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Engi neeri ng and Desi gn
LANDFI LL OFF- GAS CCOLLECTI ON AND TREATMENT SYSTEMS

1. Purpose. This engineering technical letter (ETL) was witten
to provide guidance for designers to determ ne appropriate
application of Landfill Of-Gas Collection and Treat nent Systens,
and to properly design and specify these systens.

2. Applicability. This ETL applies to all HQUSACE el enents,
maj or subordi nate commands (MSC) , districts, |aboratories, and
field operating activities having mlitary or civil works design
responsibilities. The engineering and design procedures are
applicable to all Corps of Engineers projects. Collection and
Treatnment of landfill off-gas is a requirenent at both Federal
and nuni ci pal sites, including Departnent of Defense
installations. This ETL was witten primarily for sites
cont ai ni ng Muni ci pal Waste, Hazardous and Toxi c WAstes and does
not apply to Radi oactive Waste sites.

3. References. This ETL should be used in conjunction with
desi gn gui dance docunents listed in this paragraph as well as
those listed in Appendi x D.

a. EM 385-1-1, safety and Heal th Requirenents Manual

b. ER 385-1-92, Safety and Cccupational Heal th Docunent
Requi renents for Hazardous, Toxic and Radi oactive Waste (HTRW
Activities.

c. ER 1110-1-263, Chem cal Data Quality Managenent for
Hazar dous Waste Renedial Activities

d. ER 1110-345-100, Design Policy for Mlitary Construction.
e. ER 1110-345-700, Design Anal yses.

ER 1110- 345-710, Design Draw ngs.

ER 1110-345-720, Construction Specifications.

i. TM5-814-5, Sanitary Landfill.
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4. Discussions. The attached appendi ces present the procedures
and consi derations associated with the engi neering and desi gn of
landfill off-gas collection and treatnent systens. The foll ow ng
appendi ces are attached:

a. Appendix A - Design Considerations: The information
presented in this appendi x provides a conprehensive overvi ew of
desi gn and engi neering considerations for Landfill Of-Gas
Col l ection and Treatnent, including:

(1) Background information, theory, and definitions.

(2) Theories of operations for passive and active gas
coll ection systens and gas treatnent for energy recovery systens.

(3) A summary of off-gas collection and treatnent
applicability, a conparison of options, and typical operating
per f or mance.

(4) An overview of design considerations from gas
col l ection through gas treatnent and recovery or disposal and
speci fic design considerations for conponents of the Landfil
Of-Gas Collection and Treatnent equi pnent and associ at ed
accessories and auxiliary systens.

(5) A summary of legal requirenents and permts.

(6) Em ssions characterization and treatability studies.

(7) Equi pment sizing criteria.

(8) Construction materials and installation specifications.

(9) Oper ati on and Mai nt enance.

(10) Design and construction package requirenents.

b. Appendix B - Design Calculations. This appendi x presents

the types of cal culations and docunents associated with Landfil
O f-gas Collection and Treatnent applications.

c. Appendix C - Definitions and Acronyns. This appendix
presents the definitions and acronyns of terns used throughout
the ETL.
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d. Appendix D - Bibliography. This appendix provides
references and sources of information presented throughout the
ETL.

e. Appendix E- Design Exanples. This appendi x presents
desi gn exanples for Landfill Of-Gas Collection and Treat nent.

5. Action. Each US. Arny Corps of Engineers design el enent
wi |l be responsible for incorporating guidance into HTRW or
mlitary construction designs. This ETL wll be considered as
t he design guidance for the installation of Landfill Of-Gas
collection, treatnment and nonitoring systens.

6. Inplenentation. This information is furnished to assi st
designers in design of new and/or retrofit facilities to convey
and treat off-gas from nunicipal and industrial landfills.

I nformation presented herein supplenents TM 5-814-5 Sanitary
Landfill with information specific to gas collection and control.
Use of the ETL is not |limted to HTRW Civil Wrks or Mlitary
Constructi on.

FOR THE DI RECTOR OF M LI TARY PROGRAMS:

5 Appendi ces CARY JONES, P.E.

APP A - Design Considerations Chi ef, Environnental
APP B - Design Cal cul ati ons Restoration Division
APP C - Definitions of Terns Directorate of

APP D - Bi bl i ography Mlitary Prograns

APP E - Design Exanpl es
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APPENDI X A
LANDFI LL OFF- GAB SYSTEMS ENG NEERI NG TECHNI CAL LETTER
DESI GN CONS| DERATI ONS

1.0 | NTRODUCTI ON

Landfill gas (LFG that is generated fromthe deconposition
of municipal solid waste (MSW in a landfill consists of a m x of
approxi mately 50 percent nethane (CH,) and 50 percent carbon
di oxide (C0,). Trace anpunts of oxygen (Q), nonnethane organic
conpounds (NMOC) whose princi pal conponents are hydrogen sul fide
(H,S), and reactive organic gases (ROGs) may al so be present.

There are increasing concerns with the em ssions of LFG and
its contribution to air pollution since volatile em ssions from
landfills represent a major source of organic contam nants
entering the atnosphere. The concerns are based on the
fol | ow ng:

° CH,gas is highly conbustible, making it a potenti al
hazard in the landfill environnent, or in structures on
adj acent properties;

o LFG is capable of mgrating significant distances
t hrough soil, thereby increasing the risk of explosion
and exposure. Serious accidents resulting in injury,
|l oss of life and extensive property damage nmay occur

where landfill conditions favor gas mgration;

° As LFG is produced, the pressure gradient upward may
create cracks and di srupt the geonenbrane in the
landfill cover;

° CH, gas is an asphyxiant to humans and animals in high

concentrations;

° M grating gas may result in other adverse effects such
as stress to vegetation, by |owering the 02 content of
soil gas available in the root zone;

° Gas generated at landfills and vented to the atnosphere

frequently emanat es nui sance odors causi ng annoyance to
i ndi vi dual s residing nearby;

A-1
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° Em ssions of NMOC and ROG or o0zone precursors
contained in LFG may be contributing to the
degradation of local air quality. Were landfills
contain sources of sulfur, such as shredded
construction/denolition material and gypsum board,
there is increased potential for liberation of HS
whi ch is noxious at |ow concentrations and can cause
asphyxiation, if gas is mgrating to encl osed areas;

° Vinyl chloride fromlandfills has been found to be
present in substantial concentrations in LFGs and has
been detected in off-site conduits, representing health
and safety concerns. Vinyl chloride is found in
muni ci pal as well as comrercial solid waste landfills;

° CH, gas, one of the "green house gases", contributes to
the possibility of global warm ng of the earth's
climate; and

° Uncontrolled LFGis a |loss of potential resources;
instead it can be a satisfactory fuel for a w de
variety of applications. Many types of energy
equi pnent desi gned for conventional fuels can operate
on LFG with the power output reduced about 5 to 20
percent

Currently, federal and state environnental agencies are
devel opi ng stringent regulations for air em ssions from nmunici pal
and industrial landfills. The United States Environnental
Protection Agency (EPA) has proposed regul ations for control of
air emssions fromMSW I andfills, based on Section 111 the C ean
Air Act (CAA) (. The new regul ati ons require gas nmanagenent
systens as a conponent of the landfill final cover.
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1.1 PURPOSE

The purpose of this Engineering Technical Letter (ETL) is to
provide informati on and procedures necessary for the design of
systens to nonitor, collect, characterize, transport, and treat
of f-gas from nunicipal, industrial and hazardous waste |andfills.
The ETL describes and eval uates various LFG em ssion control
techni ques and presents design procedures relative to specific
functional requirenments. The ETL is intended to aid the designer
and ot hers who possess sone know edge of hydrogeol ogy, civil
engi neering, chem stry, mathematics, materials science, and who
have sone desi gn experience to select the nost effective
solutions to problens of controlling LFG

1.2 SCOPE
The followi ng topics are discussed in this ETL

o Chapter 1, Introduction, presents the origin of LFG
reasons why control is necessary, the purpose of this
ETL, the scope of this ETL, and LFG control issues;

° Chapter 2, Theory of Landfill Gas Em ssions, discusses
t he nechani sns of LFG generation, factors affecting LFG
generation, transport nechanisnms, and factors affecting
LFG novenent/ m gration, LFG characteristics, condensate
characteristics, mathematical gas flow, estimation of
LFG production, and different LFG estimation nodel s;

° Chapter 3, Landfill O f-gas Applicability, discusses
LFG col l ection, LFG disposal and treatnent for energy
recovery, along with advantages and di sadvant ages of
each technol ogy;

° Chapter 4, Design Considerations, discusses design
paraneters of LFG collection systens, LFG treatnent
systens, LFG condensate treatnent nethods, LFG
purification systens, gas neasurenent systens,

i nstrunmentation, nonitoring, control, and utility
requirenents;
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° Chapter 5, Regul atory Requirenents, discusses current
and proposed regul ations applicable to air toxic rules
under the CAA, local air toxic rules, and proposed
gl obal warm ng | egislation;

° Chapter 6, Environnmental I|ssues, discusses adverse
effects of LFG em ssions and benefits of LFG control;

° Chapter 7, Construction Materials and Installation,
di scusses construction materials for gas collection
systens, treatnent equipnent, condensate collection and
treatment systens, construction criteria and quality
assurance (QA) gui dance;

° Chapter 8, Operating Conditions, discusses operation
safety, process interferences, operation concerns,
system start-up, training, maintenance requirenents,
and operation | abor requirenents;

° Chapter 9, Design and Construction Package, discusses
desi gn anal ysis, design docunents, draw ngs and
specifications for bidding and construction, guide
speci fications, and operations and nmai ntenance; and

° Appendi ces present design calculations, a check |ist
for design docunents, bibliography, design exanples and
definitions of terns and acronyns.

1.3 REFERENCES
The information used in the devel opnment of this ETL is
listed in Appendi x D, Bibliography.

1.4 BACKGROUND

Sanitary landfilling is the primary nethod for disposal of
muni ci pal and household solid waste or refuse in the United
States (U.S.). The daily per capita quantity of solid waste
generated for mlitary troop facilities is estimated at 2 to 3
kgs (4 to 6 |Ibs) of conbined refuse and garbage (® . Hazardous
waste amounts vary with the locations and mlitary activities.
Based on the effective popul ati on of 5000, which is the sum of
the resident popul ati on and non-resi dent enpl oyees at a typical
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mlitary base, the anmount of solid waste or refuse landfilled
annual |y by each base is about 5,000 tons. The quantity and
quality of LFG generated in a landfill depends on the types of
solid wastes that are deconposing. LFGis produced at a vol une
of approximately 3 to 6 cubic feet per pound of nunicipal solid
waste (2,

Experience with landfill-generated CH, recovery and
utilization has shown that installation of LFG collection systens
has reduced LFG em ssions and inproved local air quality. LFGis
bei ng i ncreasingly devel oped as an energy resource and is
currently recovered commercially at nore than 70 sites in the
U.S. and a nunber of sites in the United Kingdom and Europe V.

1.5 THEORY

A landfill can be described as an engi neered burial of solid
wastes that are subsequently degraded by chem cal reactions and
bi ol ogi cal activities. The biological degradation or
deconposition of solid wastes generates CH,, and CO, along with
traces of other conpounds. The biol ogical deconposition of solid
waste follows three distinct phases, as illustrated in Figure
A-1.

Phase 1. The mcroorganisns slowy degrade the conpl ex
organic portions of the waste using the O, trapped during the
landfilling process to form sinpler organi c conpounds, CO0, and
water. This phase is termed aerobic deconposition.

Phase 2. After the O is fully consuned, facultative
bacteria grow and deconpose waste into sinpler nolecules such as
hydr ogen, ammoni a, C0,, and organic acids. This second phase is
step one of the anaerobic phase.

Phase 3. In the third deconposition phase (step two of
anaer obi ¢ phase), CH,-form ng bacteria (nmethanotrops) utilize
C0,, hydrogen, and inorganic acids to form CH, gas and ot her
product s.
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Chem cal reactions between wastes placed in landfills may
al so take place producing volatile constituents.

1.6 OBJECTI VES

The overall objective of this ETL is to aid in the design of
LFG control systens; i.e., extraction, disposal, treatnent and
utilization of LFG for energy recovery.

Sub- obj ecti ves i ncl ude:

o Revi ew and anal yze avail abl e know edge of the LFG
generation process; estimte production rate, and
specific characteristics that influence the production
rate;

o Exam ne and anal yze alternative collection, nonitoring,
treatnment, processing, and utilization nethods of LFG
to achi eve economc viability;

° Revi ew and evaluate the landfill off-gas design and
operation techni ques including condensate managenent to
aid in selecting an optimum system design for a
specific site; and

° Provi de desi gn exanpl es for guidance.
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2.0 THEORY OF LFG EM SSI ONS
LFG emi ssions are primarily governed by the foll ow ng
vari abl es:

gas-generati on nmechani sns,

factors influencing gas generation,
gas-transport nechani sns, and
factors influencing gas transport.

The foll ow ng sections discuss these issues.

2.1 GAS- GENERATI ON MECHANI SVS
LFG is produced fromone or nore of three nechani sns:

° evapori zation/volatilization,
° bi ol ogi cal deconposition, and
° chem cal reactions.

Physi cal, chem cal, and biol ogi cal processes transformsolid

waste after it is deposited in a landfill. The waste is first
conpressed by landfill equi pnent, and subsequently conpacted by
nmore waste and daily cover materials. 1In addition to the initial
conpression and conpaction, the landfill undergoes settlenent for

many years. This settlenment occurs as the waste further
consol i dates and bi ol ogi cal deconposition reduces the waste
volunme. The landfill's final waste thickness may be reduced by
as nmuch as 30 percent due to settlenent.

Water infiltration through the cover material, percolation
of water contained within the original waste, and water produced
as a product of waste deconposition, all forma nmediumin which
sol ubl e substances di ssol ve and generate | eachate. Chem cal and
bi ochem cal reactions within the landfill mainly involve the
products of the deconposi ng waste, hydrogen, organic acids, CH,,
and C0,.
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2.1.1 Evaporation/Volatilization
Vapori zation action is due to the change of chem cal phase

equilibriumthat exists wwthin the landfill. Sonme gas-generating
materials will be present in the waste nmass as it is received and
deposited in the landfill. Organic conpounds in the |andfil

cells will vaporize until the equilibriumvapor concentration is
reached. This process is accel erated when the waste becones
biologically active, as a result of heat, which is evolved within
the landfill as part of the biological process. The rate at which
conponents are evol ved depends on physical and chem cal
properties of the conpounds. The nost significant of these
paraneters are the Henry's Law Constant, which describes the

equi libriumpartitioning between the vapor and aqueous phases at
a given pressure and tenperature.

Henry's Law Constant. Henry's Law determ nes the extent of
vol atilization of a contanm nant dissolved in water.

Henry's Law states: The weight of any gas that wll dissolve
in a given volunme of liquid, at constant tenperature, is directly
proportional to the pressure that the gas exerts above the
i quid.

Henry's Law is presented in the follow ng fornul a:

Pa = H*Xa (2-1)
wher e,

P, = partial pressure of conpound A in the gas phase.

X, = nmole fraction of conpound A in liquid phase in

equilibriumw th the gas phase

Hy, = Henry’s constant.

Henry's constant quantifies the tendency for a liquid
conmpound in solution (i.e., in groundwater or soil noisture) to
partition to the vapor phase. This constant is tenperature-
dependent, increasing with an increase in tenperature. In
general, liquid conpounds with Henry's constants greater than

10-® atm n?¥/ nol are considered to have hi gh vapor-phase
partitions. Wen using Henry's constant for various conpounds,
care nust be taken to use a consistent systemof units. The table
bel ow summari zes the various fornms of Henry's constant and
appropriate units:
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Units and Conversion Factors for Henry's Constant

P X Henry's Constant
Concentration Concentration
in Gas Phase in Liquid Phase Symbol Units
atm mol fraction H, atm
atm mol/m3 H atm-m’/gmol
g/m? g/m’ H,, dimensionless
mol fraction mol fraction H dimensionless

Conversion factors for Henry's Constants

1. H = (VP * MW)/S
where,
H = Henry's Constant, atm-m’/gmol
VP = vapor pressure of pure substance, atm

MW = Molecular weight, g/gmol
S = Solubility of gas, g/m,
2. H. = H * C,
where,
H, Henry's Constant, atm
Co Molar Density of Water, 55.6x103gmol/m3
or 55.6 kmol/m,
or 55.6 gmol/L
3. H, =  H./(C,*R*T)
where,
H, = Henry's Constant, dimensionless
R = Universal Gas Constant, 8.2x107atm-m’/gmol-T
T degrees Kelvin

Esti mated Henry*s constants for some organics at 20°C (68°F) are
shown in Table A-1.

2.1.2 Biological Deconposition

Sanitary landfills produce |arge quantities of gas, with
the maj or conponent being CH,. LFG generation occurs as a
result of two conditions, aerobic and anaerobi c deconposition.
Cenerally, aerobic conditions degrade the | arger nolecules into

A-10
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H He Hy
Compounds atm.m®/gmol atm Dimensionless

Vinyl chloride 6.4 3.56 x 10° 266
Dichlorofluoromethane 2.1 1.17 x 10° 87.6
Methane 0.63 3.50 x 10* 26.2
1,1-Dichloroethylene 1.7 x 10” 9.45 x 10° 7.07
1,2-Dichloroethylene 1.7 x 107 9.45 x 10° 7.07
Chloroethane 1.5x 102 8.34 x 107 0.62
Trichloroethylene 1.0 x 10* 5.56 x 10° 0.42
1,1,1-Trichloroethane 3.6 x 10* 2.00 x 102 0.15
Chloroform 3.4x10° 1.89 x 107 0.14
Methyiene chloride 25x 10° 1.39 x 107 0.10
1,1,2-Trichloroethane 7.8x10* 4.34. x 10 0.032
Naphthalene 3.6x10* 2.00 x 10 0.014
Phenol 2.7 x 10° 1.50 x 10' 0.0011

Source: Adapted from Reference 4
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smal l er and smal | er nol ecul es | eadi ng to anaerobi ¢ degradati on of
organi ¢ acids which generates CH,and C0,. It is inportant to
under st and

that there will be m xed aerobic and anaerobi ¢ degradati on
occurring at the sane tinme. The facultative, degrading m crobes
(capabl e of growing and surviving with or without 0,) performthe
necessary dual functions of degrading |arger nolecul es and
consumng O, to create and sustain the anaerobi c environnent

whi ch favors CH, producti on.

These processes normally occur in three stages: aerobic,
anaer obi ¢/t hernophilic, and anaerobi c/ net hanogenic. The bacteria
i nvol ved in biological deconposition exist in the refuse and soi
used in landfill operations. Seeding the refuse with bacteria
from anot her source can result in a faster rate of devel opnent of
t he bacterial population.

The gas release rate into the waste void space is
principally affected by the pH and the rate of water production
in each of the nodes of bioprocessing. Since water is a norma
product of the first stage (aerobic), nore water nay be present
in the matrix than would normally be expected based on the water
content of the wastes. This water will conpete for space with
the air during conpaction and will dissolve sone of the
bi oreaction gases. The first two stages reduce the pH of the
wat er and may affect the evaporation/volatilization rate
accordingly.

2.1.3 Aerobic Deconposition

Aer obi ¢ deconposition begins shortly after the waste is
placed in the landfill and continues until all of the entrained
O, is depleted fromthe voids and fromw thin the organic waste.
Deconposi tion products under aerobic conditions are C0,
(primarily), water, and nitrate. Aerobic bacteria produce a gas
characterized by high tenperatures (54 to 71 °C or 130 to 160°F),
hi gh C0, content (30 percent), and |ow CH, content (2 to 5
percent).

Aer obi ¢ deconposition may last for as little as 6 nonths to
as long as 18 nonths for waste in the bottomlifts of the
landfill. However, in the upper lifts of the landfill, aerobic
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deconposition may last for as little as 3 to 6 nonths if CH,-
rich gas fromlower lifts flushes 0, fromthe voids in the upper
lifts. Aerobic deconposition produces the conditions and
byproducts necessary for anaerobic deconposition. Limted

aer obi ¢ deconposition frominfiltration of 0,, as air or

di ssolved in water, into the landfill may continue for years.
Thi s continuing okidative degradation by aerobic and facultative
organi sns can continue to drive the subsequent anaerobic
processes. Aerobic degradation generally degrades many of the

| arger polyners in the wastes, such as starches, cell ul ose,
[ignins, proteins, and fats into smaller, nore avail able

ol i goners (polynmer consisting of 2 to 4 nononers) which can then
be further degraded into dinmers (nolecule consisting of two

i dentical sinpler nolecules) and nononers such as sugars,
peptides, am no acids, long-chain fatty acids, glycerol and
eventual |y organic acids, as discussed below. These | ess conpl ex
products of aerobic degradation are nore readily degraded
anaerobically than the | arger pol yners.

2.1.3.1 Anaerobic Deconposition

Anaer obi ¢ deconposition occurs in two distinct processes.
When all of the entrained O- is depleted fromthe waste, the
wast e deconposition changes from aerobic to anaerobic, and two
new groups of bacteria enmerge which thrive in anaerobic (no Q)
environnents. Facultative m crobes convert the sinple nononers
into m xed acid products along with hydrogen and CO,. Anaerobic
bacteria convert the m xed volatile organic acids (e.g., formc,
acetic, propionic and butyric acids), aldehydes and ketones into
primarily acetic acid and hydrogen, using water in place of O.
These organi c acids reduce the pH, which increases the
sol ubilization of sone organic and inorgani c wastes, thereby
i ncreasing the concentration of dissolved solids in the |eachate.
CH, production can be limted during this stage since the | ow pH
(5 to 6) is sonewhat toxic to the nethanogenic (nethane-
produci ng) bacteria. During the second anaerobic process, the
met hanogeni ¢ bacteria become nore prom nent. These net hanogens
degrade the volatile acids, primarily acetic acid and use the
hydrogen to generate CH, and C0, (typically in a 1:1 ratio). This
degradation results in a nore neutral pH (7 to 8), a decrease in
the COD, and a decrease in the conductivity, as the organic acids
are consuned.
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The resul ti ng anaerobi c deconposition is characterized by
| ower tenperatures (38 to 54°C or 100 to 130°F), |ower QO,
concentrations (40 to 48 percent), and significantly higher CH,
concentrations (45 to 57 percent) than the generally aerobic
phase of deconposition. Anaerobic deconposition will continue
until all of the volatile organic acids are depleted or until G
is reintroduced into the waste, stinmulating a resunption of
aer obi ¢ deconposition of the remaining |large polyneric materials
and a new degradation cycle. Reverting to aerobic conditions
tenporarily retards CH, gas generati on.

Figure A-2 illustrates the evolution of LFG by bi ol ogi cal
processes.

2.1.4 Chem cal Reactions

Chem cal reactions between materials in the waste can
rel ease gases. Such reactions are likely to occur in hazardous
waste landfills unless considerable care is taken not to m x
inconpatible materials. dder landfills which have received
hazardous wastes in the past and municipal landfills which
recei ve household waste are still subject to unforeseen
reactions. For exanple, aliphatic chlorinated solvents are
i nconpatible with alum num so sol vent-soaked rags which contact
al um num cans may produce hydrogen chloride gas. This wll at
| east render the surrounding gas highly acidic, and nay rel ease
sone vapor through the landfill to the atnosphere.

