tudy conduc ted by Henningson. Durham & Richardson. Inc.O) 

The avai labi l i ty of w o o d residue and supply , its energy character ist ics, 

harvest ing methodo logy , t ranspor ta t ion and hand l ing , combus t ion equ ip 

ment , inst i tu t ional and env i ronmenta l concerns, and economic cons idera

t ions are discussed. 

W O O D S U P P L Y 

Due to the relat ive sparsi ty of t imber inventory data it is d i f f icu l t to accurate ly 

determine the tota l a m o u n t of w o o d residue avai lable in the Uni ted States. 

However, est imates indicate tha t approx imate ly three percent of the to ta l 

Uni ted States energy d e m a n d cou ld possibly be suppl ied by w o o d residues 

(2). There are several sources of w o o d residues sui table for fuel . A pr imary 

cr i ter ia is that the mater ia l be of a non-commerc ia l nature and have a long-

te rm and reliable supply . The pr imary sources of w o o d residue are forest and 

mi l l residue. The U.S. Forest Service publ ishes stat ist ics w h i c h can prov ide 

the basis for es t imat ing the potent ia l amoun ts of avai lable w o o d residues. 

Other state and regional organizat ions also pub l ish data w h i c h are useful in 

es t imat ing the quan t i t y of avai lable material(3). 

Fores t Res idue 

There are several sources of avai lable w o o d residues f rom convent iona l 

logg ing opearat ions tha t are normal ly not ut i l ized on a commerc ia l basis. A 

large vo lume of mater ia l can be der ived f rom tops, branches, leaves, roots, 

s tumps, etc. w h i c h are usually left on the forest f loor fo l low ing a typ ica l saw 

log harvest ing operat ion. This mater ial can represent f rom 35 to 45 percent of 

the vo lume, and therefore the energy content , of a tree. It can be ch ipped in 

the forest as an ad junc t to a normal harvest ing operat ion. Removal of some of 

this was te mater ial can reduce forest fire risk and enhance w i l d life habi tat . 

Non-commerc ia l species of trees are also available for fuel . These inc lude 
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23. S H E A H A N Electric Power Generation 467 

typ ica l smal l size, poor fo rm, or inferior qual i ty trees w h i c h have l i t t le hope of 

matur ing or deve lop ing into trees sui table for industr ia l appl icat ion. These 

plants compete for mois ture and nutr ients w i t h the pr imary forest. Therefore, 

p rudent removal of th is mater ia l , w h i c h of ten is categorized as waste, can 

enhance the health of an overal l forest. Ano the r source of w o o d waste is cul l 

increment and rough and rot ten trees. Cull increment refers to the quan t i t y of 

w o o d w h i c h annual ly becomes non-commerc ia l , or " c u l l " mater ia l , due to 

insuf f ic ient cu t t i ng or overmature t imber stands. A certa in nong row ing 

por t ion of trees in any forested area is classif ied as s tand ing rough-and-

rot ten. This mater ia l is non-commerc ia l because it is ei ther ro t ten, broken, or 

dead. As in any aspect of life, go ing to extremes is general ly incorrect . 

L ikewise, in a forest harvest operat ion, cu t t i ng out too m u c h of the 

nonmerchantab le mater ial is also incorrect. A certain amoun t of the mater ial 

must be left behind to replenish the soil nut r ients to ensure fu ture forest 

heal th and vi ta l i ty . Therefore, in any w o o d procurement operat ion, good 

forest management pract ices must be fo l lowed to ensure that the proper 

a m o u n t of was te w o o d material is left to mainta in the forest ecological 

balance. 

M i l l Res idue 

Mil l residue is a source of w o o d waste w h i c h can be der ived f rom the w o o d 

products industry. Depending on the ef f ic iency of a mi l l , up to f i f ty percent of 

the incoming mater ial can become waste mater ial in the fo rm of bark, 

sawdust , cu t slabs, etc. (4). This residue is an excel lent source of fue l ; 

however, for a long- term supply, it may d w i n d l e as more emphasis is placed 

on ut i l iz ing it for " i n -house" energy uses by the w o o d products industr ies. 

S u p p l y E v a l u a t i o n 

W h e n evaluat ing a w o o d residue supply, certa in assumpt ions must be made 

to quant i fy the avai labi l i ty. Data publ ished by the U.S. Forest Service and 

other organizat ions are a good star t ing po in t for fo rmula t ing w o o d residue 

quant i ty . However, a tho rough unders tand ing of the local harvest ing 

techn iques and cus toms, access to t ranspor ta t ion, percent grade of local 

terra in, land o w n e r at t idues, seasonal weather cond i t ions and other 

considerat ions must be evaluated. As an example of the latter i tem, the City 

of Bur l ington w i l l have to stockpi le suf f ic ient w o o d residue in the spr ing and 

fall due to a s h u t d o w n of harvest ing operat ions. In the spr ing, the " m u d 

season" makes logg ing roads impassable due to mel t ing snows. In the fal l , 

the hun t ing season closes d o w n the forest to most harvest ing operat ions. 

Cul l ing out of the non-merchantab le mater ial should actual ly increase the 

annual g r o w t h rate of a forest because the residual-stock is healthier and 
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468 BIOMASS AS A NONFOSSIL FUEL SOURCE 

faster g row ing . However, it is most impor tan t that the ant ic ipated annual 

removal rate of w o o d residue does not exceed the annual new g r o w t h rate of 

a forest. 

B u r l i n g t o n W o o d S u p p l y 

Based on a reasonable energy balance and load factor for a 50 M W w o o d -

f i red power plant, it was est imated tha t the City of Bur l ington requires 

approx imate ly 470 .000 green tons of w o o d residue/year to operate their 

power plant. Several assumpt ions were made to de termine if t h a t quan t i t y of 

mater ia l is avai lable to the City. 

• The supply area w a s assumed to be c i rcular and approx imate ly 8 0 miles 

in d iameter. Bur l ington is s i tuated in the wes te rn regions of the c i rcular 

area. 

• M i n i m u m parcel size for the harvest ing operat ion was assumed to be 50 

acres. This is a very conservat ive est imate since many harvest ing 

operat ions take place on hold ings be low 30 acres in size. 

• T imber land that was o w n e d by the forest indust ry w a s considered 

unavai lable for compet i t i ve purchase of w o o d . 

• A n n u a l g r o w t h on state and nat ional forests was considered available. 

• It w a s assumed tha t w o o d in the immedia te v ic in i ty of Bur l ington was not 

avai lable; l ikewise, it w a s assumed tha t no substant ia l supply of w o o d 

f rom Canada or across Lake Champla in is avai lable. 

Based on these assumpt ions, it was determined that the total w o o d demand 

by Bur l ington Is more than adequately suppl ied f rom the assumed area. 

W O O D FUEL C H A R A C T E R I S T I C S 

W h e n evaluat ing w o o d as a fuel , character ist ics of the del ivered material 

must be est imated relative to the we igh ted average of energy contents for 

the var ious ant ic ipated species of w o o d . Impor tant combus t ion charac

ter ist ics of w o o d are its heat ing value, w h i c h is a func t ion of its mois ture 

con ten t and densi ty , and its ash compos i t ion . F luctuat ions of these values are 

pr imar i ly due to d i f ferent concent ra t ions of l ign in and the presence of 

extract ives in the w o o d such as resins and tannins. Hardwoods (i.e., oak, 

maple, etc.) general ly have an average high heat ing value be tween 8 5 0 0 and 

8 6 0 0 Btu /oven dry pound of w o o d . Resin has a m u c h greater heat ing value 
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23. S H E A H A N Electric Power Generation 469 

than w o o d (approximately 17,000 Btu/ lb) . Therefore, soft w o o d s (i.e., most ly 

pines) w h i c h have higher resin contents and propor t ions of l ignin have higher 

energy contents than hard w o o d s and average approx imate ly 9 0 0 0 B tu /oven 

dr ied pound of w o o d . These average values vary only 5 to 8 percent 

depend ing on specif ic woods (5). Bark also has a higher energy content than 

w o o d . The actual heat ing value for w o o d decreases as moisture increases, 

since wa te r has no heat ing value. The moisture content of " g r e e n " w o o d , or 

w o o d recent ly harvested and ch ipped , is approx imate ly 50 percent (on a w e t 

basis). Based on this mois ture content , the average h igh heat ing values are 

approx imate ly 4 3 0 0 Btu / lb for hardwoods and approx imate ly 4 5 0 0 Btu / lb for 

sof twoods. The ash componen t is general ly considered undesirable since it is 

inert and not combust ib le . Ash ei ther remains in the combus t ion chamber or 

is ent ra ined w i t h stack gases w h i c h may create par t iculate air emission 

problems. The average ash con ten t of most woods ranges f rom 0.1 to 3 

percent, w i t h most species averaging less than one percent. A possible 

increase in the ash con ten t of w o o d can come f rom the sk idd ing of harvested 

trees in the forest w h i c h of ten results in the co l lect ion of some dir t and sand 

on the bark. Unless th is mater ial is removed, it can increase the total ash 

conten t of the fuel . As a point of compar ison, most coals have an average ash 

conten t substant ia l ly above 5 percent w i t h some reaching the 25 percent 

level. 

B u r l i n g t o n ' s Fuel C h a r a c t e l s t i c s 

Based on a we igh ted average of the w o o d specie mix in the supply area, it 

was est imated that the average high heat ing value of the w o o d fuel to 

Bur l ington w o u l d be approx imate ly 4 7 5 0 Btu / lb . 

H A R V E S T I N G T E C H N I Q U E S 

Numerous combina t ions of harvest ing scenarios are possible. Al l basical ly 

involve the t radi t ional steps of a normal harvest ing and del ivery process 

w h i c h includes four separate act iv i t ies: fe l l ing, sk idd ing, yard ing, and 

haul ing. 

Felling — This step involves the cu t t i ng of indiv idual trees. The 

p reva i l i ng fe l l i ng e q u i p m e n t is the c h a i n s a w ; h o w e v e r , m ore 

mechanized devices are avai lable and being developed. The feller-

buncher is a mach ine that uses a hydraul ic system to hold the s tand ing 

tree wh i le cu t t i ng it near g round level w i t h a mechanica l shear. Once 

cut , the trees are indiv idual ly laid side by side. 
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470 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Skidding— The sk idding operat ion involves dragg ing the logs or trees 

f rom their fel led posi t ion to a general co l lect ion site cal led a landing. This 

is usually done by large four -whee led dr ive, rubber- t r ied skidders. To a 

l imi ted e x t e n t sk idd ing is done by steel t racked crawlers or by horses. 

Skidders usual ly pul l more than one log or tree at a t ime, ho ld ing the 

leading ends of the logs off the g round by use of steel cables and a 

w i n c h , or by hydraul ic grapple devices. 

Yarding— Once the logs or trees have been sk idded to the land ing, they 

are prepared for sh ipment to the w o o d yard. This process is cal led 

yard ing. A n integrated operat ion tha t suppl ies w o o d for a power p lant 

w o u l d probably skid ei ther long logs or ent i re trees. A t the land ing, 

qual i ty saw logs w o u l d be cut . sorted and pi led for subsequent loading 

on large t rucks for del ivery to the appropr iate mi l l . The balance of the 

trees or logs may then be ch ipped and b l o w n in to enclosed trai lers by 

who le- t ree chippers. A whole- t ree ch ipper can be t o w e d by t ruck to the 

landing area and qu ick ly set up for operat ion. A mechnica l a rm picks up 

the w h o l e tree or log and feeds one end into a motor ized conveyor 

system w h i c h then pushes the mater ial towards a set of h igh speed, 

ro tat ing knives. The w o o d chips that result are general ly about the size of 

matchbooks. If who le- t ree chippers are not used, the logs w o u l d be cu t 

into convenient lengths for loading in to t rucks. In a nonch ipp ing 

operat ion, the tops and branches w o u l d be left beh ind as was te mater ia l . 

Hauling — The ch ips are t ranspor ted f rom a landing to a power p lant by 

tractor-trai ler. Saw logs on the other hand can be hauled by ei ther 

st ra ight t rucks or t ractor- t rai lers. These log t rucks may be equ ipped w i t h 

sel f - loading equ ipment . 

B u r l i n g t o n H a r v e s t i n g S c e n a r i o 

In eva luat ing the cost of harvest ing w o o d fuel , there are inf in i te combina t ions 

of labor and equ ipment w h i c h cou ld be ut i l ized in procur ing the w o o d waste. 

Many factors must be cons idered; these inc lude harvest ing equ ipment , 

m a n p o w e r requirements, slope of terrain, access to logg ing trai ls and 

t ranspor ta t ion roads, haul d is tance to u l t imate use, land owner a t t i tudes and 

numerous other considerat ions. In evaluat ing the cost of fuel del ivered to 

Bur l ing ton, three w o o d fuel p roduc t ion models w e r e examined. The 

p roduc t ion models selected for evaluat ion were j udged to be fair ly 

representat ive of methods cur rent ly employed in the N e w England region. 

Model Number 1 — Traditional Round Wood - This model exempl i f ies 

many small w o o d harvest ing operat ions and consists of t w o men and 

one skidder. One man is responsible for fe l l ing and cu t t i ng the tree to 
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23. S H E A H A N Electric Power Generation 471 

desired lengths. The other lumberman skids the tree out to a landing. 

This harvest ing system requires a modest capi ta l investment and offers 

operat ing f lex ib i l i ty to con fo rm to local condi t ions. It is the predominant 

harvest ing system current ly uti l ized in Vermont 's forest. 

Model Number 2 — Chip Harvesting (Moderate Mechanization)- This 

represents a popular emerg ing harvest ing techno logy in New England. 

" I n - the -woods" ch ipp ing offers advantages of greater resource ut i l iza

t ion and reduced t ranspor ta t ion cost. W h o l e trees are fel led by chain 

saws and skidded to a m e d i u m size (18 in.) ch ipper at the landing area. 

Chips are b l o w n into tractor- trai lers for t ransport to the power plant. 

Model Number 3 — Whole Tree Harvesting (Highly Mechanized)- This 

system util izes a mechanica l fe l ler-buncher to cut trees ut i l iz ing mul t ip le 

skidders to move t h e m to a large (22 in.) ch ipper located at the landing 

area. The increased capi ta l investment and higher operat ing costs 

comb ined w i t h problems presented by rugged terrain have to date 

exc luded the general use of fe l ler-bunchers in Vermont . Generally, they 

are restr icted to terrain having slopes of 15 percent or less (6). It is 

doub t fu l that fe l ler -buncher operat ions w i l l become widespread in 

Vermont 's forests due to h igh capital costs, uncer ta in ty about 

product iv i ty in certain cuts , and thei r l imi ted adaptabi l i ty to smal l and 

m e d i u m size parcels w h i c h are very c o m m o n in Vermont . However, its 

potent ia l is very s igni f icant in less rugged and sloped terrain and large 

parcels of forested land. 

Economic assumpt ions and capital and operat ing costs for the three 

p roduc t ion models are presented in Tables I and II. 

To real ist ical ly evaluate the cost of p roduc ing w o o d fuel for the Bur l ington 

plant, it was assumed that on ly proven harvest ing techno lo lgy w o u l d be 

uti l ized. Thus, a fe l ler -buncher operat ion, a l though technica l ly possible, was 

not considered to be a major cont r ibutor . It was assumed that the 

predominant por t ion of the w o o d fuel w o u l d be suppl ied by t radi t ional round 

w o o d and moderate ly mechanized chip harvest ing operat ions. It was fur ther 

assumed that 70 percent of the fuel requi rements w o u l d be suppl ied by " i n -

t h e - w o o d s " ch ipp ing and 3 0 percent by t radat ional round w o o d subse

quent ly ch ipped at a satel l i te faci l i ty or concent ra t ion yard. The w e i g h t e d 

average of w o o d fuel cost (prior to ch ipp ing of the round w o o d por t ion and 

t ranspor ta t ion of the tota l por t ion of the w o o d fuel) was est imated to be 

$8 .06 / ton (1977 dollars). 
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472 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T A B L E I. P R O D U C T I O N M O D E L A S S U M P T I O N S 

(Al l c o s t s e x p r e s s e d in 1 9 7 7 do l la rs) 

Product iv i ty : 

Estimate based on manufacturer 's in format ion and nat ional averages 

revised to ref lect Vermont condi t ions. Assume 1,800 hr /y r operat ion. 

Labor: 

Based on 4 5 weeks per year at $ 2 2 0 / w e e k per person plus 2 5 % payrol l 

benefi ts. 

Fuel and Oi l : 

Fuel 

Diesel @ $0.50 /ga l 

3 0 % of Fuel Cost 

Ma in tenance and Repair: 

Hourly Depreciat ion (HD) = Purchase Pr ice/Expected Life 

Assume .70 x HD x 1800 hr /y r = Main tenance and Repair 

Skidders — 7,500 hr expected life 

Dovers — 10,000 hr expected life 

Chippers — $0 .50 / ton 

F inanc ing: 

Assume 7 5 % Debt — 12%, 5 years 

Depreciat ion: 

Assume 5 years st ra ight line 

S tumpage: (Payment to landowner for w o o d removed) 

Assume average $0 .75 / ton 

Taxes: 

State and Federal 

Federal includes investment tas credi t amort ized over 5 years. 

Profit : 

Reflects on assessment of r isk-reward factors and varies accord ing to 

size of capi ta l investment , margins are considered reasonable to achieve 

desired p roduc t ion levels. 

Skidders 

Feller-buncher, c rawler t ractor 

Chipper — Med. 1 8 " 

Lg. 2 2 " 

Consumpt ion 

5.0 ga l /hour 

6.0 ga l /hour 

10.0 ga l /hour 

12.0 ga l /hour 

2 5 % Equity 
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23. S H E A H A N Electric Power Generation 473 

T A B L E I I . P R O D U C T I O N M O D E L S - C A P I T A L A N D O P E R A T I N G COST 

S U M M A R Y 

(Al l c o s t s e x p r e s s e d in 1 9 7 7 dol lars) 

M o d e r a t e l y H i g h l y 

M e c h a n i z e d M e c h a n i z e d 

T r a d i t i o n a l Ch ip Ch ip 

R o u n d w o o d H a r v e s t i n g H a r v e s t i n g 

Product iv i ty (tons/year) 8 .440 33.750 54,000 

Labor (Men) 2 6 9 

Equ ipment 

Crawler Tractor 1 1 

Cable Skidders 1 2 2 

Grapple Skidders 2 

Fel ler-Buncher 1 

Chipper 1 1 

Capital Investment $44 ,000 $242 ,000 $509 ,000 

Revenues 

A n n u a l W o o d Sales $67 ,112 $273 ,316 $526 ,639 

Costs 

Labor $24 ,750 $74 ,250 $111 ,375 

Fuel & Oil 5.850 23,000 43 .000 

Main tenance & Repair 6.700 29.000 51.000 

Interest 2.550 14,000 29.600 

Depreciat ion 9.350 48 ,500 100.000 

S tumpage 6.330 25,000 38.000 

Miscel laneous 2.775 7,825 12.000 

Taxes 3.706 21,676 62.733 

Net Profit 5.371 30.065 78,931 

Profit on Sales (%) 8 11 15 

Return on Investment (%) 12 12 15 

Uni t Cost ($/ ton) 7.95 8.10 9.75 
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474 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T R A N S P O R T A T I O N , H A N D L I N G A N D PROCESSING 

There are est imates that indicate on a net zero energy basis for electr ic 

generat ion (i.e.. energy input requi rement to produce a comparab le electr ical 

ou tpu t der ived f rom w o o d chips), " g r e e n " w o o d chips can be hauled by t ruck 

for approx imate ly 50 to 100 miles depend ing on the average heat and 

mois ture conten t of the w o o d fuel (7). The comparab le d is tance for rail haul is 

m u c h greater. However, on an economic basis, rail haul proved to be 

unacceptab ly more expensive due to the addi t ional costs associated w i t h 

loading and un load ing of rai lroad cars. It was assumed tha t all w o o d ch ips 

w o u l d be hauled to the power p lant by t rucks. Truck ing costs for round w o o d 

and ch ips were de te rmined th rough analysis of rate schedules of w o o d 

haulers in the Bur l ington area. Generally, round w o o d is more cost ly to 

t ranspor t than ch ips due to reduced vehic le pay loads and handl ing 

problems. Therefore, a compos i te average t ruck ing cost ref lect ing round 

w o o d and ch ip t ranspor t w a s used. Rates were s t ruc tured to provide 

incent ives for ut i l izat ion of ef f ic ient vehicles and to at t ract d is tant suppl ies. It 

was assumed that vehic les w o u l d average 35 mi les-per-hour and carry a 

payload of f rom t w e n t y to t w e n t y f ive tons. The t ruck t ranspor ta t ion costs 

were de termined by app ly ing uni t haul costs per mi le to the w e i g h t e d 

d is t r ibut ion of w o o d e d area w i t h i n the supply area. The average t ruck ing cost 

was de te rmined to be $3 .43 / ton (1977 dollars) f rom the forest to power plant. 

A n addi t ional cost of $1 .67 / ton was determined for the cost of ch ipp ing the 

plant 's w o o d fuel requi rements der ived f rom the round w o o d operat ion. This 

cost w a s appl ied to 3 0 percent of the total w o o d supply per the previous 

assumpt ion . 

The fo l l ow ing f igures indicate the total es t imated cost in 1977 dol lars for 

w o o d fuel p rocurement for the Bur l ington Power Plant. 

W o o d Product ion Costs $8 .06 / ton 

Truck ing 3.43 

Chipp ing of Round W o o d (applied to 

3 0 percent of w o o d supply) 0.50 

$11 .99 / ton 

FUEL H A N D L I N G A N D S T O R A G E 

Chip t rucks arr iv ing at the power p lant are w e i g h e d and then unloaded by 

hydraul ic t ruck dumpers . Chips f l ow by gravi ty f rom the t rucks into l ive-

bo t tom receiving hoppers; and f rom there, onto inc l ined belt conveyors 

w h i c h t ransport the ch ips to storage. A mechanica l -be l t p i le-bui lder 

d is t r ibutes the chips evenly around the per imeter of the storage pile. A disk 
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23. S H E A H A N Electric Power Generation 475 

screen and w o o d pulverizer are prov ided to reduce oversized material to 

prevent j a m m i n g of mater ial handl ing systems. Also, a magnet ic ferrous 

recovery system is necessary to recover t ramp metal parts w h i c h can cause 

damage to the convey ing and combus t ion systems (8.9). Dur ing w in te r 

months , vehicles arr iv ing at the unloading area must be careful ly inspected 

to ensure that massive loads of frozen chips are not d u m p e d onto the 

receiv ing hoppers thereby creat ing a bot t le neck to subsequent un loading 

operat ions. The exper ience of ch ip handl ing faci l i t ies in Canada indicates that 

the on ly sure prevent ion is to establ ish a f i rm pol icy against del ivery of frozen 

chips. 

Most freezing prob lems occur w h e n chips are loaded into vans and left to 

stand over long periods of t ime prior to del ivery. Chips produced in the woods 

and brought p rompt l y to the power plant should not arrive sol idly frozen. The 

ant ic ipated w o o d storage pile for the power plant is semi-c i rcular in shape 

approx imate ly 3 8 0 feet in d iameter w i t h a height of 4 0 feet. It conta ins 

approx imate ly 42 .500 tons of chips or approx imate ly 21 days of fuel supply 

for the power plant. T w o ch ip dozers w o r k the pile and share responsibi l i ty for 

manag ing the pile and rec la iming w o o d . Chip pile management is an 

impor tan t task w h i c h includes responsibi l i ty for rotat ion of ch ip inventory, 

ch ip m ix ing , dust cont ro l , and fire prevent ion. The relat ively high moisture 

con ten t of w o o d fuel d ictates that mater ial be reclaimed on a " f i rs t - in f irst-

o u t " basis to main ta in freshness and inhib i t ch ip decompos i t ion . Chip 

inventory should be comple te ly rotated at least once a year to min imize 

decompos i t ion . A certa in degree of natural decompos i t ion w i l l occur and the 

potent ia l for spontaneous combus t ion fires exists. Compact ion of the ent ire 

pile, especial ly a long the outer perimeter, reduces air f l ow w h i c h can feed 

" h o t s p o t s " in the pile. "Hot -spo ts " , ident i f ied by the presence of smoke, 

should be uncovered and approx imate ly a t ruck load of dry ice appl ied and 

the area recompacted. Carbon d iox ide gas is d r a w n into the " h o t " area and 

causes it to be ext ingu ished. Before large w o o d ch ip inventor ies are 

accumula ted , a quant i t y suppl ier of dry ice should be ident i f ied. 

W o o d chips are reclaimed f rom the storage pile by ch ip dozers and deposi ted 

in recla im hoppers adjacent to the w o o d pile. Steel grates above the hoppers 

prevent frozen chips or oversized objects f rom j a m m i n g conveyors or 

o therwise fou l ing handl ing equ ipment . Draft conveyors instal led beneath the 

hoppers discharge chips to inc l ined belt conveyors w h i c h elevate the w o o d 

fuel to storage bunkers s i tuated above the power plant boilers. Chips are 

cont inuous ly fed to the boiler feeders to provide adequate fuel supply. 
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476 BIOMASS AS A NONFOSSIL FUEL SOURCE 

ELECTRIC G E N E R A T I O N S Y S T E M 

W o o d is basical ly a cel lulose f iber and its combus t ion techno logy is we l l 

establ ished. The paper and pu lp industry for years has been burn ing bark; the 

lumber industry burns sawdus t ; and many food processing industr ies have 

years of exper ience in the combus t ion of cel lu losic f iber. Therefore the 

pr imary prob lem in the large scale generat ion of e lect r ic i ty f rom w o o d was te 

is not combus t ion , bu t the ga ther ing and t ranspor ta t ion of the w o o d fuel . The 

pr imary concern of w o o d fuel combus t ion is that it has a h igh mois ture 

con ten t w h i c h reduces heat ing values and inf luences combus t ion tempera

tures and other furnace parameters. 