Many of the potential reaction problens are relatively
buffered by the presence of water. Even sone naterials which are
vapors in their pure state (e.g., vinyl chloride) are relatively
soluble in water, so the release rate is danpened. However
unpredi ctabl e reactions are possible with so many conpounds
potentially present. As nentioned above, the heat generated from
bi ol ogi cal processes also tends to accelerate the rel ease rate of
conpounds produced by chem cal reactions.
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2.2 FACTORS AFFECTI NG LFG GENERATI ON
Gas generation in a landfill is affected by several factors:
o avai lability of nutrients,
° t emper at ure,
° noi st ur e,
() pH,
° at nospheric conditions,
° age of waste, and
° variation of water table.

These paraneters are di scussed bel ow.

2.2.1 Availability of Nutrients

Bacteria in a landfill require various nutrients for grow h;
primary carbon, hydrogen, O, nitrogen, and phosphorous
(macronutrients), but also require small anmounts of other
el ements such as sodium potassium sulfur, calciumand nagnesi um
(mcronutrients). The availability of macronutrients in the
landfill mass has an effect on both the volune of water generated
fromm crobial processes and the conposition of the generated
gases. Landfills which accept nunicipal wastes and use daily
soil cover wll, in general, have an adequate nutrient supply for
nmost m crobial processes to proceed. Specialized landfills such
as those in mlitary installations which handl e hazardous
materials or munitions wastes only, and which do not use daily
soil cover, may not have sufficient nutrients in the waste to
sustain a mcrobial population. Once the mcrobial processes are
established, nutrients are regenerated from sl oughi ng processes
as bacteria die. The primary sources of macronutrients are green
wast es, food wastes and soil cover, but wll always be limting
i f not supplenmented from an outside source. Sone |oss of
nutrients can occur as LFG conponents. The supply of
mcronutrients (primarily nmetals) is |less certain, but evidence
from hundreds of landfills suggests that nunicipal landfills also
contai n adequate supplies. The sources of these mcronutrients
are usually the trace elenents found in alnost all soils and many
wastes. The mcronutrient requirements are very small and can
usual ly be net by these trace anounts in the wastes and | eached
fromthe soil cover.
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If the nutrient supply is rich, the population of active
m cr obes may beconme so high that they crowd the avail abl e pore
spaces and restrict both water flow and LFG fl ow tenporarily. In
general, the situation will correct itself because the limted
transport will cause sone of the bacteria to die of starvation.
Nutrient availability can be inproved by the addition of sewage
sl udge, manure or agricultural wastes.

2.2.2 Tenperature

Tenperature conditions within a landfill influence the type
of bacteria that are predom nant and the | evel of gas production.
The tenperature of the landfill may vary dramatically from one

section to another, as the tenperature of the material is
affected by several factors. The primary factors of tenperature
vari ations are depth, conpacted density, tenperature of the
surroundi ng area, mcrobial or other chem cal activity, water
content and climate. Warmlandfill tenperatures favor CH,
production; a dramatic drop in activity has been noted at

t enperatures bel ow 10°C (50°F). The optimum tenperature range
for aerobic deconpositionis 54 to 71°C (130 to 160°F), while the
opti mum tenperature range for anaerobic bacteria is 30 to 41°C
(85 to I05°F). Landfill tenperatures are reported to be
typically in the range of 29.5 to 60°C (85 to 140°) as result of
aer obi ¢ deconposition, but may be expected to drop to the 19 to
21°C (65 to 75°F) range as result of anaerobic activity. The
tenperature needs to be neasured in several |ocations and an
estimate nmade of the tenperature likely to occur in the gas
generation zone of interest for design purposes.

2.2.3 Misture

Moi sture content is considered the nost inportant paraneter
regardi ng refuse deconposition and gas production. A high
noi sture content of the waste (between 50 percent and 60 percent)
by wei ght favors naxi mum CH, generation®. This is contrary to
standard landfill applications, where the waste is maintained as
dry as possible in order to mnimze | eachate production. The
noi sture content of MSWas received typically ranges froma | ow
of 15 to 20 percent to a high of 30 to 40 percent with an average
of 25 percent on a wet weight basis. The noisture content can
vary greatly in different zones of the landfill. Very |ow
noi sture content, such as the case of solid waste in arid
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regi ons, may prevent deconposition of waste and thus |imt gas
production. Leachate recirculation (if allowed) would permt
control of the noisture inside the landfill. Typically, when a
wast e achi eves a 50 percent noisture (on a wet basis) it has
reached the field capacity, and will tend to | each continuously
downward thereafter for additional noisture added. In-situ

noi sture content as high as 70 percent is possible. At this

| evel, a decrease in the efficiency of a gas collection system
can be expected.

2.2.4 pH

The solid material placed in a landfill can vary wdely in
pH, but usually the average value for municipal waste wll be
between 5 to 9 standard units. The pH of hazardous wastes can
vary wi dely, and known acids or bases are usually neutralized
prior to landfilling. The pHin an active landfill becones
governed primarily by the biological processes described in
Section 2. 1.

The pH during CH,formation is in the range of 6.5 to 8.0,
but the optimmpH of CH,fernentation is in the neutral to
slightly alkaline range (7.0 to 7.2)(". Most landfills have an
acidic environnent initially, but when the aerobic and acidic
anaer obi ¢ stages have been conpl eted, the nethanogeni c processes
return the pH to approximately neutral (7 to 8) due to the
buffering capacity of the systempH and alkalinity.

One concern during the acidic stages of the biol ogical
process is that the reduced pHw Il nobilize nmetals which may

| each out of the landfill, or becone toxic to the bacteria
generating the gas. This is of particular concern where it is
known that heavy netals are being placed in the landfill in |arge

quantities. Enhancenent of gas production can be achi eved by
carefully screening the types and anobunts of wastes admtted to
the landfill; i.e., exclusion of toxic or inhibitory materials,
and size reduction of refuse materials. In sone cases, the
addi tion of sewage sludge, manure or agricultural wastes during
refuse placenent would i nprove CH, gas generati on.
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Mlitary landfills are not generally producing a great
quantity of CH, gas. Therefore, enhancenent of CH, gas production
is usually not practiced; the gas collection systemis designed
primarily to prevent the rel ease of gases to conply with the
state regul ati ons.

2.2.5 Atnospheric Conditions
The at nosphere affects the conditions in the landfill in
three ways: tenperature, baronetric pressure and precipitation.

In a landfill where soils are used for cover layer, the air
tenperature not only affects the surface | ayer of the waste but
may have an inpact into the deeper |ayers, because the air
pernmeability will generally be higher in the landfill. Cold
climates will reduce biological activity in the surface |ayers,
reduci ng the volunme of gas generated. Deeper in the wastes, the
surface tenperature effects are often overcone by the heat
generated by bacterial activities.

The at nospheric pressure influence is also stronger than
woul d occur in soil systens, where the normal surface air
interaction with the soil extends about 6 inches. Until the
waste is consolidated to a typical soil density, the baronetric
pressure can affect the wastes near the surface by drawing air in
or venting gas out of the top layer. Wnd will also affect the
diffusion rate deeper in the landfill by reducing the surface
concentration of gas conponents and creating advection near the
surface.

Precipitation dramatically affects the gas generation
process by supplying water to the process and by carrying
dissolved O, into the waste with the water. As the water
percol ates through the waste, it also extracts materials such as
organics or netals as described above. Hi gh rates of
precipitation may al so flood sections of the landfill, which wll
obstruct gas flow
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In a landfill where geonenbrane is used for final cover, the
geonenbrane will isolate the waste and m nim ze many of the

at nospheric effects descri bed above.

2.2.6 Age of Waste

The three stages of biological degradation discussed in
Chapter 2 have a primary influence on the gas generation rate.
During the aerobic phase, the waste is close to the surface and
the generated gas is difficult to capture. Aerobic netabolismis
oxi dative and generally nore conplete and rapid than anaerobic
processes, so the initial rate of C0, production is relatively
high. As the waste becones depleted in O and the acidic
processes dom nate, the LFG production rate decreases. \Wen the
aci ds have been consuned and the net hanogens becone dom nant, the
LFG production rate rises again through a peak and then
stabilizes. The ideal tine to start collecting LFGis at the
begi nning of site closure. This usually represents the maxi num
gas generation point, and gas quantities should remain
significant for as long as a 10 years. After the landfill
cl oses, the gas generation rate decreases as the organic
substrate is consuned and not replaced. It may take as |ong as
50 years, however, for gas production to cease.

2.2.7 Variation of Water Table

The | ocal geology which will affect the gas-generation rate
is the depth and seasonal variation of the water table.
Landfills are al nost al ways designed to exist conpletely above
the local water table; if the seasonal high water reaches the
bottomof the fill, the hydraulic pressure will affect the waste,
and LFG production, in several ways:

o The pressure gradient may lift a liner system and
rupture the liner, permtting air and water to
penetrate the waste pack;

° Air nmovenent will be stopped in any saturated zone
whi ch may be created in the waste;

° Bi ol ogi cal activity may stop, change form as oxygenated

wat er is introduced, or be enhanced by the presence of
"fresh" water in the |eachate; or
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o Rupture in the liner may permt |eachate to drain from
the fill as the water table lIowers after reaching its

hi gh poi nt.

2.3 TRANSPORT MECHANI SMS

The nature of the specific transport mechani sm depends on
the type of waste (solid or liquid) exposed to the atnosphere.
For liquids the principal release nechanismw || be governed by
Henry's Law for dilute aqueous solutions. Each conpound present
has a different constant describing the equilibriumpartitioning
bet ween the solution and the vapor phase. Mny of the volatile
organi ¢ conpounds (VOCs) which nmay be present (see Table A-1)
have high Henry's Law constants; they would preferentially
mgrate to the vapor phase and out of the landfill. During the
landfilling process, this mgration is accelerated by the effects
of m xing, because the liquid surface (even in a solid matrix) is
exposed to the anbient air nore frequently.

Several physical nechani sns descri be the behavi or of
vol atil e conmpounds as they nmay be rel eased into the atnosphere
froma landfill. The transport may occur by the three principal
mechani sns:

° mol ecul ar ef fusi on,
° di f fusi on, and
° convecti on.

These transport mechani sns are di scussed bel ow.

2.3.1 Mol ecular Effusion

Mol ecul ar effusion occurs at the surface boundary of the
landfill with the atnosphere. Wen the material has been
conpacted, and not has been covered, effusion is the process by
whi ch diffused gas releases fromthe top of the landfill.

For dry solids, the principal release nmechanismis direct
exposure of the waste vapor phase to the anbi ent atnosphere. Any
vol atile liquid constituents which coat the soil surface would be
rel eased according to Raoult's Law, which predicts the rel ease
rate based on the vapor pressure of the conpounds present.
Essentially the constant in Raoult's Law describes the
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partition coefficient between a pure |iquid conpound and its
vapor phase.

Raoult's Law. The vapor-pressure depression of a
constituent is directly proportional to the concentration of
particles in solution. 1In other words, the partial vapor
pressure of a constituent in a gaseous mxture is equal to the
nmol e fraction of that constituent in the solution tinmes the vapor
pressure of the pure constituent i, which is a function of
tenperature. Raoult's Lawis presented by the foll ow ng
formul a:

I:)v = xi*Po (2'2)
wher e,
P, = partial pressure of a conmpound in gaseous m xture, atm
X, = concentration of conmpound in solution, nole

fraction
P, = vapor pressure of the conpound in pure state, atm

Vapor Pressure. Liquid nolecules that possess sufficient
kinetic energy are projected out of the main body of a liquid at
its free surface and pass into vapor. The pressure exerted by
this vapor is known as the vapor pressure.

The vapor pressure of a given conpound is the single nost
significant factor affecting the performance of an off-gas
collection system The vapor pressure of water at 20°(68°F) is
.34 KN/ n¥(0.399 psi). In general, conpounds which exhibit vapor
pressure greater than 0.5 mmHg (0.27 in. HO are appropriate
for off-gas collection. Conversion units of the pressure are
gi ven bel ow

1 newt on = 0. 2248 pounds
1 pound = 231 cmof water colum (at 4°C
1 mm Hg = 0.5353 inches of water (at 4°C

10° newt on/ n¥ 100 KPa

One physical effect on the release rate fromthe surface is
w nd speed. As discussed in Section 2.3.2, wind serves to keep
t he anbi ent concentration at or near zero, which creates a
concentration gradient for material to mgrate to the surface.
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Wnd is al so the dispersion nechanismto nove the constituents
into the surroundi ng area.

2.3.2 D ffusion

Mol ecul ar diffusion occurs in gas systens when a
concentration difference exists between two different |ocations
within the gas. D ffusive flowof gas is in the direction in
which its concentration decreases. The concentration of a
vol atile constituent in the LFGw Il al nost always be hi gher than
that of the surroundi ng atnosphere, so the constituent will tend
to mgrate to a | ower concentration area (the anmbient air). Wnd
often serves to keep the surface concentration at or near zero,
whi ch renews the concentration gradi ent between the surface and
the landfill on a continuing basis and thus pronotes the
m gration of vapors to the surface. GCeonenbrane caps on
landfills will have a significant effect on diffusion, because
t he geonenbranes isolate the transport nechani sm between the
surroundi ng at nosphere and the landfill.

The rate of diffusion is affected by the vapor density, but
the concentration gradient wwll tend to overcone snall
differences in density. Specific conpounds exhibit different
di ffusion coefficients, which are the rate constants for this
transport.

The published di ffusion coefficients have been cal cul at ed
usi ng open pat hs between one vapor region (concentration) and
another, which is not the case for landfills. The trapped gas
must travel a tortuous path to reach the surface because it nust
travel around all the solids and liquids in its path; thus, the
publ i shed diffusion coefficients for the constituents nust be
used with care in detailed design work. They serve nore as
relative indicators, and are one contributing factor to the
nmoni toring and nodel i ng described in Sections 2.7 and 4.7.

2.3.3 Convection
Convective flow occurs where a pressure gradi ent exists

between the landfill and the atnosphere; gas will flow from
hi gher pressure to |lower pressure regions, and also a flow from
the landfill to the atnosphere. Where it occurs, convective flow

of gas will overwhel mthe other two rel ease nechanisns in
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its ability to release materials into the atnosphere. The source
of the pressure nmay be the production of vapors from

bi odegradati on processes, chem cal reactions within the landfill,
conpaction effects, or CH,generation at the | ower regions of the
[andfill which drive vapors toward the surface. Variations in

wat er table el evations can also create small pressure gradients
whi ch either push material out (rising tide) or draw material in
(falling tide). Even changes in barometric pressure at the
surface can have an inpact on the convective flow of gas. The
rate of gas novenent is generally orders of magnitude faster for
convection than for diffusion. For a particular gas, convective
and diffusive flow may be in opposing directions, resulting in an
overall tendency toward cancell ation. However, for nost cases of
LFG gas recovery, diffusive and convective flows occur in the
sanme direction. Figure A-3 illustrates the transport mechani sns.

2.4 FEACTORS AFFECTI NG LFG TRANSPORT MECHANI SMS
LFG transport is affected by the follow ng factors:

perneability,

dept h of groundwater,

condition within the waste,

noi sture content,

man- made features, and landfill liner and cap systens.

2.4.1 Perneability or Intrinsic Perneability

A coefficient of perneability, k, is often used to describe
the rate of discharge of the fluid (liquid or gas) under
| am nar-flow (non-turbulent) conditions and at a standard
tenperature (usually 20°C or 68°F) through a unit cross-sectional
area of a porous nmediumunder a unit hydraulic gradient. The LFG
perneability is a function of both its intrinsic (k;) and
relative (k,) perneabilities.

The intrinsic perneability coefficient, k;, is a neasure of
the ease with which a porous nediumcan transmt LFG water, or
other fluid through its nedia. The intrinsic perneability is
specific for each landfill, and is a function only of the porous
medium The dinmensions, in |length squared, may be expressed in
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units of darcies: 1 darcy = 9.87xl0°%n¥. The perneability
coefficient reported for Palos Verdes Landfill is 20 darcies (9.

The rel ative perneability is a dinmensionless nunber and is
expressed as a fraction of the maxi num perneability val ue that
t he nmedi um can exhibit for a given fluid. Gas perneability can
be nmeasured or estinmated by a variety of nethods, one of which is
presented in Section 4.2.5.5.

The perneability distribution to gas has a profound

i nfluence on gas flow rates and gas recovery rates. Coarse-grain
refuses typically exhibit |arge values of gas perneability and
nmore uniformgas flow patterns. Both of these factors tend to
pronote increased LFG recovery rates. By contrast, fine-grained
refuses are characterized by small values of gas perneability and
gas flow patterns which are primarily restricted to macropores or
secondary perneability zone such as fractures.

2.4.2 Depth of G oundwater

The water table surface tends to act as a no-fl ow boundary
for gas flow within the unsaturated zone. As a result, it is
generally used to estinmate the thickness of the zone fromwhich a
gas can be noved.

The depth to groundwater as well as seasonal variations need
to be evaluated during the predesign process to evaluate the well
construction requirenments as well as the potential for water
table upwelling (i.e., the upward rise of the water table toward
a vacuum wel | screened in the unsaturated zone). The potenti al
rise in the water table that can occur at a location is expressed
as an equi val ent water columm height (in cmH0). The limt of
upwel ling, z (cm can thus be cal cul ated as:

hri se = 1033( 1- Pr) ( 2- 3)
wher e,
h,ise = increase in the water table surface, cm
of wat er
P, = pressure reading as a function of the
radi al distance fromthe vertica
extraction well, atm
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1033 = conversion from1 cm of water vacuum
pressure to 1 atnosphere.

Upwel ling is not a significant concern in nore perneable
formations, as the applied vacuumw Il have little influence. In
| ess perneabl e formations, however, upwelling can be significant
and should be quantified for efficient gas system desi gn and
oper ati on.

2.4.3 Conditions Wthin the Waste

The distribution and occurrence of waste and debris within
the unsaturated zone greatly affects gas mgration and recovery
rates. The conditions within the waste (solid matrix) which may
affect soil gas transport include:

Het er ogeneities. Heterogeneities are caused by spati al
variations in solid matrix type, |ayering, unusual refuse
conposition and noisture content. Due to the heterogeneous

nature of the landfill environnment, there will be sone acid-phase
anaer obi ¢ deconposition and sone aerobi c deconposition occurring
simul taneously in any |large-scale landfill, along with the

met hanogeni ¢ deconposition. During the operation of an off-gas
coll ection system these variations may influence LFG quality,
gas flow patterns and ultimately gas recovery rates within the
landfill.

Porosity. Landfill solid waste's porosity (n) is a ratio of
the void volune to the total volunme of the porous nedium usually
expressed as a decinmal fraction or percent. WAste pores can be
expressed as a decinmal fraction or percent. Waste pores can be
occupi ed by gas, water, and/or bacteria. Porosity can be
calculated fromthe bulk density of the waste, which is the dry
wei ght of waste per bulk volunme (i.e.,by follow ng formul a:

n=1- (D, / D) (2-4)
wher e,
n = waste porosity, dinensionless
D, = bulk density of the waste, kg/n?
D, = density of the particle, kg/n?
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The waste porosity of the landfill ranges between 0.04 to
0. 10.

The effective porosity is a neasure of a waste's ability to
transmt air. The effective porosity provides a nore useful
measure of the rate at which gas is recovered conpared to
porosity, however. The effective porosity nust be quantified in
the | aboratory and results may be difficult to reproduce. An
i ndirect nmeasure of the effective porosity can be perforned
during air-phase perneability pilot testing, if conducted.

Moi sture Retention. The noisture content of the solid matrix
i nfluences the magnitude of the air phase perneability. Water
conpetes with air to occupy pore space within the solid matrix
and ultimately reduces the ability of vapors to mgrate through
the landfill due to a reduction in the air pathway. This
reduction nmay decrease gas recovery rates.

2.4.4 Man- Made Features

In sone instances, underground utilities such as storm and
sanitary sewers or the backfill material associated with these
features may produce short circuiting of air flow associated with
an off-gas collection system As a result, air flow may be
concentrated along these features rather than within the zone
requiring collection. |In addition, these features may al so
provi de mgration pathways for both free-phase |iquids and vapors
within the unsaturated zone. As a result, the orientation and
geonetry of these features may dictate the direction in which the
i quids or vapors m grate.

2.4.5 Landfill Cap and Liner Systens

The conponents of a hazardous waste landfill cap generally
consist of a top |ayer conposed of a vegetated or arnored
surface conponent and select fill, a drainage |layer, |ow
pernmeability | ayer conposed of a geonenbrane over a | ow
perneability soil conponent, and a randomfill |ayer overl aying
the waste. In addition to the benefit which landfill caps provide

for the final closure of landfills, they also provide a
significant inprovenent to the LFG collection by allow ng
maxi mum recovery of LFG fromall portions of the landfill via
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elimnation of the need for an exclusion of few feet from cover
(buffer zone).

In active collection systens, whether wth vertical or
hori zontal collectors, a geonenbrane cap will preclude the
intrusion of any air into the refuse. Hi gher operating vacuum
can, therefore, be applied to the gas collection system w t hout
danger of overdrawi ng the gas. Thus the effective radius (reach)
of influence of each well is increased.

Landfill liners consist of natural |ow perneability geol ogic
formati ons, reconpacted clay |iners, geonenbranes, and
geosynthetic clay liners. In addition to prevent the mgration of
LFG to the surrounding areas, the significance of liners with
respect to the LFG collection is to prevent groundwater and/or
ot her gases fromthe subsurface frombeing pulled into the LFG
col l ection system

2.5 CHARACTERI STICS OF LFG
The characteristics of LFG i ncl ude:

° physi cal characteristics, and
° chem cal characteristics.

These characteristics are di scussed bel ow

2.5.1 Physical Characteristics
Physi cal characteristics include:

density,

Vi scosi ty,

t enper at ur e,

heat val ue content, and
nmoi sture content.

Density. The density of LFG depends on the proportion of
gas conponents present. For exanple, a m xture of 10 percent
hydr ogen and 90 percent CO,, such as m ght be produced in the
first stage of anaerobic deconposition, will be heavier than
air, while a mxture of 60 percent CH, and 40 percent CO0,, such
as m ght be produced during the nethanogeni c phase of
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deconposition, will be slightly lighter than air. Therefore, the
greater the waste density the higher the theoretical yield of LFG
per unit volunme of void space. Density, D, has units in kg. m? or

I b.ft-3 Sonme common val ues for LFG are given bel ow

D CH, = 0.714 x 10* kg/ n? or |.153x103%1b.ft-3.
D Conposite gas: = 1.07 kg/nfor 17.131b.ft"3

Viscosity. Viscosity of a fluid (liquid or gas) is that
property which offers resistance to flow due to the exi stence of
internal friction within the fluid. This resistance to fl ow,
expressed as a coefficient of dynamc (or absolute) viscosity is
the force required to nove a unit area a unit distance.

Absol ute viscosity pis neasured in units of Newton.sec.m?
g.cm?! sec!; Pascal or Newton (lb.sec.ft-? centipoise, or
slug.ft-t.sec’!). For exanple, at 0°C and 1 atnbsphere of
pressure, approxi mate values of p for CH, and conposite gas are
as foll ows(®:

mMCH =1.04 x 10° N.sec.m? or 2.17 x 107 | b.sec.ft"?2
nu  Conposite gas: = 1.15 x 10°® N.sec. m? or
2.40 x 1071 b.sec.ft"?2

Tenperature. Gas tenperature varies with |ocation, depth and
phase deconposition. This subject is discussed in previous
Section 2.2.2.

Heat Value Content. Concentrated m xtures of LFG can be
expected to have a calorific value of 500 Btu/cft during the CH,
generation (nethanogenic) stage. This value is about half that of
nat ural gas.

Moi sture Content. The amount of noisture in the gas depends
on the tenperature and pressure and can be saturated or under-
saturated. Incom ng refuse has an average noi sture content of
about 25 percent with food and garden conponents of the waste
provi di ng the highest noisture input. Rainfall, surface and
groundwater infiltration, and waste deconposition will provide
addi ti onal noi sture.
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2.5.2 Chemcal Characteristics.

The conposition of LFG depends on the waste type and the
stage of deconposition. The anpbunt of LFG produced is generally a
function of the type, extent and rate of deconposition. The maj or
envi ronmental conditions which affect the type, rate and extent
of bi ochem cal deconposition in a landfill are O availability,
nmoi sture, rainfall infiltration, tenperature, pH anount of solid
waste, and avail able m crobes. As di scussed previously, the major
conponents of the LFG are CH,, CO,, NMOC and water vapor. The
maxi mum gas yi el d has been estimated to be 15,000 cubic yards per
ton of waste, with an average estimated gas conposition by vol unme
of 54 percent CH, and 46 percent CO, and trace anounts of NMXCs.

2.5.2.1 Methane

A major constituent of LFGis CH,, CH,is lighter than air,
colorless and odorless. LFGis flanmable due to the presence of
CH, and can be asphyxiant if present in high concentrations
without O. CH,is explosive at about 5 to 15 percent by volune in
air. The presence of CO, affects these ranges although little
significant change occurs in the lower limt of the range.

2.5.2.2 Carbon D oxide

Anot her maj or constituent of LFGis CO,. CO,is heavier than
air, colorless, and odorless. CO can be a sinple asphyxi ant and
heal th hazard if present in high concentrations.

2.5.2.3 Non-Methane O ganic Conpounds (NMOC)

Many m nor constituents are present in LFG at | ow
concentrations. Trace gases are produced by the conpl ex
interaction of the physical, chem cal, and biol ogi cal processes
occurring within the waste. LFG contains a variety of NMOC
i ncl udi ng:

benzene,

t ol uene,

et hyl benzene,

vi nyl chlori de,

di chl or onet hane,
trichl oroet hyl ene,
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° 1,2,-cis dichloroethyl ene, and
o t et rachl or oet hyl ene.

These conpounds are widely used in industry and are found in
comon househol d products or used in their manufacture.

2.5.2.4 Water Vapor

Gas created during the deconposition of organic conpounds
typically includes between 4 and 7 percent by vol une of water
vapor. Tenperatures are typically el evated over anbient during
bi ol ogi cal deconposition and increase the evaporation of water
into the LFG Water vapor content of LFG w Il depend on the
systemtenperature and pressure and could be saturated under
landfill conditions.

2.5.2.5 Qhers

Hydrogen i s produced during waste deconposition,
particularly during initial anaerobic conversion of mxed organic
acids to acetic acid. Significant anmounts of hydrogen are |ater
consuned in the formati on of CH,. Hydrogen is flamuable between 4
and 74 percent, by volune, in air. The presence of CO affects
t hese ranges although little significant change occurs in the
lower limt of the range. A typical nonnmethane LFG conposition is
presented in Table A-2.

2.6 LFG CONDENSATE
2.6.1 Source of LFG Condensate
LFG condensate accunul ates in two areas:

° gas collection systens, and
° gas processing systens.

Gas condensate forns in the collection systens as the gas
under goes changes in tenperature and pressure. As LFG noves
t hrough the collection system the gas cools and the various
constituents condense out of the gas. The condensed naterial is
conposed principally of water, organic conpounds, and traces of
i norgani cs. Dependi ng on the concentration of hydrocarbons, the
organi ¢ conpounds are generally not soluble in water and separate
i nto aqueous and hydrocarbon phases.
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TABLE A-2
Summary of Nonmethane Organic Compounds Found in Landfill Gas
Average Conc. | Highest | Lowest
No. of Times Detected Conc. Conc.
Chemical Name Quantified ppm ppm ppm
Ethane 26 252,63 | 1780 0
Toluene 40 59.34 758 0.2
Methylene Chloride 37 245 174 0
Hydrogen Sulfide 3 25297 | 700 11
Ethylbenzene 31 21.73 428 0.15
Xylene 2 333.85 664 3.7
1,2 - Dimethyl Benzene 1 588 588 588
Limonene 1 470 470 470
Total Xylene Isomers 27 17.11 70.9 0
a-Pinene 1 446 446 446
Dichlorodifluoromethane 31 13.1 43.99 0
Ethylester Butanoic Acid 1 398 398 398
Propane 26 13.59 86.5 0
Tetrachloroethene 39 8.43 77 0
Vinyl Chioride 42 7.7 48.1 0
Methylester Butanoic Acid 1 305 305 305
Ethylester Acetic Acid 1 282 282 282
Propylester Butanoic Acid 1 253 253 253
1,2 - Dichloroethene 37 6.33 84.7 0
Methyl Ethyl Ketone 27 8.17 57.5 0
Thiobismethane 1 210 210 210
Methylcyclohexane 2 99.7 197 24
Trichloroethene 44 3.98 34 0.01
Nonane 1 167 167 167
Benzene 45 3.6 52.2 0
Ethanol 1 157 157 157
Acetone 26 5.94 32 0
2 - Butanol 1 152 152 152
Octane 1 152 152 152
Pentane 26 5.64 46.53 0
Hexane 26 5.33 25 0
Methylester Acetic Acid 1 136 136 136
1 - Methoxy - 2 Methyl Propane 1 136 136 136
2 - Butanone 1 129 129 129
1,1 - Dichloroethane 33 3.51 19.5 0
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TABLE A-2
Summary of Nonmethane Organic Compounds Found in Landfill Gas
T Average Conc. | Highest | Lowest
No. of Times Detected Conc. Conc.
Chemical Name Quantified ppm ppm ppm
1 - Butanol 1 100 100 100
Butane 26 3.68 32 0
4 - Methyl - 2 - Pentanone 1 89 89 89
2 - Methyl Propane 1 84 84 84
1 - Methylethylester Butanoic Acid 1 69 69 69
2 - Methyl, Methylester Propanoic 1 69 69 69
Acid
Carbon Tetrachloride 37 1.85 68.3 0
Chioroethane 29 2.03 9.2 0
1,1,3 Trimethyl Cyclohexane 1 57 57 57
2 - Methyl - 1 - Propanol 1 51 51 51
1,2 - Dichloroethane 37 1.3 30.1 0
Trichlorofluoromethane 46 0.99 11.9 0
Chloromethane 30 1.38 10.22
2,5 Dimethyl Furan 1 41 41 41
2 - Methyl Furan 1 40 40 40
Chlorodifluoromethane 27 1.35 12.58 0
Propene 1 36 36 36
Methyl Isobutyl Ketone 26 1.38 115 0
Ethyl Mercaptan 3 11.93 23.8 1
Dichlorofluoromethane 28 1.2 26.11 9
1,1,1 - Trichloroethane 38 0.84 9 0
Tetrahydrofuran 1 30 30 30
Ethylester Propanoic Acid 1 26 26 26
Bromodichloromethane 29 0.71 7.85 0
Ethyl Acetate 1 20 20 20
3-Methylhexane 1 20 20 20
C10H16 Unsaturated Hydrocarbon 1 15 15 15
Methylpropane 1 12 12 12
Chlorobenzene 29 0.38 10 0
Acrylonitrile 26 0.32 7.4 0
Methylethylpropanoate 1 7.3 7.3 7.3
1,1 - Dichloroethene 32 0.23 3.1 0
Methyl Mercaptan 3 1.87 3.3 1
1,2 - Dichloropropane 28 0.12 1.8 0
1 - Propyl Mercaptan 2 1.55 21 1
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TABLE A-2
Summary of Nonmethane Organic Compounds Found In Landfill Gas
Average Conc. | Highest | Lowest
No. of Times Detected Conc. Conc.
Chemical Name Quantified ppm ppm ppm
Chloroform 36 0.08 1.56 0
1,1,2,2 - Tetrachloroethane 28 0.1 2.35 0
1,1,2,2 - Tetrachlorosthene 2 1.33 26 0.05
2 - Chloroethytvinyl Ether 28 0.08 2.25 0
t - Butyl Mercaptan 2 0.64 1 0.28
Dimethyl Sulfide 2 0.55 1 0.1
Dichlorotetrafluorosthane 1 1.1 1.1 1.1
Dimethyl Disulfide 2 0.55 1 0.1
Carbonyl Sulfide 1 1 1 1
1,1,2-Trichloro 1,2,2-Trifluoroethane 1 0.5 0.5 0.5
Methyl Ethyl Sulfide 1 0.32 0.32 0
1,1,2 - Trichloroethane 28 0 0.1 0
1,3 - Bromochloropropane 1 0.01 0.01 0.01
1,2 - Dibromoethane 2 0 0 0
C-1,3 - Dichloropropene 2 0 0 0
t-1,3 - Dichioropropene 2 0 0 0
Acrolein 26 0 0 0
1,4-Dichlorobenzene 28 0 0 0
Bromoform 28 0 0 0
1,3 - Dichloropropane 26 0 0 0
1,2 - Dichlorobenzene 29 0 0 0
1,3 - Dichlorobenzene 29 0 0 0
Dibromochloromethane 28 0 0 0
Bromomethane 28 0 0 0
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Gas recovery systens not only generate condensate in the
collection system but also in gas energy and processing plants.
The production of condensate could be through natural or
artificial cooling of the gas, or through physical processes such
as expansi on. Coolers are generally not used. At the surface,
typi cal LFG systens include a condensate coll ection pot which
removes a portion of the entrained water fromthe vapor prior to
entering the vacuum punp or blower. A m st elimnator further
removes liquid droplets entrained in the gas.

2.6.2 Condensate Quality
The quality of gas condensate is a function of:

The nature,

Age and quality of refuse in the landfill,

t he amount of moisture or liquid in the landfill,
tenperature differences,

landfill size and configuration,

type of |liner and/or cover materials, and
climatic conditions.

There is no conprehensive data base on the chem cal and
physi cal characteristics of LFG condensate. Data that have been
publ i shed show t hat the aqueous phase of LFG condensate generally
passes the Toxicity Characteristic Leaching Procedure (TCLP)
regulatory limts. If a non-aqueous phase liquid is present in

t he condensate, this fraction has been found to fail ignitability
testing. Landfills that have been operating principally as a
muni ci pal landfill are rarely found to have a non-aqueous phase
fraction.

An EPA study(® provided baseline data on condensate
characteristics and chem cal anal yses on each of the aqueous and
hydr ocar bon phases. O the 94 organi c conpounds identified in six
LFG condensate sanples, 49 were priority pollutant conpounds.

El even of these conpounds were found in every sanple in either

t he aqueous or organi c phase: benzene, toluene, phenol, ethyl
benzene, benzyl al cohol, bis (2-chloroisopropyl) ether, bis (2-
et hyl hexyl ) phthal at e, napht hal ene, N-nitrosodi net hyl am ne, 2, 4-
di met hyl phenol , and 4-net hyl phenol. The EPA study also identified
15 conpounds found in the condensate sanples which are on the
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Toxicity Characteristic (TC) list. These constituents are |isted
in Table A-3.

Based on the |imted condensate data which are available, it
is likely that the hydrocarbon or organi c phase of the condensate
is ignitable, and thus, should be considered hazardous by RCRA
standards. lgnitable wastes are those with a flash point bel ow
60°C (140°F). Because of the variability in the existing data,
each phase of the LFG stream at each site should be tested to
determ ne the potentially hazardous constituents and their effect
on the collection and treatnent systens.

2.6.3 Mathematical Description of Gas Fl ow

Darcy*s Law has often been used to describe | am nar flow of
fluids through porous nedia, but it has also been applied to the
flow of landfill gases toward a production well. Darcy*s Law for
radial flow of landfill toward a recovery well may be expressed
mat hematically, as follows(5):

V, = - k*dh (2-5)
dl
wher e,
1 = radi al distance fromthe recovery well, m
V, = apparent gas velocity at distance 1, in/sec
k = perneability coefficient, msec
h = hydraulic head, m
with h =p + z (2-6)
(
wher e,
p total pressure at distance 1, N n?

( = specific weight of the gas, kg/n? or N n?
z = elevation above sone arbitrary datum m

The derivative, dh/dl, represents the hydraulic gradient at
di stance 1. The negative sign indicates that flowis of
decreasi ng hydraulic head toward the recovery well (¥,

The pressure/pressure head, p, can have different units as
fol |l ows:
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TABLE A-3
Toxicity Characteristic Ust Compounds Found In LFG Condensate

Regulatory Level
Presence ReE:J;t?ry Exceeded
Aqueous (mg/l) Aqueous | Organic

Benzene X X 0.5 X X
2-Butanone (MEK) X 200.0 X

Carbon tetrachloride X 0.5 X
Chlorobenzene x2 X 100.0 X
Chloroform X2 X 6.0 X
1,2-Dichloroethane 0.5

1,1-Dichloroethene 0.7

Tetrachloroethylene X X 0.7 X X
Trichloroethylene X X 0.5 X

Vinyt chloride

Cresals, Total

1,4-Dichlorobenzene X X 75 X
2,4-Dinitrotoluene 0.13%

Hexachlorobenzene 0.13°

Hexachlorobutadiene 0.5

Hexachloroethane 3.0

Nitrobenzene X 20

Pentachiorophenol : 100.0

Pyridine 5.0°

2,4,5-Trichlorophenol 400.0

2,4,6-Trichlorophenol 2.0

1 Regulatory Level according to the TC List in 40 CFR 261.24 (Table 1)
2 petected at levels 100 low to quantify
3 Quantitation limit is greater than the calculaled regulatory level. The quantitation limit therefore becomes the

regulatory limit.
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10° N. m?

0. 987 at nospheres

14.5 psi

10°% dynes. cm?

100 KPa

1020 cm col umm of wat er

75.01 cm colum of nercury (Hg)

1 bar

Darcy*s Law applies only to lamnar flow, that is, the
resistive forces of viscosity predom nate. Reynol d*s nunber is
usual ly used to verify the lam nar flow. Reynol d*s nunber is
defined by the foll ow ng equati on:

Re = p*v*D (2-7)
M
wher e,
Re = Reynol d*s nunber, di nmensionl ess
n = absolute viscosity of the fluid, Pa.sec.m?
D = density of the fluid, kg.m?

v = velocity of flow, msec'*
= mean grain dianeter of the porous nedium m

Previ ous works found that |am nar flow occurs when the
Reynol d*s nunber is in the range of 1 to 10. This neans that
Darcy* | aw applies only to very slowy noving water/gas.

Maxi mum vel ocity, v, at the refuse/recovery well interface was
found to be in order of 0.3 cnfsec(.

O her references assune |lamnar flow conditions if the
change in pressure ()P) is less than 12 inches of water col um.

2.7 ESTINATION COF GAS EM SSI ON
LFG em ssions are site-specific and are a function of both

controll able and uncontrollable factors. It is, therefore,
difficult to accurately predict the rate of LFG em ssion froma
landfill. The current approach to nodeling the gas generation is

to enploy a sinplified nodel, consistent with fundanmental
principles. Several nodels are available for estimating the LFG
generation rate using site-specific input paraneters. Three
relatively sinplistic nodels are the Pal os Verdes, Shel don
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Arleta and Scholl Canyon nodels. The Pal os Verdes and Shel don
Arleta will not be discussed in this ETL. Details on these nodels
can be found el sewhere®. There are ot her nodels such as the
Theoretical nodel and the GILEACH | nodel. The GILEACH- | treats
the landfill as a fixed-filmmcrobial treatnent process
operating in batch-wi se configuration with a continuous dilution
and wash out. However, the GILEACH | nodel requires extensive

i nput data which include nunerous initial concentrations,

noi sture content, and | eachate flowrate (¥. Due to conplicated
i nput data requirenents, the GILEACH | nodel will not be

di scussed in this ETL.

2.7.1 Scholl Canyon Mbdel

The Scholl Canyon Mbddel is a nodel which assumes that CH,
generation is a function of first-order kinetics. This nodel
ignores the first two stages of bacterial activity and is sinply
based on the observed characteristics of substrate-limted
bacterial growh. The paranmeters of this nodel are enpirically
determined by fitting the enpirical data to the nodel to account
for variations in the refuse noisture content and other |andfil
conditions. The gas production rate is assuned to be at its peak
upon initial placenent after a negligible lag time during which
anaerobic conditions are established and decreases exponentially
(first-order decay) as the organic content of the waste is
consuned. Average annual placenent rates are used, and the tine
measurenents are in years. The nodel equation takes the form

Qu = Lo* R (e’ - e) (2-8)
Wer e:
Q = CH4 generation rate at tinme t, n¥/yr
L, = potential CH, generation capacity of the
wast e, n¥/ My
R = average annual acceptance rate of waste,
My/ yr
k = CH, generation rate constant, 1/yr
C = time since landfill closure, yr (c=0 for

active landfill)
time since initial waste placenent, yr.

—
I
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The nodel could be further refined by dividing the landfill
into small er submasses to account for the landfill age over tine.
| f a constant annual acceptance rate (R) is assuned, the CH,
generated fromthe entire landfill (sum of each subnmass
contribution) is maximumat the tinme of landfill closure. Lag

time due to the establishment of anaerobic conditions could al so
be incorporated into the nodel by replacing “c” with “c + | ag
time” and “t” by “t + lag tinme”. The lag tine before which
anaerobic conditions are established may range from 200 days to
several years(19,

The refined Scholl Canyon Mdel equation then takes the
followng form

Q — 2% k * I—O* R (e -k(t —Iag)) (2_ 9)
Wer e: Q = LFG generation rate at time t, n¥/yr

Lo = potential CH, generation capacity of the
wast e, n¥/ My

R = aver age annual acceptance rate of waste,
My/ yr

k = CH, generation rate constant, 1/yr

t = time since initial waste placenent, yrs.

| ag = time to reach anaerobic conditions, yrs.

2.7.2 Theoretical Mdels

The theoretical CH, generation capacity (L, can be
determ ned by a stoichionetric nethod*™ which is based on a
gross enpirical formula representing the chem cal conposition of
the waste. |If a waste contains carbon, hydrogen, O, nitrogen
and sul fur (represented by CHON,S,), its deconposition to gas is
shown as:

CHONS, ---> vCH, + wCO, + xN, + yNH, + zH,S + hunus (2-10)

The conposition of LFG during anaerobic conditions, is
approxi mately 50 percent CH,, 40 to 50 percent CO, and 1 to 10
percent other gases.
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The value of L,is nost directly proportional to the waste*s
cellul ose content. The theoretical CH,generation rate increases
as the cellul ose content of the refuse increases. If the |andfil
conditions are not favorable to nethanogenic activity, there
woul d be a reduction in the theoretical value of L, This inplies
that the theoretical (potential) value of CH, generation may
never be obtai ned. The obtainable value of for the refuse (or
specific waste conponents) is approximated by perform ng overal
bi odegradability tests on the waste under conditions of
tenperature, noisture, nutrient content, and pH likely to exi st
inthe landfill. Theoretical and obtainable L, val ues have been
reported in literature®™ to range from approximtely 6 to 270 n¥
CH, per netric ton of waste for nunicipal landfills.

The CH, generation rate constant, k, estimates how rapidly
the CH, production rate falls after the waste has been pl aced
(since the nmethod assunes the rate is at its maxi mum upon
pl acenent). The value of k is strongly influenced by:

t enper at ur e,

noi sture content,

avai lability of nutrients, and
pH

CH, generation increases as the noi sture content increases
up to a level of 60 to 80% at which the generation rate does not
increase(”. Values of k obtained fromliterature, |aboratory
simul ator results, and back-cal cul ated from neasured gas
generation rates range from0.003/yr to 0.21/yr(Y,

Once these constants have been estimated, the rate of waste
pl acenent and the tinme in the landfill life cycle determ ne the
estimated gas em ssion rate.

2.7.3 Regression Mdel

The actual data from21 U S. landfills were used to devel op
a statistical nodel to estimate the CH, gas generation rate(*®,
Based on the prelimnary data analysis, a |inear nodel appeared
to be sufficient to nodel CH, generation rate. Selection of the
vari ables for the regression nodel was based on the results of
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the correlation and scatter plots. For nost of the nodel s that
use single landfill parameter, the intercept was insignificant.
Hence, the sinple nodel was found to be a no-intercept regression
nmodel correlating CH,recovery rate to the refuse mass according
to:

Qu = 4.52 W (2-11)

wher e,
Q = CH, flowrate (n8/ mn)
W= mass of refuse (netric tons)

The regression coefficient (R) for this correlation was

0.50. No other variable except the mass of refuse and the depth
of the landfill was found to have any effect on the CH,
production rate. No functional nodel was found |inking CH,
production to climte vari abl es. The upper and | ower 95%
confidence limts for the slope in the above equation are 6.52
and 2.52 nB CH, per ton of refuse.

2.7.4 Conparison of the Scholl Canyon and Regressi on Mdel s
The characteristics of Scholl Canyon Mdel are:

° It is a theoretical nodel based on a first-order decay
equat i on;
° It has two adjustable variables; nanely L, and k which

shoul d be devel oped for each landfill;

° When the variabl es are known, the nodel could be
dependabl e;
° The nodel is inpractical for use on a global scale

where site-specific data are not avail abl e.
The regression nodel has the follow ng characteristics:

° It is a sinple enpirical nodel based on actual
performance data from 21 | andfills.

A-43



ETL 1110-1-160

17 APR 95
° It requires only one variable (i.e., quantity of refuse
inthe landfill) to estimate the OH, em ssion rate.
° Addi ti onal observations could be easily added to the

nmodel to further refine the nodel

° The nodel may over-estinmate the em ssion rate for
wastes with | ow cellul ose content, and

° The nodel is found satisfactory in estimting CH,
production rate on a gl obal basis.

The two nodels were conpared with each other in predicting
the em ssion rate fromthe 21 U S. landfills. The conpari son was
made by cal culating the ratio of nodel -predicted to actual
em ssion rates, the nmean and standard devi ations of the ratios
fromboth the regression nodel and the Scholl Canyon Mdel are
then obtained. The closer this ratiois to unity, the nore
successful the nodel is in estimating the em ssion rate. Table A-
4 shows the conparison of the two nodels. The Scholl Canyon Mode
was run with three different values for the potential CH,
generation capacity (L,). The Scholl Canyon Mdel seens to
underpredict the emission in Run 1 where L,was 50 n¥/ton. In Run
2, where L,is set to 162 n?/ton, the nodel is very accurate and
the mean ratio is 1.07. In Run 3, L,is assunmed at 298 n¥/ton, and
t he nodel overestimtes the CH, em ssion rates. The regression
nodel predicts the em ssion rate which falls between the Schol
Canyon Model in Runs 1 and 3. It is inportant to note that the
regression study uses CH,recovery rate as a surrogate for OH,
em ssions. The validity of this substitution is unknown,
therefore the em ssions could be both overesti mated and
under est i mat ed.