The basic fundamenta ls of w o o d waste combus t ion entai l three consecut ive 

stages: the evaporat ion of moisture, the d ist i l la t ion and burn ing of volat i le 

matter , and the combus t i on of the f ixed carbon. In the furnace combus t i on 

chamber , radiat ion and convec t ive heat input evaporates the wood ' s 

mois ture and dist i l ls the volat i le matter. The evaporat ion of mois ture to s team 

takes approx imate ly 1100 B tu / lb of moisture. Once mois ture has been 

evaporated, heat is absorbed by the fuel part ic les thus dr iv ing off volat i le 

matter. The volat i le mat ter burns in a secondary combus t ion react ion w i t h i n 

the furnace chamber , but external to the actual w o o d fiber. Finally, the f ixed 

carbon of the w o o d burns in the pr imary combus t ion react ion in con junc t ion 

w i t h combus t ion air. 

The most ef f ic ient me thod of w o o d waste combus t ion in the 50 M W power 

p lant size proposed for Bur l ing ton is by use of a t ravel l ing-grate spreader-

stoker boiler. A single uni t is more ef f ic ient than mul t ip le uni ts. Boiler 

manufacturers indicate that the largest stoker size avai lable l imits the input 

of burn ing w o o d in a single uni t to approx imate ly 75 t o n / h r or 1800 ton /day . 

A s s u m i n g a 75 percent power p lant capaci ty factor, th is fuel input equates to 

a nomina l 50 M W capaci ty . The capac i ty factor of 75 percent means tha t the 

uni t w i l l operate on an average of 75 percent of its rated capaci ty on an 

annual basis. Thus the plant w o u l d average 37,500 k W on an annual basis. 

Ac tua l l y the power plant w o u l d produce on an average over 40 ,000 k W / h r 

for jus t over 8,000 hr of the year. This a l lows for 30 days of d o w n t ime for 

main tenance dur ing the year. The energy input required to supply th is 

e lectr ic generat ion capac i ty equates on a Btu basis to approx imate ly 470 ,000 

tons of " g r e e n " w o o d chips per year. The proposed Bur l ington plant inc ludes 

a 50 M W condens ing tu rb ine generator un i t ; a 525 ,000 Ib /hr boi ler; a 

comple te c o m p l e m e n t of s tat ion auxi l iary, mechanica l , and electr ical 

equ ipmen t ; and a power t ransmiss ion substat ion. Steam f rom the boiler is 

suppl ied to the tu rb ine at a pressure of 1,250 pounds and tempera ture of 

950°F. A hydraul ic ash handl ing system conveys the ash f rom the stoker 

s i t t ings and ash hopper to a system where it is dewatered and t rucked to 
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23. S H E A H A N Electric Power Generation All 

landf i l l . W o o d has an inherent ly low sul fur con ten t and therefore poses no 

prob lem as a source of sul fur d iox ide air emission. W o o d burns at a lower 

temperature than fossil fuels ; and l ikewise, has an inherent ly lower n i t rogen 

con ten t than fossil fuels. As a result, w o o d combus t ion produces lower 

quant i t ies of n i t rogen oxides. The pr imary air emission concern for the w o o d 

f i red plant is part iculate matter. Mechanica l co l lect ion and electrostat ic 

prec ip i ta t ion equ ipment is expected to ensure compl iance w i t h par t icu late 

and smoke emission standards (12.13). The system operates on a closed 

cool ing system and therefore there is no thermal water d ischarge to the 

adjacent river or nearby Lake Champla in . 

COST E S T I M A T E S 

Estimates of the capi ta l , operat ing, and main tenance costs of the proposed 

50 M W wood- f i red power p lant are presented in Table III and are based on 

conceptua l design concepts. A l l costs are expressed in 1977 dollars. The total 

cons t ruc t ion cost est imate w a s $46,227,000. 

T A B L E I I I . C A P I T A L C O S T E S T I M A T E FOR 

5 0 M W W O O D - F I R E D P O W E R P L A N T A T B U R L I N G T O N , V E R M O N T 

(Al l c o s t s e x p r e s s e d as $ 1 , 0 0 0 in 1 9 7 7 ) 

Steam Boiler $8 ,820 

Turb ine System 3,870 

Mechan ica l Equ ipment 3,660 

Electrical Equ ipment 3,300 

Piping 2,900 

Site Deve lopment 1,275 

Bui ld ing - Structural 10,500 

W o o d Handl ing System 2,039 

Chimney 1.200 

Substat ion, In terconnect 1,010 

Cont ingencies, Engineer ing, Legal 7,653 

Total Capital Cost $46,227 
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478 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The proposed power plant w i l l produce a gross of 328 ,500 M W - h r annual ly 

or a net of 302,200 M W - h r (8 percent in-plant use) operat ing at a 75 percent 

capaci ty factor. It w i l l consume approx imate ly 470 ,000 green tons of w o o d 

chips w h i c h is 100 percent of the energy input. Based on the previously 

der ived cost of fuel of $ 1 1 . 9 9 / t o n , the to ta l annual fuel cost w i l l be 

approx imate ly $5 ,635,000. Plant operat ion w a s est imated to require a staff of 

4 2 w i t h an annual payrol l of $714 ,000 . A n n u a l main tenance, chemica l and 

supply costs, and operat ion and main tenance for the fuel off loading and 

handl ing system w a s est imated to be $727 ,000 /y r . The est imated total 

operat ing and main tenance cost for the power plant is $7 ,076,000/y r . 

A n n u a l C o s t P r o j e c t i o n 

It w a s assumed tha t the power p lant w i l l be f inanced f rom revenue bond ing . 

Therefore, reasonable est imates were made for interest on bonds, interest 

earned and expended dur ing cons t ruc t ion , and bond d iscounts . W o r k i n g 

capi tal and the deb t reserve f u n d were assumed to be capi tal ized. By 

pro jec t ing all capi ta l and operat ing costs w i t h reasonable escalat ion factors, 

a l i fe-cycle cost analysis w a s per formed. Results of tha t analysis s h o w n 

be low indicate an est imate of required revenues to offset all costs. These 

pro jected costs are favorable w h e n compared to a l ternat ive fossil fuel uni t 

costs pro jected for the N e w England region. 

I N S T I T U T I O N A L C O N S I D E R A T I O N S 

Acco rd ing to our analysis, the generat ion of e lectr ic i ty f rom w o o d waste is 

techn ica l ly feasible and economica l ly at t ract ive. The most d i f f icu l t p rob lem in 

imp lement ing a wood- f i red power plant is perceived as being of inst i tu t ional 

nature. These concerns are pr imar i ly associated w i t h forest management , the 

economy, and env i ronmenta l considerat ions. 

Y e a r 

U n i t C o s t 

( c e n t s / k W h r ) 

1982 

1984 

1986 

1988 

1990 

5.1 

5.5 

5.9 

6.4 

6.9 
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23. S H E A H A N Electric Power Generation 479 

Fores t M a n a g e m e n t 

A forest is like a garden w h i c h needs to be weeded to promote a sound and 

heal thy stand of t imber. Current ly, there is no large-scale methodo logy to 

remove non-commerc ia l w e e d trees w h i c h compete for the supply of water , 

nutr ients, and sun l igh t w i t h i n the forest. Development of a long- term waste 

w o o d demand for electr ic generat ion cou ld create a w a y to better manage 

the forest 's t imber. A basic concern that a lways accompanies the 

deve lopment of any large forest-based industry is the potent ia l for abuse. It is 

therefore mandatory that a power plant not be suppl ied w i t h w o o d at the 

expense of degrading or denud ing the forest. To alleviate this concern, it is 

recommended that the personnel responsible for w o o d acquis i t ion must be 

qual i f ied professional foresters. In add i t ion to being in charge of w o o d waste 

acquis i t ion, they cou ld also be avai lable for pr ivate land owner consul ta t ion. 

This is part icular ly impor tant in Vermont , since 90 percent of the commerc ia l 

forest acreage is in pr ivate ownersh ip . This t ype of personnel ar rangement is 

simi lar to the cooperat ive assistance programs w h i c h are commonp lace in 

the pu lp and paper industry. The acquis i t ion personnel w o u l d be responsible 

for mon i to r ing w o o d waste del iveries to avoid waste fu l operat ions. They 

w o u l d have t w o pr imary concerns. The f irst is to ensure tha t d i f ferent ia t ion is 

made be tween h igh qual i ty and low qual i ty material so that qual i ty saw 

t imber and veneer logs are not ch ipped for fuel w o o d . The second concern is 

to mandate that small trees be careful ly evaluated before market ing for 

harvest. Many young trees may become valuable stock if g iven suf f ic ient 

t ime. In Vermont , the pr imary ownersh ip object ives of t imber land are 

recreat ion and place of residence; t imber p roduc t ion ranks th i rd (14). 

Therefore, personnel responsible for w o o d waste procurement should 

recognize th is fact and prescr ibe and encourage forest management 

procedures w h i c h min imize any d isrupt ions to the owners ' values and 

object ives. 

E c o n o m y 

The operat ion of a 5 0 M W wood- f i red power plant cou ld have s igni f icant and 

posit ive impacts on Vermont and the City of Bur l ington. The fo l low ing are a 

few of the potent ia l impacts : 

• The creat ion of a long- term and consistent demand for non-merchantab le 

w o o d waste cou ld result in dramat ica l ly higher y ie ld for land parcels; 

therefore many areas w h i c h previously had marginal harvest ing potent ia l 

cou ld become f inancial ly viable. 
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480 BIOMASS AS A NONFOSSIL FUEL SOURCE 

• The exist ing forest p roduct industry cou ld exper ience a long- term general 

upgrad ing , faster g row ing and healthier forest due to the removal of 

nu t r ien t -dep le t ing waste w o o d . 

• Private land owners cou ld realize an income f rom the s tumpage (price paid 

for the removal of the wood) w h i c h cou ld help offset the effects of proper ty 

taxes. 

• Ve rmon t and the City of Bur l ington w o u l d become more sel f -suf f ic ient in 

thei r energy resources, thus o f fset t ing the requ i rements for p redominant ly 

impor ted fossil fuels. L ikewise the s ta tewide balance of payments w o u l d 

be improved by the reduct ion of impor ted energy. 

• The economic mul t ip l ie r ef fect appl ied to the money kept in Vermont , plus 

the general expansion of the forest-based indust ry cou ld result in a 

substant ia l impac t on the City and State economies. 

E n v i r o n m e n t a l C o n c e r n s 

Some of the pr imary env i ronmenta l concerns associated w i t h the harvest ing 

of w o o d waste f rom a forested area inc lude, but are not l imi ted to, soil 

erosion, nut r ient dep le t ion , aesthet ic degradat ion, reduced wa te r qual i ty , and 

deter iorat ion of w i ld l i fe habi tat . W i t h p rudent harvest ing management 

procedures, such damage need not happen, and in fact , the env i ronment 

cou ld be enhanced by the process. The forest is a lways subject to insect 

at tacks, disease infestat ions, and w i l d f ire. Dense stands of overmature trees 

are h igh ly suscept ib le to insect or disease outbreaks. Once establ ished, they 

can spread easily t h r o u g h such stands. Resistance of the forest depends 

dramat ica l ly on the species compos i t ion , size d is t r ibu t ion , densi ty , and 

general heal th of the tree. If trees are labor ing under o ld age and severe 

nut r ien t compet i t i on caused by h igh densi ty, the general forest w i l l most 

l ikely be seriously damaged. Once a substant ia l por t ion of the t imber is dead 

or ro t ten, dry summer days can t ransform the forest in to a haven for disease 

outbreak and spread of f ire. Provid ing a market for low qual i ty mater ia l can 

prov ide a mechan ism for upgrad ing the heal th of the residual trees. 

Fur thermore, logg ing roads provide access for pro tect ion as we l l as 

recreat ion. Wi ld l i f e needs an adequate food supply as we l l as protect ive 

cover. Dense, overmature trees may provide protect ion and food for some but 

not most of the w i ld l i fe species because there is relat ively l i t t le p ro tec t ion of 

food at g round level. S tumps , t ree tops, and l imbs w h i c h accompany 

convent iona l harvest ing operat ions are havens of p ro tec t ion for many w i ld l i fe 

species. New g r o w t h that fo l lows harvest ing operat ions also represents an 

abundant and convenient food source for wi ld l i fe . Therefore, it is impor tan t 
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23. S H E A H A N Electric Power Generation 481 

that in a harvest ing operat ion, a balance be prov ided be tween new g r o w t h 

and mature stands w i t h a substant ia l amoun t of t ransi t ion be tween the t w o . 

This is a desired wi ld l i fe management object ive. 

The nature of the w o o d demand of a power plant is l ikely to result in more 

mechanized harvest ing operat ions, and expansion as ant ic ipated in the 

purchase and use of who le tree chippers, and to a lesser extent , mechanica l 

harvest ing equ ipment . Care must be appl ied in the select ion and use of this 

type of equ ipment o therwise the large rubber wheels or tracks cou ld become 

a serious source of soil erosion. The negat ive connotat ions associated w i t h 

th is type of prob lem cou ld qu ick ly d iscourage the cooperat ion of pr ivate 

landowners in a l low ing w o o d waste removal. 

S U M M A R Y 

Generat ion of e lectr ic i ty f rom waste w o o d is technical ly , economical ly , and 

env i ronmenta l ly feasible. A brief overv iew of pr imary concerns w h i c h any 

organizat ion or c o m m u n i t y should consider in imp lement ing such a faci l i ty is 

presented. As an epi logue, the City of Bru l ington conduc ted a successful 

bond ing referendum for cons t ruc t ion of the 50 M W wood- f i red power plant. 

By the summer of 1979, design was we l l under w a y and plans for 

imp lement ing cons t ruc t ion were being fo rmula ted. 
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24 
A Biomass Allocation Model 
Conversion of Biomass to Methanol 

Υ. Κ. A H N 

Gilbert Associates, Incorporated, P.O. Box 1498, Reading, PA 19603 

It has become apparent that the effects of the rapid rise in prices and 
dwindling supply of petroleum and natural gas are being felt by all of us in 
terms of the prices we pay for gasoline, electrical energy, and chemicals. 
Various alternative energy sources, both fossil and nonfossil, are being 
sought as substitutes for petroleum and natural gas. Fuels and petrochemi
cals from biomass are considered to be promising alternatives. Biomass 
feedstocks under consideration include crops produced by agriculture or 
forestry, aquatic crops, agricultural and forest residues, and animal residues. 
The U.S. Department of Energy predicts the contribution of near-term 
systems to our domestic energy supply to be an additional 0.5 to 1.0 quad by 
1985, (over the 1.0-1.5 quad now used) a displacement of 230,000 to 
460,000 barrels of oil per day (1). Using published results as a data base (3-
8,11), this paper illustrates how a deterministic model can be developed and 
utilized for the optimum allocation of biomass feedstocks. An example is 
presented for production and utilization of methanol from biomass. 

A m o n g the var ious products that can be synthesized f rom biomass, methanol 

was selected because of its versati le appl icabi l i ty to the electr ic i ty, 

t ranspor ta t ion, and chemica l sectors. Conversion of methanol f rom biomass 

is achieved via oxygen-s team gasi f icat ion fo l lowed by shif t convers ion and 

methanol synthesis. Three feedstocks were selected for convers ion to 

m e t h a n o l — w o o d residue, corn stover, and furfural residue. Avai lab i l i ty of 

0097-6156/81/0144-0483$05.00/0 
© 1981 American Chemical Society 
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484 BIOMASS AS A NONFOSSIL FUEL SOURCE 

feedstocks is h igh ly regional, and the state of Missour i was selected because 

of its agr icu l ture and forest w o o d land avai labi l i ty. Methano l was assumed to 

be used for power generat ion by comb ined cycle, as a b lend ing stock for 

gasol ine, and as a chemica l . 

FEEDSTOCK S U P P L Y A N D P R O D U C T D E M A N D 

Reg iona l S e l e c t i o n 

The State of Missour i produces 10 mi l l ion ton per year (MMTPY) of 

agr icu l tura l residues, inc lud ing 5.4 M M T P Y f rom corn (2). It also has a 

potent ia l s i lv icul tural p lantat ion capabi l i ty of p roduc ing , by current t e c h 

nology, an average of 7 dry ton equiva lent (DTE) per year-acre of hybr id 

poplar. Avai lab i l i ty of state land for deve lopment of s i lv icul tural p lantat ions is 

es t imated to be 11 to 15 mi l l ion acres for U.S. Forestry Service classi f icat ion I-

IV sites (3). 

F e e d s t o c k S u p p l y 

Of the 5.4 MMTPY of corn p roduced, approx imate ly 4 0 % consists of residue 

and the remain ing 6 0 % is used as grain (4). Total annual fur fural consumpt ion 

in the Uni ted States is 150 mi l l ion pounds. For each pound of fur fural 

processed, approx imate ly 10 lb of residue is produced. The fur fural residue 

conta ins approx imate ly 3 5 % mois ture (5). Avai lab i l i ty of the w o o d residue is 

es t imated by assuming tha t on ly 10% of the class l-IV sites w i l l be used for 

hybr id poplar p lantat ions and tha t half of the w o o d produced w i l l be 

col lected as w o o d residue. Avai lab i l i ty of the three biomass feedstocks is 

summar ized in Table I. 

T A B L E I. A V A I L A B I L I T Y OF FEEDSTOCK, F, 

H e a t i n g 

i F e e d s t o c k 1 0 6 B t u / y r V a l u e , B t u / l b 1 0 6 B t u / Y r 

1 Corn Stover 2.2 8.390 36.9 

2 Furfural Residue 0.5 7.680 7.5 

3 W o o d Residue 4.5 8.500 69.6 

P r o d u c t D e m a n d 

Total annual energy demand by the electr ic ut i l i ty sector in the State of 

Missour i is es t imated to be 358.4 χ 1 0 1 2 Btu (6). Of th is to ta l demand . 64.9 X 

1 0 1 2 Btu is oil and gas f ired and is a potent ia l candidate for convers ion to 

other al ternat ive fuels. It is est imated for the present s tudy that approx i -

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

02
4



24. AHN Methanol from Biomass 485 

mately 5% of the oil and gas f i red power generat ion, w h i c h is equivalent to 70 

M W , is subst i tu ted by methano l f rom biomass, most ly for peaking services in 

gas turb ines. 

The total annual gasol ine demand in the Uni ted States is est imated to be 

115,000 Χ 1 0 6 gal lons. If a 1 0 / 9 0 blend of methano l /gaso l ine is considered 

as a gasol ine subst i tu te , the tota l nat ional methanol demand w o u l d be 

11,500 Χ 1 0 6 gal lons. Demand for the State of Missour i , prorated based on 

popula t ion , is 252 Χ 1 0 6 gal lons. 

The total annual demand for chemica l grade methano l is est imated to be 641 

Χ 1 0 6 gal lons. Demand for the State of Missour i , again prorated based on 

popula t ion, is 14 Χ 1 0 6 gal lons. 

The sel l ing prices for electr ic i ty , c rude methano l , and chemica l grade 

methanol were obta ined f rom publ ished studies (7). Table II summarizes the 

demand for each of the three consuming sectors and the product sel l ing 

prices: 

T a b l e I I . P R O D U C T D E M A N D A N D S E L L I N G PRICES 

A n n u a l D e m a n d , Dj Se l l i ng Pr ice , Sj 

C o n v e n t i o n a l C o n v e n t i o n a l 

j U n i t U n i t 

1 Electr ici ty 70 M W 1 9 M i l l s / k W h 

2 Transpor tat ion 252 M M Gal 0 . 6 $ / g a l 

3 Chemicals 14 M M Gal 0.150 $ / lb 

1 0 1 2 B t u 

3.245 

14.449 

0.805 

$ / 1 0 6 B t u 

6.37 

10.45 

10.75 

B I O M A S S C O N V E R S I O N 

C o n v e r s i o n o f B i o m a s s t o Fuel Grade M e t h a n o l 

A block f l ow d iagram for p roduc t ion of fuel grade methanol f rom biomass is 

depic ted in Figure I. The gasi f icat ion step is based upon the Purox process 

and is fo l lowed by shif t convers ion and gas pur i f icat ion steps. The clean gas, 

w h i c h is shi f ted to a H 2 / C O ratio of approx imate ly 2 / 1 , is conver ted to 

methanol in the ICI low-pressure methano l synthesis process. The process 

yields approx imate ly 9 8 % pure methanol w i t h the remain ing 2% consis t ing of 

water and some higher carbon number alcohols. 

The med ium-Btu gas f rom the Purox process need not be desul fur ized prior to 

enter ing the shif t reactor since a sul f ided catalyst is used. The shi f ted gas 

goes to the pur i f icat ion system, where a hot-carbonate scrubb ing system is 
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486 BIOMASS AS A NONFOSSIL FUEL SOURCE 

^ BIOMASS U 
® W BIOMASS 

• fc| GASIFICATION 
^ OXYCFN r 

GAS WASH - HEAT 
RECOVERY 

COiPRESSION 

C 0 2 

H 2 S - C 0 2 

REMOVAL 

SULFUR 
RECOVERY 

SULFUR 

SHIFT 
CONVERSION 

1500 PSIG •ETHANOL 
SYNTHESIS 

- • PURGE 

METHANOL 
PURIFICATION 

, FUEL GRADE 
METHANOL 

Figure 1. Flow diagram for methanol via biomass gasification 
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24. AHN Methanol from Biomass 487 

The fuel grade methano l is 9 8 % pure and conta ins such impur i t ies as water , 

ethanol and higher alcohols. The impur i t ies w o u l d have to be removed by 

dist i l la t ion to produce chemica l grade methanol of 99.90% pur i ty conta in ing 

ethanol and water contents of no more than 900 p p m and 500 p p m 

respect ively (7). It is est imated for the present s tudy that an addi t ional 2% 

thermal ef f ic iency is lost for the dist i l la t ion operat ion. 

The system eff ic iencies for conver t ing the three biomass feeds to the three 

f inal products are summar ized as fo l lows: 

T a b l e I I I . S U M M A R Y OF T H E R M A L EFFICIENCIES 

T h e r m a l E f f i c i e n c y , % 

C o n v e r s i o n t o S y s t e m E f f i c i e n c y , n { j 

Fue l Grade j = 1 j = 2 j = 3 

i B i o m a s s M e t h a n o l Elec. T rans . C h e m . 

1 Corn Stover 48.0 21.7 47.0 46.0 

2 Furfural Residue 48.0 21.7 47.0 46.0 

3 W o o d Residue 45.3 20.5 44.3 43.3 

C o n v e r s i o n E c o n o m i c s 

The base capi tal and annual operat ing costs to manufac ture the f inal 

products were obta ined f rom publ ished date on w o o d residue (7) and on corn 

stover and furfural residue (8). The base data were updated to 1979 pr ic ing. 

The produc t costs were calculated for three fuel grade methanol p roduct 

capaci t ies of 6.550, 13,100 and 26,200 X 1 0 6 Btu/day. The base data were 

adjusted using 0.7 scale factor for plant size. 

The methano l p roduc t ion costs can be d iv ided into t w o main uni t operat ions 

— the gasi f icat ion system inc lud ing gas c leaning and the methanol synthesis 

system inc lud ing shif t and pur i f icat ion. The prel iminary cost est imates 

indicated that a s igni f icant por t ion of capi ta l cost is associated w i t h 

gasi f icat ion and gas c leaning systems. For the annual operat ing costs, the 

feedstock costs were the most cost ly e lement. Therefore, it is desirable to 

invest igate sensi t iv i ty of prof i t to feedstock cost. This is discussed in the 

results and conclus ion sect ion. The est imated manufac tu r ing costs based on 

the publ ished feedstock costs for the baseline case are summar ized in Table 

IV. 
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24. A H N Methanol from Biomass 489 

used to reduce sulf ides in the gases to 10 p p m , and C O 2 to 7%, so that a ratio 

of 2.05 for H 2 / ( C 0 4- 1.5 C 0 2 ) can be achieved (7). 

The pur i f ied gas is then passed th rough an iron sponge d r u m and a sulfur 

guard d r u m to remove traces of sulfur. Fo l lowing the guard drums, the gas, 

w h i c h is essential ly sul fur free, is compressed to 1500 psia. comb ined w i t h 

recycle gas, and passed th rough a f ixed-bed cata lyt ic (h ighly-act ive copper 

catalyst) converter to produce crude methanol . The methanol is condensed 

and separated f rom the untreated gas, w h i c h is recycled to the converter. The 

pressure is then reduced, and dissolved gases are f lashed f rom the crude 

methanol . Some of the flash gas is purged for use as fuel to contro l the 

concent ra t ion of inert componen ts in the converter system. The crude 

methanol is pur i f ied as required by dist i l la t ion to produce fuel-grade 

methanol . 

Thermal eff ic iencies for conver t ing corn stover (8), fur fural residue (8), and 

w o o d residue (7) to methano l were est imated f rom the publ ished data to be 

48.0, 48.0, and 45.3% respectively. The ef f ic iency data used for conver t ing 

w o o d to methanol via the Purox process is also in good agreement w i t h 

recent ly publ ished data 0 2 ) . The Purox process may not have been the best 

choice for the gasi f icat ion (12), but process and economic data are available 

for all three feedstocks considered in this paper. 

C o n v e r s i o n o f Fuel Grade M e t h a n o l t o Final P r o d u c t s 

Conversion of fuel grade methanol to e lectr ic i ty is achieved by means of a 

combined-cyc le conf igura t ion . The ef f ic iency of a methanol - fue led comb ined 

cycle plant was est imated to be 45.2% (9). 