Despite these concerns, the regression nodel is very sinple
and easily adapted to gl obal em ssions estination.
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Table A-4
Comparison of Performance of Scholl Canyon and Regression Model
holl Canyon Model Regression Model
Run 1 Run 2 Run 3
Site Number Pred/Actual Pred/Actual Pred/Actual Pred/Actual

1 0.16 0.40 0.73 0.52
2 0.48 1.21 2.23 1.55
3 0.28 0.71 1.31 0.83
4 0.22 0.55 1.01 0.62
5 0.58 1.44 2.66 1.95
6 0.24 0.60 1.10 0.73
7 0.46 1.16 2.14 1.50
8 0.37 0.93 1.71 1.15
9 0.36 0.90 1.67 1.15
10 0.25 0.64 1.17 0.83
11 0.23 0.57 1.05 0.85
12 0.54 1.34 2.47 1.72
13 0.16 0.39 0.72 0.57
16 0.33 0.82 1.52 1.02
17 0.49 123 226 1.73
20 0.41 1.02 1.88 1.24
21 0.15 0.36 0.67 0.47
22 0.19 0.47 0.87 0.57
23 1.74 4.35 8.00 6.32

24 0.54 1.34 2.46 1.6
25 0.82 2.06 3.79 2.34
Mean 0.43 1.07 1.97 1.39
Std. Deviation 0.34 0.85 1.56 1.24
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3.0 LANDFILL OFF-GAS CONTRO. APPLI CABILITY

This section describes the current technologies utilized for
LFG em ssion control. The control techniques include LFG gas
col l ection and disposal, LFGtreatnent for energy recovery, and
condensat e managenent. LFG control technol ogies are continually
i nprovi ng; however, the technol ogies described in this ETL are
wel | established and can be found in industrial applications.

3.1 LFEG COLLECTI ON

There are two gas col |l ection strategi es:- passive and
active. A passive systemfunctions on the principle that natural
pressure gradi ent and convecti on nmechani snms whi ch nove the LFG
Passi ve systens provide corridors to intercept |ateral gas
m gration and channel the gas to a collection point or a vent.
These systens use barriers to prevent mgration past the
interceptors and the perineter of the landfill. Active systens
move the LFG under induced negative pressure (vacuum. The zone
of negative pressure created by the applied vacuum i nduces a
pressure gradient towards a collection point which is either a
wel | or horizontal collector pipe.

Det ai |l ed di scussions of LFG collection system design can be
found in Chapter 4, Design Considerations.

3.1.1 Conparison of Various Gas Collection Systens

The efficiency of a passive collection system depends on
good contai nnent of the LFG to prevent direct em ssion to the
anbient air. Cenerally, passive collection systens have | ower
collection efficiencies than active systens, since they rely on
natural pressure or concentration gradients to drive gas flow
rat her than a stronger, mechanically-induced pressure gradient.
A wel | —desi gned passive system however, can be nearly
equivalent in collection efficiency to an active systemif the
landfill design includes synthetic liners in the landfill |iner
and cover.

Since a passive systens rely on venting, in the event that
the vent is blocked by noisture or frost, the gas seeks ot her
escape routes including noving into surrounding formations.
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Passi ve systens are not considered reliable enough to
provi de an excl usive neans of protection. Wth their concentrated
vent gas, passive systens may be considered as an uncontroll ed
air em ssions point source by regul atory agenci es.

I n addition, passive venting systens raise the potential for
nui sance odor problens because there is no positive systemfor
odor managenent .

The construction of passive systens is less critical than
active systens, because the collection well is under positive
pressure and air infiltration fromthe surface is not as great a
concern. Additionally, elaborate well head assenblies are not
required for passive systens since nonitoring and adjustnment are
not usually necessary in these systens.

Active systens are usually utilized where a higher degree of
systemreliability is required than can be acconplished with a
passi ve col |l ection system Based on theoretical evaluations, a
wel | -desi gned active collection systemis considered the nost
effective neans of gas collection(3). Table A-5 presents a
conparison of various gas collection systens.

3.2 LEG CONTROL TECHNOLOG ES

LFG can be either conbusted with no energy recovery;
conbusted with energy recovery or purified for introduction to an
off-site co-generation facility or rel ease to atnosphere w thout
treat ment.

The non-energy recovery techni ques use flares and therma
i ncinerators. The energy recovery techni ques include gas
turbi nes, internal conbustion engines, and boil er-to-steam
turbine systens, all of which generate electricity fromthe
conbustion of LFG Boilers may al so be used at the landfill site
or off-site to recover energy fromLFGin the formof steam
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TABLE A-5 COMPARISON OF VARIOUS COLLECTION SYSTEMS

Collection system
type

Preferred applications

Advantages

Disadvantages

Active vertical well
collection systems

Horizontal trench
collection systems

Passive collection
systems

Landfills employing cell-

by-cell landfiling methods

Landfills with natural
depressions such as
canyon

Landfills employing layer-

by-layer landfiling
methods

Landfills with good
containment (side liners
and cap)

Cheaper or equivalent in
costs when compared to

horizontal trench systems

Easy to install since
drilling is not required

Cheaper to install and
maintain if only a few
wells are required
Lower in operation &
maintenance cost

Difficult to install and
operate on the active
face of the landfill (may
have to replace wells
destroyed by heavy
operative equipment.

The bottom trench layer
has higher tendency to
collapse and difficult to
repair once it collapses

Has tendency to flood
easily if water table is
high

Difficult to maintain
uniform vacuum along
the length (or width) of
the landfill.

Must be installed while
the landfill is being
constructed; not
applicable for
constructed landfills.

Source: 3
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3.2.1 Non-Energy Recovery

3.2.1.1 Fl are

Flares are used at landfills as the main nethod of air
em ssion control and as a back-up to an energy recovery system
Flaring is an open conbustion process in which the 0, required
for conbustion is provided by either anbient air or forced air.
LFG is conveyed to the flare through the collection header and
transfer lines by one or nore blowers. A knock-out drumis
normal |y used to renove gas condensate. The LFGis usually
passed through a water seal before going to the flare. This
prevents possible flanme fl ashbacks whi ch occur when the gas fl ow
rate to the flare is too low and the flane front noves down into
t he st ack.

Two types of flare systens are generally avail abl e: open-
flame flare and enclosed flare. Each flare type has advant ages
and di sadvantages. Both types of flares have been used for LFG
treat ment.

Oven-Flane Flare. An open-flame flare or candle flare
represents the first generation of flares. The open-flanme flare
was mai nly used for safe disposal of conbustible gas when
em ssion control had not been a requirenent. Open-flane flares
have al so been widely used in LFG conbustion. Open-flame flare
desi gn and the conditions necessary to achi eve 98 percent
reduction of total hydrocarbon are described in 40 CFR 60. 18.

The advantages of open-flane flares are:

° si npl e design since conbustion control is not possible,
o ease of construction,
° nost cost-effective way of safely disposing of |landfill
gases, and
° open-flanme flares can be |ocated at ground | evel or
el evat ed.
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The maj or di sadvantage of all open-flanme flares are:

o do not have the flexibility to allow tenperature
control, air control, or sanpling of conbustion
products due to its basic design,

° not possible to design a closed-1oop systemto
accurately neasuring flow rates or em ssions from an
open-flame flare for the follow ng reasons: 1) Sanple
probes placed too close to the flane will measure high
C0, and hydrocarbon | evels; 2) Sanples taken further
away fromthe flanme are diluted unpredictably by air.

° if em ssions sanpling and testing are required, an
encl osed type flare will be needed.

Encl osed Flares. Enclosed flares differ fromopen flares in
that both LFG and air flows are controlled. Wile LFGis pushed
through the flame arrestor and burner tips by a blower, the flare
stack pulls or drafts the air through air danpers and around
burner tips. The stack acts as a chimey, so its height and
di aneter are critical in developing sufficient draft and
residence tinme for efficient operation. Enclosed flares are used
in LFG applications for two reasons:

o They provide a sinple neans of hiding all or parts of
the flame (i.e., neighbor friendly), and

° em ssion nonitoring may be mandatory.

A typical enclosed flare systemis shown in Figure A-4.

Dependi ng on air regulations in each state, enclosed fl ares
with an automatic air danper control may be required. Periodic

sanpling of these flares is conducted to ensure that an em ssion
reduction of 98 percent is being achieved.
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3.2.1.2 Thernmal Incineration

Thermal incineration processes use the basic operating
principle of a thermal incinerator: any organic chem cal heated
to a high enough tenperature in the presence of sufficient GO
will be oxidized to CO and water. The theoretical tenperature
required for thermal oxidation to occur depends on the structure
of the chem cal involved. Some chem cals are oxidized at
tenperatures much | ower than others. Were thermal incinerators
are used to control vent streans from LFG recovery systens,
auxiliary fuel is typically required.

Thermal incinerators are applicable as a control device for
any vent stream containing NMOCs. |In the case of LFG em ssion,
however, their use is primarily limted to control of vent
streans from CH, recovery systens.

3.2.2 Energy Recovery Systens

In large nmunicipal landfills, LFGis being devel oped as an
energy resource. Mlitary landfills, due to its size and waste
types, usually do not generate nethane gas in large quantity to
be economcally recovered. LFGin mlitary landfills is
therefore contained rather than recovered for energy use. Energy
recovery options, however, are briefly discussed for the reader
i nformation.

The foll ow ng four approaches have been adopted for
recovering energy fromLFG

° Use of LFG to fuel gas turbine;

o CGeneration of electricity by the operation of an
i nternal conbustion engine with LFG

° Use of LFG directly as a boiler fuel; and

° Upgrading the gas quality to pipeline quality for
delivery to utility distribution systens.

Typi cal LFG contains approxi mtely 500 Btu per standard
cubic foot (4,450 K cal/n?¥) of energy whereas pipeline-quality
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gas contains 1,000 Btu/scf (6,900 K cal/n?). The energy content
of LFG varies w dely dependi ng upon the performance of the gas
coll ection system and the stage of deconposition within the
landfill. GCenerally, the collection of gas for energy recovery
pur poses has been limted to large landfills with over 1 mllion
tons of solid waste in place.

3.2.2.1 Gas Tur bi nes

Process Description. Gas turbines aspire anbient air,
conpress it and conbine it with fuel in the conbustor. The
conmbust or exhaust streamflows to the power turbine which burns
the fuel to heat it, then expands it in the power turbine to
devel op shaft horsepower. This shaft power drives the inlet
conpressor and an electrical generator (or sone other |oad).

Two basic types of gas turbines have been used in | andfil
applications: sinple cycle and regenerative cycle. The gas
tenperatures fromthe power turbine range from430 to 600°C (800
to |,100°). The regenerative cycle gas turbine is essentially a
sinple cycle gas turbine with an added heat exchanger. Thernma
energy is recovered fromthe hot exhaust gases and used to
preheat the conpressed air. Since less fuel is required to heat
the conpressed air to the turbine inlet tenperature, the
regenerative cycle inproves the overall efficiency of the gas
t ur bi ne(®,

Based on field tests and informati on provi ded by
manuf acturers, these turbines are capable of achieving greater
than 98 percent destruction of NMOC,

Applicability. The applicability of gas turbines depends on
the quantity of LFG generated, the availability of custoners, the
price of electricity, and environnmental issues. There are about
20 landfills in the U S. which enploy gas-fired turbine®,

Advant ages of using gas turbines are:

° Gas turbines have | ower emnm ssions of NOx, CO and PM
than conparatively sized of conbustion engines;
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° Gas turbines are less sensitive to fluctuations in
influent Btu gas than are internal conbustion engines;

° Using a dual oil and oil filter system shutdowns for
m nor mai ntenance are | ess frequent;

° No gas condensate is forned in the process;

° Gas turbines are nore nmechanically reliable since they
have fewer noving parts, no reciprocating noving parts,
no val ves, cans, belts, radiators, water cooling and
ignition system (other than for starting); and

° Because there is no lube oil in the exhaust, air

em ssions are |less than wth internal conbustion

engi nes. Excess conbustion air and high tenperatures
acconpl i sh conpl ete conbusti on of carbon nonoxi de and
resi dual hydrocarbons.

Di sadvant ages of using gas turbine engines are:

° Q&M costs increase dramatically if the engine is used
only intermttently (i.e., for peak power use);

° Tur bi ne bl ades are sensitive to foreign particles in
the gas and air streans;

° O | deposits on blades can cause units to becone
unbal anced; and

° They require inlet conpression of the fuel feed and air
bet ween 160 and 200 psig, thus ancillary conpressor
equi pnent i s required.

A schematic of an LFG to steam generation plant is presented
in Figure A-5.

3.2.2.2 Internal Conbustion (I.C ) Engines
Process Description. Reciprocating internal conbustion
engi nes produce shaft power by confining a conbustible m xture

A- 54



INLET

I

< [TTTTTTY

—

L

KNOCKOUT

BOILER

ETL 1110-1-160

17 APR 95

GENERATCR

ELECTRICITY
—

BLOWDOWN

LFG
COMPRESSOR

!

SCHEMATIC OF LFG TO TURBINE ELECTRIC GENERATION

FIGURE A-5
(SOURCE 2)

A-55



ETL 1110-1-160
17 APR 95

in a small volunme between the head of a piston and its
surroundi ng cylinder, causing this mxture to burn, and all ow ng
the resulting high pressure products of conbustion gas to push
the piston. Power is converted fromlinear to rotary form by
means of a crankshaft (¥,

The maj or problemw th use of conbustion engines for these
applications is selection of the fuel gas conpressor. Matching
the gas conpressor to the avail able gas and engi ne requirenents
is one of the major difficulties in the design of the conpleted
gas-to-energy project. Mny projects select the gas conpressor
by trial and error.

Applicability. I.C engines are being used for landfill off-
gas control because of their short construction tinme, ease of
installation, and operating capability over a wi de range of
speeds and loads. |1.C engines fueled by LFG are available in
capacities ranging from approxi mately 500 KWup to well over
3,000 KW

Advant ages of using |I.C. engines are:

° short construction tine;
° can achi eve 98 percent reduction of NMOC,
° NQ, emi ssions fromthese engines are | ower than

conpar abl e natural gas fired engines;

° comonl y used technol ogy;
° wi de range of availability; and
° efficient at full load and partial |oad.

Di sadvant ages of using |I.C engines are:
° the fuel gas conpressor to match the I.C engines;

A schematic of an LFGI.C generation plant is presented in
Fi gure A-6.
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3.2.2.3 Boiler or Steam Generator

Process Description. The mgjority of industrial boilers are
of water tube design. In a water tube boiler, hot conbustion
gases contact the outside of heat transfer tubes which contain
hot water and steam These tubes are interconnected by a set of
druns that collect and store the heated water and steam The
wat er tubes are of relatively small dianeter, 5 cm (2 inches),
providing rapid heat transfer, rapid response to steam denmands,
and relatively high thermal efficiency. Energy transfer
ef ficiency can be above 85 percent. Additional energy can be
recovered fromthe flue gas by preheating conbustion air in an
air preheater or by preheating incomng boiler feed water in an
economi zer unit®,

The majority of LFGfired boilers are industrial boilers
with correspondi ng heat inputs of approximately 10.5 x 10° Btu/ hr
(350 scfmat 50 percent CH,) to 90 x 10° Btu/hr (3,000 scfm at
50percent CH,). The nost recent power generation technology to
utilize LFGis the steam generator using the Rankine Cycle. The
LFGis burned in a boiler to produce superheated steam The
steam drives a steamturbine generator for power production. The
benefit of Rankine Cycle power production fromthe conbustion of
LFGis the | ow heat rate of 10,000 Btu/KW This is the |owest
rate and highest efficiency of all of the LFGfired power
generation systens to date. In addition, the Rankine Cycle has
been denonstrated to be one of the lowest emtters of NQ and ROG
of any LFG fired equipnent.

Applicability. LFGfired boilers may be utilized in two
ways. The LFG may be routed to an on-site boiler or piped and
sold to an off-site boiler to supply heat or hot water. The LFG
may al so be routed to an on-site boiler to generate steamto
produce electricity.

Advant ages of using LFGfired boilers are:
° | ow NQ, em ssi ons,

° smal | physical size, and
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o | ow O&M cost .
D sadvant ages of using LFGfired boilers are:

high initial capital investnent,

hi gh fuel pressure required,

inefficient at partial |oad, and

| arge anobunt of condensate in the process.

3.2.2.4 LEG Purification Techni ques

The LFG has a typical conposition of 40 to 60 percent CH,,
40 to 50 percent C0,, 1 to 2 percent of air and inert gases and
other inpurities such as hal ogenated hydrocarbons, volatile
sol vents, organic sul fur conmpounds and H,S. It is critical to
al nost all LFG end-usages that the CH, products be clean and not
contain the inpurities.

Purification techniques to upgrade the LFGto a high Btu
val ue may include the foll ow ngs:

° removal of inpurities,

° renmoval of CO0,,

° renoval of water, and

° gas conpression to pipeline pressure.

| npurities renoval techniques may include the use of
adsorption, absorption or nenbranes to process raw LFG to
pi peline quality natural gas. Al purification techniques
i nvol ve renoval of water before renoving C0,. The water is
removed by either absorption with glycol or adsorption with
silica gel, alumna, or nolecular sieves. The NMOC renoval
met hod depends on the different CO, renoval techni ques chosen and
the conposition of the LFG Usually the sanme techni ques used for
CO, renoval are also used to renove NMOC by sinply adding an
extra adsorption, absorption, or condensation step.

In general, the selection of a recovery techni que depends on
the gas generation rate, the |ocation of the plant, the
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availability of a market for the recovered energy, and the
envi ronnent al i npacts.
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4.0 LEG DESI GN CONSI DERATI ONS

4.1 GENERAL

Thi s chapter discusses paraneters the designer should
consider for the design of LFG control systens.

The design process for LFG control typically consists of two
phases. Phase 1 is an investigation to determ ne the techni cal
and econom cal viability of the LFG recovery system Phase 2 is
the design of the full-scale system

4.2 PHASE 1: | NVESTI GATI ON
The investigation phase typically consists of the follow ng
st eps:

coll ect and revi ew exi sting data,
conduct interviews and site inspection,
revi ew data base information

conduct a screening process, and
conduct a field tests.

4.2.1 Data Collection

Exi sting site data can be obtained from avail able records on
the site, and fromregul atory, and ot her governnment agenci es.
These include permt docunents, regulatory correspondence, waste
recei pt volunmes, waste type, gas data, |eachate data and ground-

wat er data, closure date, etc. Information on the site wll
permt the designer to established a data base for conpleting
design calculations. It will also allow the designer to

determ ne whether additional data gathering activities are
necessary.

4.2.2 1Interview and Site |Inspection

Interviews should extend to all concerned parties famliar
with landfill operations including |andfill owner, operator and
appropriate officials. This information will provide the
designer with the current status of the site, any current
envi ronment al problens or ones that could develop in the future.

| nspection of the site and its surroundings will aid the
designer in verifying the data collected and at the sane tine
configuring the conceptual design of the LFG collection and
recovery system
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4.2.3 Review of Data Base Information

A review of data base information on existing facilities of
the sane type will provide the designer wth up-dated
technol ogies, their effectiveness and costs.

4.2.4 Conduct Screening
The prelimnary design screening process should consi der:

recovery techni que,

regul atory requirenents for collection and treatnent,
conparative cost, and

advant ages and di sadvant ages of each techni que.

4.2.5 Field Tests

To i npl enent LFG collection/treatnent options, certain data
are required to properly design a systemand to select the
appropriate gas recovery and control system The data required
i nclude chem cal characteristics of the gas and the gas-
generation rate. For existing landfills, data can be collected
as described in the follow ng paragraphs. For new landfills,
assunptions nust be made on the chem cal and physi cal
characteristics of the gas based on historical data fromsimlar
install ations.

4.2.5.1 Characterization of Gaseous Em ssions

LFG conposition is one of the determ nations that is of
principal interest in any evaluation of potential gas treatnent
met hods. Sone nethods to collect LFG sanples are: barhole
probe, permanent gas nonitoring probes, and gas extraction wells.

EPA has devel oped three test nmethods for proposal of air
em ssion control regul ations. These include Method 2E -
Determ nation of Landfill Gas Production Flow Rate, Method 3C -
Det erm nation of Carbon D oxi de, Methane, Nitrogen, and oxygen
from Stationary Sources, and Method 25C - Determ nati on of NMOC
inlandfill Gas. Detailed of these nethods are described in the
EPA docunent EPA-450/ 3-90-011a, Air Em ssions from Mini ci pal
Solid Waste Landfills- Background Information for Proposed
Standards and Guidelines. The follow ng paragraphs briefly
descri be these nethods.
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4.2.5.2 Determnation of Gas Generation Rate: EPA Method 2E
EPA Met hod 2E neasures LFG production flow rate from MSW

landfills and is used to calculate the flow rate of NMOC

conpounds fromlandfills. Extraction wells are installed in a

cluster of three or five dispersed |locations in the landfill and
a blower extracts the LFGfromthe wells. LFG conposition,
landfill pressure and orifice pressure differentials are neasured

and the LFG production flow rate is cal cul at ed.

4.2.5.3 Determnation of Non Methane Organi c Conpounds: EPA
Met hod 3C
EPA Met hod 3C applied to the anal ysis of carbon di oxide
(C0,), nmethane (CH,), nitrogen (N,), and oxygen (0,) in sanples
fromMSW I andfills and other sources when specified in an
appl i cabl e Subpart of the regulation.

A portion of the sanple is injected into a gas chronmat ograph
(G&C) and the C0,, CH,, N,, and O, concentrations are determ ned by
using a thermal conductivity detector (TCD) and integrator.

4.2.5.4 Determ nation of Non Methane Organic Carbon: EPA Met hod
25C

EPA Method 25C is applicable to the determ nation of NMOC
(as carbon) in LFGs. A perforated sanple probe is driven bel ow
the bottomof the landfill cover. A sanple of the LFGis
extracted with an evacuated cylinder. A portion of gas is
injected into a gas chromatographic (GC) colum to separate the
NMOC from CO, CO, and CH,., The NMOCs are oxidized to C0,, and
gquantified wwth a flane ionization detector (FID). Wile this
procedure is conplex, it elimnates the vari able response of the
FI D associated with different types of organic conpounds. A
typi cal gas probe nonitoring detail is presented in Figure A-7.

4.2.5.5 Pilot-Scale Field Testing

Gas- phase perneability tests are the nbst comon type of
pilot-scale tests performed. These are generally used during the
initial design stage of a gas recovery system (as-phase
pernmeability tests provide the follow ng design information:
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® a neasure of the pressure distribution associated with
an applied vacuum

e gas flow rates,

® contam nant concentrations and recovery rates,
® gas-phase perneabilities at the site, and

® npisture renoval rates.

The gas-phase perneability tests (al so called pneunatic punp
tests) offer an alternative to indirect and | aboratory nethods
for calculating air perneability. These tests tend to provide
nore realistic estimates of air perneability and are nore
appropriate for gas recovery testing. Air-phase perneability
tests are described in several docunents(%%,

A nunber of investigators(!®19 have devel oped transient and
steady-state solutions for air flow, which can be used for
anal ysis of pneunmatic punp test data.

4.3 PHASE 2: FULL- SCALE DESI G\

The full-scale design should start after selecting an LFG
control systemthat is cost-effective and neets applicable
regul ati ons.

The primary design elenents of the LFG managenent system
i nclude gas collection and treatnment. Presented bel ow are design
consi derations of these systens.

4.4 LEG COLLECTI ON
Two types of LFG collection systens are di scussed:

® passive collection, and
® active collection.

4.4.1 Passive Collection Systens

Passive collection uses either collection wells or trenches
to collect LFG The efficiency of a passive collection system
depends on good contai nnent of the LFG Collection wells and
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trenches typically use vent pipes which either discharge the gas
to the atnosphere or to treatnent.

4.4.1.1 Gas Wl ls
Passive collection systens rely on natural pressure or
concentration gradients in the landfill to nove the gas.

The construction of passive systens is simlar to that of
active wells which will be discussed in Section 4.4.2. However,
the mani fol d connecti on shown woul d not be constructed.
Additionally, elaborate well head assenblies are not required
since nonitoring and adjustnent are not usually necessary. A
good type of seal is always used to connect the geonenbrane to
the gas extraction well. The wells can be constructed as filling
proceeds. However, if wells are placed in an existing landfill,
they nmust be drilled into the waste.