The use of fuel grade methanol for gasol ine-alcohol blends may require 

engine modi f icat ions, but th is paper is not concerned w i t h such mod i f i ca 

t ions. Rather, it is l imi ted to the preparat ion of fuel grade methanol sui table 

for gasol ine b lending. One requi rement is to reduce the mois ture con ten t to a 

m a x i m u m of 0.25 w e i g h t percent to avoid phase separat ion. Therefore, water 

must ei ther be ex lcuded f rom the fuel grade methanol or other c o m p o u n d s 

must be added to improve the wate r to lerance of the methanol -gasol ine 

b lend. Some of the lower molecular w e i g h t f ract ions of the gasol ine may have 

to be removed dur ing the summer to counterac t the large nonideal increase 

in the vapor pressure of the b lend. This cou ld penalize the economics of 

b lend ing gasol ine and methanol (V3). It is est imated for the present s tudy that 

1 % thermal ef f ic iency is lost t o refine sui table gasol ine b lend ing stocks. 
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490 B I O M A S S A S A N O N F O S S I L F U E L S O U R C E 

D E V E L O P M E N T OF A L L O C A T I O N M O D E L 

The prob lem is to de termine the o p t i m u m biomass al locat ion pol icy in order 

to maximize the prof i t . A general ized l inear p rogram, SIMPLES (10), w a s used 

t o develop the resource a l locat ion mode l . 

The model seeks to maximize the linear ob ject ive f unc t i on (profit). 

Ν Ν Κ 

Ρ - Σ D j S j - Σ L n i j f j j M j j 

1) 
j - 1 j - 1 i - 1 

for Ν set of inequal i ty constra ints 

Ν 

Z f j j S F j i - 1 ,2 . . . .K 

j - 1 2) 

and Κ set of equal i ty constra ints 

Κ 

W u - D j j - 1.2....N 
i - 1 3) 

and the non-negat ive restr ict ions of 

W h e r e : 

Ρ = prof i t 

Dj = demand for c o m m o d i t y j 

Sj = sel l ing pr ice for c o m m o d i t y j 

M j j — manufac tu r ing cost for c o m m o d i t y j f rom feedstock i 

njj = thermal ef f ic iency of conver t ing feedstock i to c o m 

mod i ty j 

fjj = al locat ion of feedstock i to c o m m o d i t y j 

Fj = avai labi l i ty of feedstock i 
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24. AHN Methanol from Biomass 491 

In terms of the present methanol s tudy, the prob lem seeks an o p t i m u m 

al locat ion pol icy for corn stover (i — 1), furfural residue (i = 2), and w o o d 

residue (i = 3) to produce three c o m m o d i t y products of electr ic i ty (j = 1), 

t ranspor ta t ion (j = 2), and chemicals (j = 3) in the most prof i table way. In pure 

mathemat ica l terms, w e are to determine fjj w h i c h maximizes the prof i t 

func t ion . Equation 1, w h e n the feedstock avai labi l i ty and demand are 

constra ined by Equations 2 and 3. respectively. The data base to use w i t h 

Equations 1 th rough 4 is tabu la ted in Table I for F i r Table II for Dj and Sj, Table 

III for n|j, and Table IV for My. 

RESULTS A N D C O N C L U S I O N S 

Table V presents the result of the o p t i m u m al locat ion pol icy for the three 

biomass feedstocks in sat isfy ing the demand of the three consuming sectors. 

T a b l e V. O P T I M U M FEEDSTOCK A L L O C A T I O N POLICY, fjj 

(BASELINE CASE) 

A l l o c a t i o n o f F e e d s t o c k i t o C o n s u m i n g 

S e c t o r j , 1 0 1 2 B t u / Y r 
F e e d s t o c k 

C o s t , i - 1 j = 2 j = 3 

i F e e d s t o c k $ / 1 0 6 B t u Elec. T rans . C h e m . 

1 C o r n 

Stover 2.38 0 0 0 

2 Furfural 

Residue 1.0 0 5.75 1.75 

3 W o o d 

Residue 1.62 15.83 26.52 0 

It is interest ing to note that fur fural residue alone was suf f ic ient to satisfy the 

demand of chemical grade methano l . This is due to the fact that all the 

available, least expensive fuel (furfural residue), was used to manufac ture the 

most expensive product (chemical grade methanol) . The t ransport sector 

requires the second most expensive methanol fuel , and any fur fural residue 

left over after chemica l grade methano l was used for product ion of the 

t ranspor tat ion grade methanol . The balance of the t ranspor ta t ion grade 

methanol was suppl ied by the w o o d residue, the second least expensive 

feedstock. Al l the electr ic ut i l i ty demand was satisf ied by w o o d residue, and 

no corn stover was used. 
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BIOMASS AS A NONFOSSIL FUEL SOURCE 

Figure 2. Sensitivity of feedstock costs on optimum profit 
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24. AH Ν Methanol from Biomass 493 

Profit ca lculated f rom the op t ima l pol icy was $26.5 mi l l ion per year ind icat ing 

that var ious grade methanols made f rom the three biomass feedstocks can be 

compet i t i ve w i t h those made f rom convent iona l sources. The calcu lat ion was 

based on the uni t manu fac tu r ing cost de termined f rom a 26,200 X 1 0 6 / d a y 

methanol plant capaci ty (plant capaci ty III in Table IV). The study, however, 

disclosed the fact that the biomass feedstock costs are the domina t ing factor 

in the economics of methano l p roduc t ion . It w o u l d therefore be interest ing to 

note h o w the o p t i m u m prof i ts vary w i t h feedstock cost. 

Since more than one feedstock is involved, deve lopment of a sensi t iv i ty curve 

for o p t i m u m prof i ts vs. feedstock cost requires use of a we ight -averaged 

feedstock cost. The weight -averaged feedstock cost is def ined as: 

3 3 

W e i g h t — Averaged 

Feedstock Cost _ ——1H 

( $ / M M Btu) j £ f j . 

j - 1 i - i ' J 

Cj = cost of feedstock i in $ / M M B t u and fjj were def ined previously. 

For th is s tudy, the costs of three feedstocks were varied f rom 25 to 5 0 % 

higher or lower than the publ ished base case feedstock costs. The o p t i m u m 

prof i ts were then calcu lated using the same feedstock avai labi l i ty, p roduct 

demand , and product sel l ing prices as the base case. Figure II summarizes the 

results of the calcu lat ion. The f igure indicates that the o p t i m u m prof i ts are 

indeed very sensit ive to feedstock cost changes and that con t inued 

improvement of biomass produc t ion and col lect ion techniques is very 

desirable to improve tota l profi t . 

LIST OF S Y M B O L S 

Cj Cost of Feedstock i 

Dj Demand for Commod i t y j 

fjj A l locat ion of Feedstock i to Commod i t y j 

Fj Avai lab i l i ty of Feedstock i 

i Feedstock 

j Commod i t y 

Mjj Manufac tu r ing Cost for Commod i t y j f rom Feedstock i 

Ρ Profit 

Sj Sel l ing Price for Commod i t y j 

njj Thermal Eff ic iency of Conver t ing Feedstock i to Commod i t y j 
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494 BIOMASS AS A NONFOSSIL FUEL SOURCE 
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25 
The Energy Plantation and the Photosynthesis 
Energy Factory 

MALCOM D. FRASER, JOHN F. HENRY, LOUIS C. BORGHI, and 
NORMAN J. BARBERA 

InterTechnology/Solar Corporation, 100 Main Street, Warrenton, V A 22186 

The Energy Plantation 

In conventional forestry, trees are grown in plantations to produce the raw 
material for a variety of products such as lumber, plywood, pulp and others. In 
these plantations, the trees are generally widely spaced and grown to sizes 
large enough for the manufacture of the desired products. Achieving these 
commercial sizes may require long growing periods or rotations which may 
range from 30 to 80 years or more. As a result of these constraints — long 
rotations and planting densities of the order of a few hundred trees per acre 
towards the end of the rotation — the plantation site is only fully utilized for a 
short fraction of the rotation period. Average sustained yields over the 
rotation therefore rarely exceed about 1 oven-dry-ton of mechantable 
material per acre-year (1). Moreover, because of the size of the crop and the 
need to maintain its physical integrity, conventional single-tree harvesting 
and handling methods are generally used in forestry operations. 

Tree crops however cou ld be g r o w n on m u c h shorter rotat ions if the size and 

fo rm of the crops were not l im i t ing factors in the end use of the crop. Such is 

the case w h e n the desired product is w o o d chips to be used for pulp, fuel , or 

feedstock for convers ion to subst i tu te fuels. Shor t - rotat ion tree fa rming 

0097-6156/81/0144-0495$ 12.50/0 
© 1981 American Chemical Society 
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496 BIOMASS AS A NONFOSSIL FUEL SOURCE 

general ly refers to rotat ions of 20 years or less and is general ly associated 

w i t h close spacing of the trees in order to achieve ful l site ut i l izat ion w i t h i n 

the rotat ion per iod. 

Shor t - ro tat ion tree fa rming for f iber p roduc t ion has been proposed by a 

number of invest igators (2-5). Early shor t - ro tat ion exper imenta l data 

ind icated that the biomass yields achieved in shor t - rotat ion p lantat ions cou ld 

far exceed those of convent iona l forestry. Average annual sustained yields of 

5 to 10 oven-dry tons per acre-year (ODT/ac-yr) were s h o w n to be possible 

under shor t - ro ta t ion cond i t ions (6,7). It also became apparent tha t such h igh 

yields cou ld be achieved only if intensive management were appl ied to the 

p lantat ion. In many cases, the level of management appears to be 

comparab le to tha t required in the p roduc t ion of agr icu l tura l crops (8-10). 

The potent ia l of shor t - ro ta t ion tree fa rming for f iber p roduc t ion induced 

In terTechnology/Solar Corporat ion to advance the same concept as a 

possible source of b iomass for energy convers ion (11-13). Other invest igators 

have descr ibed simi lar concepts (14,15). 

As it is present ly envis ioned by In terTechnology/Solar Corporat ion, the 

Energy Plantat ion is a w o o d y biomass produc t ion ent i ty rely ing on short 

rotat ion and intensive management to p roduce biomass exclusively for its 

fuel and /o r feedstock value. Energy Plantat ions offer a number of potent ia l 

advantages over convent iona l forestry p lantat ions: h igher p roduc t iv i t y per 

uni t land area, lower land requi rements for a g iven biomass ou tpu t , earlier 

cash return on the investment , extensive mechanizat ion simi lar to that 

pract iced in agr icu l ture, and abi l i ty to assimi late cu l tura l and genet ic 

improvements quick ly . Shor t - ro tat ion crops can also be chosen a m o n g a 

var iety of species w h i c h regenerate by copp ic ing , thereby e l im ina t ing the 

need for replant ing after each harvest. Energy Plantat ions however do have a 

number of d isadvantages: init ial es tab l ishment costs and yearly management 

costs per uni t area are general ly higher than those for convent iona l forest 

c rops; on ly sites amenable to mechanized operat ions can be used; and 

disease and insect propagat ion may be d i f f icu l t to cont ro l . Secur ing the use 

of the land for energy crops cou ld also be a p rob lem in some areas where 

compet i t i on w i t h other uses (e.g., fa rming , recreation) cou ld occur. 

No ful l -scale Energy Plantat ion has yet been demonst ra ted. It is therefore 

necessary to use a conceptua l design of the Energy Plantat ion to assess its 

economic and energy ef f ic iency potent ia l . Table I summarizes the design 

parameters adopted in the ITC/Solar mode l of the Energy Plantat ion. The 

crops are assumed to be chosen f rom a var iety of hardwoods d isp lay ing fast 

juveni le g r o w t h and capable of regenerat ion by copp ic ing . Candidate crops 

inc lude Amer ican sycamore (Platanus occidentalis), hybr id poplars (Populus 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 497 

T a b l e I. D E S I G N P A R A M E T E R S USED I N T H E I T C / S O L A R 

M O D E L OF T H E ENERGY P L A N T A T I O N 

Product ion 

Crop 

Product iv i ty 

Plant ing Densi ty 

L i fe t ime 

Management 

Harvest ing 

Transpor ta t ion 

Suppor t 

Land 

Variable, general ly of the order of 200 ,000 ODT/ac-yr 

Fast -growing hardwoods w i t h coppice regenerat ion 

5 to 10 O D T / a c - y r 

4 to 16 square f t per plant , i.e., — 1 0 , 0 0 0 to — 2 5 0 0 

trees per acre 

One f i r s t -g rowth rotat ion fo l lowed by f ive coppice rota

t ions 

Mechanica l w e e d cont ro l 

Ferti l ization 

Irr igat ion (in some modes of operat ion of the p lanta

t ion) 

Conceptual sel f -propel led harvéster-chipper 

Green w o o d c h i p s t ranspor ted to convers ion plant 

located in center of the plantat ion 

Nursery operat ion, equ ipmen t main tenance and repair, 

supervis ion 

Plantat ion made of lots of the size of an average farm in 

the region d is t r ibuted at random w i t h i n a larger 

geographic area 
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498 BIOMASS AS A NONFOSSIL FUEL SOURCE 

sppj. Eastern c o t t o n w o o d (P. deltoïdes), black c o t t o n w o o d (P. trichocarpa). 

black alder (Alnus glutanosa). green ash (Fraxinus pennsylvanicum). 

Eucalyptus, and others. The select ion of the crop is made on the basis of 

c l imate, soil condi t ions, and demonst ra ted g r o w t h character ist ics of the 

candidate crop. 

Fast -growing hardwoods are general ly suggested because of thei r copp ic ing 

propert ies, w h i c h e l iminate the need for reestabl ishment of the p lantat ion 

after each harvest. Due to the c l imate and soil cond i t ions , pines may be better 

crop candidates in some si tuat ions, as s h o w n for instance in Southern 

Georgia where loblol ly pines d isplayed h igher p roduc t i v i t y than sycamore for 

rotat ions of about 6 years or more (16). 

On an Energy Plantat ion, the p lant ing dens i ty and rotat ion dura t ion , and their 

associated product iv i ty , are chosen to min imize the cost of biomass 

product ion . Many authors have recognized tha t a s t rong corre lat ion exists 

be tween spacing and rotat ion age for ha rdwood crops g r o w n under intensive 

management . Once a spacing has been adopted w h e n establ ish ing a fa rm, 

the rotat ion age at w h i c h the mean annual b iomass increase is obta ined must 

be adopted to maximize the y ield of the fa rm (17). The choice of the o p t i m u m 

rotat ion is part icular ly cr i t ical for close spacings general ly associated w i t h 

short rotat ions because the average produc t iv i t y decreases s ign i f icant ly once 

the o p t i m u m rotat ion is exceeded. On the basis of data avai lable at present, 

some authors (6,18) favor rotat ions of 10 to 15 years wh i le others prefer 

shorter rotat ions (19-21). The design parameters adopted in Table I m igh t 

therefore have to be modi f ied to account for si te-specif ic condi t ions. The 

impact of changes in spacing and rotat ion durat ion has been est imated 

th rough sensi t iv i ty analyses (21). 

Land management includes weed contro l to e l iminate compet i t i on for l ight, 

moisture, and nut r ients ; fert i l izat ion to ensure main tenance of sustained 

produc t iv i t y ; and i rr igat ion in some modes of operat ion. Irr igat ion w i t h 

surface or we l l wa te r is probably not cost-ef fect ive (22). However, i r r igat ion 

w i t h munic ipa l sewage ef f luent could be cost-ef fect ive as a result of the 

credi t generated th rough land t rea tment of the wastes (23). This latter mode 

of operat ion is analyzed in the Photosynthesis Energy Factory discussed 

below. Harvest ing is assumed to be per formed mechanica l ly by a harvester-

ch ipper w h i c h cou ld be similar in design to a corn silage harvester adapted 

for the Energy Plantat ion crops. The green chips, after f ield storage, are 

t ranspor ted to the convers ion plant located ideally in the center of the Energy 

Plantat ion area. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 499 

The Energy Plantat ion is conceived as a sel f -contained industr ial operat ion 

inc lud ing its o w n management and suppor t services. The Energy Plantat ion 

is assumed to consist of parcels of land of the size of an average farm in the 

region d is t r ibuted w i t h i n a geographic area sur rounding the convers ion plant. 

The land selected for energy fa rming is preferably marginal land not sui table 

for the product ion of more valuable crops. Using marginal land however w i l l 

result in product iv i t ies lower than those ment ioned earlier as achievable. On 

the other hand, marginal land can probably be obta ined at a lower cost 

( through leasing or purchase) than the good-qual i ty land on w h i c h many high 

product iv i ty data have been generated. The type of land available for Energy 

Plantat ions w i l l therefore be determined by the overall economics of biomass 

product ion at indiv idual sites. 

In its s implest operat ional schedule, the tota l p lanted area of the p lantat ion is 

d iv ided into a number of equal modules equal to the rotat ion durat ion (e.g.. 

four modules, each equal to one- four th of the planted area for a four-year 

rotat ion). Each year, one of these modules is harvested and then regenerates 

th rough copp ic ing to supply the new crop at the end of the next rotat ion. 

Af ter a number of copp ice crops have been harvested f rom the or ig inal 

p lan t ing , the modu le must be replanted before progressive weaken ing of the 

root system results in reduced annual product iv i t ies. In ITC/Solar's model , 

regenerat ion of a modu le is accompl ished by p lant ing of clones gathered 

f rom other (still operat ional) areas of the p lantat ion. This mode of operat ion 

ensures sustained annual p roduct ion of biomass on a permanent basis. 

Other conceptua l designs of energy farms have been proposed w h i c h inc lude 

the same basic features as the ITC/Solar model (19,20.24,25). Because of the 

lack of exper imenta l data concern ing some aspects of energy fa rming, all 

designs include a certa in e lement of uncer ta inty . Sensi t iv i ty analyses are 

therefore needed to est imate the impact of these uncerta int ies on the 

projected biomass produc t ion costs and to est imate reasonable ranges of 

values for these produc t ion costs. 

T h e P h o t o s y n t h e s i s Energy F a c t o r y 

Another al ternate source of energy, w h i c h also offers the addi t ional 

advantage of decreasing the env i ronmenta l impact associated w i t h the 

disposal of was tewate r and residues, is the concept of g row ing algae in 

shal low ponds. Algae ponds are open shal low ponds in w h i c h algae and 

bacterial populat ions symbiot ica l ly uti l ize sunl ight and nutr ients to produce 

cell mass. The earliest appl icat ion of the algae pond concept is the 

stabi l izat ion pond. Stabi l izat ion ponds have been used by small commun i t i es 

for years as a means of t reat ing domest ic wastewater . In const ruc t ion and 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ch

02
5



500 BIOMASS AS A NONFOSSIL FUEL SOURCE 

operat ion, these ponds are the essence of s impl ic i ty . The main requi rements 

are land and a favorable, sunny c l imate. Current ly, there is a t rend t o w a r d the 

use of algae ponds as f in ish ing ponds in in tegrated munic ipa l and waste 

t reatment . The ponds operate in series to " r e m o v e " both BOD and 

phosphorus by t y ing up these componen ts in cell mass. In an algae pond 

sys tem for recovery ing energy f rom var ious residues, the algae w o u l d be 

d igested anaerobical ly to y ie ld a methane-conta in ing gas, w h i c h w o u l d be 

processed into SNG. 

As long as 2 0 years ago. w o r k w a s under taken by Dr. W . J . Oswald and others 

at the Universi ty of Cal i fornia at Berkeley to develop a system ut i l iz ing the 

algae pond concept both to t reat was te (26-29) and to p roduce fuels (30.31). 

Indeed, microalgae were a m o n g the earl iest " fue l c rops " proposed, t h e 

technica l problems were essential ly concerned w i t h in tegrat ing the compo

nents and opt imiz ing thei r operat ion. The componen ts themselves — the 

algae pond , the digester, and the sed imenta t ion , separat ion, and f in ish ing 

stages — were already being used in was te t reatment . The w o r k over the last 

2 0 years has concent ra ted in three areas: (1) ident i fy ing and quan t i f y ing algal 

g r o w t h - l i m i t i n g factors (nutr ients, species character ist ics, and c l imato log ica l 

parameters) ; (2) max imiz ing gas produc t ion f rom anaerobic fe rmen ta t ion ; 

and (3) op t imiz ing the system w i t h respect to gas p roduc t ion , residue uptake, 

land ut i l izat ion, and cost-ef fect iveness. State-of- the-art reviews have been 

publ ished recent ly regarding the engineer ing aspects (32) of microalgae 

p roduc t ion and the potent ia l of microalgae as b ioconvers ion systems (33.34). 

Other publ icat ions have reported recent research on species cont ro l , algae 

harvest ing, and the potent ia l of b lue-green algae (35-39). 

Both the Energy Plantat ion and the algae pond can con t r ibu te to the solut ion 

of the popula t ion , resources and energy prob lems fac ing us. Recently, it 

became apparent tha t they cou ld perhaps better accompl ish these missions 

w h e n the t w o are in tegrated to fo rm one compos i te system, as s h o w n in 

Figure I. In short, each b ioconvers ion system produces a by-product that can 

be used to advantage by the other. The carbon content of sewage l imits the 

produc t ion of the algae pond , but carbon diox ide, a by-product of 

combus t ion of sol id Energy Plantat ion fuel (wh ich cur rent ly appears to be the 

best w a y of using p lant mat ter as fuel), can be suppl ied to the algae pond to 

increase its product iv i ty . The was te heat f rom the boiler can be used to 

cont ro l the temperature of the algae digester. The s ludge generated as a by

p roduc t of the algae pond provides a source of inorganic nut r ients and water 

for the Energy Plantat ion, w h i c h thus provides an ideal disposal site for the 

s ludge. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 501 

The Photosynthesis Energy Factory (PEF) is a synergist ic comb ina t ion of the 

dry- land Energy Plantat ion and the algae pond w h i c h can produce on a 

perpetual ly renewable basis, nonpo l lu t ing and tota l ly domest ic fuels f rom 

marginal ly useful land, solar energy, and var ious residues. Simul taneously , 

f rom di f ferent parts of the PEF, ch ipped solid fuel is produced, f rom w h i c h 

e lectr ic i ty is generated, and methane or SNG is recovered f rom waste C O 2 

and munic ipa l or industr ia l wastewater . Incidental economic benef i ts — 

w h i c h are s igni f icant — inc lude secondary or ter t iary t rea tment of munic ipa l 

and industr ia l ef f luents, and the comple te e l iminat ion of the need for a 

sanitary landfi l l for disposal of the resul tant s ludge. The PEF is not merely a 

combina t ion of convenience, but a t ru ly interact ive ut i l izat ion of materials 

and energy. 

Repeated appl icat ion of s ludge f rom the algae pond could result in a 

progressive accumula t ion of some tox ic e lements or ig inal ly present in the 

wastewaters fed to the pond. The rate of accumula t ion of the tox ic e lements 

w i l l depend on var ious si te-specif ic factors such as type of was tewate r 

(munic ipal was tewate r is m u c h less likely than industr ial was tewate r to 

conta in potent ia l ly tox ic elements), soil type, texture and pH. It has been 

est imated that in many areas of the Uni ted States, it w o u l d require 50 to 80 

years before the accumula t ion of tox ic e lements reached levels considered 

dangerous by the EPA for land devoted to food crop produc t ion (23). 

Exceeding these levels of tox ic e lements w o u l d e l iminate the possibi l i ty of 

using the land for food crops at a later date. 

In the d iagram of the PEF s h o w n in Figure I, the assumpt ion has been made 

that the w o o d y biomass is used as fuel for generat ing electr ic i ty. Biomass can 

of course be used as feedstock for other convers ion processes to produce a 

w i d e var iety of fuels or chemicals. However, d i rect combus t ion of w o o d y 

biomass is an accepted, commerc ia l techno logy, a l lowing compar ison w i t h 

al ternate methods of generat ing electr ic i ty, and the emphasis of the studies 

of the PEF was on deve lopment of the biomass product ion processes and 

their in tegrat ion rather than the study of biomass conversion. A n y other 

process for convers ion of w o o d y biomass cou ld be used in the PEF concept . 

D e s c r i p t i o n o f P r o j e c t s 

A n init ial project was undertaken to s tudy the concept of the PEF and its 

character ist ics and apparent benefi ts. The project was div ided into three 

parts or tasks. The object ive of one task was to analyze the concept of the 

PEF, w i t h part icular emphasis on the complementa ry and synergist ic aspects 

of the system. A second task was concerned w i t h the analysis and select ion 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 503 

of potent ia l sites. The final task was to develop prel iminary designs and 

associated cost est imates for potent ia l demonst ra t ion systems at the best 

sites. 

In the PEF, var ious streams of energy and materials f low between three major 

subsystems — the dry- land Energy Plantat ion, a wood- f i red power plant, and 

an algae product ion system. To analyze the resultant interact ions be tween 

the subsystems, a comprehens ive technoeconomic model was developed to 

descr ibe the PEF's per formance and cost. Models of the three subsystems 

were developed w i t h the aid of in format ion and data that were already 

avai lable as the result of previous studies. New data and new concepts were 

in t roduced into the models wherever possible. The Universi ty of Cali fornia at 

Berkeley suppl ied state-of- the-art data on algae pond per formance and costs. 

These subsystem models were engineer ing models developed in suf f ic ient 

detai l to represent the impor tan t variables and var iable-parameter interac

t ions in f luencing subsystem per formance and costs. Of the three subsystem 

models , the most comprehens ive and the most complex was the Energy 

Plantat ion model , w h i c h is a comple te design model . 

For the t w i n purposes of def in ing the appl icabi l i ty of the PEF concept and 

select ing the best site for a demonst ra t ion PEF project, data were gathered on 

the character ist ics of land, the avai labi l i ty of munic ipa l and industr ia l 

ef f luents and residues, and the supply and demand for energy at a w i d e 

var iety and number of potent ia l sites. A format was developed for handl ing 

th is data base, and a number of sui tabi l i ty indexes were def ined for 

evaluat ing the site data. Data were obta ined f rom a number of sources in the 

l i terature as wel l as f rom state energy off ices. As the result of this si te-

select ion procedure, a number of sites were chosen for analysis by means of 

the technoeconomic model . 

The model was then used to design a demonst ra t ion PEF system at each of 

the selected potent ia l sites. This prel iminary design i l lustrated for a specif ic 

site the benefi ts and the impact to be expected f rom a demonst ra t ion PEF 

project. Est imated costs were prov ided also for each demonst ra t ion PEF. 

Compar ing these pre l iminary designs and their costs was then done to show 

where and under w h a t condi t ions a PEF w o u l d be expected to be cost-

ef fect ive in recycl ing wastes and produc ing fuels f rom biomass w h i c h w o u l d 

be compet i t i ve w i t h present ly used fuels. The results of this init ial project 

have been publ ished (21). 

The analysis w h i c h was per formed in th is init ial project indicated that some 

interact ions be tween the PEF subsystems are general ly cost-ef fect ive wh i le 

others are probably si te-speci f ic or can be improved upon. From these init ial 
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504 BIOMASS AS A NONFOSSIL FUEL SOURCE 

results, it was conc luded that certain ref inements in the design of a PEF 

should be analyzed to give the PEF greater appl icabi l i ty as we l l as to improve 

its economics. Thus, it was decided to invest igate in more detai l certain 

aspects of the design and operat ion of the dry- land Energy Plantat ion 

subsystem. 

One possible in teract ion w i t h i n a PEF w h i c h w a s not considered in the ini t ial 

project is the con t r ibu t ion of wa te r f rom the was tewate r t rea tment 

subsystem to the dry- land Energy Plantat ion. One of the or iginal s igni f icant 

credi ts resul t ing f rom the we t lands biological was tewate r t rea tment 

subsystem can augment the avai lable natural rainfall or even supply the 

ent i re water requi rement of a PEF. Thus, it m igh t be possible to site a PEF in 

semi-ar id or arid locat ions to expand its appl icabi l i ty . 

The results f rom the init ial project ind icated that supp ly ing the necessary 

nut r ients to ma in ta in the p roduc t iv i t y of the land — part icular ly n i t rogen — 

was a s igni f icant cost i tem in the economics of p roduc ing w o o d y biomass. 

Because of the impor tance of nut r ients , it was dec ided tha t the nut r ient 

balance in the Energy Plantat ion model needed to be ref ined to predict the 

required a m o u n t of nut r ients more precisely. In part icular, because the leaves 

conta in a h igh percentage of n i t rogen compared to the w o o d , w o r k is being 

done to inc lude in the nutr ient balance the effect of nut r ient recycl ing via leaf 

fal l and a more precise accoun t ing of nut r ient leaching. 

Transpor ta t ion was another s ign i f icant cost i tem w h i c h appeared to have 

potent ia l for cost savings th rough a more detai led analysis of a l ternat ive 

system designs. Thus, a l ternat ive methods for handl ing and t ranspor t ing the 

w o o d y biomass are being analyzed, such as pneumat ic tube t ransport , ch ip 

bal ing, and al ternat ive methods for d ry ing the chips. In add i t ion , the 

t ranspor ta t ion system is being analyzed in greater detai l to see where cost 

savings m igh t be achieved th rough opt imizat ion. 

The init ial results f rom s tudy ing the PEF concept indicated that the most 

s igni f icant credi t resul t ing f rom the wet lands biological was te -wate r 

t rea tment subsystem was the was tewate r t rea tment credi t itself rather than 

the credi t for the value of the gas produced. Thus, it became of interest to 

look for bet ter w a y s of incorporat ing the was tewate r t rea tment func t ion 

w i t h i n the PEF than via an algae pond. One w a y tha t th is m igh t be done is to 

apply the was tewate r d i rect ly to the Energy Plantat ion. However, th is process 

has l imi tat ions, w i t h respect to both the part icular locat ion and local soil 

qual i ty , and the compos i t ion of the wastewater . W o r k is therefore being done 

to col lect the necessary data on technica l l imi ta t ions and EPA regulat ions 

and to develop a model for th is process. In addi t ion other wet lands biological 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 505 

species besides algae have been suggested for was tewater t r e a t m e n t and it 

was dec ided to invest igate the possible use of these other plants to per form 

th is func t ion . 

Finally, addi t ional work is being done in this second project to look for new 

and improved techno logy to inc lude in the power plant subsystem model . 

Add i t iona l potent ia l sites are also to be ident i f ied where the new modes of 

operat ing a PEF — e.g., w i t h i r r igat ion or di rect appl icat ion of was tewate r — 

w o u l d be appl icable. The new comple te PEF model w i l l then be used to 

compare the various modes of operat ion, and to determine the economic 

v iabi l i ty of PEF systems for sites d isp lay ing w ide ly di f ferent local c l imat ic and 

si te-specif ic constraints. 

The fo l low ing sect ions of this paper w i l l descr ibe the subsystem models 

w h i c h were developed in the init ial project to s tudy the PEF and present 

some of the overall results obta ined by s imula t ing the per formance of the 

ent i re PEF system. Add i t ions to the model w h i c h are being developed as the 

result of work in the second project w i l l also be descr ibed, and some results 

of the analysis of these improved aspects of PEF design and operat ion wi l l 

also be presented. 

T H E ENERGY P L A N T A T I O N S U B S Y S T E M 

D e s c r i p t i o n o f In i t i a l M o d e l 

In the PEF concept , the inputs to the Energy Plantat ion model are a 

descr ip t ion of the site being invest igated, suppl ied by the si te-select ion 

procedure, and the amounts of n i t rogen and phosphorus recycled to the 

plantat ion suppl ied by the algae pond model . The major ou tpu ts of the 

plantat ion model are the yearly amoun t of biomass produced and its cost 

(green chips) del ivered at the ut i l izat ion point . These i tems const i tu te the 

major inputs to the power plant model . M a n p o w e r and equ ipment 

requi rements ; species suggested for the p lan ta t ion ; and p lant ing, harvest ing, 

and operat ing schedules for the p lantat ion are secondary ou tpu ts of the 

plantat ion model . 

This p lantat ion model is an extension and general izat ion of work done in 

previous studies (40,41). The model includes a number of submodels w h i c h 

are discussed below. These submodels inc lude: (1) land resources. (2) data 

base on plants. (3) recycled inputs. (4) species select ion and character izat ion, 

(5) p lant g r o w t h model . (6) data base for f ield operat ions, (7) f ie ld operat ions, 

(8) data base for cost est imates, and (9) cost est imate for biomass produced. 
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506 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The land resources subrout ine is the major input to the model . The data 

generated th rough the si te-select ion procedure are organized in three 

categor ies: land descr ip t ion, land capabi l i ty , and land cost. The land avai lable 

for p lantat ion operat ions is character ized by the p lantat ion densi ty or rat io of 

the p lantat ion area to the to ta l geographic area encompass ing the p lanta t ion 

and by the average size of the parcels mak ing up the p lantat ion area. Both 

factors have been s h o w n to have a s ign i f icant ef fect on the cost of the 

biomass produced. (42) The p lantat ion area w o u l d inc lude the actual p lanted 

area plus necessary service roads and i r r igat ion lanes if war ran ted . The land 

qual i ty or abi l i ty to suppor t p lant g r o w t h is character ized in terms of the land 

classes used in the Nat ional Inventory of Soil and W a t e r Conservat ion Needs 

(43). 

A correlat ion was establ ished between exper imenta l y ie ld data (ODT/ac-yr) 

and land classes on w h i c h the data were generated (a linear relat ion was 

used, w h i c h had a correlat ion coef f ic ient > 0 . 7 5 ) . Land of Class III was 

assumed to have an index of 1. thereby a l low ing the produc t iv i t y of land of 

o ther classes to be est imated on the basis of relat ive p roduc t iv i t y indexes. 

These product iv i ty indexes were used to w e i g h t the exper imenta l y ie ld data 

f rom the l i terature to account for the di f ference in land produc t iv i t y be tween 

the land considered in the analysis of specif ic sites and the land on w h i c h the 

exper imenta l data were generated. This approach is somewha t s imi lar to the 

approach used by Marshal l and Tsang (22) to relate the relat ive value of the 

y ie lds expected f rom land of var ious classes submi t ted to comparab le 

cu l tura l pract ices, to land classes. The me thod proposed here to est imate 

yields at a g iven site on the basis of y ields measured at exper imenta l sites 

should be ref ined as more data become available. 

The data base on plants conta ins data descr ib ing the g r o w t h character ist ics 

of the species of interest for p lantat ion appl icat ions. Plant g r o w t h and yields 

on an Energy Plantat ion are predic ted by means of a model descr ib ing 

juveni le plant g r o w t h w h i c h was developed at In terTechnology/Solar 

Corporat ion (21). The model contains several parameters w h i c h are 

character ist ic of the species considered and are determined f rom exper imen

tal data. The data base conta ins the values of these character ist ic parameters 

w h i c h have been found for var ious species. The data base also lists the forest 

regions, and soil classes and subclasses in w h i c h each of the species is 

expected to grow. 

In the subrout ine descr ib ing the recycled inputs, the nut r ient value (Ν. Κ and 

P) of the ash and s ludge recycled f rom the boilers and digesters is es t imated 

and compared to the amounts required by the p lantat ion to main ta in 

sustained yields. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 507 

Species to be inc luded in a p lanta t ion are selected f rom the data bank on the 

basis of the forest group, land class, and subclass to w h i c h the p lantat ion 

land belongs. The character ist ic parameters of each species retained are then 

adjusted to take into account the di f ference in soil qual i ty be tween the 

plantat ion land and the land on w h i c h the exper imenta l data for each species 

were generated. 

In the plant g r o w t h subrout ine, average annual sustained yields are 

est imated for each species for var ious harvest ing cycles and p lant ing 

densit ies by means of the model descr ib ing juveni le plant g r o w t h . In most 

cases, the d iscrepancy be tween calculated values of these sustained yields 

and exper imenta l data is of the order of 5 to 10 percent of the exper imenta l 

data. This level of precision is sat isfactory as it is comparable to or smaller 

than the observed f luc tuat ions in yield due to yearly c l imat ic var iat ions. 

Signi f icant var iat ions in f ield data are observed, and the proposed model w i l l 

have to be revised or ref ined as more data become available. The y ie ld-cycle 

combina t ions generat ing amounts of biomass w i t h i n 5 or 10 percent of the 

m a x i m u m predic ted are retained for fur ther analysis. 

Field operat ions in an Energy Plantat ion inc lude harvest ing and ch ipp ing , 

cu l t i va t ion , fer t i l izat ion, c lone generat ion, replant ing of a f ract ion of the 

p lantat ion, and t ranspor ta t ion of the biomass to the point of ut i l izat ion. These 

operat ions are suppor ted by main tenance and admin is t ra t ive teams. For each 

of the y ie ld-cycle combina t ions of interest, th is subrout ine establ ishes the 

inventory of the equ ipment , personnel , and suppl ies required to mainta in the 

operat ion. 

In the cost -est imat ing subrout ine, the cost of biomass del ivered in the fo rm of 

chips at point of use is est imated on the basis of the ut i l i ty (11 .1% average 

return, income tax paid on equ i ty return) and munic ipa l (6.375% return, no 

income tax) methods of f inanc ing. The resul tant ou tpu t of the subrout ine 

shows the various componen ts of the overall cost of biomass for both 

methods of f inanc ing. Table II shows the economic analysis for a part icular 

site and a breakdown of the capi ta l and operat ing costs involved in the 

Energy Plantat ion subsystem of a PEF. The depreciable investment includes 

the capi ta l cost of p lantat ion instal lat ion (land clearing) and star tup (plant ing 

stock). Fol lowing this analysis, the major componen t of the total revenue is 

the cost of n i t rogen fertil izer. The con t r ibu t ion of ferti l izers to the cost of 

biomass product ion has been noted by other invest igators (44). As a result, 

m u c h emphasis has been g iven to the prob lem of nutr ient requi rements in 

the expanded version of the PEF model (see below). The f inal cost data used 

to character ize the potent ia l of a site for biomass product ion were averages of 

the data for each of the species considered for the site. This approach was 

adopted as Energy Plantat ions are assumed to include a mix of species. 
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508 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e I I . C O S T A N A L Y S I S FOR N A T C H I T O C H E S , L A , SITE 

36,000 acres of p lantat ion 

Hybr id Poplar NE 3 8 8 

4 f t 2 / t r e e , harvest every 2 years 

8.52 ODT/ac-yr 

Mun ic ipa l f inanc ing 

A n n u a l 

E q u i v a l e n t P e r c e n t o f 

C o s t , $ * T o t a l R e v e n u e 

Depreciable Investment 938 .700 16.7 

Nondepreciable Investment 49 .300 0.9 

Federal Income Tax 0 0.0 

Annua l Operat ing Costs 

Fuels 140,100 2.5 

Land Rental 1.113.100 19.7 

Total Labor 972 ,200 17.3 

Admin is t ra t i ve & Overhead 194,400 3.5 

Suppl ies — Ni t rogen 1,365.000 24.2 

Phosphorus 43 ,000 0.8 

Potassium 361 .100 6.4 

L ime 8.900 0.2 

Others 81 .200 1.6 

Main tenance and Repair 322 .600 5.7 

Local Taxes & Insurance 39,600 0.7 

Total Revenue Required 5,629.200 

Product Cost (Delivered in the fo rm of green chips) 

$ /ODT 17.71 

$ / 1 0 6 B t u 1.03 

* 1977 dollars. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 509 

Fifteen sites were ident i f ied for fur ther analysis of the PEF concept . The 

select ion cr i ter ia inc luded resource avai labi l i ty ( land, wastewater , labor, 

c l imate) and market for the PEF products and services (electr ici ty, natural gas, 

s team, need for waste t reatment , and jobs). The 15 selected sites were 

analyzed w i t h the p lantat ion model . Species inc luded hybr id (Populus spp.). 

Eastern c o t t o n w o o d (P. deltoïdes), plains c o t t o n w o o d (P. sargentii), silver 

maple (Acer saccharinum). Amer ican sycamore (Plantanus occidentalis) 

(southern and mid la t i tude sites), and Eucalyptus (Florida sites only). Proposed 

p lant ing densit ies were general ly be tween 4 and 12 f t 2 / t r e e w i t h harvests 

(first and coppice) of 4 ODT/ac-yr (Maysvi l le, KY) to about 9 ODT/ac-yr 

(Bemidj i . MN). Dif ferences in cost of biomass were related to a number of 

factors, inc lud ing the investment , land rental , t ranspor ta t ion costs, and 

a m o u n t of nutr ients recycled to the p lantat ion. The cost of biomass at the 15 

potent ia l sites ranged f rom $16.90 to $23.59 per oven-dry ton (munic ipal 

f inancing) . These costs are comparable to those est imated on the basis of 

other tree farm designs for similar locat ions. 

N u t r i e n t Ba lance 

The nut r ient balance model predicts the amoun t of inorganic ferti l izer 

required to mainta in site fert i l i ty , and thus product iv i ty , of the p lantat ion. 

Fertilizer appl icat ion is needed because of the shorter rotat ions and the more 

comple te removal of biomass f rom the site that occurs w i t h this type of 

management as compared to convent iona l forestry. A l t h o u g h the soil 

nut r ient pool at any given site is an u n k n o w n , main tenance of site fer t i l i ty is 

assumed to be possible by replacing the amoun t of nutr ients removed in the 

harvested biomass plus an addi t ional amoun t for leaching and deni t r i f icat ion 

losses. 

The model treats the soil nutr ient pool as the system of interest, the upper 

boundary inc lud ing any surface organic horizons that may be present, the 

lower boundary being the under ly ing bedrock, and the laterial boundar ies 

ex tend ing to the boundar ies of the site. Inputs to the system include the 

appl icat ion of inorganic ferti l izer, return of ash material f rom the power plant 

componen t of the PEF, appl icat ion of s ludge f rom the algae pond, n i t rogen 

f ixat ion by cover crops or in terp lanted w o o d y n i t rogen- f ix ing species, and the 

recycl ing of leaf mater ial not removed in the harvested biomass. Outputs 

f rom the system inc lude the g r o w t h of w o o d and leaf mater ia l , leaching and 

erosion losses, and deni t r i f icat ion losses for soil n i t rogen. A l t h o u g h inputs 

f rom atmospher ic sources and the weather ing of bedrock are operat ive and 

can be impor tant over long periods of t ime (45-47), they are not inc luded in 

the model because the magn i tude of their con t r ibu t ion over the short 
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510 BIOMASS AS A NONFOSSIL FUEL SOURCE 

durat ion of the rotat ions used in this type of management is assumed to be 

smal l in compar ison to the other inputs. 

In the or ig inal nut r ient balance m o d e l the annual fert i l izer requi rement was 

calcu lated on the basis of replacing the nutr ients removed in the biomass 

harvested less nut r ient credi ts obta ined f rom recycl ing the s ludge f rom the 

algae pond and the ash f rom the boiler to the Energy Plantat ion. Credits were 

taken only for n i t rogen and phosphorus in the s ludge and ca lc ium in the ash. 

A l l owance was made for loss of nut r ients by leaching, and appl ica t ion of 

fert i l izer was assumed to occur only once per rotat ion. 

The nutr ients present in the biomass harvested were calcu lated on the basis 

of tables developed f rom data on (1) b iomass d is t r ibu t ion in leaves, s tems, 

and branches of y o u n g trees as a func t ion of age, and (2) the nut r ient 

compos i t ion of leaves, s tems, and branches for y o u n g trees. The data base 

used for (1) above w a s generated in shor t - ro ta t ion f ield tr ials of Amer ican 

sycamore (Platanus occidentalis) (48), and tha t used for (2) above consisted 

of averages of analyses per formed on a number of o lder -g rowth ha rdwood 

species (49). It should be noted that there are a number of d i f f i c u l t i e s 

inherent in the use of t issue analyses for pred ic t ion of fert i l izer requi rements 

(50,51). just as there are d i f f icu l t ies and l imi ta t ions involved w i t h the use of 

soil analyses (ΕΠ .52). The relat ive d is t r ibut ion of b iomass into s tem, branch 

and leaf componen ts w i l l vary w i t h the species involved, the age of the tree 

(rotat ion length) , and the dens i ty (number of trees per uni t area) of the 

p lantat ion. The chemica l compos i t ion of the indiv idual componen ts w i l l also 

vary w i t h species, age, site fer t i l i ty , and the t i m e of year of sampl ing (e.g., 

seasonal f lux of Ν and Ρ f rom leaves to tw igs) (50). These di f ferences are even 

mani fested w i t h i n the indiv idual b iomass componen ts . The variables used in 

the model are general design variables that can be easily modi f ied to obta in 

better predict ive results ei ther w i t h new data f rom f ield tr ials or si te-specif ic 

in format ion for a part icular management des ign. 

Several other general character is t ics of the model should be ment ioned. First, 

the model predicts fert i l izer requi rements for the p lantat ion once steady-state 

condi t ions have been at ta ined. Steady-state is def ined as tha t point at w h i c h 

the management schedule 's cyc l ic operat ion results in the decompos i t ion 

(mineralization) of the organic inputs f rom previous years in an a m o u n t equal 

to the organic inputs for one year; th is is equiva lent to saying tha t all of the 

annual inputs are decomposed in one year, mean ing tha t the nutr ients 

conta ined in the organic mat te r become avai lable for uptake by the plant in 

g r o w t h or loss in leaching. Annua l inputs thus equal annual ou tputs . 
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25. FRASER ET AL. Photosynthesis Energy Factory 511 

The rate of b reakdown of organic mater ial in natural stands is dependent 

upon env i ronmenta l cond i t ions and the chemica l nature of the substrate 

being decomposed. Li t ter half l ives are in the range of one to a few years for 

temperate dec iduous forests as a w h o l e (53). Temperature and moisture have 

been found to be the most impor tant env i ronmenta l parameters and the 

carbon/n i t rogen (C/N) ratio and l ignin conten t the most impor tant chemical 

parameters (54,55). The rate of decompos i t ion is a lmost a lways l imi ted by 

temperature , mois ture, or nut r ient def ic iencies. The decompos i t ion rate 

should be expected to increase under management schemes w h i c h inc lude 

irr igat ion and fer t i l izat ion, prov ided tempera ture is not l imi t ing. 

From the star t -up operat ions of p lantat ion establ ishment to the a t ta inment of 

steady state, t rans i t ion condi t ions prevail w i t h respect to nutr ients. In this 

case, the amoun t of organic mater ia l decomposed w i l l not be equal to the 

annual organic inputs. Transi t ion-per iod fert i l izer requi rements are est imated 

in con junc t ion w i t h s tar t -up operat ion requi rements and costs. They w i l l be 

larger than steady-state requi rements since ful l credi t for the organic inputs 

cannot be taken each year. 

Second, the model does not predic t the g r o w t h response to fert i l izat ion above 

levels required to compensate for nutr ients removed in the harvested 

mater ial . The parameters for w o o d and leaf g r o w t h are current ly put into the 

nut r ient balance model f rom the g r o w t h model as independent parameters. 

Growth is only indi rect ly related to the nut r ient balance th rough the use of 

land class produc t iv i t y data in the g r o w t h model for the predic t ion of biomass 

product ion . A n y fert i l izat ion necessary to raise the fert i l i ty of the site to a 

level required to sustain a desired amoun t of p roduct iv i ty w o u l d be inc luded 

in the t ransi t ion per iod costs. The necessary detai led data required to 

est imate o p t i m u m fert i l izer schemes are not present ly available. 

The nut r ient balance model calculates the ferti l izer requirements for t w o 

separate management designs, appl icat ion of fert i l izer yearly and appl icat ion 

on a once-per- rotat ion basis. For the yearly appl icat ion design, the model 

predicts the fert i l izer requi rement for the ent i re p lantat ion using s imple 

leaching losses. The yearly appl icat ion design corresponds to p lantat ion 

management invo lv ing the use of i r r igat ion, the ferti l izer being appl ied in 

con junc t ion w i t h i r r igat ion water. 

For cases where i r r igat ion w i l l not be used, appl icat ion of fert i l izer w i l l occur 

once per rotat ion. This is envis ioned to occur after harvest w h e n the site w i l l 

be most easily accessible. This design predicts the ferti l izer requi rement for 

only that por t ion of the p lantat ion being harvested in a given year. Fertilizer 

requi rements are f irst es t imated based upon biomass g r o w t h only and then 
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512 BIOMASS AS A NONFOSSIL FUEL SOURCE 

are put into equat ions conta in ing the other variables simi lar to those used for 

the yearly appl icat ion design. These equat ions conta in an addi t ional 

parameter that determines the amoun t of nut r ients taken up each year in 

g r o w t h as we l l as the amoun t left over and subject to leaching and uptake in 

subsequent years of the rotat ion. The equat ions are solved by an i terat ive 

a lgor i thm. Leaching losses are ca lcu lated as c o m p o u n d losses due to the 

longer period be tween appl icat ions and are w e i g h t e d for the di f ferent 

rotat ion lengths for f irst versus copp ice g r o w t h cycles. Thus, both the 

leaching values themselves and the length of the rotat ion w i l l have a 

s igni f icant ef fect on the pred ic ted fert i l izer requi rements w h e n appl icat ion is 

on a once-per- rotat ion basis. 

In the mode l , the a m o u n t of n i t rogen fert i l izer required yearly is the a m o u n t 

required for g r o w t h (both leaf and w o o d g r o w t h — obta ined f rom the g r o w t h 

model) minus the amoun t suppl ied by s ludge f rom the algae pond, the leaf 

recycle (calculated in the g r o w t h model as the di f ference between the leaf 

mater ia l p roduced and tha t harvested), and n i t rogen f ixat ion. There is no ash 

parameter in the ni t rogen equat ion because the ni t rogen present in the 

biomass is volat i l ized dur ing the combus t ion process occur r ing at the power 

plant. The other nutr ients of interest, however , remain in the ash. so tha t th is 

parameter is inc luded in all equat ions other than those for n i t rogen. The 

n i t rogen f ixat ion te rm in the ni t rogen equat ion accounts for a tmospher ic 

n i t rogen biological ly f ixed by cover crops or in terp lanted w o o d y species 

capable of f ix ing n i t rogen ( legume or ac t inomycete -nodu la ted species) (56-

59). The model a l lows th is n i t rogen f ixat ion input on ly for that por t ion of the 

p lantat ion not harvested dur ing the g r o w i n g season, as energy der ived f rom 

photosynthes is must be suppl ied to dr ive the chemica l react ions involved. 

The organic inputs in the nutr ient balance equat ions are mul t ip l ied by 

organic leaching factors and the inorganic inputs are mul t ip l ied by inorganic 

leaching factors wh i l e the ni t rogen f ixat ion input parameter has no 

associated leaching te rm. Ni t rogen f ixat ion is assumed to be a slow, steady 

input to the system more closely t imed to the g r o w t h requi rements of the 

plants and therefore less likely to be subjected to leaching losses. 

The leaching factor parameters represent the other o u t p u t f rom the system 

besides g r o w t h . In the case of n i t rogen, the leaching parameters inc lude 

losses due to deni t r i f icat ion. In the equat ions for yearly appl icat ions, leaching 

is descr ibed as s imple leaching losses. For the case of appl icat ion once per 

ro tat ion, c o m p o u n d leaching is used. The actual values of the leaching 

parameters w i l l depend upon such si te-speci f ic factors as c l imate, soil 

tex ture and cat ion exchange capaci ty (CEC). the presence or absence of 

vegetat ive cover for uptake of water and nutr ients (47.53,60). and the method 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 513 

of fert i l izer appl icat ion (banded versus broadcast). For the model , three sets of 

values were subject ive ly chosen to represent low, m e d i u m , and high leaching 

losses. These values were chosen after rev iewing the l i terature for ranges of 

general yet representat ive numbers (53,61-64). It should be noted, however, 

that actual values w i l l be highly si te-specif ic. Leaching values are entered as 

fract ions, so that the quant i t y (1- leaching value) represents the amoun t 

avai lable for g r o w t h after leaching. Inorganic leaching values are s l ight ly 

higher than organic values because it is assumed inorganic inputs are 

immediate ly available for g r o w t h or leaching. Dif ferent values are also used 

for each nut r ient ; for example, the inorganic leaching value for Κ is larger 

than that for Ca since Κ is a more mobi le ion. 

For the yearly fert i l izer appl icat ion design, s ludge and ash inputs are also 

assumed to occur yearly, and credi ts for leaf recycl ing and ni t rogen f ixat ion 

are taken on an annual basis. W h e n ferti l izer is appl ied once per rotat ion, 

s ludge and ash are assumed to be appl ied on a once-per- rotat ion basis. 