Passive wells should generally be |ocated about 10 to 15
meters (33 to 50 feet) fromthe edge of the wastes and typi cal
not nore than one well per acre. Additional wells may be needed
further within the body of the wastes to intercept their ful
depth if the site is benched or sloping. A passive well vent is
illustrated in Figure A-8.

4.4.1.2 Trench Collection Systens

Gas collection trenches can be used where verti cal
extraction wells are not practical, such as in areas where the
refuse depth is shallow or where the liquid is high. A drawback
of trenches is their tendency to drawin air if the seal over
each trench is inadequate. Extrene care should be taken in the
design of all vent systens to prevent themfrom being a source of
infiltration through the cover.

Maj or advant ages of trench systens include ease of
construction and relatively uniformw thdrawal influence areas.
However, these trenches are susceptible to crushing as
subsequent lifts of waste are placed and susceptible to severing
and severe danage as a result of differential settlenent of the
wast e pack. \When placed bel ow groundwater |evels, these
trenches are also subject to flooding. Wen designing trenches
which will be installed bel ow the expected high groundwater or
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| eachate | evels, neasures should be taken to avoid drawi ng water
into the gas collection system

The trenches can be vertical or horizontal at or near the

base of the landfill. A vertical trench is constructed in much
the sane manner as a vertical well is constructed. For a new
site, horizontal trenches are installed within a landfill cell as

each |l ayer of waste is applied. The distance between | ayers
shoul d be no greater than 5m (15 feet). This allows for gas
coll ection as soon as possible after gas generation begins and
avoi ds the need for above-ground piping which can interfere with

l andfill maintenance equi pment. Additional "legs" of the system
are connected to the manifold as the landfill grows in areal size
or height. Figure A-9 illustrates a horizontal trench collection
system

The horizontal trench pipes may be constructed of perforated
pol yvi nyl chlorides (PVC), high density pol yethyl ene (HDPE), or
ot her suitable strength nonporous material. Due to the corrosive
nature of LFG and condensate, corrugated steel is usually not
used. The trench should be about 1 neter (3 feet) wide, filled
wi th gravel of uniformsize and extend into the refuse about

1.5 m(5 feet) below the landfill cap layer. Trenches shoul d be
| ocat ed between the waste fill and the gas barrier or side of the
site.

The side of the trench nearest to the property boundary
shoul d be sealed with a | owperneability (< 10°ws'!) barrier
material, such as a synthetic geonenbrane to prevent gas
m gration. The remainder of the trench should be lined with a
filter fabric to prevent clogging of the perneabl e nmedi um

The gas collection piping enclosed in the trench gravel pack
is connected to surface vent pipes of simlar construction as the
coll ection piping. Vent pipe spacing should be determ ned from
nmonitoring and site investigation data, but should generally not
be greater than 50 neters apart. Passive vents can be used in
conbi nation with horizontal trenches by connecting vents to the
pipes wwth flexible (i.e., settleable) hosing. The flexible hose
bet ween the extraction well or trench and the collection header
systemallows differential novenent.
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Because of its horizontal |ayout, the collection header system
woul d be expected to settle nore than a vertical extraction well.
This flexi ble connection allows nore novenent than would be
possible if the two pipes were rigidly connected. Sanpling ports
can be installed allow ng nonitoring of pressure, gas tenperature
and concentration, and liquid |evel.

4. 4.2 Active LFG Collection Systens

As described previously, an active collection system
consi sts of a nechani cal blower or conpressor attached to a
system of gas extraction wells or collection trenches. A pressure
gradient is created in the wells or trenches, thereby forcing the
removal of gas fromthe landfill. The gas is then piped to a
flare, cogeneration unit or other treatnent system

The effectiveness of an active LFG coll ection system depends
greatly on the design and operation of the system An effective
coll ection system shoul d be designed and configured so as to:

e handl e the maxi num LFG generation rate,

e effectively collect LFGfromall areas of the landfill,

and

® provide the capability to nonitor and adjust the

operation of individual extraction wells and trenches.

Air intrusion is a mgjor concern in the design of the active
LFG col l ection system Air intrusion may naturally perneate
through the landfill cover and into the refuse. Natural
perneation is particularly severe in arid regions where dry cover
soils are easily penetrated by air.

An active collection system has four major conponents:

® gas extraction wells (or horizontal trenches),

® gas noving equi pnent,

® |FGtreatnent units, and

® condensate renoval and disposal units.

A-70



ETL 1110-1-160
17 APR 95

4.4.2.1 Gas Extraction Well Construction

LFG extraction wells are installed around the perineter and
into the center of the landfill. The extraction well is generally
constructed of PVC, HDPE, fiberglass, stainless steel, or other
sui t abl e nonporous material. Pipe dianmeters vary but generally
are no smaller than 5 cm (2 inches) in dianmeter and no | arger
than 30 cm (12 inches) in dianmeter. It is recomended that the
bottom % of the pipe be perforated with % inch-dianmeter hol es
spaced at 90 degrees every 6 inches. Slotted pipe having
equi val ent perforations is also suitable. Wells are typically
constructed in 30 to 100 cm (12 to 36 inch) dianeter boreholes.
Upon insertion of the casing into the borehole, the remai nder of
the well excavation is backfilled with crushed stone. The crushed
stone gives the extraction well a |larger effective dianeter from
whi ch gas can be drawn.

In unlined landfills, wells are constructed to either the
base of the landfill or the water table. However, in |ined
landfills, wells are typically constructed to 75 percent of the
landfills total depth in order to avoid damaging the liner. The
screened interval of an LFG extraction well typically extends
fromthe bottomof the well to a point at least 5 feet below the
landfill surface. Slip couplings are also used for deep wells to
account for differential settlenent. Slip couplings should be
designed to withstand circunferential pressure wthout
col | apsing. Each well head is typically designed with a butterfly
or ball valve for regulating the applied pressure to the
wel | head. A typical active vertical extraction well configuration
is presented in Figure A-10.

4.4.2.2 Spacing and Radius of Influence

The spacing of LFG extraction wells is generally determ ned
fromthe radius of influence of individual wells. This radius is
described as the distance fromthe center of a well to a point
away fromthe well where the steady-state-pressure gradient
resulting fromthe blower is 0.1 inch of water. Accordingly, any
CH, generated beyond the radius of influence would not be
coll ected by the extraction wells.
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In order to obtain a representative well spacing for the
landfill, several punp tests should be performed so that waste
conpaction variability can be taken into consideration. Due to
the costs associated with conducting these tests, there have been
several theoretical nodels devel oped to estimte the vacuum
radi us of influence relationship. Typical negative pressures at
the well head range from about 127 to 380 mm (5 to 15 inches) of
wat er colum. Typical well spacings range from approxi nately 50
to 300 feet, depending on the radius of influence for each well.

The desired nethod for determ ning effective well spacing at

a specific landfill is to use field neasurenent data. Punp tests
Wi th nonitoring probes at increnental distances fromthe test
well will indicate the influence of a given negative pressure at

that | ocati on.

The EPA Met hods specified in the New Source Perfornance
St andards (NSPS) draft rule (March 1991) use Darcy*s Law to
establish the vacuum radi us of influence relationship. Know edge
of both daily and final cover materials used in landfill
construction, gas properties including density and viscosity, the
perneability of the porous nedia (both the refuse and cover), and
the LFG pressure are needed. Because such extensive data are
rarely avail able or accurate, EPA has established a default
maxi mum r adi us of influence of 60 m (200 feet) in revisions for
publication of the final NSPS schedul ed for Decenber 1994. Use of
this default paraneter or the theoretical nodeling is generally
acceptable for estimating the radius of influence.

As not ed above, use of the theoretical nodels based on
Darcy*s Law requires estimation of several paraneters. The
paraneters required include:

intrinsic pernmeability of the refuse,
current gas production rate of the landfill,
static pressure at the well head,

viscosity of the LFG

radi us of the extraction well;

A-73



ETL 1110-1-160
17 APR 95

e |ength of well screen; and
® radius of influence of the well borehole.

O these paraneters, the intrinsic perneability of the
refuse is the nost difficult to predict. This paranmeter can vary
several orders of magnitude between and within a landfill. This
paranmeter has a | arge inpact on the radius of influence predicted
by the nethodol ogy. If the designer wi shes to use the nodel for
predi ction of the radius of influence about a well, it is
recommended that the nodel be used to solve the refuse intrinsic
perneability to verify that the remaining paranmeters used predict
a value for the intrinsic perneability which falls within a
common range of intrinsic perneabilities for refuse (1x107 to
1x110°*? cnt).

The static pressure at the well head is the difference
between landfill internal pressure and the atnospheric pressure
and is the design vacuum pressure at the well head. The nagnitude
of the static pressure is a function of how much LFG is being
produced and how i npervious the capping naterials are to gas
m gration. Where gas production rates are high and the |andfil
cover inpervious, static pressures at the well heads can be as
hi gh as 375 mm (15 inches) water colum (wc). It is nore common
for wells to have static pressures in the range of 180 to 255 mm
(7 to 10 inches) wc.

Viscosity of the LFGw |l be a function of the conposition,
the pressure and the tenperature of the LFG The viscosity can
general |y be approxi mated assum ng the gas is conposed of 50% CH,
and 50% CO,. At 0°C and at at nospheric pressure, a 50% CH, and 50%
CO, gas has a viscosity of 1.21x10°° Pa. sec.

The intrinsic perneability can be conputed as foll ows:

k;, = P, *R *In(R/r) * p, *p . *0O*FE (2-13)
M * (P2 - P2 * (WD/L)

wher e,
ki = intrinsic perneability of refuse, cnt (ft?
P, = gage internal landfill pressure, Pa/nt (lbs/ft?)
P, = gage vacuum pressure at well head, Pa/nt (|l bs/ft?)
R = radius of influence, m(ft)
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radi us of well borehole, m(ft)

viscosity of LFG Pa.sec (lb-mift?
refuse density, kg/n? (1b/ft?3)

LFG generation rate, nt/sec (ft3/ mn)
efficiency of collection system (1=100%
Landfill capacity, My (Ibs)

Well screen length, m(ft)

Landfill depth, m(ft)

r'éiig“&)

For the design purpose, a value of 1.0 is normally used for
the efficiency, E, of collection system

4.4.2.3 Nunber of Extraction Wells

The factors affecting the nunber of extraction wells
selected are well radius of influence and spacing, and | andfil
geonetry. Sone overlap of influence zone is desirable for the
perineter wells of a system designed for control of gas mgration
to ensure that effective control is obtained at points between
well's along the landfill boundary. Gas extraction rate and radi us
of influence are dependent on one another, and individual well
flow rates can be adjusted after the recovery systemis in
operation to provide effective mgration control and/or efficient
CH, recovery.

4.4.3 Gas Movi ng Equi pnent
Gas novi ng equi pnent i ncl udes :

° pi pel i ne header system and
o conpressors and bl owers.

A pi peline header system conveys the flow of collected LFG
fromthe well or trench systemto the bl ower or conpressor
facility. A typical header pipe is made of PVC or HDPE and is
generally 15 to 60 cm (6 to 24 inches) in dianeter depending on
the flow rate through each section of the pipe. The size and type
of blower is a function of the total gas flow rate, total system
pressure drop, and vacuumrequired to induce the pressure
gr adi ent .
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4.4.3.1 Pipeline Header System

Col | ection header pipes are connected to the gas extraction
wel I's by neans of laterals constructed of flexible tubing to
al | ow sone novenent between the two systens during settlenent. In
colder climates, the header pipe is often installed above the | ow
perneability layer of the capping system In warner climtes, the
header system can be installed above the surface of the landfill.
The exposed col |l ecti on header may be subject to periodic freezing
and nmay constitute an eyesore; however, it is very beneficial to
have the pi pe above ground for ease of nmintenance.

Landfill settlenent occurs fromincreased vertical stresses
resulting fromthe refuse and cover materials and biol ogi ca
deconposition of the waste material. Differential settlenment of
the landfill can cause structural damage to the piping in the
form of sags and breaks, consequently, a collector header that is
not buried will be easier to repair. Other factors to be
consi dered include the potential of vandalism and the intended
end use of the site.

The basic elenents in the design of the gas collection
header system are the header pipe size, pipe material, pipe
sl ope, and | ocation of condensate traps. These will be di scussed
in the follow ng sections.

Header Pipe Size. LFG headers are sized based on the design
flows generated fromthe well system Each section of the header
shoul d be designed to transmt the design volunetric flow rate at
a velocity that will mnimze friction |osses and condensate
| osses in the header system The first step in estimating the
di aneter of the header is to estimate the flow rate through each
section of header. The designer can cal cul ate these val ues by
dividing the entire gas production potential as described in
Section 4.2.2 by the total linear footage of perforated well
screen for the system This calculation will provide an estimate
of gas flow rate per linear foot of pipe. The gas flow from each
wel | can then be estimated by nmultiplying the |l ength of well
screen of each well by the flow rate per linear foot of screen.
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The information should then be conpiled on a spread sheet.
The di anmeter of each header pipe can then be cal cul ated usi ng one
of the follow ng equations:

Di aneter (17 = 1.414 * (\W-408/ D ©0-343) (2-14)
wher e,
W= flowrate, (1,000 I|Db/hr)
D = gas density (lb/ft?3)
1.414 = conversion factor
or
Di anet er (2) = W /2000 ft.sec?
wher e,
W = flowrate, (1,000 Ib/hr)
2,000 = m ni mum vel ocity, ft/sec
In general, pipe dianeters in the header system should be no
| ess than 10 cm (4 inches) in diameter; a 15-cm (6 inches)
dianeter is typical. Pipe dianeters as large as 325 cm (14

i nches) can be installed, however, the feasibility of installing

di aneters of this magnitude wll
cover depth to prevent freezing.
cm (14 inches) are generally not
shoul d be directed to a separate

LFG col | ecti on systens nust

be a function of the allowable
Pi pe di aneters greater than 325
used; in these cases, gas flow
header 1|i ne.

be designed in a manner such

t hat condensate will not pool inside the headers. M ni mum header
sl ope nmust be maintai ned throughout the design |life of the
system and landfill settlenment nust be accounted for in the

| ayout of the header system A m nimum header slope of 2 percent
is often used. Landfill settlenent results fromincreased
vertical stresses resulting fromthe refuse and cover materials
and bi ol ogi cal deconposition of the waste material. Fromthese
vari ables, primary and secondary settlenent are cal cul ated, and a
final slope after settlenent can be predicted.

The header system should be designed to allow LFG and

condensate flowing in the sane direction to maxim ze use of the
heat of the gas to prevent condensate fromfreezi ng. Condensate
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sunps should be |ocated at all |ow points in the header systemto
prevent cl ogging of the header.

4.4.3.2 Conpressors and Bl owers

Several types of conpressors and blowers are used to renobve
LFG including nmultistage centrifugal blowers, regenerative
bl owers, rotary | obe conpressors, and liquid ring vacuum
conpressors. Gas quality, peak gas flow rates, design vacuum
pressure, and the pressure required for in-line processing of the
gas are key paraneters used to select a specific LFG conpressor
and bl ower.

Centrifugal Blowers. Centrifugal blowers are classified as
constant pressure (vacuum variable volume. The flow rates are
only imted by the horse power (HP) of the notors and may be
achi eved across the entire performance curve fromthe surge point
(low flow) and high flow capacity. Centrifugal bl owers can be
single stage, having only one inpeller, or can be nultistage
having two or nore inpellers nounted in the same casing.

Single stage centrifugal blowers are typically used for
applications requiring vacuuns of |ess than 80 inches of water.
These bl owers are conpact and produce an oil-free LFG flow. The
principle of operation is as follows: Air enters the inpeller in
the axial direction and discharges radially at high velocity. The
change in dianmeter through the inpeller increases the velocity of
the gas flow The dynam c head is converted into static head, or
pressure through a diffusion process that generally begins within
the inpeller and ends in a radial diffuser and scroll outboard of
the inpeller.

A nulti-stage inpeller creates pressure through the use of
centrifugal force. Aunit of LFG enters the inpeller and fills
t he space between two of the rotating vanes. The LFGis thrusted
outward toward the casing and then is sent to the vanes of
another rotating inpeller. This process continues regenerating
the pressure many tines until the air reaches the outlet.
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Advant ages of Centrifugal Bl owers:
° can deliver variable volune at constant speed,;
° use | ess power for |ower flows;
o require | ow mai nt enance;
° al l ow for higher head pressures;
° operate on a single shaft with up to 11 inpellers,
typically at 3,500 rpns;
° produce a snooth, non-pul sating fl ow when operating at
any poi nt beyond the surge range;
° produce | ess noise; and
° can be equi pped with auto shutdown;
D sadvant ages of Centrifugal Bl owers:
° surge protection is required;
° inpellers will not tolerate the ingestion of |arge
sl ugs of water/condensate;
° entrai nment separators nust be used; and
° i npellers nmust be nmade of corrosion-resistant materi al

due to the presence of H,S in nost LFG

Regenerative Blowers. The Regenerative blower is one type
of non-positive displacenent and consists of a nulti-stage bl ade
inpeller which rotates in a stationary housing. A unit of air
enters the inpeller and fills the space between two of the
rotating vanes. As the blower inpeller rotates, centrifugal
force noves the air nolecules fromthe root to the tip of the
bl ade, around the housing contour, and then turned back by the
annul ar shaped housing down to the base of the succeedi ng bl ade
where it is hurled outward. This regenerative action provides

A-79



ETL 1110-1-160
17 APR 95

staging effect to increase pressure differential which depends on
the speed of the rotating inpeller. This process continues
regenerating the pressure until the air reaches the outlet.

Mul ti stage regenerative blowers are available in capacity up
to several hundred cubic feet per mnute and typically are used
for a high range of vacuum |l evels (180-190 inches of water).

Advant ages of Regenerative Bl owers:

° | s a conpact unit;

° Produce an oil-free air flow

° can deliver variable volune at constant speed,;

° all ow for higher head pressures;

° operate on a single shaft with up to 11 inpellers,

typically at 3,500 rpns;

° produce a snooth, non-pul sating fl ow when operating at
any poi nt beyond the surge range;

° can be equi pped with auto shutdown;

Di sadvant ages of Regenerative Bl owers:

° surge protection is required;

o inpellers will not tolerate the ingestion of |arge
sl ugs of water/condensate;

° entrai nment separators nust be used; and

° i npell ers nmust be nade of corrosion-resistant materi al
due to the presence of H,S in nost LFG
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Rotary Lobe Conpressors. Rotary | obe conpressors are
comonly referred to as positive displacenent (PD) bl owers. These
conpressors are classified as constant-volune and vari abl e-
pressure machines. Volume can only be varied by speed change in
rotating | obes via a variable frequency controller (VFC) or
sheave adjustnent ratio change. Rotary |obe conpressors are
typically used for a nediumrange of vacuumlevels (20 to 160
i nches of water). Rotary |obe conpressors consist of a pair of
mat ched inpellers rotating in a stationary housing with inlet and
outlet ports. The inpellers, oriented in opposite directions,
trap a volunme of gas at the inlet and nove it around the
perinmeter to the outlet. Rotation of the inpellers is
synchroni zed by tim ng gears which are keyed into the shaft.

Ol seals are required to avoid contam nating the air stream
with [ubricating oil. These seals nust be chemcally conpatible
with the site contam nants. When a belt drive is enployed,
bl ower speed may be regul ated by changing the di aneter of one or
bot h sheaves or by using a variable speed notor.

Advant ages of Rotary Conpressors:

o hi gh di scharge pressure at fixed flow rates.

D sadvant ages of Rotary Conpressors:

° Noi sy,

° fixed flow rates (constant volunme variabl e pressure;

° reducing flowrates will decrease the system pressure;
° hi gher conpressor nai ntenance (oil and greasing on a

regul ar basis), and

° Ol seals nust be chemcally conpatible with gas
cont am nants.
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Liqguid R ng Vacuum Conpressors. These vacuum punps transfer
both liquid and gas through the punp casing. Centrifugal force
acting on the liquid within the punp causes the liquid to forma
ring around the inside of the casing. Gas is trapped between
rotating blades and is conpressed by the liquid ring as the gas
is forced radially inward toward a central discharge port. After
each revolution the conpressed gas and acconpanying liquid are
di scharged. Vacuum |l evels close to absolute vacuum (i.e.,
absol ute pressure equals zero) can be generated in this manner.
These punps generate a waste streamof liquid that nust be
di sposed of properly. The waste stream can be reduced by
recycling the liquid; however, a cooling systemfor the liquid
stream may be needed to avoid overheating the punp.

Figures A-11, A-12, and A-13 illustrate the configuration of
bl owers and conpressors utilized in LFG recovery systens.

Advant ages of Liquid R ng Vacuum Conpressors:

° can generate a vacuum | evel close to absol ute vacuum
(i.e., absolute pressure equals zero).

Di sadvantages of Liguid R ng Vacuum Conpr essors:

° produce a waste streamof liquid that nust be di sposed
of properly.

The gas nover (bl ower, or conpressor) systens should be
designed to handle the peak LFG flow rate over the life of the
LFG proj ect.

Sizing of a bl ower/conpressor is based on:

° Total flow, Q,, for the entire landfill
° Desi gn operating pressure; and
° The estinmated headl oss in the system

The sizing of the blower is a function of the flow rate,
static pressure required at each well head and estimated headl oss
in the system Follow ng conpletion of the header |ayout and
cal cul ation of the header dianmeter, an estimation of the total

A- 82



ETL 1110-1-160
17 APR 95

DISCHARGE

q_

DISCHARGE
TRANSITION

PIECE
(BY OTHERS)

PARALLEL,
WALL
OIFFUSER

IMPELLER

o INLET

VCLUTE ~—" LINLET
TRANSITION
PIECE

Figure A-11
Centrifugal Blower
Courtesy of Roots Dresser

Fig. 6:31 Sactional view of a liquid-ring compressar

1. impeiler 4, working liquid
2. casing 5. discharge port
3. intake part
Figure A-13 Figure A-12
Positive Displacement Liquid Ring Air Compressor
Courtesy of Roots Dresser Courtesy of Atlas Copco
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pi pe | osses due to friction should be conputed. Methods used in
the anal ysis of water distribution systens are used in design of
the LFG coll ection system Pipe |osses can be cal cul ated through
t he use of Darcy-Wisbach equation and the Mody Di agram®for
friction factor in the pipe versus Reynold s nunber and rel ative
roughness.

Sel ection of blowers should be based on the follow ng:

cost effectiveness;

sinplicity of installation;

| ong-1ife expectancy;

m ni mum mai nt enance,

vari abl e | oad capacity;

a | ow gas | eakage rating under operating conditions;
and

° safety of operation.

Sonme blowers tend to | eak LFG around the shaft bearing.
These bl owers should be limted to outdoor use only.

4.4.4 Non-Enerqgy Recovery Systens

4.4.4.1 Flare

A flare systemis used to burn the LFGin a controlled
environment to destroy harnful constituents and di spose of it
safely to the atnosphere. The operating tenperature is a
function of gas conposition and flow rate. LFG conposition and
flowrate are vari able and sonmewhat unpredictable with a maxi num
of approximately 500 Btu per cubic foot when it contains
approxi mately 50% CH,. Consequently, when the Btu | oading
derived fromLFGis outside the flare design range, auxiliary
fuel is required at the flare.

The el enments of conbustion that nust be addressed in the
design of a LFG flare are: residence tine, operating tenperature,
turbul ence, O, and flame arrestor. These elenents are
interrelated and, to sone extent, dependent on each other.