However, leaf recycl ing occurs every year, so that annual credi ts for th is input 

and for n i t rogen f ixat ion are taken for both appl icat ion designs. 

Prel iminary sensi t iv i ty analyses were per formed to determine the impor tance 

of each of the variables in the equat ions. These analyses were run for a base-

case design for a p lantat ion in the Southern Uni ted States. The design 

variables for this case inc luded: (1) 28,500 acres of p lan ta t ion ; (2) f irst and 

coppice g r o w t h cycles of 2 and 4 years, respect ively; (3) 5 coppice g rowths 

prior to rep lant ing; (4) a 1.8-mil l ion-gal lon-per-day (MGD) was tewate r 

t rea tment faci l i ty for the algae pond and the s ludge credi t input ; (5) 180 days 

in the g row ing season; and (6) average product iv i ty of 8.2 oven-dry tons of 

biomass (wood and leaf) per acre-year, or tota l p roduct ion of 233 ,700 

ODT/year. 

Table III lists the results of these tests. The ranges shown reflect values 

generated over all three sets of leaching rates. It can be seen that recycl ing of 

leaf mater ia l , that is, restr ic t ing harvest ing to the dormant season, w i l l reduce 

the fert i l izer requi rement by 8-16% for Ν and P. As the number of days in the 

harvest ing season increases, more leaf mater ial is removed f rom the site and 

less is recycled, increasing the requi rement of inorganic fertil izer. These 

results agree fair ly we l l w i t h publ ished values of 15-30% savings in fert i l izer 

requi rements resul t ing f rom harvest ing only in the dormant season (65). 

Sludge cont r ibutes a smaller amoun t to the overall balance, about 2-4% of 

the Ν and Ρ ferti l izer requirements, and appears to be more impor tant for Ρ 

than N. The largest savings, however, result f rom the ash and ni t rogen 

f ixat ion inputs. Depending upon the level of return of ash to the p lantat ion, 

f rom 9-77% of the Ρ ferti l izer requi rement can be replaced by recycl ing of ash 

mater ia l . 
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514 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Nit rogen f ixat ion cont r ibutes s igni f icant savings to the n i t rogen ferti l izer 

requirements. From one- th i rd to three- four ths of the Ν fert i l izer requi rement 

can be suppl ied by th is input . Since or ig inal PEF system per formance 

analyses indicated that n i t rogen ferti l izer costs cont r ibu te be tween 2 0 - 2 5 % 

of the tota l cost of the biomass produced, these savings represent a 

s ign i f icant decrease in the cost of p roduc t ion . The levels of n i t rogen accret ion 

f rom f ixat ion used in Table III are readily at ta inable under mixed p lant ing 

management (66). It should be noted that some decrease in overal l 

p roduct iv i ty can be expected because of the energy needed for f i xa t ion ; th is 

has been est imated as a 12-15% decrease (67). 

W a t e r Ba lance a n d I r r i g a t i o n 

Even in areas of the Uni ted States where natural rainfal l is suf f ic ient for 

ha rdwood g r o w t h (25 inches or more), periods of water stress may occur 

dur ing the g r o w i n g season (68.69). Lack of adequate moisture may have 

disastrous consequences on the survival and estab l ishment of c lones or 

seedl ings. It has also been s h o w n that y ie lds of ha rdwood p lantat ions can be 

increased by reduc ing wa te r stress dur ing the g r o w i n g season. A n i r r igat ion 

subrout ine has therefore been inc luded in the PEF model to evaluate the cost-

ef fect iveness of i r r igat ion for si te-specif ic condi t ions. 

Irr igat ion requi rements for a site are de termined t h r o u g h a m o n t h - b y - m o n t h 

balance analysis. The Blaney-Criddle me thod as adapted by the Soil 

Conservat ion Service (70) is used in th is analysis. The me t hod first 

determines the wa te r consumpt i ve needs of dec iduous p lantat ions for local 

c l imat ic condi t ions. The i rr igat ion requi rements are then est imated by 

compar ing these needs to ef fect ive water inputs f rom rainfal l . The mon th ly 

i r r igat ion requi rements are inputs to the i r r igat ion subrout ine. The peak 

mon th l y requi rement is used to de termine the peak capac i ty and capi ta l cost 

of the i r r igat ion system. It is assumed tha t the i r r igat ion required dur ing the 

m o n t h of h ighest demand wi l l be suppl ied th rough four weekly appl icat ions. 

The operat ion costs are est imated on the basis of the total i r r igat ion needs for 

the g r o w i n g season. Sel f-propel led t ravel ing sprinklers fed by underground 

mains are assumed in the model . This system was chosen because it has 

been extensively used for was tewate r appl icat ion (23). Tr ick le-dr ip systems 

are more energy eff ic ient, but their use w i t h was tewaters has resulted in 

c logg ing due to algae g r o w t h and therefore may require f lush ing w i t h fresh 

wa te r (7Yl. W a t e r can be suppl ied f rom wel ls , river or lake water , or ef f fuents 

f rom a was tewate r t rea tment plant. The response of the p lantat ion is 

descr ibed by a relat ion of the fo rm y = ax + b where y = y ie ld, χ = number of 

g r o w t h days w i t h suf f ic ient moisture, and a and b = constants. The use of 
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25. FRASER ET AL. Photosynthesis Energy Factory 515 

T a b l e I I I . PERCENT S A V I N G S OF FERTILIZER R E Q U I R E M E N T S 

A T T R I B U T A B L E T O V A R I O U S I N P U T P A R A M E T E R S " 

A p p l i c a t i o n D e s i g n Y e a r l y R o t a t i o n 

N u t r i e n t Ν Ρ Ν Ρ 

I n p u t P a r a m e t e r % % % % 
Leaf Recycle 8-13 12-15 14-16 14-15 

Sludge 2-4 4-6 < 1 - 2 2-5 

A s h b — 18-24 — 2-5 

A s h c — 36-48 — 19-43 

A s h d — 57-77 — 30-68 

Ni t rogen F ixa t ion 6 33-36 — 36-41 — 
Nit rogen F ixat ion ' 65 -72 — 7 0 - 7 4 — 

3 These savings represent the di f ference be tween calculat ion of the fert i l izer 

requi rements w i t h fert i l izer as the only input and w i t h fert i l izer and each 

parameter as inputs ba lanc ing g r o w t h and leaching. Values were ca lcu

lated as the di f ference in fert i l izer requ i rements / requ i rement w i t h fert i l izer 

as only input χ 100. 
b Assumes an ash return of 25%. 
c Assumes an ash return of 5 0 % 
d Assumes an ash return of 80%. 
e Assumes an accret ion rate of 4 0 lb /ac-yr of Ν in the soil. 
f Assumes an accret ion rate of 8 0 lb /ac-yr of Ν in the soil. 
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516 BIOMASS AS A NONFOSSIL FUEL SOURCE 

th is relat ion is suggested by the w o r k of Zahner (72). No data on the impact of 

i r r igat ion on biomass produc t ion cost has been generated so far. 

D i r e c t A p p l i c a t i o n o f W a s t e w a t e r 

Direct appl icat ion of mun ic ipa l was tewate r or s ludge to the Energy Plantat ion 

is one of the synergisms considered in the PEF concept . Specif ic prob lems 

mus t be dealt w i t h w h e n using land appl icat ion as a m e t h o d of disposal of 

wastes. State regulat ions and guidel ines general ly require secondary 

t rea tment before land appl ica t ion (30 m g / / B O D 5 and suspended solids and 

no more than 2 0 0 fecal co l i fo rm organisms per 100 ml) (73). The qua l i ty of 

surface and g roundwate r must also be preserved. This requi rement imposes a 

l imi t on the a m o u n t of was tewate r or s ludge w h i c h can safely be appl ied to 

the land and therefore on the potent ia l benef i ts resul t ing f rom was tewate r 

appl icat ion to the p lantat ion. Some states also impose l imi ts on the slope of 

the land on w h i c h wastes are appl ied. This regulat ion cou ld reduce the 

a m o u n t of land avai lable for Energy Plantat ion use. 

To be fu l ly ef fect ive, was tewate r appl icat ion on the p lantat ion should take 

place dur ing the g r o w i n g season w h e n i r r igat ion is needed. Substant ia l 

seasonal was tewate r storage capaci ty is therefore required. Ano the r 

impor tan t considerat ion is the relat ionship be tween t ranspor ta t ion costs of 

the wastes to the p lantat ion and the cost of the land. Transpor ta t ion costs for 

wastes increase rapidly w i t h d is tance f rom the point of generat ion (the urban 

center) w h i l e land cost decreases sharply as the distance f rom the c i ty 

increases. A n o p t i m u m locat ion resul t ing in the m i n i m u m comb ined costs of 

land and t ranspor ta t ion must therefore be chosen for the PEF (23). 

A subrout ine was developed to analyze the cost-ef fect iveness of wastes 

ut i l izat ion on the p lantat ion. The irr igat ion needs are determined as descr ibed 

before. If i r r igat ion is suppl ied by wastewater , the amoun t of n i t rogen 

percolat ing cannot exceed EPA l imits, or (NW) + D + 2.7 W p C p where 

N W = n i t rogen appl ied th rough wastewater , U — n i t rogen uptake by plants. 

D — deni t r i f i ca t ion. W p — percolat ing wa te r and C p - percolate n i t rogen -= 

10 m g / f . 

Such a n i t rogen balance is per formed for each site using median values for 

the componen ts of the wastes (solids, nut r ients , heavy metals) as suggested 

by Sommers (74). The me thod descr ibed by Lof ty (75), w h i c h takes in to 

account the residual n i t rogen avai lable f rom previous was te appl icat ions, is 

used to determine the n i t rogen p lant uptake. If n i t rogen percolat ion exceeds 

the EPA l imits, the rate of appl icat ion of was tewaters must be reduced 

accord ing ly , thereby l imi t ing the usefulness of wastes as a source of 
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25. FRASER ET AL. Photosynthesis Energy Factory 517 

nutr ients and i rr igat ion water . A qual i ta t ive analysis indicated that sites such 

as Phoenix, Ar izona, hav ing h igh i r r igat ion requi rements, cou ld not rely on 

was tewate r only to supply wa te r needs. 

Total appl icat ion of heavy metals th rough s ludge or was tewate r appl icat ion 

cannot exceed the EPA l imi ts if the p lantat ion land is ever to be conver ted 

back to fa rming. A t rates of appl icat ion envis ioned for most sites considered 

in the analysis, the potent ia l l i fet ime of the p lantat ion before EPA l imi ts are 

reached w i l l be f rom 50 to 8 0 years (23). A f ter that per iod, the land w o u l d sti l l 

qual i fy for fa rming. 

The model for i rr igat ion w i t h was tewate r compr ises the same elements as the 

or iginal i r r igat ion model but includes also t ranspor ta t ion of was tewate r by 

pipel ine and storage in ponds. Pretreatment of the wastes before appl icat ion 

is assumed to be per formed by the munic ipa l i ty . The PEF is credi ted for the 

disposal of the wastes after t reatment . 

B i o m a s s T r a n s p o r t a t i o n a n d H a n d l i n g 

A major i ty of the energy and monetary operat ing expenses for managed tree 

stands has been devoted to biomass handl ing. One s tudy done at the College 

of Agr icu l tu re , Penn State Universi ty (76) and another s tudy done by MITRE 

(20) have put the energy requi rements for harvest ing, ch ipp ing , t ranspor t ing 

and dry ing be tween 70 and 8 0 percent of the tota l energy requirements, 

exc lud ing energy convers ion losses. MITRE's s tudy and a th i rd s tudy done at 

the College of Forestry, Universi ty of Minnesota (24), est imate the dol lar cost 

of these operat ions to be f rom about 12 to 5 0 % of the total operat ing cost, not 

inc lud ing power generat ion equ ipment . 

The Energy Plantat ions under considerat ion are based on hardwood trees 

w i t h rotat ions of 2 to 4 years. O p t i m u m plantat ion sizes used in analysis are 

based on system economics and the interact ion be tween biological g r o w t h 

factors and convers ion faci l i ty per formance. The p lantat ions consist of smal l 

indiv idual parcels f rom 100 to 2 0 0 0 acres, averaging 300 acres and 

comb in ing to total 24 ,000 to 36,000 acres. The total p lantat ion area is 

be tween 10 and 60 percent of the geographic area in w h i c h the plantat ions 

are located. Geographic areas vary f rom 58,000 to 277,000 acres. Average 

sustained yields on the plantat ions are predic ted to be between 5.6 and 9.0 

ODT/ac-yr averaging 6.7 ODT/ac-yr and to ta l ing 145,000 to 270 ,000 

ODT/year. 

A var iety of tree species are under considerat ion. In the green state, their 

densit ies range f rom 38-52 l b / f t 3 wh i le moisture content ranges f rom 33 to 
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518 BIOMASS AS A NONFOSSIL FUEL SOURCE 

5 3 % on a green basis. The young trees that are harvested are expected to be 

2-5 inches in d iameter, w i t h average densi t ies of around 5 0 l b / f t 3 and an 

average mois ture con ten t of 4 5 % on a green basis. Due to the smal l tree 

d iameters, harvest ing w i t h pro to type chipper-harvesters is bel ieved to be 

more economic than convent iona l fe l ler -buncher and skidder techniques. The 

resul t ing who le- t ree ha rdwood chips are expected to average 2 5 l b / f t 3 of 

woodch ips . 

The or iginal t ranspor ta t ion and handl ing system envis ioned for Energy 

Plantat ions made use of semi t ractor trai ler t rucks and a smaller haul ing uni t 

consis t ing of fa rm t r a c t o r / d u m p w a g o n combina t ions . The smal l haul ing uni ts 

(SHU) receive f reshly cu t w o o d c h i p s d i rect ly f rom harvesters and deposi t 

these at the edge of the parcels. The ch ips are then loaded into t rucks w i t h 

h ighl i f ts and t ranspor ted to the w o o d - b u r n i n g power convers ion faci l i t ies 

located in the center of the geographic area. The t rucks are empt ied w i t h 

dumpers into hoppers. The ch ips are dr ied in rotary driers using f lue gas f rom 

the power plant and b l o w n into fuel reserve piles w i t h pneumat ic pile 

bui lders. The ch ips are retr ieved f rom these storage piles (wh ich w i l l conta in 

as m u c h as 9 0 days w o r t h of fuel) and burned as needed. 

Field pile d ry ing , w o o d c h i p bal ing, and pneumat ic tube t ranspor ta t ion have 

been considered as al ternate steps in the system and have been e l iminated. 

Storage of ch ips in piles is k n o w n to generate heat spontaneously w i t h i n the 

piles. Previous studies w i t h bark and green so f twood chips have s h o w n only 

minor reduct ion in pi le mois ture con ten t (77-80). Green who le- t ree ha rdwood 

ch ip piles found on the Energy Plantat ion have a h igher concent ra t ion of 

l iv ing w o o d cells per uni t vo lume and more microorgan isms and mis

cel laneous chemicals due to the presence of bark. Consider ing these 

c i rcumstances in v iew of the three basic mechan isms responsible for the 

spontaneous generat ion of heat in w o o d c h i p piles (81J, h igher temperatures 

w i l l probably be generated and the ch ips may dry, a l though they may also 

undergo increased deter iorat ion. Drier ch ips w o u l d decrease t ranspor ta t ion 

costs and increase the ef f ic iency of the convers ion faci l i ty. However, no data 

appear to be avai lable to suppor t or refute this speculat ion. 

Pile d ry ing has therefore been e l iminated due to a lack of demonst ra ted 

benef i ts. W o o d c h i p bal ing w a s considered as a means of mois ture, 

vo lumet r ic , and w e i g h t reduct ion as a means of reduc ing t ranspor ta t ion cost 

and storage requi rements wh i l e increasing convers ion ef f ic iency. The h igh 

cost of bal ing cannot be just i f ied by the benef i ts for t ravel ing d istances 

foreseen on Energy Plantat ions. 
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25. FRASER ET AL. Photosynthesis Energy Factory 519 

Transpor tat ion of ch ips w i t h pneumat ic tubes was considered as a more 

economica l and energy-ef f ic ient a l ternat ive to t ruck t ranspor tat ion. Since 

w o o d c h i p s on Energy Plantat ions are scat tered over a large geographic area, 

the cost of gather ing the mater ia l to the m o u t h of the tube makes the tube 

system more expensive in te rms of money and energy w h e n compared w i t h 

the t ruck system. 

Other modi f ica t ions to the base case have been found to be economica l ly 

at t ract ive and are incorporated into the compu te r program used to model the 

system. The revised sys tem makes use of the SHU outs ide of the parcels 

w h e n the parcel is relat ively close to the power convers ion faci l i t ies. In these 

cases, it is less expensive to use the SHU to t ransport the chips d i rect ly to the 

power plant rather than to unload the SHU at the parcel and reload the chips 

into t rucks for t ranspor ta t ion to the power plant. Outs ide this central area 

sur round ing the plant, the or ig inal system is mainta ined. 

The compute r model developed for th is system has been used to determine 

the size of the central area, the cost for t ranspor t ing the mater ia l , and the 

machinery and labor requirements. As no specif ic site has been selected for 

demonst ra t ion , the analysis has been done using average values; however, 

all in format ion (physical p lantat ion character is t ics; rate of return on money ; 

machinery , labor, and supp ly costs ; e q u i p m e n t operat ing character is t ics, 

etc.) is input as a var iable and can be changed by al ter ing the in format ion 

data bank. Machinery and labor ineff ic iencies are taken into account in a 

simi lar fashion. 

The fo l low ing in format ion has been used to obta in the results discussed later. 

Plantat ions are assumed to be square w i t h parcel sizes of 3 0 0 acres un i fo rmly 

d is t r ibuted th roughou t the geographic area. Roads are assumed to exist in a 

N-S, E-W gr id and main ta ined w i t h road taxes paid for each t ruck rather than 

separate roads bui l t by p lantat ion owners . Mach inery costs are based on 

1978 prices, operat ing labor is set at $11 -12 /h r , diesel fuel at $1.00/ga l lon 

and the rate of return on investment used to calculate annual equivalents is 

just above 1 1 % . No overhead supervision or profit is included. Plantat ion land 

area used in th is analysis ranges f rom 3,750 to 36.000 acres. Product iv i ty 

(ODT/ac-yr) and p lantat ion densi ty have been varied to cover the range of 

values represented by the p lantat ions under considerat ion. 

Equ ipment requi rements are: 1 to 7 SHU, 1 to 8 t ractors and trai lers, a single 

h ighl i f t , and 2 or 3 dumpers and hoppers at the power plant. The m a x i m u m 

t ravel ing d istance f rom the power plant at w h i c h it is more economica l to use 

SHU only ranges f rom 1.6 to 6.0 miles and in the major i ty of the cases, 2 to 4 

miles. 
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520 BIOMASS AS A NONFOSSIL FUEL SOURCE 

The average t ravel ing d istance f rom the g r o w i n g sites to the convers ion 

faci l i t ies is be tween 7 to 20 miles. By vary ing the ratio of SHU to the larger 

uni ts, the average cost per ODT can be main ta ined at $2.25 to $3.50 per ODT. 

W h e n the geographic area of the p lantat ion is less than 25 .000 acres and the 

y ie ld is less than 75 .000 ODT/year. no large uni ts are needed and on ly 1 or 2 

SHU are needed. (The p lantat ion area of an Energy Plantat ion is the actual 

p lanted area and consists of a number of noncon t iguous small parcels. The 

geographic area covered by the p lantat ion w o u l d then inc lude p lanted land 

plus land in be tween parcels w h i c h is set aside for other uses or has 

unacceptable soil quality.) The cost per t o n is ext remely sensit ive to 

equ ipmen t idle t ime, and the t ranspor ta t ion costs range f rom $14.00 (on very 

smal l p lantat ions) t o $2 .80 per ODT. For p lan ta t ion areas o f 15.000 to 36 ,000 

acres, the modi f ied t ranspor ta t ion system can save f rom $0.60 to $1.25 per 

ODT, averaging $1.00 per ODT savings over the or ig inal t ranspor ta t ion 

system. This is a t ranspor ta t ion savings of 15-35%. W i t h the smal ler 

p lantat ions, the savings is somewha t more and can reduce t ranspor ta t ion 

costs f rom $7.00 per ODT to less than $3.00 per ODT, w h i c h is comparab le to 

large p lantat ion costs. 

Harvest ing, ch ipp ing , d ry ing , and miscel laneous handl ing are other s igni f i 

cant handl ing costs. As ment ioned before, harvest ing and ch ipp ing is to be 

done w i t h pro to type harvester-chippers. Based on in format ion f rom MOR-

BARK Industr ies and the USDA Forestry Service (82). harvest ing and ch ipp ing 

costs are $4.00 to $5.00 per ODT. Dry ing at the power p lant ut i l iz ing boiler 

f lue gas amounts to $2.00 per ODT. Other handl ing costs at the power plant 

(pile bui lders, conveyors, and retr ieval systems) add another $1.00 per ODT. 

The tota l handl ing and t ranspor ta t ion costs are then $9.25 to $11.50 per ODT. 

The handl ing and t ranspor ta t ion system requires diesel fuel as a source of 

energy for f ield equ ipmen t and electr ical energy for the equ ipmen t at the 

power convers ion faci l i t ies. The t ranspor ta t ion system, inc lud ing loading and 

un load ing equ ipment , requires an average of 25 ,000 to 57,000 Btu/ODT. A t 

the m a x i m u m round- t r ip d is tance expected on any p lanta t ion (55 miles), 

t ranspor ta t ion system requi rements are around 85 ,000 Btu of diesel fuel per 

oven-dry ton . Harvest ing and ch ipp ing requi rements are 190.000 Btu/ODT. 

also diesel. Dry ing requi rements are about 20 k W h r of e lectr ic i ty per ODT 

plus energy f rom the f lue gases. The remain ing handl ing steps require 2 0 0 0 

Btu /ODT diesel and 7 k W h r / O D T of e lectr ic i ty. The tota l energy costs for 

handl ing and t ranspor ta t ion are $1.50 to $2.00 per ODT for diesel fuel and 

$1 .00 /ODT for e lectr ic i ty . (Based on $1 .00 /ga l diesel fuel and $ 0 . 0 4 / k W h r 

electr icity.) The to ta l handl ing and t ranspor ta t ion energy consumpt ion per 

ODT ranges f rom 308.000 to 368 .000 Btu. Assuming 16 mi l l ion Btu /ODT of 

w o o d and a 17% overal l power plant convers ion ef f ic iency, these energy 

requi rements are 11-14% of the energy conver ted. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 521 

A n impor tan t aspect of the handl ing and t ranspor ta t ion system is that of 

f lexibi l i ty . Storage piles be tween the SHU and the tractor- t rai ler uni ts a l low 

harvest ing to be scheduled independent ly of the t ruck t ranspor ta t ion system. 

A t t imes w h e n harvest ing is restr icted by biological considerat ions, t ruck ing 

operat ions can stil l be mainta ined. A similar storage pile buffer exists at the 

plant be tween the incoming ch ips f rom the t rucks and the dry ing operat ions. 

Driers can be run in accordance w i t h the avai labi l i ty of power plant f lue gas 

and not affect t ruck ing . Finally, a dry fuel reserve wi l l be mainta ined at the 

plant to avoid in ter rupt ion of the fuel supply to the convers ion faci l i t ies in 

case of other operat ional in terrupt ions. 

M o d e s o f O p e r a t i o n 

The Energy Plantat ion subsystem can be operated in a number of ways either 

alone or in con junc t ion w i t h other subsystems — algae pond , power plant — 

to achieve useful synergisms. 

In the absence of synergisms — i.e., operat ion in the so-cal led Energy 

Plantat ion mode — the Energy Plantat ion subsystem model can analyze a 

number of s i tuat ions ident i f ied in Table IV. Nutr ients can be suppl ied f rom 

var ious sources, i.e., all chemicals , n i t rogen- f ix ing plants inc luded in the 

p lanta t ion, and recycle of by-products f rom other indust r ia l /agr icu l tura l 

operat ions not in tegrated w i t h the Energy Plantat ion. The plantat ion can be 

nonir r igated or part ial ly or fu l ly i rr igated f rom various sources of water. The 

basic Energy Plantat ion subsystem model itself accounts for variables such 

as species, type and product iv i ty of the land, operat ional condi t ions, etc. The 

present Energy Plantat ion subsystem model therefore can analyze a 

mul t ip l i c i t y of s i tuat ions in w h i c h Energy Plantat ions cou ld be considered as 

a source of fuel or feedstock. The val id i ty and precision of the results of these 

analyses w i l l depend on the avai labi l i ty of adequate base data for the 

s i tuat ion considered. New data can easily be in t roduced in the subsystem 

data fi les to update the model per iodical ly as the data become available. 

In the PEF mode of operat ion, the Energy Plantat ion is integrated into a total 

energy convers ion system, and interact ions be tween the p lantat ion and other 

componen ts of the tota l system occur. These interact ions may range f rom the 

s imple recycle of ash f rom a wood- f i red power plant, to recycle of s ludge 

f rom a gas-produc ing algae pond , or to appl icat ion of was tewate r on to the 

p lantat ion. The Energy Plantat ion subsystem model is suf f ic ient ly f lexible to 

be integrated into other combina t ions of PEF systems once they are def ined. 
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522 BIOMASS AS A NONFOSSIL FUEL SOURCE 

T a b l e IV. M O D E S OF O P E R A T I O N OF T H E ENERGY P L A N T A T I O N 

S U B S Y S T E M A N D M O D E L 

ENERGY PLANTATION MODE (No synergism) 

PEF MODE (Synergisms) 

Wood- f i red power p lant : ash recycle 

Wood- f i red power plant and algae pond for was tewate r t rea tment : 

ash. s ludge, C 0 2 recycle, 

credi t for t rea tment 

Operat ing cond i t ions : Nut r ients — all chemica ls 

n i t rogen- f ix ing p lants 

recycle f rom other operat ions 

none Irr igat ion — 

part ial or tota l needs 

surface or we l l wa te r 

Wood- f i red power plant and was tewate r land t rea tment : 

ash , n u t r i e n t s recyc le , 

credi t for t rea tment 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 523 

W E T L A N D S W A S T E W A T E R T R E A T M E N T S U B S Y S T E M 

A l g a e Pond S u b s y s t e m and M o d e l 

A technica l and economic model of an algae pond-based t rea tment system 

was developed for use in the PEF model . The main process e lements involved 

in the algae pond system inc lude: pr imary sed imenta t ion to treat the raw 

was tewate r ; the algae g r o w t h ponds, in w h i c h carbon, n i t rogen and 

phosphorus are removed f rom the was tewate r and assimi lated in algal cell 

mass; algae harvest ing equ ipmen t ; the digester, w h i c h wi l l anaerobical ly 

d igest pr imary solids and algal sol ids; the dry ing beds, w h i c h wi l l dry the 

algal s ludge for use as fert i l izer; and the gas c leanup t ra in , w h i c h includes 

carbon d iox ide sc rubb ing , gas dry ing and pipel ine compression. The model 

was developed to predic t the per formance of the algae pond system using a 

var iety of process opt ions for these process elements. Init ial calculat ions w i t h 

the model de termined the most cost-ef fect ive set of process opt ions, w h i c h 

were then used for the f inal system design and the analyses for the 15 

potent ia l sites. 