Resi dence tine, operating tenperature, and burner design nust al
be considered in selecting and eval uati ng LFG conbusti on
equi pnent .
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Adequate tinme must be available for conplete conbustion. The
t enperature nust be high enough to ignite the gas and al | ow
conbustion of the m xture of fuel and 0,. The residence tine in
a conmbustor nust be sufficient for hydrocarbons to react with the
O,.. Residence tines for VOCs can vary from0.25 to 2.0 seconds,
and solid particles, such as carbon, nmay require as long as 5
seconds for conplete destruction.

The operating tenperature of the conbustor depends upon the
material to be conbusted. The tenperature should be about 148 to
260°C (300 to 500°F) above the auto-ignition tenperature of the
waste gas. CH, autoignites at 540-760°C (1004-1, 004°F), thus a
m ni mum operating tenperature of 760°C (I, 400°F) is often
specified. A tenperature that is too high may cause refractory
damage as wel|l as production of excess NQ, while a tenperature
that is too low may result in the production of excess carbon
nmonoxi de and unburned hydrocar bons.

There nmust be enough turbul ence to mx the fuel and O and
enough O, to support conbustion. Mxing the LFG and air at the
burner tip is critical to proper operation of the flare. Proper
m xi ng and adequate turbulence will create a uniformmx of LFG
and air in the conbustion zone, whereas inproper mxing wll
result in flue gas stratification, which contributes to high
em ssions and unstabl e operati on.

Operating at high flowrates and tip velocities requires
flame stabilizers to prevent the flame from extinguishing itself.
W ndshields allow the flame to establish itself and resist high
wi nd conditions. Automatic pilots sense the LFG flame and
automatically relight the flare when necessary, thereby saving
energy costs.

The basic flare unit consists of the foll owi ng conponents:

a nulti-orifice burner,

a burner chanber,

an automatic conbustion air control system (danpers),
an electric pilot ignition system

sanpling ports,

flare control panel,
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o tenperature controller (interlock the flare stack),
° a flame arrestor, and
o em ssion control

The multi-orifice burner and burner chanber are enclosed in
a stack containing refractory insulation. Typical stack height
of the flare is 6 to 10m (20 to 30 feet). An automatic air
control system consist of danpers which operate based on the
tenperature controller. The danpers provide anbient air to the
flare interior for conbustion and for controlling the exit gas
tenperature. The tenperature controller should have a high
tenperature interlock to prevent damage to the stack or persona
injury. The flare, including the pilot, requires auxiliary fuel;
a small propane tank is usually located near the flare to serve
as pilot fuel. Sanpling ports are located in the walls near the
top of the stack where em ssions nonitoring is performed. A
built-in staircase and platformare usually provided for access
to the sanpling areas. Stoichionetric conbustion of nethane has
a flanme tenperature of 1871°C (3400°F). Insul ation neltdown and
i nternal stack expl osion have occurred due to | ack of excess air
and high tenperature interlock

Siting of the flare is very inportant and shoul d be
considered in the design phase. Open flares can be |ocated at
ground | evel or can be elevated. Although sone of these flares
operate w thout external assist (to prevent snoking), npst use
steamor air, or the velocity of the gas itself, to mx the gas
and air. Flares |located at ground | evel can be shielded with a
fence.

LFG is conveyed to the flare through the collection header
and transfer lines by one or nore blowers. A knock-out drumis
normal |y used to renove gas condensate. The LFGis usually
passed through a water seal before going to the flare. This
prevents possible flanme flashbacks whi ch occur when the gas fl ow
rate to the flare is too low and the flane front noves down into
t he st ack.
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Purge gas (N,, CO, or natural gas) also helps to prevent
flashback in the flare stack caused by low gas flow rate. A gas
flow neter systemis necessary to neasure LFG flow to the flare.
The gas flow shoul d indicate both current flow and accunul at ed
flow For data storage, it is reconmended that digital storage
on magnetic or optical disks be used instead of paper recorder
with an automatic pen to avoid mai ntenance problens. The total
volunetric flowrate to the flanme nust be carefully controlled to
prevent a flashback problemand to avoid flanme instability. A gas
barrier or a stack seal is sonmetines used just below the flare
head to inpede the flow of air into the flare gas network.

Anot her inportant unit independent fromthe flare is the
flame arrestor which is installed in the LFGinlet line. The main
function of the flame arrestor is the absorption of heat, thereby
preventing passage of flane. The flane arrestor is packed with
al um num pl ates which nay becone cl ogged with the conbustion by-
products. Pressure gauges and sanpling ports nust be installed
on each side of the flane arrestor to indicate clogging and
necessary renoval for cleaning. Proper sealing of the flane
arrestor in the housing is essential. Since a flane arrestor
requires periodic factory cleaning, a stand-by flanme arrestor
shoul d be kept on-site for use during maintenance activities.
Also, in selecting a flane arrestor, an easily renovabl e design
shoul d be considered for ease of cleaning and inspection.

Flares are typically designed with encl osed enm ssion control
to mnimze NQ, CO and hydrocarbon em ssions while maxim ze the
destruction of trace conpounds such as vinyl chloride and
aromatics. Particulate, SO or HC emnissions that enter the
flare will not be affected.

Ther nocoupl es are used to nonitor the flanme in open and
el evated flares. For the enclosed flares, ultraviolet (UV)-type
flame detectors should be used. The WV flane detectors can
detect instantaneous flame failure so the inlet valve can be shut
before the vessel fills up with unburned gas.
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The design and selection of landfill flares depend upon the
requi red design and operating objectives (specific em ssion
requi renents for 98% NMOC destruction efficiency). |In any case,

flares shoul d be designed and manufactured to provide the m ni num
operating tenperature under a range of LFG conpositions and fl ow
rates.

4.4.4.2 Thermal Incineration

Ther mal oxidation involves heating the gas streamto a high
enough tenperature for conbustion, typically, between 1,500 and
2, 000°F. Paraneters affecting incinerator performance are the
LFG heating value, the water content in the stream and the anount
of excess conbustion air. The LFG heating value is a neasure of
the heat available fromthe conbustion of the VOCs in the off-
gas. Conbustion of LFGwith a heating value |less than 1.86 M/ n?
(500 Btu/scf) usually requires burning auxiliary fuel to maintain
the desired conbustion tenperature. Auxiliary fuel requirenents
can be | essened or elimnated by the use of recuperative heat
exchangers to preheat conbustion air. Of-gas with a heating
val ue above 1.86 MJ/nt (500 Btu/scf) may support conbustion but
may need auxiliary fuel for flame stability.

Conmbusti on devices are always operated wth some quantity of
excess air to ensure a sufficient supply of 0, The anpunt of
excess air (the anpbunt of air above the stoichionetric air needed
for reaction) used varies with the fuel and burner type but
shoul d be kept as | ow as possible. Using too nmuch excess air
wast es fuel because the additional air nust be heated to the
conbustion chanber tenperature. Large anpbunts of excess air also
i ncrease flue gas volune and may increase the size and cost of
the system The air requirenent is cal cul ated as shown bel ow.

Each nol ecule of CH,requires two nol ecules of O for
conpl ete conmbustion according to the reaction:

CH, + 20, ----- > 00, + 2H,0 + heat (2-16)
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Since air is 21 percent O, and 79 percent nitrogen, 9.5
nmol ecul es of air are required to supply the two nol ecul es of O0,.
Each standard n? (35.7 scft) of CH, therefore, requires 9.5 n?
(339 scft) of air for conmbustion. To ensure the reaction occurs
efficiently, additional air is needed which is called excess air.
Typically, a mninmumof 10 to 20 percent excess air is needed to
mai ntain a high destruction efficiency. In addition, excess air
is also required to keep the reaction tenperature fromagetting
too hot. This extra air is called "quench air." As a result, the
total excess air requirenments may be from 100 to 250 percent
above the theoretical conbustion air required, depending on the
operating tenperatures and the CH, content of the LFG

Exanple. Based on LFG flow of 100 cfmw th 50% CH,, 30%
Co,, 10% N,, 10% H,0 the excess air requirenents at different
operating conditions are:

Exhaust Gas Composition

Operating Exhaust Gas  Theoretical Co, Ny 0, H,0
Temperature Flow Air 9% Volume Basis

C° (*F) m (1) %

760 (1400) 47.3 (1690) 230 4.8 74.3 136 7.4
982 (1800) 35.0 (1250) 140 6.4 7.29 11.1 96

Source: Adapted from Reference 10

I nci nerators nust be designed to handl e m nor fluctuations
in flows. Packaged, single-unit thermal incinerators are
avail able to operate on gas streans with flowrates in the range
of 5.7 m/mn (200 scfnm to about 1,430 n¥/ m n (50,000 scfm
However, excessive fluctuations in flow m ght not allow the use
of incinerators and would require the use of a flare.

4.4.5 Energy Recovery Systens
The foll ow ng four approaches have been adopted for
recovering energy fromLFG
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° upgradi ng the gas quality to pipeline quality for
delivery to utility distribution systens;

° use of LFG directly as a boiler fuel;

o generation of electricity by the operation of an
i nternal conbustion engine with LFG and

° use of LFGto fuel a gas turbine.

Typi cal LFG contai ns approxi mately 4,450 Kcal / nt (500
Bt u/ scf) of energy whereas pipeline-quality gas contains 8, 900
Kcal / (1,000 Btu/scf). The energy content of LFG varies w dely
dependi ng upon the performance of the gas collection system and
the stage of deconposition within the landfill. Generally, the
coll ection of gas for energy recovery purposes has been limted
to large landfills with over 1 mllion tons of solid waste in
pl ace. Recent experience has shown that gas may possibly be
economcally recoverable fromsnaller landfills, especially where
energy prices are relatively high.

4.4.5.1 Gs Turbines

As described in Section 3.2.2.1, two basic types of gas
tur bi nes have been used in landfill applications: sinple cycle
and regenerative cycle. The gas tenperatures fromthe power
turbi ne range from 430 to 600°C (800 to 1, 100°F). The
regenerative cycle gas turbine is essentially a sinple cycle gas
turbine with an added heat exchanger. Thermal energy is
recovered fromthe hot exhaust gases and used to preheat the
conpressed air. Since less fuel is required to heat the
conpressed air to the turbine inlet tenperature, the regenerative
cycle inproves the overall efficiency of the gas turbine.

The size of the gas turbine systemis based on the potenti al
el ectrical output generated by using LFG as fuel. The gas turbine
systemis considered to be 30 percent efficient in converting the
LFG to electrical energy ®.

Commercially avail abl e steam turbines range in size from
approxi mately 100 Kw to over 1,000, 000 Kw.
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Achi evenmrent of high conbustion efficiency requires the
controlled mxing of fuel and air and the sinultaneous
satisfaction of several conditions:

° air velocities in the conbustor bel ow fl ane speed,

o air/fuel ratio within flanmability limts,

° sufficient residence tine to conplete reactions,

° turbul ent m xing of fuel/air throughout the conbustion
zone, and

o ignition source to start the reaction.

A factor to be considered in turbine operation is that
t urndown performance is poor (i.e., the gas turbines work best at
full-1oad, but poorly if gas supplies are |less than needed to
supply the full-load operation).

4.4.5.2 |Internal Conbustion Engines

|.C. engines are being used at landfills because of their
short construction tine, ease of installation, and operating
capability over a w de range of speeds and | oads.

Al nost all larger engines used in this application are nmade
by three manufactures: Caterpillar, Cooper-Superior, and
Waukasa. These engi ne-generators are devel oped and used not only
with LFG but for nunerous other applications. The conbustion
engi nes are commonl y turbocharged-designs that burn fuel with
excess air.

Various design and operating nodifications including part
nodi fications for corrosion resistance generally allow the
engi nes to operate successfully at landfills. Lubrication
systens may al so be required for conbustion engines utilizing LFG
fuels. Hal ogen conpounds in the LFG decrease the pH and
subsequently increase corrosion of the engine parts. Chem ca
additives to the oil can largely neutralize these conpounds and
reduce corrosion. Additionally, nonnethane VOCs can build up in
the engine oil; degrading the oil and reducing its effectiveness.
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Positive crankcase ventilation may serve to reduce the
concentrations of these NNOC. Another potential solutionis to
i ncrease the block and oil tenperature to maxim ze evaporation
and m nimze condensation. Because of the severity of the oi
service, frequent oil changes may be required. GO analyses,

i ncludi ng Total Base Nunber (TBN), nitration and netal content,
may be utilized to determ ne when replacenent is warranted.
These anal yses may al so be used to predict potential problens.

Vari ous exhaust gas catalysts are sonetines used with
pi peline-gas fueled 1. C engines to reduce em ssion pollutants in
t he exhaust gas stream Experience have proven that the acidic
LFG conponents (hal ogens, H,S) break down nost of the catal ysts
maki ng this technique a significant expense(*®. The presence of
conpounds such as hal ogens or sul fur m ght require sonme
addi tional equi pnent such as scrubbers. Scrubbers reduce acid
gases and particulates in air streamby transferring these
conpounds to a circulating liquid stream

4.4.5.3 Boilers

Anot her energy recovery option is steamelectric generation
that burns LFGin a boiler to produce high-pressure steam which
then drives a steamturbine to generate electricity. The steam
turbi nes thensel ves require no special nodification for use in an
LFG project. However, the boilers used to burn the LFG and
generate the steam nust have burners designed to wthstand the
corrosion fromthe H,5 and hal ogen conpounds found in the gas.

O her paraneters which should be considered in the design of
steam turbine plant are:

° relatively clean water supply is needed for make-up
and

° accommodation to the variations of LFG conposition
wi t hout maj or adjustnent to the conbustion control
system

4.4.5.4 Potential Future Technol ogi es
Several potential technol ogi es are under devel opnent to
i nprove LFG application: these include future flare design using
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low Btu's LFG 15 percent CH,with air regulation and | ong
detention tinme, fuel cells, vehicular fuel, and possibly synfuels
pr oducti on.

Fuel cells are essentially electrochemcal batteries. Fuel
cell s have been well established as a technol ogy for generating
energy for nore than 20 years using natural gas. They are
currently being considered for LFG applications in |arge
muni ci pal landfills (19,

Vehi cul ar fueling with conpressed CH,is of high interest
for environnental and ot her reasons. Using LFG would involve
sonme purification, possibly to near pipeline quality. The
vehi cl e woul d have to be equi pped with conversion kits, which
i nclude safety devices, to manage the high pressure invol ved.

Synthetic liquid fuels production is another application for
LFG Avail able technol ogies that could convert LFGto |liquid
fuel s include hydrocarbon production by Fischer-Tropsch, nethanol
synthesis by various routes, including chem cal catalysis at high
pressures, or by partial biological oxidation®,

4.5 GAS CONDENSATE SYSTEM COLLECTI ON AND CONTROL

Condensat e managenent shoul d be one of the key design
el ements of a LFG system Condensate from LFG operations is
classified as non-hazardous waste unless it exhibits a RCRA
hazardous characteristic or is derived fromRCRA |isted wastes.

|f LFG condensate is considered as a hazardous waste, the
condensate cannot be returned to the landfill fromwhich it was
derived unless first treated.

Condensate characteristics are site specific. Since the
regul ations that apply to condensate nanagenent vary, the
managenent options available at each facility will be based on
state laws, restrictions of the |ocal wastewater treatnent
pl ants, and ot her | ocal deci sions.
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Wat er scrubber or knockout vessels are often used in
control/recovery systens to renove liquids, primarily to prevent
corrosion or line freeze-ups. |If the condensate is not renoved,
it wll collect in the |lower portions of the system and plug the
pi pes, bl ocking the passage of gas and rendering the extraction
systemineffective. Condensate sunps and traps nust be desi gned
to continuously drain condensate fromall transm ssion |ines
under both negative and positive operating pressures while
mai ntai ning a seal between the gas stream and the atnosphere. A
check val ve may al so be used at the outlet of the trap to prevent
air or water flow back into the pipe. Wter traps should be
designed to withstand a m ni num of 12 inches of water columm nore
than the anticipated design vacuumin the system GCenerally,
condensate traps should be placed at the |lowest points in the
col | ecti on header system

Condensate sunp punps usually have intakes above the notor
casing and do not tolerate being punped dry for |ong periods, the
condensate coll ection sunps are rarely punped conpletely dry. As
a result, sonme water is always present in the sunp and
potentially in the conveyance system

Condensate may al so be managed by avoiding its formation.
After initial condensate knock-out, the gas may be heated to
avoi d condensation in the lines or treatnent equi pnment.

The tenperature and noi sture content of the extracted LFG
and the anmbient air tenperature will inpact the volune of the
condensate that is produced fromthe extracted LFG |If punp
tests are performed to establish the radial influence caused by
vari ous vacuum pressures, sanples of the LFG can be coll ected and
anal yzed for noisture content and tenperature. |If punp tests are
not conducted, estinmates can be made assumng the LFGis
saturated with noisture. This assunption will yield a
conservative estimte for condensate generation as nost operating
LFG col l ection systens do not produce vol unes of condensate
predi cted by assum ng a saturated gas. Tenperature of the gas
can be measured by inserting probes into the landfill.
Tenperature of the LFG can al so be estimted based on literature
values for landfills simlar in conposition, age and di nensi on.
Tenperatures for the m ni mum anbi ent conditions that could occur
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in the piping systemlocated above the | ow perneability liner can
be estimated by surveying the climatol ogi cal records for the
geographic area. Tenperature estinmates for buried pipes can be
estimated by contacting the | ocal Soil Conservation Service and
obtaining soil tenperatures with depth for the region. Neither
of these anbient tenperatures will necessarily be the tenperature
that will be observed in the header system due to the heat
content of the LFG however, these tenperatures represent a
conservative approxi mation.

The cal cul ati on of condensate generated by cooling of LFG
saturated with condensate can be approxi mated by assum ng t hat
condensate is simlar in density to water and LFGis simlar to
air. This assunption permts use of psychonetric charts devel oped
for properties of steam Using tables from psychonetric charts,
an estimation of the concentration of water (condensate) in air
(LFG can be made by dividing the humdity of the noist air by
the specific volune of the noist air for the anbient tenperature
in the piping systemas described in the precedi ng paragraph.
This water concentration represents the concentration that wll
remain in the gas stream after cooling. The same calculation is
made for the tenperature corresponding to the tenperature of the
LFG The volune of the condensate is then estimted by
mul ti plying the water concentration at each tenperature by the
flowrate to determ ne the volunme of condensate present in the
gas stream at each tenperature. The volune of the condensate is
then estimted by subtracting the volune of condensate that wll
remain in the gas stream (anbient tenperature) fromthe vol une of
condensate that exists in the gas stream at the tenperature of
the gas as it is extracted fromthe landfill.

Since LFGis seldomy saturated and the anbient tenperature
in the header systemis usually higher than the anbient
tenperature of the surrounding soils or air, the volune of
condensate conputed by this nethod is conservative. This nethod
general ly over-predicts condensate generation rates. If a greater
degree of accuracy is needed, it is recommended that a
t her rodynam ¢ bal ance of the system be conducted. Since this
| evel of accuracy is typically not needed for landfills, the
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met hodol ogy for this calculation is not presented in this
docunent .

Condensate flow fromgas collection piping is relatively
low. In the northwest, condensate flows average approxi mately
0.015 gpm acre of landfill. Due to |low flows, the condensate
col l ection piping (fromgas header) is quite snmall and the pipe
is usually sized based on cl eani ng equi pnent.

Renoval of condensate in a knock-out pot is caused primarily
by a pressure drop. The anmount of condensate that will formfrom
a pressure drop can be estimated as fol |l ows:

0.0203 Qyor
acond =
760 - 1.87AP,,r

wher e,
Qond = flow rate of condensate, n¥/ mn
Qor = total gas flowrate, nf/nmn
YPror = total pressure drop, Nm

An alternative nethod to collect condensate is using a
vacuum val ve station (VWS), condensate collection tank and vacuum
punp'®,.  The WS is installed between the gas and condensate
collection manifold. Condensate fromthe gas header first fills
the WS, which acts as a float trap, to a point where an internal
float ball opens a needle valve. Wen the needle valve is
opened, the condensate is sucked fromthe WS into the condensate
mani fol d which drains into a condensate collection tank. An
inverted stainless steel air rel ease valve (as manufactured by
APCO) is used at the WS as the float trap. A vacuum punp i s used
to create the vacuumin the condensate collection tank and the
entire condensate collection manifold. Deep well ejector punps
are used to punp the condensate fromthe collection tank into the
next di sposal system
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There is no conprehensive database on the chem cal and
physi cal characteristics of LFG condensate. Data that have been
publ i shed shows that the aqueous phase of LFG condensate

generally passes the TCLP regulated |imts. |[If a non-aqueous
phase liquid is present in the condensate, this fraction has been
found to fail ignitability testing. Landfills that have been

operating principally as nunicipal landfills are rarely found to
have a non-aqueous phase fraction.

In preparing the proper managenent plan for condensate, it
should first be determned if the condensate contains two phases.
| f the condensate does have a non-aqueous phase, managenent pl ans
shoul d i ncl ude a phase-separation process to separate the non-
aqueous phase liquids fromthe aqueous phase fraction. Since
nost condensates do not have two phases, only aqueous phase
di sposal issues are discussed in this docunent.

Di sposal of gas condensate is an issue commobn to nost
landfill sites in humd climtes. Methods of disposal for LFG
condensat e i ncl ude:

° di sposal at a local publicly owed treatnent works
(POTW t hrough munici pal sewer |lines or tank trucks,

o on-site treatnent,
° i njection of condensate back into the landfill, and
° aspiration of the condensate into an LFG fl are.

Di sposal at a | ocal POTWdepends on the physical and
chem cal characteristics of the condensate and the POTWs permt
requirenents.

Condensate recirculation is being practiced at nunerous
sites and is acconplished primarily through drainage into the
collection well field at noisture traps, although this practice
runs counter to conventional |and practice. The return of
condensate to the landfill will not be allowed unless the
andfill is equipped with a conposite |liner and a | eachate
coll ection system (40 CFR Part 258).
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Aspiration of condensate into LFG fl ares has been
acconpl i shed on several sites and prom ses to be an efficient and
effective nethod of condensate disposal, provided the condensate
IS non-hazardous. Flare destruction efficiency is dependent on:

° flare tenperature,
° flare residence tine, and
° t ur bul ence.

These are discussed in the previous sections.

Quenching tests nust be conducted to ensure that condensate
aspiration wll not cause an unsatisfactory drop in operating
tenperature of the flare. Analysis of gas condensate quality,
pre-aspiration flare em ssions quality and em ssion quality
during aspiration are typically required. Condensate is
transferred froma liquid state to vapor at 870°C (1600°F) upon
aspiration into the flare chanber. This requires approxi mately
12,000 Btu's of energy per gallon of condensate.

Wth the aspiration of condensate into the flare unit, draft
velocities are created during condensate evaporation that could
significantly change the retention tinme on which the original
flare design was based. Recent applications of condensate
aspiration, however, have not caused a decrease in destruction
efficiencies. Only enclosed flane flares provide adequate
residence tinme for condensate aspiration

The operating efficiency of a gas flare is based on the
turbul ence condition. The aspiration of condensate will cause a
change in the turbul ence conditions inside the flare chanber.

4.6 ELECTRI CAL

El ectrical systemdesign includes requirenment for materials,
equi pnent, and installation. Any future power needs that nay be
antici pated should also be included. |In addition, reference
codes, standards, specifications and area classifications shoul d
be used.
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Codes. Standards, and Specifications

Codes, standards, and specifications include:

Anerican PetroleumlInstitute (API)

RP500 A -Recommended Practice for C assification of
Areas for Electrical Installations in Petrol eum
Refi neri es.