The per formance model reflects and is l imi ted by the current state-of- the-art 

in algae g r o w t h . Several impor tant , basic relat ionships have yet to be 

quant i t ied . As a result, several parameters mus t be in t roduced as input data. 

For example, the level of was tewate r t rea tment is only part ial ly predictable by 

the process opt ions selected. Nutr ient removal ef f ic iencies must be input for 

each di f ferent level of t reatment . Similar ly, the solar convers ion ef f ic iency 

cannot be predic ted by the model and must be input. Finally, algae d igest ion 

is essential ly a "b lack box" operat ion at this point. This fact prevents a 

quant i ta t ive assessment of n i t rogen and phosphorus mass balances in the 

system. W i t h i n these l imi tat ions, equat ions were developed to predict : (1) the 

f lows and (2) the required equ ipment sizes for the var ious process operat ions. 

The u l t imate amoun t of algae that can be produced f rom a g iven was tewate r 

is a func t ion of the nutr ient makeup of that s t ream and the available nut r ient 

resources. Of the three major nutr ients in munic ipa l was tewate r — carbon, 

n i t rogen and phosphorus — carbon is normal ly the first to be exhausted and 

consequent ly to l imi t g r o w t h . Ni t rogen is normal ly next to l imit biomass 

product ion . A carbon balance around the algae pond system is made in the 

model to determine the amoun t of f lue gas carbon dioxide required to at ta in 

the higher theoret ical p roduc t ion of the n i t rogen or phosphorus l imit. 

The calculat ion of annual y ield is preceded by a screening of mon th ly 

average ambien t temperatures at a g iven site to determine the number of 

mon ths the system can be operated annual ly. W i t h proper select ion of algal 
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524 BIOMASS AS A NONFOSSIL FUEL SOURCE 

species, temperature does not in f luence g r o w t h rate unt i l the average 

temperature drops to be low 5°C, or 40°F. Below th is temperature , the g r o w t h 

rate decl ines rapidly and the required nut r ient removal ef f ic iencies cannot be 

met. Dur ing these months , the was tewate r must be stored for subsequent 

t reatment . 

The design requi rement for ca lcu lat ion of per-acre yield involves meet ing 

necessary was tewate r t rea tment standards in the worst -case m o n t h . The 

operat ing m o n t h w i t h the lowest average dai ly insolat ion is selected as the 

design case. Because photosynthes is processes saturate at low l ight 

intensi ty , th is m o n t h w i l l have the highest value of convers ion ef f ic iency, 

w h i c h was assumed to be four percent of v is ible insolat ion. The resul tant 

y ie ld , w h e n mul t ip l ied by the number of operat ing months , gives an 

equiva lent annual y ie ld. 

Reliable low-cost harvest ing has been a major p rob lem in mass algal cul ture. 

A var iety of methods has been presented in the l i terature. Research at the 

Universi ty of Cali fornia at Berkeley indicates that microst ra in ing may be an 

ef fect ive compromise be tween produc ing a high-sol ids content , relat ively 

pure algal s ludge at h igh cost and p roduc ing a s ludge unacceptab le for 

d igest ion at low cost. 

One of the impor tan t innovat ions of the PEF concept is that carbon d iox ide 

f rom the power p lant may be in t roduced into the high-rate ox idat ion ponds to 

a l low greater p roduc t ion of algae f rom the was tewate r st ream. To reach the 

phosphorus g r o w t h potent ia l , it w i l l be necessary bo th to add carbon dioxide 

and to main ta in n i t rogen- f ix ing species of algae in the pond. 

A cost model of the algae pond system was developed to a l low evaluat ion of 

the l i fe-cycle cost of var ious processing schemes. Equations for instal led 

capi ta l costs and operat ing and main tenance costs were developed for each 

piece of equ ipment . The cost model w a s used to calculate an equivalent 

annual expense for a g iven algae pond system, using pr imar i ly munic ipa l 

f inanc ing. This expense was combined w i t h the gas credit , w h i c h was 

calcu lated on a l i fe-cycle basis f rom the local prevai l ing cost for gas, and the 

was te t rea tment credi t , resul t ing in a net annual cash f low. This cash f low 

was used to compare the l i fe-cycle cost and cost-ef fect iveness of algae pond 

sys tem process al ternat ives and for compar ing algae pond systems at 

speci f ic sites. 

Table V shows the effect of was tewate r t rea tment level on the cost-

ef fect iveness of a hypothet ica l 1-MGD algae pond system in Greensboro, NC, 

as a base case. Cash f low decreases as the level of t rea tment increases. For 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 525 

T a b l e V. T E C H N I C A L A N D E C O N O M I C EFFECTS OF 

W A S T E W A T E R T R E A T M E N T A L T E R N A T I V E S 

P a r a m e t e r s f o r 

1 - M G D Base S y s t e m 

Pond Area, ac 

Methane Product ion, 

SCF/Year 

Fertilizer Equivalent, 

tons N/yr 

tons P/yr 

Capital Cost 

Treatment Credit 

Net Annua l Cash Flow 

Incremental cost of Gas, a 

$ / 1 0 0 0 SCF 

L i m i t i n g N u t r i e n t 

C a r b o n N i t r o g e n 

25 

32.8 

4.1 

$790 ,000 

Secondary 0 

$213 ,000 

4 8 

3 . 1 8 x 1 0 e 5 . 1 6 x 1 0 6 

43.8 

7.2 

$1,241,000 

Secondary b 

$152 ,000 

$32.83 

Phosphorus 

193 

17.6 χ 1 0 6 

176.5 

19.5 

$3,294,000 

Ter t ia ry c 

$58,000 

$12.78 

a Incremental cost is the ratio of the change in the di f ference between treat

ment credi t and equivalent annual expense to the change in annual gas 

produc t ion , based on a compar ison w i t h the carbon- l imi ted case. 

Taken as 88Φ per thousand gal lons (83,84). 

c Scale-up factor of 1.52 used over secondary t rea tment credi t (85). 
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526 BIOMASS AS A NONFOSSIL FUEL SOURCE 

the case of n i t rogen- l imi ted g r o w t h , no addi t ional was tewate r t rea tment 

credi t has been taken above the secondary t rea tment credi t because ter t iary 

t rea tment deals pr imar i ly w i t h phosphorus removal . Consequent ly , expand

ing the plant to the n i t rogen-g rowth l imi t is not cost-ef fect ive, w h i c h is 

ref lected in the h igh incrementa l cost of gas. 

Tert iary t rea tment using blue-green algae to f ix n i t rogen is not possible w i t h 

near- term technology. However, w h e n species cont ro l does become 

avai lable, phosphorus- l imi ted g r o w t h systems may be cost-ef fect ive. The 

incrementa l cost of gas w h e n compared w i t h the carbon- l imi ted base case 

system is $12.78 per 1000 SCF. This value represents the average cost of gas 

over the 20-year l i fet ime of the project. A s s u m i n g a 10-percent annual 

escalat ion of gas pr ice, it is equal to a present cost of approx imate ly $5 per 

1000 SCF. To produce gas w i t h an equiva lent present cost of $ 2 per 1000 

SCF, the equivalent annual expense of the phosphorus- l imi ted system must 

be reduced approx imate ly 25 percent. 

The algae pond system developed for the base case w a s appl ied to each of 

the 15 candidate PEF sites using local data. The major factors w h i c h 

in f luenced the relat ive value of the cash f l o w at the di f ferent sites were 

mon ths of operat ion, the level of t rea tment , and the plant size. Higher levels 

of t rea tment result in lower net annual cash f lows and increasing capi ta l cost. 

The results of the si te-speci f ic per formance runs indicate that , for the 

present, a carbon- l im i ted , secondary t rea tment system w i l l be most cost-

ef fect ive. 

A l t e r n a t i v e W e t l a n d B i o s y s t e m s 

Algae were selected as the pr ime focus for an in tegrated subsystem for PEF 

because the techno logy of algal ponds is reasonably we l l developed and is 

based on years of exper ience w i t h ponds for t rea tment of mun ic ipa l and 

industr ia l wastes. However, algae present some major engineer ing problems 

in mass cu l t iva t ion and harvest ing. 

For example, product iv i t ies are l imi ted by the a m o u n t of carbon in the 

wastewater . Carbon d iox ide or some other carbon source mus t be in t roduced 

if g r o w t h to the Ν or Ρ l imi t is to be accompl ished, w h i c h is desirable because 

th is w o u l d a l low the most ef fect ive use of was te nut r ients for recycl ing to the 

Energy Plantat ion. In t roduct ion of C O 2 to the pond system in the amounts 

required appears to be cost -prohib i t ive. 

Const ruct ion and operat ion costs for ponds are h igh. For m a x i m u m biomass 

produc t ion and y ie ld, the ponds must be shal low, requir ing relat ively f lat land 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 527 

and extensive site preparat ion. Avai lab i l i ty of f lat land in marginal land areas 

appl icable to Energy Plantat ion usage w i l l be restr icted. M ix ing is required to 

keep the microalgae suspended and mainta in product iv i ty , so that operat ing 

costs are h igh. 

Harvest ing of microalgae is a major technica l and economic constra int . 

Effective methods resul t ing in h igh yields, such as cent r i fugat ion , are high in 

cost or require add i t ion of u n w a n t e d chemica ls w h i c h interfere w i t h 

anaerobic d igest ion of the harvested algal biomass. Microst ra in ing is less 

cost ly but less ef fect ive and requires species cont ro l to some degree, w h i c h 

has not yet been ef fect ively demonst ra ted in open systems for long periods of 

t ime and results in reduced yields. 

Aqua t i c plants not subject to these constra ints inc lude the f loat ing and 

emergent f reshwater macrophytes . such as water hyac in th (Eichhornia 

crassipes), duckweed (Lemna spsj. and cattai l (Typha latifolia). Because 

they are f loat ing or emergent , pond dep th and tu rb id i t y are not impor tan t 

design cr i ter ia. Carbon d iox ide can be obta ined d i rect ly f rom the atmosphere, 

and harvest ing should be easier than for microalgae because of the 

macroscopic size of the plants. To compare the relat ive meri ts of using these 

plants for the we t land b iosystem in PEF, data were obta ined f rom the 

l i terature on produc t iv i t y (86) and convers ion to methane by anaerobic 

d igest ion (87). 

W a t e r hyac in th is a f loat ing plant w i t h large leaves w h i c h extend upward 

f rom the water 's surface f rom clusters of roots beneath the surface. It thr ives 

in w a r m sluggish waters in the Southern Uni ted States and Central Amer ica , 

but is not w in te r -hardy in temperate regions. A l t h o u g h water hyac in th seems 

clearly superior to other aquat ic plants both in produc t iv i t y and on 

convers ion to methane for the PEF subsystem, its geographic range, w h i c h is 

restr icted to semit ropica l areas, is a disadvantage. 

Duckweed is a m inu te f loat ing plant w i t h a w i d e natural geographic range. 

The f ronds at ta in a m a x i m u m of 0.4 inches in length and w i d t h ; several 

e longated roots hang f rom the underside of each f rond. However, the plants 

are suscept ib le to damage by w i n d in unpro tec ted open water areas, and 

produc t iv i t y even under favorable cond i t ions is far inferior to that of wa te r 

hyac in th . 

Cattai l abounds in and near shal low ponds and marshes th roughou t the 

Uni ted States, g r o w i n g even in nor thermost states w i t h severe win ters . The 

plant is rooted to b o t t o m m u d and a por t ion of the fol iage may be submerged. 

Dense clusters of tal l spikes rise above the surface. Product iv i ty is h igh. 
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528 BIOMASS AS A NONFOSSIL FUEL SOURCE 

However, cu l t i va t ion , harvest ing, and convers ion problems offset these 

advantages. Cul t ivat ion requires a fair ly level b o t t o m as shal low depth is 

necessary. Harvest ing w o u l d probably require dra in ing of the ponds, and 

convers ion to methane ef f ic ient ly is not possible due to the h igh f ibrous 

componen t of cat ta i l b iomass. 

Only water hyac in th appears to have s igni f icant promise as a PEF subsystem 

component . In w a r m c l imates, wa te r hyac in th is potent ia l ly superior to algae 

as an aquat ic componen t of a PEF system. 

P O W E R P L A N T S U B S Y S T E M 

S y s t e m M o d e l 

A wood- f i red power p lant is inc luded in the PEF system to produce electr ic i ty 

f rom the sol id fuel p roduced on the dry- land Energy Plantat ion. Some of the 

var ious e lements inc luded in the power p lant subsys tem and the model are 

s h o w n in Figure I. The power cyc le mode led is a convent iona l s team Rankine 

cyc le as is used in coal- f i red and nuclear power plants, in keeping w i t h the 

decis ion tha t the model should represent "s ta te-o f - the-ar t " equ ipment w h i c h 

w o u l d be readily avai lable for a demonst ra t ion system. The system 

componen ts are simi lar to those tha t w o u l d appear in a s imple coal- f i red 

power plant w i t h the addi t ional equ ipmen t to dry and screen the fuel before it 

enters the boiler. 

The steam cycle is a s imple cyc le cons is t ing of the four basic e lements of 

boiler, tu rb ine, condenser and pump. In pract ice, addi t ional componen ts such 

as reheaters and feedwater ext ract ion regenerat ive heaters are usual ly 

inc luded in the s team cycle to increase its ef f ic iency. The mode l can 

approx imate ly predict the per formance of an ext ract ion steam cycle by 

inc lud ing the fo l low ing t w o factors: (1 ) ratio of Rankine cycle ef f ic iency of the 

ext ract ion cycle to the Rankine cycle ef f ic iency of the s imple cycle operat ing 

under the same condi t ions , and (2) the ratio of the f l ow rate of steam th rough 

the boiler to the f l ow rate of condensate th rough the condenser for the 

ext ract ion cycle. Representat ive values of these factors were found as a 

func t ion of tu rb ine inlet s team pressure by analyzing the per formance data 

f rom ten coal- f i red TVA power plants. 

A correlat ion for parasit ic power for a wood- f i red power p lant was developed 

f rom a correlat ion for coal- f i red plants g iven in the l i terature (88) and an 

analysis of the relat ive amoun ts of power used in the fue l -handl ing system 
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25. FRASER ET AL. Photosynthesis Energy Factory 529 

and the rest of the plant. The parasit ic power for a wood- f i red plant was 

found to be t w i c e that for the coal- f i red plant. The correlat ion found is: 

Ppara = 0.175 P g
0 8 6 (wood-f i red plant) (1) 

where P p a r a is parasit ic power and P g is gross electr ical power ou tpu t in M W . 

In a simi lar fashion, cost correlat ions for large wood- f i red plants were 

developed f rom correlat ions avai lable in the l i terature (89) for instal lat ion 

cost, and operat ion and main tenance cost for coal plants. The costs for a 

wood- f i red power plant were found to be 2 0 percent higher than those for a 

coal- f i red plant of the same size. On th is basis, cost equat ions for large w o o d -

f i red power p lants are as fo l lows (in 1976 dol lars): 

Instal lat ion cost - 47.9 χ 1 0 6 4- 0 .468 Ρ α (2) 

Operat ion and main tenance cost - 1.96 χ 1 0 6 + 0 . 0 0 2 6 6 P g (3) 

Analysis of cost data for instal lat ion costs for smaller wood- f i red power 

plants y ie lded the fo l l ow ing corre lat ion: 

Instal lat ion cost - 18.7 χ 1 0 6 + 0.806 Ρ α (4) 

Equat ion (2) is used for instal lat ion costs of power plants p roduc ing 8 6 , 4 0 0 

k W or more and equat ion (4) for power plants p roduc ing less than 8 6 , 4 0 0 

kW. Using the above equat ions, the model calculates the cost per uni t of 

electr ic i ty by each of t w o f inanc ing methods — the ut i l i ty method and the 

munic ipa l method . 

A t each of the 15 selected PEF sites, an average cost, del ivery rate and 

moisture conten t of Energy Plantat ion fuel for the opt imum-s ized p lantat ion 

were determined f rom the results of the Energy Plantat ion model calculat ions 

and put into the power plant model , w i t h w h i c h the per formance of the 

power plant and the cost of generated e lectr ic i ty were calculated. The power 

p lant load factor at each site was determined by examin ing publ ished data 

for the ut i l i ty serving that site. 

For each site, both a " l ow-pe r fo rmance" steam cycle and a " h i g h -

per fo rmance" s team cycle were analyzed. The low-per formance cycle is 
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530 BIOMASS AS A NONFOSSIL FUEL SOURCE 

considered to represent present-day w o o d - b u r n i n g boiler techno logy. This is 

a s imple Rankine cycle w i t h steam suppl ied at a pressure of 6 5 0 psia and a 

temperature of 750°F, and a tu rb ine having an ef f ic iency of 79 percent. The 

h igh-per formance cycle is considered representat ive of w h a t cou ld be 

accompl ished w i t h h igher per formance equ ipment comparab le to tha t used 

in ut i l i ty power p lant systems. This is an ext ract ion cyc le w i t h s team suppl ied 

at a pressure of 2 4 0 0 psia and a tempera ture of 1000°F, and a tu rb ine having 

an ef f ic iency of 90 percent. 

The results s h o w e d costs rang ing f rom 7 0 to 107 m i l l s / k W h r as ca lcu la ted by 

the ut i l i ty me thod of f inanc ing for e lect r ic i ty generated by the low-

per formance s team cycle. A t the other end of the spec t rum, the costs 

ca lcu lated by the mun ic ipa l me thod of f inanc ing for e lectr ic i ty generated by 

the h igh-per formance s team cycle ranged f r o m 35 to 53 mi l l s /kWhr . The 

results showed a s ign i f icant correlat ion be tween electr ic i ty costs and load 

factor w i t h the cost decreasing as load factor increases. 

The capaci t ies of these demonst ra t ion power p lants are very smal l by ut i l i ty 

standards. To examine the economy-of -scale ef fect of Energy Plantat ion-

produced electr ic i ty , di f ferent-sized "h igh -pe r fo rmance" power plants were 

analyzed at one locat ion where an in termediate e lect r ic i ty cost prevails, viz.. 

Natch i toches, Louisiana. The load factor used in these calculat ions was 33 

percent. The results are s h o w n in Figure II. These costs show a marked 

economy-of -sca le effect, w i t h " u t i l i t y - m e t h o d " costs d ropp ing f rom 4 3 to 32 

m i l l s / k W h r over the same range of generator capacit ies. 

The costs of e lectr ic i ty generated f rom new coal- f i red power plants at 

Natch i toches, Louis iana, were est imated w i t h the power p lant model — w i t h 

appropr ia te changes to represent coal — for compar ison w i t h the costs of 

PEF-generated electr ic i ty. The results s h o w e d tha t these costs are compara

ble, part icular ly in the case of a PEF o w n e d and operated by a mun ic ipa l i t y or 

some other governmenta l ent i ty . This compar ison , being done w i t h the same 

model , e l iminates any bias w h i c h may affect a compar ison of cost est imates 

f rom di f ferent sources. 

A t a load factor of 8 0 percent and a capac i ty of 100 M W . the cost of PEF 

electr ic i ty at th is site w o u l d be 31 (uti l i ty) and 20 m i l l s / k W h r (municipal) 

versus 27 and 2 1 . respect ively, for e lectr ic i ty f r om a coal p lant (coal at $1.50 

per mi l l ion Btu) , 
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FRASER ET AL. Photosynthesis Energy Factory 531 

Figure 2. Fuel and electricity costs for wood-fired power plant at Natchitoches, 
LA, and average electricity costs for coal-fired power plants vs. generator capacity 
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532 BIOMASS AS A NONFOSSIL FUEL SOURCE 

A n a l y s i s o f I m p r o v e d C o m b u s t i o n E q u i p m e n t 

Early Energy Plantat ion w o r k concern ing power generat ion equ ipment 

def ined the convers ion faci l i ty capabi l i t ies in terms of equ ipment avai lable at 

the t ime. Feedstock was l imi ted to woodch ips . Overall convers ion eff ic iencies 

were 17.0 to 18.5%; s team qua l i ty was 6 5 0 psia at 750°F. load factor were 

20 -25%; equ ipment size was based on 250 ,000- ΐ ,700 ,000 Ib /hr of s team or 

2 5 - to 1 6 5 - M W electr ic plants. Recent w o r k has considered mix ing bo th coal 

and w o o d in ef for ts to increase power generat ing potent ia l , and the use of 

new equ ipment to improve operat ing cond i t ions , thereby increasing overall 

ef f ic iency. In add i t ion , the power generat ing stat ion has been considered as a 

base-load stat ion operat ing 8 0 - 9 0 % of the t ime, rather than a peak suppl ier 

w i t h low load factor. 

One mix of new equ ipment considered was w o o d gasif iers and gas turb ines. 

W h i l e the comb ina t ion of these t w o pieces of hardware is capable of overall 

ef f ic iencies as h igh as 7 0 or 80%. demonst ra ted rel iabi l i ty, durabi l i ty , and 

economy are lacking. The major prob lem lies in prevent ing harmfu l mater ial 

f rom t ravel ing ou t of the gasif ier and damag ing the turb ine. 

Fluidized Bed Combust ion (FBC) boilers and inc l ined-grate boilers were also 

considered. The FBC boilers have capabi l i t ies of s imul taneously burn ing a 

var iety of fue l , w e t or dry, and can remove sul fur f rom stack gases w i t h o u t 

expensive air po l lu t ion equ ipment . Disadvantages inc lude h igh energy 

requi rements, d i f f i c u l t y w i t h fuel d is t r ibu t ion in combus t ion chambers , and 

par t icu late carryover. Avai lab le f lu id ized-bed boilers operate under the 

cond i t ions def ined in the early Energy Plantat ion s tudy, a l though manufac

turers are w i l l i ng to bui ld equ ipment to required speci f icat ions. 

Incl ined-grate designs can also handle green fuels, should be able to handle a 

var iety of fuels, a l low more comple te combus t ion of the fuel , and have 

demonst ra ted h igh rel iabi l i ty wh i le in service. Incl ined-grate systems in 

existence operate w i t h a m u c h higher s team qual i ty (900-1400, psia, 900°F). 

and appropr ia te sizes are avai lable f rom a number of manufacturers. Unless 

sul fur in the fuel feedstock is of major concern, inc l ined grates appear to be a 

better choice of boiler systems. The improved capabi l i t ies of th is equ ipmen t 

over equ ipmen t previously avai lable should increase overall convers ion 

ef f ic iency some 5 or 10%. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 533 

PEF S Y S T E M P E R F O R M A N C E A N D P O T E N T I A L 

The results of the site analyses for the three subsystem models, w h i c h were 

calculated w i t h the single subsystem models operat ing independent ly , were 

comb ined to show w h a t a comple te demonst ra t ion PEF wi l l look like and to 

i l lustrate the magn i tude of the interact ions w i t h i n a PEF at a site. In the 

discussion of the algae pond subsys tem, it was s h o w n that , at the present 

t ime, it is not cost-ef fect ive to design the algae pond to produce algae up to 

the phosphorus l imit, w i t h carbonat ion. The algae pond in the PEF at each 

site was sized to handle the was tewate r f l ow f rom each popula t ion center, 

and the Energy Plantat ion was sized to produce solid fuel at an opt imal ly low 

cost. This ratio of algae pond area to Energy Plantat ion area, or rather 

was tewate r f l ow to produc t ion of biomass, is an impor tan t quant i t y w h i c h 

determines the extent of the inf luence of the algae pond upon the Energy 

Plantat ion. 

The a m o u n t of SNG w h i c h can be produced by the algae pond system at 

each potent ia l site is relat ively smal l compared to the tota l market for gas at 

each site. The economic o p t i m u m for the size of an Energy Plantat ion unit , in 

terms of the cheapest fuel p roduced, is f rom 24,000 to 36.000 acres for the 

parcel sizes and dispersal considered in the site analyses. The est imated 

product iv i t ies of these demonst ra t ion Energy Plantat ions vary f rom 4.1 to 

over 9 ODT/ac-yr . 

The economics of a demonst ra t ion PEF at the potent ia l sites were analyzed 

under the assumpt ion of mun ic ipa l f inanc ing. The annual ized cash f low f rom 

the algae pond is a posi t ive cash f l ow resul t ing f rom the appl icable 

was tewate r t rea tment credi t rather than a cost — the was tewate r t rea tment 

credi t being by far the most s igni f icant part of the credi t as compared to the 

credi t for the gas produced. The excess credi t or posi t ive cash f low f rom the 

algae pond can be appl ied to the annual ized cost of the power plant to enable 

the cost of e lectr ic i ty to be reduced. This reduct ion in cost amounts to 1.6 to 

2.5 m i l l s / k W h r for the e lectr ic i ty p roduced f rom 100,000 tons of biomass per 

MGD of munic ipa l was tewate r f low. For the more ef f ic ient power plant, the 

cost of electr ic i ty, w i t h the credi t appl ied of 4 0 m i l l s / k W h r or so for a 

demonst ra t ion PEF, should be at t ract ive to rural areas, w h i c h are n o w paying 

the highest rates for e lectr ic i ty t ransmi t ted over a large d is tance f rom a large 

central power plant operated by a large ut i l i ty. 