RP500 B - Recommended Practice for Cl assification of
Areas for Electrical Installations at Drilling R gs and
Production Facilities on Land and on Fi xed and Mari ne
Pl at f or ms.

RP500 C -Electrical Installations at Petrol eum and Gas
Pi pel ine Transportation Facilities.

Anerican National Standard Institute (ANSI)

° C2 National Electrical Safety Code.

° C80. | Nat i onal Electrical Safety Code
Specification for Rigid Steel Conduit, Zinc
Coat ed;

° C80. 5 Specifications for Rigid Al um num Condui t.

National Fire Protection Association (NFPA)

° 30 Fl ammabl e and Conbusti bl e Li quid Code

° 70 National Electrical Code (NEC

° 496 Purged and Pressurized Encl oses for Electrical

Equi prent i n Hazardous Locati ons
° 497 (dass | hazardous Locations for Electrical

Install ations in Chenm cal Plants.
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Institute of Electrical and Electronics Engineers (IlEEE)

[ 141 Recommended Practice for Electrical Power
Distribution for Industrial Plants;

o 518 The Installation of Electrical Equipnent to
m nimze Electrical Noise Input to Controllers
from external sources.

4.6.2 Areas Cassifications

Classifications. A general rule is that the electrical
conponents are not to operate in an expl osive atnosphere.
Whenever feasible, electrical equi pnment should be |ocated in
non—hazar dous areas.

The areas to be classified fall into one of the foll ow ng
types as established for electrical installations in the NEC
( NFPA 497):

Cass |I. Division|l. Goup D

Class |, Division |, Goup D are applied to | ocations where
fl ammabl e gases or vapors, such as CH,, are likely present in
nor mal operating conditions.

Class I. Division 2. Goup D

Class |, Division 2, group D are applied to | ocations where
fl ammabl e gases or vapors, such as CH,, are normally confined and
the fl ammabl e gases are present only in case of abnornal
operation of equipnent or in case of accidental rupture of
pi pe/ cont ai ner.

Uncl assified Locations.
Uncl assified areas fall into the foll ow ng categories:

a. Locations that are adequately ventilated where flammuabl e
substances are suitably contained in well maintained cl osed
pi pi ng systens which include only pipe, valves fitting are
consi dered nonhazardous; Locations that are not ventil ated,
and pi ping systens inside do not have valves, fittings or
ot her appurtenances are consi dered as nonhazardous.
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b. Locations contai ni ng permanent sources of ignition, such as
fired boilers, pilot lights, equipnent with extrenmely high
surface tenperatures (above ignition point of the gases in
the area) are not deened hazardous.

4.6.3 Conduit Seals

Conduit seals are required on underground conduits between
t he ground surface and panel s or equi pnment where sparKking
conponents are | ocated.

4.6.4 Electrical Enclosures

Encl osures i nclude power panels, control panels and ot her
simlar enclosures. According to NFPA 70-501-15, there shall be
no exposed live parts (conduct electricity). In Class |
| ocations, all live parts nmust be housed inside encl osures.
Encl osure information is provided by the National Electrical
Manuf act urers Associ ati on (NEMA).

Non- expl osi on proof bl ower control panels may be nounted on
an outside wall, or in a separate control room where positive
pressure ventilation is maintained. Explosion proof equipnent
shoul d be used on inside walls of the blower buildings.

4.6.5 Mtors and Cenerators

Standards for notors and generators are provided by NEMA in
ANSI / NEMA St andard MG 1. In LFG applications, all notors are to
be encl osed. These incl ude:

° Total | y-encl osed nonventil ated (TENV);
° Total | y-encl osed fan-cool ed (TEFC); and
o Expl osi on proof.

4.6.6 Installations
El ectrical installations should be in accordance with APl RP
540 and the NEC or |ocal codes where applicable.
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4.6.7 Gounding
Al'l electrical systens require a reliable effective

groundi ng system Wring and equipnent in Cass |, Division 2
| ocati ons nust be grounded as specified in the NEC | atest
edition.

4.7 SYSTEM MONI TORI NG

A nonitoring program should be established at all solid
waste landfills. The nonitoring program may be different
depending on the end use of the LFG Typically, in a landfil
with blower/flare stations, the followi ng areas need to be
noni t or ed:

gas wells,

col | ection system
condensat e,

flare, and

LFG m gration nonitoring.

The follow ng sections discuss nonitoring paraneters of each
area, including |ocations, frequency, and nonitoring activities
associated wth each.

4.7.1 Gas Wlls
Foll owi ng are nonitoring paraneters associated with gas
wel | s:

4.7.1.1 Monitoring Locations
Monitoring |locations at the wells should be established at
the well heads to nonitor the LFG quality and quantity.

4.7.1.2 Frequency
The frequency of nonitoring and adjustnent is a site-

specific determ nation based on how stable the systemis. If the
landfill cover is |eaking and the system shows signs of air
intrusion, the systemrequires weekly nonitoring and adj ustnent.
More stable systens may require nonitoring and adjustnent on a
monthly or even | ess frequent basis.

A-102



ETL 1110-1-160
17 APR 95

4.7.1.3 Valve Position

A continuous record of the position of the valve regul ating
t he vacuum applied to a wel |l head shoul d be kept as observed
during routine inspection and mai nt enance. The val ve position
shoul d be nodified if nonitoring paraneters indicate that anbient
air is intruding into the zone of influence for the well.

4.7.1.4 Gs Quality - Chem cal
Met hane. CH, content shoul d be neasured as an indicator of
the quality of the LFG being extracted by the well. For a

muni ci pal solid waste landfill, mnmeasurenents bel ow 50 percent by
vol une may be an indicator that anbient air is intruding into the
zone of influence of the well. This condition together with other

paranmeters will help determne if the vacuum applied to the
wel | head shoul d be nodified by altering the valve position. It is
nost conmmon to neasure CH, in units of “percent by volunme” of

gas. In MBWIlandfills, neasurenent of |ess than 45 percent CH, by
vol une shoul d be used as the lower limt for nodifying the valve
position to reduce the opening.

CH, can be nonitored through the sanpling port on the
wel | head using a hand-held instrunment. New instrunents which use
infrared absorption to detect CH, concentrations are becom ng
avai |l abl e. The accuracy of these instrunents are limted to + 5
percent .

Oxygen. 0, is neasured as an indicator of anmbient air
intrusion. 0, in the LFG should be in the range of 0 to 2 percent
by volune. 0, levels in excess of 2 percent nay be indicative of
anbient air intrusion into the system It is inportant to nonitor
0, both as an indicator of anbient air intrusion and al so as an
i ndi cator of the deconposition conditions in the landfill.

Portabl e O,-sensing neters are typically used to nonitor the
O, content of the gas as sanpled through the sanpling port in the
wel | head. Precaution should be taken in the calibration of these
instrunments as the sensitivity of the instrument is generally 2
percent and a poorly calibrated instrument nay |lead to incorrect
concl usi ons regardi ng wel |l performance.
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Carbon Dioxide. CO,is nonitored to assess the condition of

the landfill. Concentrations of CO,in excess of the
concentration of CH, may be indicating that the landfill is not
operating anaerobically. This condition is known as conposti ng;
conposting can lead to landfill fires. The potential for

conposting conditions should be nonitored by cal culation of the
conposting ratio as shown in Section 4.7.1.6.

Many of the infrared devices devel oped to neasure CH, can
al so be used to neasure CO,. Sanples can be obtained directly
t hrough the sanmpling port in the well head.

4.7.1.5 Gas Quality - Physica

Pressure. Pressure should be neasured at the well head
sanpling port in inches of water colum (in. w). One pound per
square inch (psi) pressure is equal to 27.7 in. wc pressure.
Gauge pressures should be recorded as negative indicating the
pressure is |l ess than atnospheric. Wl |l head pressures
significantly different than system pressures nmay be an
i ndi cation of localized flow bl ockages.

Pressure is typically nonitored using a magnehelic-type
anal og pressure gauge or hand-hel d pressure transducer gauge.
Care nust be taken to insure the nonitoring instrunment can
measure antici pated pressures. Typical pressures at the well head
range from-0 in. wc to -10 in. wc.

Tenperature. |f excessive anbient air is being pulled into
the well, the tenperature of the gas stream nay decrease. The
magni tude of the decrease will be dependent on the difference
bet ween the anbi ent tenperature and the tenperature of the gas
within the landfill. Due to the difficulty in assessing these
di fferences, tenperature should be used in conbination with other
paraneters as an indicator of anbient air intrusion.

Tenperature is typically measured using a thernocoupl e
attached to a digital-readout instrunent.

Fl ow Rate. The flowrate is the neasurenent of the vol une of

gas flow ng through the well per unit tine. The flowrate is
typically nonitored to evaluate the flow at an individua
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wel | head in conjunction with CH, content and pressure to assess
if control valve nodifications are necessary. Since flowrate is
dependent on tenperature and pressure, it is inportant that both
of these paraneters are neasured at approxinmately the sanme tine
as the flow rate neasurenent. Notation of these paraneters wll
permt conversion of field data to standard conditions if needed
for system eval uati on.

Flow rate is typically cal cul ated from nmeasurenents of the
velocity of the gas and know edge of the cross-sectional area of
the pipe. Pitot tubes are the nbst comon neasuring device,
however, some inaccuracy is inparted due to the noisture content
of the gas. Thermal -mass flow indicators are also used to nonitor
flowrate. Both instrunments can be used with the sanpling ports
installed at the well head.

Use of thermal-mass flow instrunents requires that the
density and heat carrying capacity of the gas streamis known.
Since different locations of a landfill may generate different
gas conpositions, hence different density and heat carrying
capacity, gas conposition of different |ocations should be
anal yzed, and a chart of density and heat carrying capacity
shoul d be made. This chart should be used to adjust the
difference in density and heat carrying capacity according to the
manuf act urer *s recomendati ons when thermal -mass fl ow i nstrunent
i s used.

4.7.1.6 Analysis of Data

Fol l owi ng col | ection of data, cal culations of several
i ndi ces should be made in the field to assess overall system
operation and landfill conditions.

Met hane/ Carbon Di oxide. The ratio of CH,to CO, shoul d al ways
be one or slightly greater than one. This index can be used to
qui ckly assess anbient air intrusion. For exanple, a CH,to CO
ratio of 0.80 indicates that about 20 percent of the gas produced
may be originating from aerobic deconposition or |eaks in the
landfill cover instead of anaerobic deconposition.
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Conposting Ratio. This ratio considers both O and CH,in
estimating the probable anount of air flow that results from
anbient air intrusion. The ratio is:

1-%CH, 9
(—o——‘)*0.21 - (402) (2-16)
Composting Ratio = 57 100
(1—%CH4)*021 ) (%Oz) . (%CH4
57 ) 100 57 )

The maxi num al | owabl e val ue of the conposting ratio
reported, prior to taking action to inprove conditions supporting
anaer obi ¢ bi odegradation, is 8. Higher values indicated that
anaer obi ¢ processes are being inpacted by 0, intrusion. | mrediate
measures should be taken to determ ne where O, intrusion is
occurring.

4.7.2 Collection System

The objective of operating the gas collection systemin a
landfill is to maxim ze gas collection. This is achieved by
having a well bal anced vacuumin all parts of the system so gas
is collected as possible without drawing air in through the
landfill cover. Mnitoring data will reveal how far out of
bal ance or how much air is pulled into the system The nonitoring
data can be used to determ ne adjustnents required to achieve the
operating goal .

This section describes the |ocation, frequency and
met hodol ogy for nonitoring activities associated with the
col l ection system

4.7.2.1 Monitoring Locations

Moni toring points should be established at several |ocations
in the collection system for exanple at each gas well and at the
inlet to the blower, to permt evaluation of the gas quality for
di screte sections of the LFG collection system Monitoring points
are established so as to help isolate any bl ockages in the
system
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4.7.2.2 Frequency
The frequency and schedule for nonitoring points in the

collection systemare simlar to that of the gas wells. These
poi nts should al so be nonitored as system operations indicate
potential bl ockages in the collection system

4.7.2.3 @&s quality —Chem cal and Physi cal
Monitoring chem cal gas quality in the collection systemis
the sane as described for the gas wells.

4.7.3 Condensate

This section describes each of the units in the condensate
managenent system and the nonitoring requirenents associated with
each unit.

4.7.3.1 Renpote Sunps or Tanks

To collect the LFG condensate from pi pe headers, renote
sunps or tanks are typically positioned at various locations in
the LFG collection system Each sunp or tank is equipped with
punps (subnersible or above ground). These sunps are fitted with
high liquid level alarns as well as punp on/punp off |evel
controls. The punps should be inspected as part of the nonthly
i nspection programto ensure that there are no obvi ous signs of
i rregul ar wear.

The control panel for each sunp typically includes:

° a high liquid audi ble or visual alarm
° noi sture sensors, and
° a tenperature limter.

The control panel operation should be inspected and
verified. Manufacturer*s recommended mai nt enance plan for the
punps and control/al arm systens should be inplenmented into the
nmoni toring plan, and any routine observation requirenents should
be included in a nonitoring |og.
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The condensate force main should be nonitored nonthly. The
flow neters |located at the sunp punp di scharges shoul d be
nmonitored to insure that there is no | oss of flow between two
nmoni tori ng points which would be an indicator of a potential |eak
in the main. Qbservation of the condensate flownreter should be
recorded on the nonitoring | og established for the sunmp
i nspecti on.

Spare parts for punps should include one nechanical seal set
per sunp punp. As the spare seals are utilized during routine
O&M spare seals should be replenished at the site.

4.7.3.2 Central Units

Knock-out Pot. The knock-out pot will renove any noisture
entrained in the LFG streamprior to the blower. The knock- out
pot has no nmechanical parts and therefore requires m ninma
nmoni toring. Mnitoring should include inspection of the discharge
lines to insure the |ines appear in good condition and permt
free drainage to the condensate storage tank. Valves permtting
free-flow of the condensate fromthe knock-out pot to the storage
tank should be maintained in the open position to prevent buil d-
up of condensate in the knock-out pot.

4.7.4 LEG Mgration Mnitoring

4.7.4.1 Locations

Gas mgration should be nonitored both laterally and
vertically. These include the foll ow ng:

° spaci ng for probes,
° probes depth, and
° sanpling frequency

Lateral mgration nonitoring is achieved by installing
per manent gas nonitoring probes at the periphery of the |andfil
to check for potential subsurface landfill gas mgration is not
escaping the landfill boundary.

Vertical mgration is nonitored across the surface of the

landfill by noving portable instrunents across the landfill.
Locati ons where instruments neasure concentrati ons above
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background will be noted and investigated further to check for
vertical m gration/outgassing.

4.7.4.2 Gas Quality - Chem cal
Met hane. CH, shoul d be nonitored as described in Section
4.7.1.4.

Carbon Dioxide. @0,should also be nonitored if CH,is
observed in order to determne if the CH, being nonitored is the
result of LFG mgration or natural processes. Methods of
monitoring C0, are discussed in Section 4.6.1.3.

4.7.4.3 Gas Quality- Physical

Tenperature. Tenperatures within a landfill are normally
hi gher than anmbi ent tenperatures. Tenperature neasurenents are
nost useful when conpared over tinme, to determne if a rising or
falling trend of LFG production is occurring. High-tenperatures
al so indicate aerobic reactions which are occurring due to air
infiltration into the landfill.

Pressure. By neasuring the pressure, the operator know how
well the systemis balanced ,i.e., if he is achieving the sane
pressure differential at all collection points. Mnitoring the
baronetric pressure when nonitoring LFGis hel pful in reducing
and interpreting data. Baronetric pressure should be neasured
using a manoneter or simlar instrunent.

4.7.5 Flare System and Appurtenances
This section describes nonitoring requirenents associ at ed
with each unit in a blower/fare system

4.7.5.1 Blower

Monitoring Requirenments. Inspection of this unit should
i nclude reading the flow rate and pressure of the system and
conparing these neasurenents to a standard curve devel oped by the
manuf acturer to determ ne whether the blower is operating within
a safe range for the equipnent. The pressure drop across the
bl ower should al so be nonitored using magnehelic gauges at the
entrance- and exit-way to the blower at ports included in the
pi ping systemto ensure that parts of the blower assenbly have
not worn or are causing excessive head | oss across the unit. The
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bl ower should al so be inspected and nonitored according to
manuf acturer's specifications for the unit.

Frequency. It is recomended that nonthly inspections be
made, unl ess recomrended ot herw se by the manufacturer, to insure
that operating paraneters are within expected ranges. After the
first year and every second year thereafter (at a m ninun,
conprehensi ve inspections by a representative of the manufacturer
shoul d be nmade to ascertain that no parts are wearing at a rate
that is not expected. Should the equipnment warranties reconmend
nmore frequent inspection, this frequency should be upgraded to
t he recommended | evel s.

4.7.5.2 Flane Arrestor

Moni toring Requirenents. Monitoring of the flame arrestor
consists of nmeasuring the head | oss across the flanme arrestor to
insure that operating head | osses are not significantly above or
bel ow t he | osses expected for the unit. |In general, flane
arrestors require little maintenance (cleaning) and are rarely
replaced in operating systens.

Frequency. |Inspection of the arrestor can be infrequent
since the flame arrestor does not have any noving parts. Monthly
nmoni toring inspection conducted with several other portions of
the gas collection and flaring systemw || be adequate.

4.7.5.3 Flare Unit

Moni toring Requirenents. The flare unit should be capable
of operating at >98 percent destruction requirenent efficiency
(DRE). In addition to DRE nonitoring, the flare inlet should be
i nspected for:

° gas-flow rates;

° gas supply pressure;

° m ni mum operating tenperatures; and

° i nfl uent gas paraneters including CH,, C0, and O.
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Manuf acturer's recomendati ons for m ni mrum and nmaxi mum
val ues for these paranmeters should be determ ned for the specific
flare unit. Mnufacturers typically specify a m ni mum supply
pressure for a given flow rate. Inspection should include
referencing operating paraneters of flow rate and pressure drop
agai nst the design curve established for the flare. |Inspection
shoul d verify that a sufficient delivery pressure is being
supplied for the observed flowrate. |If there is insufficient
pressure, the blower should be inspected as noted in Section
4.7.5. 1.

M ni mum operating tenperatures are generally specified by
manuf acturers to be 1,400°C. The tenperature of the flare unit
shoul d be inspected to insure that this paraneter is being
mai nt ai ned. The CH, content and flow rate of the influent gas
shoul d be inspected as described bel ow. Excessive operating
t enperatures shoul d not occur since the flare unit should be
designed with automatically adjusting air intake |ouvers.
However, if excessive tenperatures (i.e. > 1,800°C) are observed,
controls for these | ouvers should be inspected.

Gas paraneters including CH, O and CO, should be inspected
to insure that the operating concentrations are within acceptable
ranges for the flare.

Frequency. Additional operating paraneters including gas
flow rates; gas supply pressure; mninmum operating tenperature;
and i nflow LFG paraneters should be nonitored nore regul arly.
Mont hly nmonitoring is recommended unl ess suggested ot herw se by
t he manuf acturer.

4.7.6 Automation of Controls

Cenerally, there are the followng three fornms of process
control: local control, centralized control, and renote control.
In a local control system all control elenents (i.e.,
indicators, switches, relays, notor starters, etc.) are |ocated
adj acent to the associated equipnent. 1In a centralized control
system the control elenents are nounted in a single |ocation.
These Systens nmay include a hard-wired control panel, a
programmabl e | ogic controller (PLC) or a conputer. Renote
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control can be acconplished several ways including by neans of
nodens or radio telenetry.

To sel ect the appropriate control schene, the advantages and
di sadvant ages of each control schene nust be considered. A
| ocal i zed control systemis |ess conplex, |ess expensive, and
easier to construct. Centralized control systens are al so easier
to operate. Centralized data acquisition and control may i nclude
the use of conmputers or PLCs. Autonated process control is a
conplex topic that is beyond the scope of this docunent; however
several points are worth considering. O ten plant operators wll
be nore famliar wth traditional hard-wred control |ogic than
with control logic contained in software. However, process |ogic
contained in software is easier to change (once the operator
| earns the software) than hard-wiring. Therefore, if extensive
future nodifications to the proposed system nay be anti ci pated,
hard-wiring the process | ogic should be avoi ded.

Modens and radio telenetry can be used to control these
systens renotely. Radio telenmetry is typically used over shorter
di stances when radio transm ssion is possible. Mdens are used
with conputerized control systens. Systens can al so be equi pped
with auto dialers to alert the operator of a mal function by
t el ephone or pager.

A good instrunmentation and control systemdesign will assure
that the individual conmponents of the off-gas collection and
control system are coordinated and operate effectively. This
section will present:

° control elenments used in the design

° di fferent degrees of autonmation,

° a list of mniml acceptable conponents, and

° a description of special instrunentation that nay be

used in these systens.
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4.7.6.1 Control Elenents

Gas Pressure Gauges. Pressure gauges in the operating range
of the gas nmanagenent systemare readily available comercially.
Several types are available; the only design consideration
beyond the pressure range is corrosion issues wth known
conpounds in certain landfills.

Met hane Gas Detectors. Gas detectors may be placed in the
feed mani fold system of either active or passive collection
systens to nonitor the explosive range (or Btu content) of the
recovered gas. Systens which burn the gas have different
operating target values than systens which vent or otherw se
di spose of it. The detectors may neasure specific CH, (and ot her
gas) content, using a GC, Conbustible Gas Indicators (CQ),
whi ch neasure the percent of |lower explosive limt (LEL) of the
gas being processed; or FID, which neasure the concentration of
VOCs relative to a calibration gas (which may be CH,). The type
of detector selected depends on the objectives of collection,
whet her the fuel value is to be recovered, and safety
considerations for the landfill.

Alarns. The gas control systemw | usually require several
alarns to ensure safe and efficient operation. As described
above, alarns nust be provided to ensure the water collection
system does not overflow into the blower train. Alarns are
required to alert for too rich a feed in the expl osive range, or
perhaps too |l ean a feed stream for conbustion systens. Sone
bl owers and vacuum punps require alarns for overpressure or
excessive vacuumin parts of the piping. The systemmy al so
contain flowrate alarns to indicate too nmuch or too little gas
novenent .

Sone degree of alarmprotection is provided in the
el ectrical system which serves the blowers or punps in the form
of thermal overload systens, circuit breakers or fuses to
i ndi cate when these systens have tri pped.

Control Panel Layout. A control panel |ayout nust be
designed. This drawing will show, to scale, all electrica
conponents and the associated wiring. Depending on the project,
this control itemmy be submtted as a shop drawi ng by the
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instrunmentation and control contractor. For exanple, the control
panel for the condensate sunp should include a high-liquid |evel
alarmbell and the light; noisture sensors; tenperature limter,
etc..

Logic Diagram A |logic diagrammnust be included if the
process control logic is not apparent fromthe Piping and
I nstrunentation Diagram (P& D). This diagram shows the | ogi cal
rel ati onshi ps between control conponents. For exanple, the
di agram may show that if a particular switch is placed in the "on
position" and there are no alarmconditions, then the bl ower wll
turn on and activate a green indicator light. Another exanple is
when the alarmswitch is placed in the on position, signaling
that the LFGis too rich, then the blower wll be turned-off to
prevent explosion situations in the flare.

The set of docunents nust have a |legend to explain the
synbol s that are used. Regardless of the existence of the
| egend, standard synbols nust be used wherever applicable.