One impor tant in teract ion be tween the algae pond system and the Energy 

Plantat ion in a PEF is the con t r ibu t ion of fert i l izer f rom the algae pond. W i t h 

ordinary munic ipa l wastewater , a carbon- l imi ted algae pond system 
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534 BIOMASS AS A NONFOSSIL FUEL SOURCE 

operat ing cont inuous ly can provide about 2.9 percent (32.8 tons n i t rogen per 

year) of the total annual n i t rogen ferti l izer requi rement for 100,000 oven-dry 

tons of annual biomass produc t ion per MGD of was tewate r f low, and this 

fert i l izer con t r ibu t ion lowers the cost per ton of biomass about $0.15. 

Phosphorus and potass ium are also produced f rom the algae pond for the 

Energy Plantat ion. 

The comb ined results of the calculat ions w i t h the subysys tem models for the 

potent ia l sites are s h o w n in Tables VI and VII. Table VI shows the most 

impor tan t character ist ics of the potent ia l demonst ra t ion PEFs, and Table VII 

shows the detai ls of the economics. 

The overal l object ives of a PEF demonst ra t ion project w o u l d be to 

demonst ra te the economics and techno logy of g r o w i n g plant mat ter 

purposely for its fuel value on a large scale accord ing to the Energy Plantat ion 

and PEF concepts , and of using th is plant mat ter to generate e lect r ic i ty w h i c h 

can be in t roduced in a rel iable fashion into a ut i l i ty power gr id . A l t h o u g h 

cur rent or near- term techno logy is involved in all parts of the Energy 

Plantat ion, p lant mat ter has never been produced in th is fashion for the 

purpose of p roduc ing fuel , and the actual economics have never been 

demonst ra ted . A l t h o u g h the Energy Plantat ion appears to be economica l ly 

v iable in the near te rm, reservations do exist about some of its features w h i c h 

are un ique, and these reservations, w h i c h prevent w idespread imp lementa 

t ion of the concept , can be resolved only by a demonst ra t ion . 

The analysis w h i c h has been per formed so far indicates that some 

interact ions be tween the PEF subsystems are general ly cost-ef fect ive wh i le 

others are probably si te-specif ic or can be improved upon. However, var ious 

improvements may be made both in the model and in the analysis of the 

appl icabi l i ty of PEF. For example, the current model has been developed to 

inc lude convent iona l techno logy avai lable today. The model should be 

expanded and ref ined to inc lude near- term techno logy to represent more 

accurate ly the potent ia l of the PEF concept . 

Overal l , the results of the f irst project in analyzing the usefulness of the PEF 

concept show that there is value in some of the interact ions w h i c h are 

possible in a PEF system. The results of the second project should s h o w h o w 

the PEF concept can be improved and made more f lexib le as a cost-ef fect ive 

al ternate energy source and energy recovery system. 
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25. F R A S E R E T A L . Photosynthesis Energy Factory 537 

S U M M A R Y 

A Photosynthesis Energy Factory (PEF) is an integrated bioconversion system 

consis t ing of a dry- land Energy Plantat ion, a wood- f i red power plant, and a 

wet lands biological was tewate r t rea tment system, such as an algae pond. 

Products of a PEF are electr ic i ty f rom the power plant (produced via 

combus t ion of w o o d y biomass), synthet ic natural gas f rom digest ion of the 

wet lands biomass. and recla imed wastewater . Eff luents and by-products 

f rom one system part can be beneficial ly used by other parts, leading, to 

increased energy convers ion and resource recovery at lower costs. In the 

init ial s tudy, a general technoeconomic model was used to invest igate 

possible interact ions be tween the various subsystems. In a second project, 

the PEF model has been expanded and general ized by analyzing possible 

model improvements in the areas of materials t ranspor tat ion, water and 

nut r ient balances, other types of wet lands biological systems, and improve

ments in wood- f i red combus t ion systems. Direct appl icat ion of munic ipa l 

was tewate r to a dry- land Energy Plantat ion has been analyzed, also. 

A C K N O W L E D G M E N T S 

The concept of the Photosynthesis Energy Factory (PEF) was devised jo in t ly 

by Dr. G. C. Szego of In terTechnology/Solar Corporat ion and Dr. W. J. Oswald 

of the Universi ty of Cali fornia at Berkeley. The work reported in this paper was 

suppor ted by the U. S. Depar tment of Energy under Contract No. EX-76-C-01-

2 5 4 8 and No. ET-78-C-01-3024. The Universi ty of California at Berkeley 

par t ic ipated in the init ial project under a subcontract . 
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Caloric values of natural fuels 40/ 
Canada 32 
Cane 

Japanese 50 
molasses for ethanol production .... 204 
process, whole 204 

Cannizzaro reaction 143 
Canopies, macrocystis 80 
Carbon 

by algae, utilization of inorganic . . . 95 
conversion, effect of residence time 372 
conversion, effect of steam/wood 

ratio 367/ 
dioxide 282,286,301,326,421,526 
and energy balances for Bermuda 

grass digestions 239 
fixation 456 
hydrocarbon and oxygen efficiency 

vs. residence time 325/ 
-limited design of algae pond 

system 535/, 536/ 
monoxide 301 

effect on biomass liquefaction .... 138 
effect on cellulose liquefaction .. 143 
effect on oil product yield 139 
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550 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Carbon (continued) 
monoxide (continued) 

and ethylene, yields of hydrogen 342 
and hydrogen production 326 
overpressure of 138 

-nitrogen ratio 511 
source, bicarbonate as 95 

Carnegie Institute 100 
Cassava 50, 209/, 450, 455 

as raw material 201 
Catalyst(s) 

loading vs. yield (Fischer-
Tropsch reactor) 176/ 

water gas shift 171/ 
wood ash and CaO as gasification .. 372 

Catalytic wood gasification experi
ments 352 

Cattail(s) 107, 527 
biomass and productivities of 110/ 

Cattle 
feedlot manure 348 
manure via anaerobic digestion, 

SNG production from 410/ 
receiving distillers dark grains, beef 423 

Cellulase(s) 195 
system 215 
thermotolerant organisms produc

ing 206 
and yeast systems, combined 215 

Cellulose(s) 37,143, 155/, 244/ 
acetone from 144 
acid hydrolysis 186, 190, 195 
alcohol commercial plant invest

ment 222/ 
alcohol process 221/ 

operating cost and selling price 
estimates 223/ 

bioconversion to chemicals 215 
to biodégradation, susceptibility 

of native 214 
chain peeling and cleavage 143 
chemistry of biomass liquefaction 

using pure 139 
combination of solvent pretreat

ment and enzyme hydrolysis 
of 207 

composition vs. starch 185 
degradation, partial 267 
Douglas fir 139 
enthalpy of pyrolysis vs. pressure .... 331/ 
enzymatic hydrolysis 193 
to ethanol 

economics of 220 
pilot plant at Pittsburgh, Kansas 213 
process 213-214,216 

extreme grinding of 190 
as feedstock 205,314 
and fermentation of sugars, com

bined enzymatic digestion 206 
gasification results for 328/ 

Cellulose(s) (continued) 
hydrolysis time and residual 191/ 
hydrolytic behavior of native and 

modified 190 
key factors in hydrolysis 185-197 
liquefaction 

Aldol-type condensations 154 
effect of 

alkali concentration 147 
CO 143 
reaction temperature 144 
reaction time 144 
sodium carbonate concen

tration 147 
nonBox-Behnken kinetic studies 142/ 
oil composition from 149 
operations, reacton parameters .. 155/ 
products 142/, 150/-153/ 

maximum yield of sugar from 189/ 
as model biomass source, pure 139 
pretreatments of 193 
pyrolysis 326 

Cellulosic(s) 
composition of 217/ 
feeds, increasing methane produc

tion from 254 
to methane in a landfill 283 
substrate, urban waste 206 
wastes, high alcohol yields from .... 201 

Central valley of California 106 
Chain peeling and cleavage, cellu

lose 143 
Char 

and ash, hot 307 
and cyclone fines, ash content 342/ 
fraction analyses 298 
layer, rate of heat penetration 

through 307 
pyrolytic 314 
thickness 307 

Chemical(s) 
from biomass by improved enzyme 

technology 213-225 
from biomass, outlook for fuels and 193 
composition of tree biomass 37 
composition of reaction wood 39 
resources from plants 125 

Chemistry of biomass liquefaction 
using pure cellulose 139 

Chip(s) 
harvesting model 471 
storage 518 
transportation 519 
wood 475 

Chipper 435 
Chipping, clearcutting with whole-

tree 42 
Circuit, microwave 297/ 
Cleavage, cellulose chain peeling and 143 
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INDEX 

Coal 163 
-fired power plants vs. generator 

capacity, electricity costs for .. 531/ 
plasma pyrolysis 304 

Coastal Bermuda grass 253 
Cobalt-alumina 167 
Combustion 

equipment, analysis of 532 
of wood and plants 398 
wood waste 476 

Commercial plant investment, cellu
lose alcohol 222/ 

Commercial production of SNG 251 
Commercialization of process to pro

duce liquid hydrocarbon fuels . . . 179 
Composition, landfill gas 284 
Condensation reactions, polymeriza

tion and 307 
Conifers 31 
Continuous plug flow reactor 157 
Conversion 

of biomass to oil, thermochemi
cal 137-163 

corn stover 341 
economics 381 
effect of residence time on car

bon 372 
effect of steam/wood ratio on 

carbon 367/ 
fuel 455 
laboratory 168/ 
processes, ranking of biomass 396/ 
routes from biomass feedstock to 

fuel and chemicals 394 
scheme for producing liquid 

hydrocarbon fuels 164 
of woody biomass to oil, thermo

chemical 157 
Coppicing 496 
Corn 50, 208/-209/, 484 

cobs 13 
farming, energy consumption in 430/ 
inventory, U.S 202 
production, energy for 419,420/ 
stover 335-349,483,489,491/ 
syrup, high fructose 205 

Cost(s) 
analysis for Energy Plantation 

model 508/ 
-effectiveness of wastes utili

zation 516 
equation, product 381 
estimate for wood-fired plant 477/, 478 
of fermentation alcohol as fuel 207 
for herbaceous and woody biomass, 

production 66 
of producing wood fuel 471 
and selling prices 223/, 224/ 
for woody residue materials 29 

551 

Cotton 
aqueous degradation 138,245 
gin trash 338, 340/ 
and pulp, reaction rate 190 

Cottonwood 
black 498 
eastern 498 
for intensive biomass production . . . 32 
plains 509 

Cracking reactions 320 
Crambe 50, 134 
Crop(s) 

anaerobic digestion of terrestrial .... 398 
and botanochemical production, 

multi-use 125-137 
ethanol production from 203 
vs. forest trees for energy produc

tion 455 
oil and hydrocarbon 128 
rotations, energy 59 
spacing and rotation age for 

hardwood 498 
Crude oil 208/ 

savings associated with gasohol 
blending 424 

use, annual world grain supply, 
alcohol equivalence and 208/ 

Crude protein 244/ 
Culture(s) 

of algae, mass 95 
intensive plantation(s) 30, 31, 33 
of poplar, energy costs and 

yields 452/, 453/ 
of sycamore, intensive 30 
temperature effect on methane 

production 272 
Culturing marine organisms, 

Aquil for 86 
Culturing studies in seawater media 83 
Cyclone fines, ash content of char and 342/ 

D 

Danish Kaderna evaporator 298 
Decomposition 

within a landfill, biological 281 
rate in forests 511 
of solid waste in landfills 279 

Degradabilities of Bermuda grass 241 
Degradation 

of newsprint or cotton, aqueous ... 138 
partial cellulose 267 
of waste, microwave 295 

Dehydrocyclization 174/ 
Dehydrogenation 174/ 
Delimber buncher 435 
Delmarva Peninsula 28 
Detention times 271 
Deterioration, soil 42 
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552 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Dewatering tests 236 
Diesel 163 

fuel from plants 134 
Digested solids and dry feed 244/ 
Digester(s) 230 

acid-phase 258 
mesophilic inoculum for grass 234 
effluent, recycling system for 

aerobically posttreated 257/ 
effluent slurries and feed 242/ 
feed(s) 231,253 
methane-phase 258 
methane production, effect of 

recycled gas 266 
packed-bed anaerobic 271 
Plexiglas 254 
residue-hyacinth system 95 
steady-state performance of packed-

bed methane 273/ 
two-phase 258 
volatile acids concentration in 271 

Digestion(s) 
algae 523 
anaerobic 

of Bermuda grass, methane pro
duction 229-249 

conversion of water hyacinth to 
methane 112 

feed properties 236 
of manures to gaseous fuel 15 
of manure and terrestrial crops .. 398 
role of nutrients 237 
SNG production from cattle 

manure 410/ 
SNG production from kelp 415/ 
steady-state 247/ 

Bermuda grass 245 
carbon and energy balances 239 
preparation 231 
properties of effluent and 

digested solids from 241 
of caustic-treated feed 254, 255/ 
of cellulose and fermentation of 

sugars, combined enzymatic .. 206 
concepts, advanced 252 
conventional high-rate 258 
of hyacinth-grass-MSW-sludge 

feed 265 
kinetic potential of two-phase 268 
mesophilic 238, 260/ 

conventional 260/ 
gas recycling system for 257/ 

methane yields from 261 
of pretreated feed 254, 261 
process for methane production 

from biomass-waste blends 251-278 
with product gas recycling 256, 265 
of slurry systems, two-phase 268 
steady-state 234 

Digestion(s) (continued) 
system, advanced biomass-waste .. 174/ 
thermodynamic estimates of 

methane production 245 
thermophilic 239,262 

Dispersion number, vessel 323 
Distillation, recovery of alcohol 422 
Distillers dark grains, beef cattle 

receiving 423, 425 
Distribution systems, wood fuel 11 
Dogbane 50 
Douglas fir 155/, 450 

acid-hydrolyzed 155/ 
cellulose 139 
energy costs and yields 451/ 
feedstock 137 

Duckweed 95, 112, 116/, 527 
Dunaliella 105 

Ε 

Eastern cottonwood 498 
Eco-Fuel II 170 
Economics 

of biochemical facilities 392/ 
of cellulose-to-ethanol process 216 
of chemicals and synthetic fuels 

from biomass 379-417 
conversion 381 
of converting cellulose to 

ethanol 220, 221/ 
of ethanol production from 

biomass 199-212 
of intensive plantation culture 33 
of microalgal biomass production .. 102 
of PEF 533 
of replacement of gasoline with 

gasohol 428 
of thermochemical facilities 391/ 

Efficiency(ies) 
for conversion to methanol, 

thermal 489 
of forest systems production 449 
in gasohol program, energy 

utilization and 419 
Effluent 

and digested solids from 
Bermuda grass 241 

digester 
aerobic sludge posttreatment 266 
digestion with recycling of 

posttreated 256, 257 
slurries, feed and 242/ 

recirculation and methane 
production 272 

Electricity 
costs for coal-fired power plants . . . 531/ 
and gasoline blends, conversion to 

fuel grade methanol 489 
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INDEX 553 

Electricity (continued) 
generated from coal-fired power 

plants, costs 530 
and methanol, demand and selling 

prices 485/ 
and methanol, thermal efficiencies 

for conversion to 487/ 
production from agricultural resi

dues 13 
wood-fired power plants to produce 528 
from wood waste 465, 476, 478, 501 

Elephant grass 450 
Energetics 

analysis of gasohol 419-431 
for fuel applications, wood pro

duction 433,445 
of mechanized wood harvesting 

systems 436 
Energy 

availability of wood fuels 28 
balance for laminar fluid flow 321 
balances for Bermuda grass diges

tion 239 
biomass 

development, survey of com
panies pursuing 4, 5 

forest 21 
plantations 43 
products 6 
resources, industrial develop

ment 3-17 
system for marsh plants I l l 

and chemical resources from plants 125 
comparison of gasoline and gasohol 

fuel systems 423 
consumption in grain alcohol 

production 430/ 
for corn production 419, 430/ 
costs and yields for Douglas fir 

and loblolly pine 451/ 
costs and yields for culture of 

polar 452/, 453/ 
crop perspective, photosynthesis in 53 
crop rotations 59 
Data System, National Wood 28 
demands and prices, expected 381 
efficient forest systems for biomass 

production 447-461 
factory, photosynthesis 

(PEF) 495-544 
from fresh and brackish water 

aquatic plants 99-121 
for gas species, activation 328/ 
Plantation(s) 495-544 
production 

vs. agricultural crops, forest 
trees for 455 

availability of wood 27 
from grain alcohol plant 431/ 

Energy (continued) 
production (continued) 

microalgae biomass systems .105-106 
role of oil companies 201 

requirements 
for corn production 420/ 
in forest operations 448/ 
for fuel alcohol production 421 
for gasoline and gasohol 425 
grain alcohol plant 422/ 
for managing tree stands 517 
for a short-rotation wood fuel 

crop 442/ 
-rich compounds, breeding trees for 457 
source(s), renewable 351 

herbaceous land plants 49-76 
thermal 

from agricultural residues 8, 13 
industry sector 12/ 
from wood 6, 11 

use in harvesting forest residues 
for fuel 439/ 

use in wood production opera
tions 438/, 439/ 

users, large wood 11 
utilization and efficiency in the 

gasohol program 419 
yield 

in biomass fuel production 453 
vs. energy input for forest 

systems 454/ 
from forest land in New England 450/ 

zone, plasma gas as a high 305 
Enthalpy of pyrolysis vs. pressure, 

cellulose 331/ 
Enzymatic 

digestion of cellulose and fermenta
tion of sugars 206 

hydrolysis of cellulose 193, 195 
Enzyme 

hydrolysis of cellulose 207 
production 215 
technology, chemicals from bio

mass 213—225 
Equation, product cost 381 
Equilibrium constants, gasification .... 371/ 
Ethanol 421 

anhydrous 6 
cellulose to 213-214 

economics 220 
technical and economic evalua

tion 216 
economics 221/ 
as fuel, fermentation 209/ 
as fuel source, practicality 199 
from grain or sugarcane, cost 205 
as motor fuel 200 
process, direct 218/ 
process, novel 206 
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554 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Ethanol (continued) 
production 9,199-212,219/ 
recovery of 216 

Ethylene 
incorporation 173/ 
production 326 
synthesis 202 
yield(s) 

from gasification 327 
of hydrogen, CO, and 342 
and temperature 345/ 

Eucalypts 455 
for intensive biomass production ... 32 

Eucalyptus 498 
Euphorbiaceae 128 
Europe 32 
European beech 456 
Evaporator, Danish Kaderna 298 
Evergreens 456 
Ex-Ferm process 204 

F 

Factory, photosynthesis energy 
(PEF) 502/ 

Farm(s) 
Chemurgic Council 200 
oceanic 82 

Farming for lipids, microalgae 100 
Federal Energy Regulatory Com

mission (FERC) 17 
Feed(s) 

acid or alkaline treatments of 
particulate 261 

and digested solids, comparison 
of dry 244/ 

and digester effluent slurries 242/ 
digestion of caustic-treated 254, 255/ 
digestion of pretreated 254, 261 
increasing methane production 

from cellulosic 254 
materials, raw and catalyzed wood 354/ 
mixed digester 253 
properties for anaerobic digestion .. 236 

Feedlot manure, cattle 348 
Feedstock(s) 15 

analysis for liquid hydrocarbon 
fuels 171/ 

availability and demand 397/ 
biomass 483 

availability 390,484/ 
conversion to electricity and 

methanol, thermal efficien
cies 487/ 

conversion to fuel and chemi
cal products 394 

supply and product demand 484 
cellulose 205 
comparison, synthetic liquid fuels .. 169/ 

Feedstock(s) (continued) 
costs 487 

on optimum profit, sensitivity .... 492/ 
Douglas fir 137 
mixed 220 
for producing liquid hydrocarbon 

fuels 170 
properties 338/ 
for SGFM reactor 344 

Feller buncher 435 
Fermentation 

alcohol production via 163 
by-products of sugar processing and 205 
ethanol as fuel 209/ 
of grains, fruit, and sulfite liquors .. 202 
processes, characteristics 216 
schemes for continuous cell recycle 206 
simultaneous saccharification- 214 
of sugars, enzymatic digestion 206 
vacuum 206 

Fermentors 282 
Fertilization, growth response 511 
Fertilization in silviculture systems . . . 458 
Fertilizer(s) 

cost of 507 
in Energy Plantation model, nitro

gen 512 
requirements 511,515/ 

Fiber production, tree farming for .... 496 
Fir, Douglas 155/, 450 

acid-hydrolyzed 155/ 
cellulose 139 
feedstock 137 

Fischer-Tropsch 
catalysts 167 
experimental results 177/ 
off gas 180/ 
reactions, modified 173/ 
reactor 

catalyst loading vs. yield 176/ 
catalyst screening for 174/ 
pressure vs. yield 176/ 
temperature vs. yield 175/ 

water phase 181/ 
Fixation, biological nitrogen I l l 
Floridanian seaweeds 94 
Fluid flow, energy balance for lami

nar 321 
Fluidized bed 

combustion boilers 532 
pilot reactor, gasification in 

countercurrent 335-349 
reactor 164 
regenerator 166 

Forest(s) 
biomass 

for energy 21 
increasing utilization 42 
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INDEX 555 

Forest(s) (continued) 
biomass (continued) 

inventory 28 
moisture content 35 
site quality, effect of use 42 
yields 44 

decomposition rate 511 
land(s) 

in New England, energy yield 
from 450/ 

timber production on U.S 23/, 24/ 
management 479 
operations, energy requirements ... 448/ 
productivity 25, 43 
regeneration 449 
regions 23-25 
residue(s) 28,29,466 

for fuel, energy use in har
vesting 439/ 

resource companies 11 
resource, U.S 22 
systems 

for biomass production, energy 
efficient 447-461 

energy yield vs. energy input 454/ 
production efficiency 449 

trees for energy production vs. 
agricultural crops 455 

wood production on private 26 
Forestry, intensive short-rotation 441 
Forestry system, conventional 495 
Fossil fuel consumption for gasoline 

vs. gasohol 428/ 
Furfural residue 483,491/ 
Furnaces, Lindburg 320 
Fusel oil 421 
Fuel(s) 

alcohol(-) 
blend shortcomings 200 
cost of fermentation 207 
gasohol industry segment 10/ 
from marsh plants 107 
material balance production 421 
motor 200 
production, energy requirements 421 

algae ponds to produce 500 
applications, wood production ener

getics for 433-445 
from biomass, economics of chemi

cals and synthetic 379-417 
boilers 532 
caloric values of natural 40/ 
and chemicals from biomass 193 
and chemical products, conversion 

from biomass feedstock 394 
consumption for gasoline vs. 

gasohol fossil 428/ 
conversion 455 
cost of producing wood 471 

Fuel(s) (continued) 
crop, energy requirements for a 

short-rotation wood 422/ 
for energy, availability 28 
energy use in harvesting forest 

residues 439/ 
fermentation ethanol 209/ 
gaseous 8, 15, 16/ 
for generating electricity, woody 

biomass 501 
jet 163 
liquid 

analysis 180/ 
producing 157 
synthesis studies 172, 173/ 
feedstock comparison, synthetic . 169/ 
trees as source 455 

liquid hydrocarbon 
from biomass 163-184 
from microalgae 106 

methanol or ethanol as motor 200 
paraffinic 164 
from plants, diesel 134 
production, net energy yield 453 
relationship, utility- 426/ 
source, practicality of ethanol 199 
systems, energy comparison of 

gasoline and gasohol 423 
wood 

characteristics 468 
distribution systems 11 
handling and storage 474 
production models 470 

G 

Gas(es) 
ammonia synthesis 348 
chromatograph of condensible vola

tiles from pyrolysis 299/ 
chromatography traces of cellulose 

liquefaction products 142/ 
cleaning costs, gasification and 487 
commercial production of substi

tute natural 251 
compositions from steam and 

hydrogasification 369 
formation, effects of temperature 

and residence time 314 
fraction characterization, pyrolysis 300 
handling and pyrolysis reactor 287/ 
heating value 344, 345/ 
landfill 283-290 
methane-rich 286 
-phase 

kinetic model 331/ 
production rate 329/ 
reaction, secondary 326 
reaction temperature 327 
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556 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Gas(es) (continued) 
-phase (continued) 

reactor temperature 327 
residence time 322/ 
secondary reactions 307 

from plasma and thermal pyroly
ses 301/ 

production 
rates of 317 
vs. residence time 323-325 

recycling 265 
digestion with product 256 
system for mesophilic diges

tion 257/ 
species, activation energy for 

various 328/ 
substitute natural (SNG) 229 
yield(s) 

composition and reactor tem
perature 338, 346 

dry 343/ 
from landfill, recoverable 284 

Gas yields, pyrolysis 171/ 
Gaseous fuel(s) 8, 15,16/ 
Gasification 164 

agent effect on BTU yield 373/ 
catalysts, wood ash and CaO 372 
countercurrent fluidized bed pilot 

reactor 335-349 
effect of solids residence time 363 
effect of temperature 372 
equilibrium constants 371/ 
ethylene yields 327 
experimental procedure 315 
experiments, catalytic wood 352 
and gas cleaning costs 487 
methane concentration vs. tem

perature 368/, 370/ 
methanol via biomass 486/ 
operating conditions 352 
parameters 355 
reactor data, kinetics 318 
results for cellulose 328/ 
steam 341, 363 
studies 167, 169/, 314 
of wood 398 

effect of residence time on BTU 
yield in steam 365/ 

to methanol 404/ 
of woody biomass, thermochemi

cal 351-375 
Gasifier 352 
Gasohol 179 

and the beef industry 203 
blending, crude oil savings from .... 424 
in Brazil 201 
distributors 9 
energetics 419-431 

Gasohol (continued) 
and gasoline 

comparison of energy require
ments 425 

fossil fuel consumption 428/ 
fuel systems, energy comparison 423 

industry segment, alcohol fuel 10/ 
program, energy utilization and 

efficiency 419 
tax exemptions 14 

Gasoline 163 
blends, conversion to fuel grade 

methanol 489 
demand, annual 485 

General Electric Company 82 
Generation of electricity from wood 

waste 476,478 
Generation and recovery, landfill gas 283 
Generator capacity, electricity costs 

for coal-fired power plants vs 531/ 
Giant kelp 82 
Global Marine Development, Inc 87 
Glucose 268,457/ 
Gluten, new method for extracting 

wheat 203 
Glycerol 105 
Gracilaria tikvahiae 94 
Grain(s) 

alcohol 
investment costs and selling 

prices 224/ 
plant, energy production from ... 431 / 
plant energy requirements 422/ 
production 426/, 428,430/ 

beef cattle receiving distillers dark . 423 
cost of ethanol from 205 
fermentation 202 

Grass(es) 
Bermuda 230,239,253 

degradabilities of organic com
ponents 241 

digestions, carbon and energy 
balances 239 

methane production by anaerobic 
digestion 229-249 

physical and chemical charac
teristics 232/ 

digester 234 
digestion 241 
elephant 450 
Johnson 50 
-MSW-sludge-hyacinth feed, 

digestion 265 
napier 50 
tropical 50 

production costs 67 
as renewable energy sources 

in Puerto Rico 58/ 
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INDEX 557 

Green 
ash 498 
sawdust 341 
wood, moisture content 469 

Growth 
and harvest on U.S. timberlands, 

annual 24/ 
kelp 83-87,92,94 
response to fertilization 511 

Guayule 55 
natural rubber source 126 

Gulf process 215 
Gutta 128 

H 
H 2 in plasma, production of 

acetylene from 304 
Handling of wood fuel 474 
Harbor Branch Foundation, Inc 94 
Hardwood 

crops, spacing and rotation age 498 
fast-growing 498 
heating value 468 
for intensive plantation culture 31 
volume 23,24,25 

Harvest 
herbaceous plants 57, 62/ 
mowing vs. conditioning 62 
napier grass 59 
on U.S. timberlands 24/ 

Harvesting 
forest residues for fuel 439/ 
in mass algal culture, low-cost 524 
methods, New England 470 
microalgae 527 
model 470,471 
techniques 29, 469 
technologies, marsh plant 109 
wood 434,436,470,480 

Hawaii 59 
Heat 

penetration rate through char 
layer 307 

of reaction pyrolysis 330 
transfer effect on cracking reactions 320 
transfer, increasing 347 

Heating value 
gas 344,345/ 
of hardwoods 468 
of resin 468 
of softwoods 469 

Helium plasma product characteriza
tion 298 

Hemicelluloses 37, 244/, 245 
Herbaceous plants 49-76 
Hyacinth 

-grass-MSW-sludge feed, digestion 
of 265 

Hyacinth (continued) 
water 95, 253 

conversion to methane gas . .111-112 
daily yields 116/ 

Hydrocarbon(s) 
crops, oil and 128 
efficiency vs. residence time 325/ 
gas production vs. residence time, 

olefinic 325/ 
gas production vs. residence time, 

paraffinic 324/ 
liquid, fuels 

from biomass 163-184 
from microalgae 106 

and phenol formation, aromatic .... 149 
-producing species 128 
thermodynamic stability 306/ 

Hydrocellulose 157 
Hydrocracking 174/ 
Hydrogasification, direct 369 
Hydrogasification, steam gasifi

cation vs 355 
Hydrogen 301 

donor solvent-effect 156 
overpressure 138 
production 326 
vs. steam effects on methane 

concentration 369 
yields 342,243/ 

Hydrolysis 
Bergius method of wood 190 
of cellulose 185-197 

solvent pretreatment and enzyme 207 
multistage or percolation proc

essing 188 
plants in Russia 188 
pretreatment for enzymatic 195 
sugar yield 192/ 

Hydropolymerization 173/ 
3-Hydroxycyclohexanone 149 

Industry 
agricultural residues 16/ 
gaseous fuels 16/ 
sector, thermal energy from 12/ 
structure, biomass 4 

Inoculum for grass digester, meso
philic 234 

Inorganic carbon, utilization by algae 95 
Institute of Gas Technology 251 
Intensive culture 451 
InterTechnology/Solar Corporation .. 496 
Irrigation 514, 517 
Isomerization 174/ 
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558 BIOMASS AS A NONFOSSIL FUEL SOURCE 

J 
Jack pine(s) 31 

energy costs and yields 452/ 
Jet fuel 163 
Jimsonweed 50 

Κ 

Kelp 
anaerobic digestion to SNG 415/ 
bed at San Clémente Island 82 
blades, nitrogen content 92, 93 
fronds, growth of juvenile 94 
giant 82,236 
plant mortality 92, 93 
residue 170 

Kenaf 134,450 
Kentucky 423 

bluegrass 230 
Kerosine 163 
5-Ketohexanal 149 
Kinetic(s) 

of cellulose liquefaction 142/ 
gasification reactor 318 
model, gas-phase 331/ 
oil-forming reactions 140 
potential of two-phase digestion .... 268 

Kjeldahl nitrogen values 127 

L 
Lambsquarters 50 
Laminar fluid flow, energy balance ... 321 
Land management 498 
Land productivity indexes 506 
Landfill(s) 

biological decomposition within . . . 281 
cellulosics conversion to methane .. 283 
chemical changes within 281 
decomposition of solid waste 279 
limitations 288 
gas 283-290 
methane production from 279-292 
recoverable gas yields from 284 
temperature within 281 
waste composition, typical 280/ 

Latex yields in rubber trees 456 
Leachate 284 
Leaching parameters 512 
Leaf material, recycling 509 
Lignin 143, 214, 244/, 469 

content 511 
for production of acetylene 293-312 

Lignocellulose 195,217/ 
Lignocellulosic(s) 

composition of 293 
residue in plants 134 
substances, organisms that degrade 

complex 166 
thermal pyrolysis 296 

Lindburg furnaces 320 
Lipid(s) 106 

microalgae farming 100 
yield from glucose 457/ 

Liquefaction 
of biomass 137-139 
cellulose 

aldol-type condensations 154 
effects on 142-144,147 
kinetic studies of 142/ 
oil composition from 149 
products 142/, 150/-153/ 
reaction parameters 155/ 

Liquid 
characterization, pyrolysis con

densible 301 
fuel(s) 

analysis 180/ 
feedstock comparison, synthetic 169/ 
hydrocarbon from biomass ...163-184 
hydrocarbon from microalgae .... 106 

synthesis 167, 172 
trees as source 455 

Liquors, fermentation of 202 
Loblolly pine(s) 31,450, 498 

energy costs and yields 451/ 
Locust, black 36/ 
Louisiana 112 

M 

M. integrifolia 78 
M. pylifera 78 
Macrocystis 78-81,88/ 
Macrophytes, biomass production 

by 77-98 
Madison modification of Scholler 

process 188 
Maize 458 
Manganese effect on kelp growth 85/ 
Manure(s), anaerobic digestion 

cattle feedlot 348 
to produce gaseous fuel 15 
SNG production from cattle 410/ 
and terrestrial crops 398 

Maple 36/ 
Marine 

Biomass Project 77 
Farm Project 77, 82, 87 
organisms, culturing 86 

Market 
penetration 380, 382, 393/ 
price 390,399 
response, dynamic 387, 389/ 
share, steady-state .. .384, 386, 389/, 399 

Marsh plants 107-111 
Maryland Department of Natural 

Resources 28 
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INDEX 559 

Mesophilic 
digestion 237 

of caustic-treated feed 255/ 
conventional 260/ 
gas recycling system for 257/ 

inoculum for grass digester 234 
packed-bed methane digester 273/ 

Mesquite 335-349 
Methane 301,455 

concentration effects 369, 370/ 
concentration vs. temperature in 

gasification 368/, 370/ 
conversion of cellulosics to 283 
digester, packed-bed 273/ 
formation 326, 363 
formers 282 
gas, conversion of water hyacinth 

to 111,112 
-phase digester 258 
production 114, 266, 272 

from Bermuda grass 229-249 
from biomass-waste blends ...251-278 
by digestion, thermo

dynamics 245 
from landfills 279-292 

-rich gas 286 
yields from digestion 261 
yields, thermophilic 262 

Methanol 164 
biomass allocation model 483-494 
via gasification, wood to 404/ 
as a motor fuel 200 

Mexico, energy requirements for 
corn production 420/ 

Michigan, forest residue 29 
Microalgae 

biomass systems for energy 
production 105,106 

fanning for lipids 120 
harvesting 527 
liquid hydrocarbon fuels from 106 

Microalgal biomass production 102-105 
Microbial pretreatments 214 
Microstraining 524 
Microwave 

application system and reactor 296 
circuit 297/ 
degradation of waste 295 
pyrolysis 295 

Milkweed 50,55,128 
Mill residue 467 
Minnesota 109 
Mini-rotation systems 451 
Missouri, electric energy demand 484 
Missouri, silvicultural plantation 

capability 484 
Mittelhauser Corporation 179 
Mobil process 164, 201 
Models, wood fuel production 470 

Moisture content 
of forest biomass 35 
of green wood 469 
seasonal variation of wood 37, 38/ 

Molasses 205 
for ethanol production, cane 204 
high-test 67 

Motor fuel alcohol 200 
Mountain View, California 288 
Municipal 

solid waste (MSW) 253, 265, 285/ 
wastewater treatment 106 

Ν 

Napier grass 59-61, 66 
National Inventory of Soil and Water 

Conservation Needs 506 
National Wood and Energy Data 

System 28 
Natural gas, substitute 229 

commercial production of 251 
Naval 

Ocean Systems Center 87 
stores 126 
Weapons Center 164 

Nebraska 423 
New England forest land, energy yield 450/ 
New England harvesting methods 470 
Newsprint, aqueous degradation 138 
Nitrogen 

content of Coastal Bermuda grass .. 239 
contents of kelp blades 92, 93 
fertilizer in Energy Plantation 

model 512 
fixation 33, 111,458,509,514 
ratio, carbon- 511 
values, Kjeldahl 127 

Northern forest region 23 
Norway spruce 456 
Nutshells 13 
Nutrient(s) 

in anaerobic digestion, role 237 
balance in producing woody 

biomass 504,509 
concentrations in marsh plants 109 
in harvested biomass 510 

Ο 

Oak sawdust, gasification of 335-349 
Oceanic farms, research 82 
Oceanic farms, seaweed species 82 
Octane number 423 
Off gas 180/ 
Oil 

companies' role in energy pro
duction 201 

composition from cellulose lique
faction 149 
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560 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Oil (continued) 
crude 2081, 424 
-forming reactions, kinetics 140 
-forming reactions, primary 157 
fusel 421 
and hydrocarbon crops 128 
plant 126, 128 
polymerization of product 156 
product yield, effect of CO 139 
price of imported 447 
seed 126 
shale 163 
tall 126 
thermochemical conversions to .137-163 
yield, co-enhancement effect 143 
yield from wood 156 

Olefins 164 
OPEC 447 
Organic components in Berumuda 

grass 241 
Oxo reaction 173/ 

Ρ 

Pacific coast forest region 25 
Packed-bed digester 271, 273* 
Paper chips 170 
PEF (photosynthesis energy fac

tory) 495-544 
Penn State University 517 
Pennywort 95,114 
PERC process 137 
Percolation process 186, 188 
Petroleum, catalytic cracking 164 
Phaeodactylum tricornutum 106 
Phenol formation 149 
Phenolics 37 
Philippines 200 
Phosphorus-limited growth systems .. 526 
Photosynthate, reduction state of 

primary 55 
Photosynthesis(es) 

energy crop perspective 52 
energy factory(s) (PEF) 495-544 
reaction 52 

Pigweed, redroot 50 
Pine(s) 

breeding programs in southern 457 
Pittsburgh, Kansas, cellulose-to-

ethanol pilot plant 213 
Plains cottonwood 509 
Plant(s) 

aquatic 527 
energy from fresh and brackish 

water 99-121 
combustion 398 
data base 506 
diesel fuel from 134 
energy and chemical resources from 125 

Plant(s) (continued) 
gasification 398 
herbaceous 49-76 
hydrocarbon-bearing 55 
lignocellulosic residue 134 
marsh 107-111 
materials, harvesting and processing 134 
nitrogen fixation in woody 458 
oil(s) 126,128 
parasitic power for a wood-fired .... 529 
protein contents 127 
pyrolysis 398 
self-seeding 50 
spectral proficiency of higher 52 
yields for herbaceous species 64 

Plantation culture, intensive 30, 31, 33 
Plantation^), Energy 43, 495-544 
Plasma 

gas 305 
product characterization, helium .... 298 
production of acetylene 304 
pyrolysis 300/, 302/, 304, 308 

Pokeweed 50 
Polyethylene 170 
Polymer, structure of lignin 294/ 
Polymerization and condensation 

reactions 307 
Polymerization of product oil 156 
Polyols 106 
Polyphenols and tannins 134 
Polysaccharides 106 
Ponds, algae 499, 500 
Poplar(s) 458,484 

for biomass production 32, 452/ 
hybrid 496 

Posttreatment of digester effluent, 
aerobic sludge 266 

Power plants, coal-fired 531/ 
Power plant(s), wood-

fired 477/, 479, 528-531 
Pretreated feed, digestion of 254, 261 
Pretreatment(s) 

of cellulose 193,207 
for enzymatic hydrolysis 195 
mechanical 214 
microbial 214 

Price(s) 
estimates, cellulose alcohol 223/ 
expected energy demands and 381 
imported oil 447 

Processing companies, agricultural .... 13 
Processing of wood fuel 474 
Product(s) 

cost equation 381 
demand and price data sources 400 
gas yield and reactor temperature .. 346 
penetration analysis 383/, 384 
production price, biomass 399 
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INDEX 561 

Production 
cost factor, management as 67 
costs for first-ratoon sugarcane 68/ 
costs for Sordan 70A 69* 

Productivity(ies) of cattails 109, 110/ 
Productivity indexes, land 506 
Propanol 179 
Protein contents of plants 127 
Protein, crude 244/ 
Puerto Rico sugar industry 59 
Puerto Rico, grasses as energy sources 58/ 
Pulp mill wastes, ethanol production 

from 219/ 
Pulp, reaction rate for cotton and 190 
Purdue University 207 
Purox process 485 
Pyrolysis 

of biomass 313 
acetylene 293-312 

cellulose 326 
composition of volatiles 303/ 
condensible liquid characteriza

tion 299/, 301 
factorial experiment 175/ 
gas fraction characterization 300 
gas yields 171/ 
heat of reaction and pressure 330 
microwave 295 
plasma 300/, 304, 308 
vs. pressure, cellulose enthalpy 331/ 
product distribution 300/ 
reactor 166 

gas handling and 297/ 
residual analysis 303 
thermal 300/ 

of lignocellulosics 296 
tars, contrast between plasma 

and 302/ 
of wood and plants 398 

Pyrolytic char 314 
Pyrolytic oil 455 

Q 

Quartz reactor, tubular 314, 316/, 320 
Quayule bagasse 170 
Queensland sugar industry 70 

R 

Ragweed 50 
Raisio Alfa-Laval process 203 
Rankine cycle efficiency 528 
Reaction 

conditions, biomass to oil 137-163 
rate for cotton and pulp 190 
temperature, gas-phase 327 
wood, chemical composition 39 

Reactor 
catalyst screening for Fischer-

Tropsch 174/ 
departures from ideal plug-flow .... 323 
environment, plasma 305 
fluidized bed 164 
microwave application system and .. 296 
pyrolysis 166 

gas handling and 297/ 
recovery of moisture and tars 317 
stirred tank 157 
temperature, gas-phase 327 
temperature and product gas yield 346 
tubular quartz 314, 316/, 320 

Recovery, landfill gas 283, 287, 290 
Recycle, fermentation schemes for 

continuous cell 206 
Recycling 

gas 256,265 
system for mesophilic digestion . 257/ 

of leaf material 509 
system for digester effluent 257/ 

Reformer 
experimental results 182/ 
off gas 180/ 

Regeneration, forest 449 
Regenerator, fluidized bed 166 
Research vs. pilot plant functions 181/ 
Residence time 

effect on carbon conversion 372 
dependence of gas production 

on 323,325/ 
gas-phase 322/ 
and BTU yield in steam gasifica

tion of wood 365/ 
hydrocarbon gas production 

vs 324/, 325/ 
for volatiles 321 

Residue(s) 
agricultural 

industry 16/ 
production of electricity 13 
thermal energy 8, 13 

forest 439/, 466 
materials, costs of woody 29 
mill 467 
in plants, lignocellulosic 134 
supply, wood 467 

Resin 468 
heating value 468 

Resource, U.S. forest 22 
Resources, industrial development of 

biomass energy 3-17 
Rice 208/ 
Rocky Mountains-Great Plains forest 

region 25 
Rotation age for hardwood crops 498 
Roundwood harvesting model 470 
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562 BIOMASS AS A NONFOSSIL FUEL SOURCE 

Rubber(s) 
crops 126 
guayule 126 
molecular weight of natural ...132/—133/ 
sources 128 
tree(s) 55 

latex yield 456 
Russia, hydrolysis plants in 188 

S 
Saccharification/fermentation, simul

taneous 214 
San Clémente Island, kelp bed at 82 
Sawdust, green 341 
Sawlogs 29 
Scholler percolation process 186,188 
Scythe-conditioner, M - C rotary 63 
Seawater, artificial 83 
Seawater media, culturing studies in 83 
Seaweed species for oceanic farms .... 82 
Seaweeds, Floridanian 94 
Seed oils 126 
Serbian spruce 458 
Sewage 

pond 103/, 104/ 
sludge 236,253 

SGFM (synthesis gas from 
manure) 335-337, 344 

Short-rotation 
forestry 441,495 
system 451 
tree farming for fiber production . . . 496 
wood fuel crop, energy 

requirements 442/ 
Sickle-bar mower 62 
Silver maple 509 
Silvicultural plantation capability 

in Missouri 484 
Silvicultural system 449, 458 
Sludge 509,513,516 

feed, digestion of hyacinth-
grass-MSW- 265 

posttreatment, aerobic 266 
recycling of 267 
sewage 236, 253 
unit, activated 256 

Slurries, feed and digester effluent 242/ 
Slurry systems, two-phase digestion .. 268 
SNG (see Synthetic natural gas) 
Sodium carbonate and cellulose 

liquefaction 147 
Softwood volume 23-25 
Soil Conservation Service 514 
Soil deterioration 42 
Solar drying of herbaceous plants 64 
Solar Energy Research Institute 82 
Solid waste 

alcohol from 206 
disposal 220 

Solid waste (continued) 
landfill gas generation from 285/ 
in landfills, decomposition 279 
municipal (MSW) 253 

Solvent-effect, hydrogen donor 156 
Sordan harvest 59, 60/ 
Sorghum 50 
Southern 

California coastline 91/ 
Florida 112 
forest region 24 

Soybean 208/ 
Spacing and rotation age for hard

wood crops 498 
Specific gravity of tree biomass 37 
Sprinklers, self-propelled 514 
Spruce, Norway 456 
Spruce, Serbian 458 
Stabilization ponds 499 
Steady-state 

digestion 234 
anaerobic 247/ 

market share 384, 386, 389/, 399 
performance of packed-bed 

methane digester 273/ 
Steam 

cracking of volatiles 374 
cycle 528 
gasification 313-334, 341 

vs. hydrogasification 355 
of wood 364/, 365/ 

-wood ratio 363 
effect on carbon conversion 366/, 367/ 

Stirred tank reactor 157 
Storage, wood fuel handling and 474 
Sudan 112 
Sugars) 

from cellulose 189/ 
hydrolysis yield 192/ 
industry, Puerto Rico 59 
market 204 
processing and fermentation 205 

Sugarcane(s) 50, 66, 209/, 455 
bagasse, balers 65 
for ethanol production 204 
cost of ethanol from 205 
harvesting 59 
maturation profiles 60/ 
production costs for first-ratoon .... 68/ 
wild 54 
yields 64 

dry matter 61/ 
Sulfite liquors, fermentation 202 
Supply and demand, feedstock 41, 484 
Sycamore, American 31, 496 
Sycamore, intensive culture 30 
Synthesis gas, ammonia 348 
Synthesis gas from manure 

(SGFM) 335-337,344 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

9,
 1

98
1 

| d
oi

: 1
0.

10
21

/b
k-

19
81

-0
14

4.
ix

00
1



INDEX 563 

Synthetic 
liquid fuels feedstock comparison .. 169/ 
natural, gas (SNG) 410/ 

from algae pond 533 
from cattle manure 410/ 
from kelp 415/ 

Τ 

Tall oil 126 
Tannins 134 
Tar(s) 

fraction 308 
plasma and thermal pyrolysis 302/ 
recovery from reactor 317 

Temperature 
effect on gasification 372 
gas-phase reaction 327 
in gasification, methane concen

tration vs 368/, 370/ 
Test Farm operation 89/, 90/ 
Texas Tech University 335 
Thermal 

conversion of SGFM process 344 
efficiencies for conversion to 

methanol 489 
energy from agricultural residues .. 8,13 
energy from wood 6,11,12/ 
pyrolysis(es) 300/ 

permanent gases from 301/ 
of lignocellulosics 296 
tars 302/ 

Thermochemical 
conversion of biomass to oil 137-163 
facilities, economics 391/ 
gasification of woody biomass ....351-375 
liquefaction of biomass 137 

Thermodynamic stability of hydro
carbons 306/ 

Thermodynamics, methane production 245 
Thermophilic digestion 239, 262 

of caustic-treated feed 255/ 
Thermotolerant organisms produc

ing cellulase 206 
Timber outpost, increasing 26 
Timberlands, annual growth and 

harvest on U.S 24/ 
Tissue expansion vs. maturation in 

herbaceous plants 57 
Tissue nitrogen concentration and 

growth 93 
Trash, cotton gin 338,340/ 
Tree(s) 

age, wood moisture vs 31 
for energy-rich compounds, 

breeding 457 
farming for fiber production, 

short-rotation 496 
harvesting model 471 

Tree(s) (continued) 
latex yield in rubber 456 
as liquid fuel source 455 
nitrogen-fixing 33 
poplar 458 
seasonal moisture content 37 
short-rotation growing 495 
stands, energy requirements 517 
utilization 27 

Trichoderma reesei 215 
Two-phase digester 258, 268 
Two-phase system for biomass-waste 

blend 259/ 
Typha 109 

U 
Upper Michigan, forest residue in 29 
Urban waste as cellulosic substrate . . . 206 
United Aircraft Research Laboratories 82 
U.S. 

Bureau of Mines 138 
commercial forest land 23/ 
corn inventory 202 
Department of Agriculture ....17, 126, 202 
Department of Energy 

(DOE) ...14,28,202,379,424,428 
energy requirements for corn 

productions 420/ 
Environmental Protection Agency 107 
forest 

land, timber production 24/ 
resource 22 
Service 14 

marshland areas 107 
Soil Conservation Service 51 
timberlands, annual growth and 

harvest 24/ 
wood supply 466 

Utility and energy consumption in 
grain alcohol production 430/ 

Utility-fuel relationship 426/ 

V 
Vacuum fermentation 206 
Velocity, electron concentration and .. 307 
Volatile(s) 

acids concentration in digesters 271 
from pyrolysis, composition 303/ 
from pyrolysis, gas chroma

tography 299/ 
residence time 321 
steam cracking 374 

W 
Waste(s) 

alcohol yields from cellulosic 201 
blend(s), biomass- 251, 252, 259/ 
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564 

Waste(s) (continued) 
composition, typical landfill 280/ 
digestion system, advanced 

biomass- 174/ 
ethanol production from pulp mill.. 219/ 
microwave degradation 295 
solid 

alcohol from 206 
disposal 220 
landfill gas generation from 

municipal 285/ 
in landfills, decomposition 279 
municipal (MSW) 253 

utilization, cost-effectiveness 516 
wood 209/ 

combustion 476 
environmental concerns of 

harvesting 480 
electric power generation 

from 465,476,478 
sources of 466 

Wastewater 
algae production from 523 
irrigation model 517 
treatment 

economics 525/ 
municipal 106 
system, wetlands 523 
wetlands biological 504 

Water 
balance and irrigation 514 
gas shift catalyst 171/ 
hyacinth 95,253,527 

daily yields 116/ 
as methane source 111,112 

phase, Fischer-Tropsch 181/ 
utilization efficiency 55 

Wheat 208/ 
gluten, extraction 203 

WHOI (Woods Hole Océanographie 
Institution) 77,94 

Wisconsin, forest residue 29 
Wood(s) 

alkali concentration and oil yield .... 156 
ash 372,374 

content 469 
as biomass source 194 

BIOMASS AS A NONFOSSIL FUEL SOURCE 

Wood(s) (continued) 
branch material handling 441 
chemical composition of reaction .... 39 
chips 475 

combustion of 398 
compression 39 
feed, raw and catalyzed 354/ 
-fired power plant(s) .477-479, 528-531 
flour 143 
fuel(s) 

characteristics 468 
cost of producing 471 
crop, energy requirements 442/ 
distribution systems 11 
for energy, availability 28 
gasification 398 
handling and storage 474 
production models 470 

gasification experiments, catalytic .. 352 
harvesting 434,436 
Hole Océanographie Institution 

(WHOI) 77 
hydrolysis, Bergius method 190 
industry sector, thermal energy 

from 12/ 
to methanol via gasification 404/ 
moisture 

content of green 469 
content, seasonal variation 38/ 
vs. tree age 37 

production 
energetics for fuel applica

tions 433-445 
on private forests 26 

products and residuals 459 
pyrolysis 398 
residue 467,483,489,491/ 
steam gasification 365/ 
supply 

in Burlington, Vermont 458 
and demand, world 41 
in the U.S 466 

thermal energy from 6, 11 
volatile matter content 374 
waste (see Waste, wood) 

Woody biomass 501, 504 
Woody residue, costs 29 
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