4.7.6.2 Degree of Autonation

The degree of automation is generally dependent on the
conplexity of the off-gas treatnment system (if any), the
renot eness of the site, and nonitoring and control requirenents.
Typically, a trade-off is required between the initial capital
cost of the instrumentation and control equi pnent, and the |abor
cost savings in system operation.

Systens designed for unattended operation would incorporate
the greatest degree of automation of systemcontrols. Control
schenes may include the use of renotely | ocated PLC, renpte data
acqui sition, and nodens and radio telenetry. System nechani cal
and el ectrical conponents would be sel ected on the basis of
having optimumreliability while requiring m ni mum mai nt enance
and adj ust nent.

4.7.6.3 Mninmm Acceptable Process Control Conponents

At a mninmum the foll ow ng process control conponents are
required:

° pressure and flow indicators for each well,
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° bl ower notor thermal overl oad protection,
° vacuumrelief valve or vacuumswi tch to effect bl ower
shut down,
° pressure indicators at blower inlet and outlet,
° hi gh | evel switch/alarmfor condensate collection
system and
o explosinmeter for sites with recently nmeasured LEL

| evel s greater than 10 percent.

O, nonitoring and feedback controls are required on | ow
em ssion engines. Automatic control of the stoichionetric ratio
is by far the preferred method for |ong-term operation of LFG
fired I.C engines.

4.7.6.4 Special Instrunents
Several specific instrunents are comon to the LFG contro
system that should considered in the design. These include:

° portabl e CH, and conbusti bl e gas neters (such as those
originally devel oped for the natural gas industry and
for mne safety),

° instrunents that use infrared absorption for CH,
measur enent, and

° process GC.

CH, and conbusti bl e gas neters operate on two different
principles. Both indicate the presence of any conbustibl e gas,
and need to be calibrated using CH,gas. Calibration should be
performed according to the manufacturer's instruction.

I nstrunents that use infrared absorpti on have been devel oped
specially for nonitoring LFG They operate on the principle that
CH, strongly adsorbs |light at certain wavel engths in the infrared
range (> 400nm .
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Process GC are used for onsite nonitoring and control.
However, | aboratory facilities and trained chem sts are required
for nonitoring operation.

4.7.7 Oher Design Considerations
O her design paraneters include:

4.7.7.1 Site Wrking Areas

Speci al working areas shoul d be designated on the site plan
for other contingency situations. Access areas to the landfil
shoul d be provided for checking the pipe headers, well heads,
condensate traps and sunps. Arrangenents for working areas my
i nclude | ocating such areas closer to the entrance gate. working
areas are site specifics.

4.7.7.2 COfice Buildings

At larger landfills where climtes are extrene, a building
shoul d be provided for office space and enpl oyee facilities.
Sanitary facilities should be provided for landfill personnel. At
smaller landfills, trailers may be sufficient.

4.7.7.3 Uilities

Large landfills will need electricity, water, air,
communi cation, and sanitary services. Renote sites may have to
extend existing service or use acceptable substitutes. Portable
chem cal toilets can be used to avoid the high cost of extending
sewer lines; potable water may be trucked in; and an electric
generator may be used instead of having power lines run into the
Ssite.

4.7.7.4 Energence Power

All LFG s extraction systens should be equi pped with
enmer gency power sources such as generators. To keep the bl owers
operating continuously, the generators should automatically turn
on if the power supply falls below a certain voltage to avoid
extensive buil dup of potentially harnful or explosive gases in
the event of a power outage.
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4.7.7.5 Ar

In the case where conpressors are used to pressurize the
extracted gas for conbustion, an air supply will be needed for
i nstrunentati on control

4.7.7.6 Water

Water is required for cooling and sanitary use. A water
supply may also be required for fire protection of buildings and
or equi prent.

4.7.7.7 FEencing
At sone sites, it is desirable to construct perineter fences

to keep out any trespassers or animals. |[If vandalism and
trespassing are to be discouraged, a |.8-m (6-foot) high chain
link fence is desirable. A wood fence or a hedge may be used to
screen the operation fromview Locking vault covers and
security guards nmay be required, in sone areas to deter
vandal i sm

4.7.7.8 Lighting
If the landfill has structures (enployee facilities,

adm nistrative office, equipnent repair, or storage sheds, etc.)
or if there is an access road in continuous use, pernanent
security lighting may be desirable.

4.7.7.9 Labor Requirenents

LFG recovery systens typically do not require extensive
| abor commtnents. A regular O&M schedul e shoul d be inpl enented
to ensure the proper and uninterrupted operation of the system

Dependi ng on the LFG control systeminstalled and the size
of the facilities, one full-tinme operator may be needed to
operate and maintain the gas collection systemduring the day. An
automatic control systemis designed to operate and control the
systemat night. A flare station nay be |left unattended, the
conputer maintaining the control systemw || shut down the
collection systemand notify the facility's off-duty operator via
a dialer in case of malfunction.
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4.7.7.10 System Safety

Due to the explosive nature of CH, gas, processing station
el ectrical equipnent and fixtures shall be typically classified
as Cass 1, Division 2, Goup D of the NEC. Cuidelines for
Safety are presented in Article 501 of the NEC. For
"Intrinsically Safe Systens” Article 504 of the NECis
recomended. Sone | ocal codes may be nore restrictive than the
af orenenti oned and shoul d be exam ned before design.

If flares or burners are enployed, flane arrestors should be
installed in the inlet lines. Flane arrestors provide a neans of
reduci ng potential explosion hazards by preventing flashback of
conbustion gases fromthe burner through the process station.
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5.0 REGULATORY REQUI REMENTS
This chapter discusses air toxics rules under the CAA | ocal
air toxics rules, and proposed gl obal warm ng |egislation.

5.1 SUMVARY OF APPLI CABLE REGULATI ONS
Regul ations affecting LFG managenent are addressed under
various | egislation including:

° t he RCRA which regul ates solid waste managenent such as
the landfill itself,
° t he CAA which regul ates air em ssions, and

° the Cean Water Act (CWA) which regul ates di scharges of
wat er such as LFG condensate.

In addition to these federal regulations, simlar state or
| ocal regulations may apply. A brief sunmary of potenti al
regul ati ons applicable to LFG nmanagenent foll ow.

5.2 RCRA REGULATI ONS

5.2.1 40 CFR 258

Under RCRA Subtitle D authority, rules were pronul gated
Cct ober 9, 1991 which described m ninum federal criteria for MSW
landfills. Part 258 of that rule was al so co-pronul gated under
the authority of the CWA. RCRA regulates LFG from MSW 1l andfills
under 40 CFR Part 258 which states that owner/operators of NSW
landfills nust ensure that the concentration of CH, gas generated
by the facility does not exceed 25 percent of the LEL for CH,in
facility structures (excluding gas control or recovery system
conponents) or the LEL at the facility property boundary. The
owner/operators nust also inplenent a routine CH, nonitoring
programwi th at |east a quarterly nonitoring frequency.
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Section 258 additionally requires owners/operators of MW
units to conply with applicable requirenents of the State
| mpl enent ation Plans (SIPs) devel oped under Section 110 of the
CAA.

5.2.2 40 CFR 261

Addi tional RCRA regul ations pertaining to characterizing or
managi ng hazardous wastes may apply where a landfill site
generates gas condensate if the condensate is nmanaged or di sposed
of as a waste. The condensate nmay be consi dered a hazardous
wast e unl ess testing denonstrates that none of the
characteristics of ignitability, corrosivity, reactivity, or
toxicity are present in accordance with EPA anal ytical nethods.

Condensate may al so be a hazardous waste if it is
specifically listed as a waste in 40 CFR Subpart D. Listed
wastes may be from non-specific sources (FO01l-F012, F019-F028,
F032, F034-F035, F037 and F039) such as spent non-hal ogenat ed
solvents (FOOS) or from specific sources (KOOI -K151) such as
spent carbon fromtreatnent of wastewater containing explosives
(KO45). Listed wastes also include comrercial chem cal products
or manufacturing intermnmedi ates which are identified as acute

hazar dous wastes (PO0O1l-P022), i.e., tetraethyl |ead (P110) or
which are identified as toxic wastes (UOOlI-U248),i.e., benzene
(U019). In general, landfill gas condensate would not be

considered as a |listed waste.

Due to substantial water content, condensate is generally
not corrosive (pH less than 2 or greater than or equal to 12.5
and a steel corrosion rate of 6.35 nm per year) or reactive
(contains reactive sulfides or cyanides, reacts violently with
water or is capable of detonation). Condensate may be ignitable
(flash point less than 140°) if sufficient material has
accunul ated to separate into an aqueous phase and a hydrocarbon
phase (0.5 to 5% of the total volune). Condensate in an
enul sified state is not likely to be ignitable. Condensate would
be considered toxic if the concentrations of |listed contam nants
exceed regulatory limts after a | eachate preparation
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If testing denonstrates that condensate is
characteristically a hazardous waste, the Universal Treatnent
St andards (UTS) nmay be applicable. The required treatnent
standards for these wastes nust be net and the treater has the
option of disposing of the treated wastes in a Subtitle C or
Subtitle Dfacility. Wste derived froma |isted waste cannot be
di sposed of at a subtitle D facility unless formally delisted.

5.3 CAA REGULATI ONS

Si nce passage of the Federal CAA in 1970, many rules and
regul ati ons have been adopted that could potentially affect LFG
operations. The applicability of these rules and regul ations are
governed by factors such as the inplenentation schedule of the
rule, size of the facility, the equi pnent and type of operations
conducted at the site, and the em ssions fromthese operations.
Potenti al applicable regulations include:

° New Source Performance Standards (NSPS),

o Nat i onal Em ssion Standards for Hazardous Air
Pol | ut ants ( NESHAPS) ,

° Title I'll of the CAA Arendnents (CAAA), and

° Title V of the CAAA

Each of these are described in nore detail in the follow ng
secti ons.
5.3.1 NSPS

The primary rules affecting LFG operations fromthe 1970 CAA
are the NSPS. In general, these regulations apply to nunici pal

landfills and require the collection and control of CH, and NMOC,
collectively called "LFG "

The NSPS rules apply to municipal landfills and are
addressed in 40 CFR Parts 51, 52, and 60. Proposed rules were
published in the Federal Register on May 30, 1991 with additional
data and information on changes in EPA s nodel i ng net hodol ogy
were published in draft formon June 21, 1993. The
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proposed standards are schedul ed for pronul gation in Septenber
1994 but have not been pronul gated at the tine of the preparation
of this docunent.

The proposed rule would required LFG em ssion control at
landfills that:

° recei ve MW
° recei ved waste after Novenber 8, 1987
° exceed a maxi num desi gn capacity of 100,000 netric tons

(Mg) of in-place refuse, and
° exceed a maxi mum NMOC em ssion rate of 150 My per year.

To avoid installation of an LFG control system the |andfil
nmust denonstrate that the emssion [imt would not be exceeded.
Thi s denonstration requires the cal culation of the NMOC em ssion
rate by:

° perform ng a desktop cal cul ation using the EPA LFG
em ssions nodel with prescribed default values (Tier
1),

° determ ni ng NMOC em ssi ons using EPA Test Method 25C
(Tier 2), and

° performng a punp test programto estimte the
generation rate (k) for use in the nodel using EPA
met hod 2E (Tier 3).

If landfill em ssions exceed 150 My/year, the facility can
opt to install controls after each tier or can proceed to the
next tier testing requirenents. Recalculation of em ssion rates
for facilities which are exenpt fromcontrols nust be perforned
at intervals specified in the regul ations.
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The proposed standards for new landfills are that the best
denonstrated technol ogy (BDT) will reduce em ssions from new
landfills emtting 150 My/yr of NMOC or nore wth:

° a wel |l -designed and wel | -operated gas coll ection
system and

° a control device capable of reducing NMOC in the
col |l ected gas by 98 wei ght - percent.

The proposed guidelines for existing landfills are that BDT
W Il reduce em ssions of existing landfills emtting 150 My/yr of
NMOC or nmore with the sane collection and control devices as
required for new landfills. A collection system woul d:

° handl e t he maxi num gas generation rate,

° i ncorporate a design capable of nonitoring and
adj usting the operation of the system

° collect gas effectively fromall areas of the |andfill
that warrant control, and

° expand by the addition of further collection system
conponents to collect gas fromnew areas of the
landfill as they require control.

The control device is an open flare capable of reduci ng NMOC
em ssions by 98 wei ght-percent. The proposed standards and
gui delines al so specify additional nonitoring and reporting
requirenents.

After promul gation of the NSPS for nunicipal landfills,
conpliance with the guidelines for collection and control systens
is required within 3 years fromthe tine of pronul gation of state
regul ations. The 3-year tinme period allows 90 days for the
initial report; 2% years for further site specific testing (if
el ected by the owner or operator); preparation and review of a
col l ection system design plan; installation of the collection and
control system and 90 days for a perfornmance test. Landfills
that may al ready have collection and control systens
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in place may not require the 3 years to bring their systens in to
conpl i ance.

To conmply with NSPS for nmunicipal landfills, the design and
construction of new landfills which neet the applicability
criteria must include the gas collection and control requirenments
defined in the rules. Facilities should evaluate the potenti al
for including energy recovery in the design of new LFG contro
systens.

5.3.2 NESHAPs

The NESHAPs, promul gated under the Federal CAA (40 CFR Part
61 and 63) may potentially affect LFG operations at industrial
sites al though NESHAPs have not yet been proposed for LFG
operations or solid waste landfills. NESHAPS have been
established for benzene, vinyl chloride, asbestos, beryllium
coke oven em ssions, inorganic arsenic, nmercury and
radi onuclides. O these, only asbestos currently has a section
inits NESHAPS dealing with waste disposal. |In the future, new
NESHAPS may be pronul gated which could affect other materials
accepted by landfills.

5.3.3 Title 111

Title I'll of the CAAA conpl etely overhaul ed the existing
hazardous air em ssion program Title IIl includes a listing of
Hazardous Air Pollutants (HAPs), the devel opnent and pronul gation
of Maxi mum Achi evabl e Control Technol ogy ( MACT) standards, and
t he assessnent of residual risk after the inplenmentation of MACT.

Title I'll shifts its focus froma poll utant-by-poll utant
basis to a service category basis. EPA was required to publish a
list of major source categories and subcategories. The Decenber
3, 1993 Federal Register published the Categories of Sources of
Hazardous Air Pollutants and Regul ati on Promul gati on Schedul e by
| ndustry Group and Source Category. The schedule date for the
category of nunicipal landfills (under the Waste Treatnent and
Di sposal Group) is Novenber 15, 2000.
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5.3.4 Title V

5.3.4.1 Title V Overview

EPA intends to use the Title V permts as a central
mechani smto handl e em ssions constraints, nonitoring data needs,
conpliance schedul es, fee paynents, and other conditions
associated with the issuance, conpliance and enforcenent of
operating permts. Title V established procedures and
requirenents for permtting of several source categories,
i ncl udi ng sources of hazardous air pollutants.

Regul ations pursuant to this Title will require the landfill
to consolidate the source's regulatory requirenents into a single
operating permt. Regulatory requirenents relevant to |landfill
operations that nust be included in the Title V permt include:

Title I Non-attai nnent Status,

Title I'll Ar Toxics,

Title VII Enforcenent and Conpli ance,

State Permt Prograns, and

Exi sting SIPs and Federal |nplenentation Plans (FIP).

5.3.4.2 _Title V Applicability

Title V of the CAAA requires states to develop an air
permtting programthat confornms to requirenents of the CAAA. The
facility operating permt will be valid for five years. This
requi renent to prepare an operating permt is triggered by any of
the foll owm ng requirenents:

° Em ssion rates of criteria pollutants of 100 tons per
year for attainnent areas (Triggers for non-attai nnent
areas are |lower and are based on attai nment status).

o Em ssion rates of toxic pollutant of 25 tons per year
conbi ned or 10 tons per year of any one toxic conmpound.
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° Facilities subject to NSPS or NESHAPS.
o Facilities subject to Title IV- Acid Rain provisions.

VWil e the NSPS requirenents for landfills have not been
finalized at this tinme, it is likely that landfill operations
will trigger the NSPS and hence subject the facility to the Title
V operating permt program

5.3.4.3 Title V Schedul e

Title V operating permt subm ssion is dependent on the
approval by the EPA of state Title V prograns and the
i npl emrentati on schedules defined in the state prograns. State
program proposals were due to the EPA by Novenber 15, 1993 and
t he EPA nust accept or reject the state proposal by Novenber 15,
1994. Facilities will be required to submt their initial Title
V Operating Permt Applications within 12 nonths after EPA's
approval of a state permt. States are required to act on at
| east one-third of these permt applications each during a three
year phase. The facility should review the applicable state
Title V programto determ ne specific schedul e requirenents.

5.3.4.4 Title V Conpliance

To conmply with Title V regulations, landfill operators nust
check with their |ead agency enforcing the Title V programto
understand the conpliance requirenents and schedule for the
program and submt a conplete application prior to the specified
deadline. 1In general, to conply with Title V, a landfil
owner/ oper at or nust:

° Understand the requirenents of the state program
i ncluding nonitoring requirenents and em ssi on
i nventory protocols;

° Review all applicable federal, state and | ocal rules
and reqgul ations relevant to landfill operations;

° Revi ew the conpliance status of all equi pnment at the
facility;
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° Prepare an em ssions inventory based on defensible
em ssion factor or source test data; and
° Prepare an application package neeting specific state

requirenents and utilizing specific state forns.

5.4 SECONDARY Al R EM SSI ONS

Control devices used to reduce landfill air em ssions can be
expected to generate secondary air em ssions of NQ, SO, CO PM
and C0,. Table A-6 summarizes the secondary air em ssions from
various control techniques. Fromthe narrow perspective,
em ssions of PM SO, NQ, CO CO, and HO at the landfill site
may be increased due to operation of the control device. For
landfill energy recovery devices such as gas turbines and
i nternal conbustion engines, the energy recovered is expected to
reduce local or regional electric utility power generation. Since
em ssions from conbusting LFG are | ess than conbustion of coal at
utility generating plants per unit of energy, LFG recovery
systens could actually reduce em ssions.\

5.5 COWA REGULATI ONS

Under the CWA, if LFG condensate is disposed of by treatnent
and effluent discharge to a waterway, discharge permts will be
requi red and stringent effluent quality may be required to neet a
state's water quality standards. Effluent anal yses required for
all discharge permts includes:

° Bi ochem cal Oxygen Denmand (BQOD),
° Chem cal Oxygen Denmand (CQOD),

° Total Organic Carbon (TOC),

° Total Suspended Solids (TSS),

° Amoni a (as N)

° Tenper at ure,

° pH, and

° Fl ow.

O her anal yses may be required if other pollutants are
expected to be present. Permttees may al so be required to test
their discharge for toxicity.
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Secondary Air

Em ssions from Contro

Table A-6

Techni ques

Secondary Air Emissions (Ib/MM scf LFG)'

Control Technique NO, co HCI Co, PM SO,
Enclosed flare 49 58 12 60,000 Trace 3.0
Incinerator 4.9 58 12 60,000 Trace 3.0
Boiler 70 17 12 60,000 Trace 3.0
Gas turbine 264 12.5 12 60,000 37 3.0
Internal combustion engine 111 259 12 60,000 Trace 3.0

1. Reference 3
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| f the condensate is disposed of by indirect discharge
t hrough a POTW sewer effluent conditions will be inposed by the
| ocal POTWas regul ated by | ocal ordinances or federal
requirenents.

5.6 STATE AND LOCAL REGULATI ONS

Sonme states and local authorities have al so adopted rul es
t hat i npact LFG em ssions. A conprehensive review of all state
rules is outside the scope of the docunent but typical
requi renents of state prograns include:

Air toxics and NMOC nonitoring,

Air em ssions inventories,

Ri sk eval uati ons,

LFG col | ection design requirenents, and
Em ssions control design requirenents.

As an exanple of a state program the California regulatory
programfor landfills requires em ssions testing and
quantification, risk assessnents, and in sone cases risk
reducti on.

LFG managenent in non-attainment areas in Californiais
regul ated by the New Source Review (NSR) Best Avail able Contro
Technol ogy (BACT) rule. BACT specifies control requirenents for
em ssions of non-attainnent pollutants for new or nodified
sources. The South Coast Air Quality Managenment District and
several other air districts in California are subject to a FIP to
achi eve attai nnent of the Federal ozone standards. The FIP
required landfills to control NMOC based on the proposed NSPS for
muni ci pal LFG The FIP essentially accel erates the
i npl enmentation of the municipal landfill NSPS for the affected
regi ons.

The California programis conprehensive and exceeds the
requi renents of nost other states at this time. However, design
nmonitoring, and reporting requirements under RCRA Subtitle D and
The CAAA Title Il and Title VwIl bring nost states in line
with California LFG managenent st andards.
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Experience from previous desi gn works by the Corps of
Engineers on mlitary landfill-gas-collection systemfound that
few of the federal regulations on air em ssion control were
applied. Either the regulations will not directly apply or the

landfill will not emt enough NMOC or air toxics to fall under
federal regulations. It is the state in which the landfill is
| ocated wll regulate the acceptable em ssions to the air, hence
the landfill em ssion control requirenents, and gas collection

control systens. The designer should, therefore, reviewthe
state regul ations, and work with the state air regulators while
designing a landfill gas collection and control system

Sone states provide little guidance to the designers as to
what em ssion control requirenents are. In this case, a well
designed stack in an area with favorabl e neteorol ogy wll
adequately protect public health and will not require control
provi ded a di spersion nodeling be conducted to prove protection
of public health from point sources of toxic air em ssions.

5.7 GLOBAL WARM NG AGREEMENT

Ef fects of LFG which are now bei ng debated incl ude
t ropospheric ozone formation, stratospheric ozone depletion, air
toxics, global climte change and acid rain. Through an
i nternational agreenent on global warmng, the U S. has commtted
to stabilizing greenhouse gas em ssions to 1990 | evels by the
year 2000. These em ssions |ead to the "greenhouse effect” which
is caused by the buildup of C0,. CO,allows light fromthe sun's
rays to heat the earth but also prevents the |oss of the heat.
Currently, no federal regulations require landfills to reduce
gr eenhouse gases em ssions. However, in order to stabilize
greenhouse gas em ssions to 1990 levels, the U S. nust develop a
programto reduce CO, em ssions or to offset these em ssions by
planting trees. As landfills emt the greenhouse gases CH, and
C0,, it is anticipated that future regul ati ons may be devel oped
requi ring em ssion reduction by energy recovery. Attenpts to
control CH, by conmbustion will increase the CO, em ssions.
However, conbustion of CH, to provide energy will displace the
correspondi ng amount of fossil fuel conbustion for energy
generation. This efficient use of LFG for energy recovery is
described in the proposed NSPS for nunicipal landfills.
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6.0 ENVI RONMENTAL | SSUES
Thi s chapter discusses the adverse effects of LFG and the
benefits of LFG contr ol

Envi ronnmental issues associated wth LFG em ssions include
human health, the environnent, and safety. Solid waste LFG
presents a potential hazard to human health and the ecol ogi cal
systemif left uncontrolled. LFG can be:

expl osi ve,
corrosi ve,
odor ous,
toxic, and
asphyxi ati ng.

Therefore, proper control of LFGis essential to ensure the
wel | being of public health and the environnent.

Gases found in landfills include air, ammnia, C0, carbon
monoxi de, hydrogen, H,S;, CH,, nitrogen and O,. In addition,
vari ous organi c conpounds may be present in the gas dependi ng on
the types of wastes placed in the landfill. C0,and CH, are the
princi pal gases produced fromthe anaerobi c deconposition of
organic solid waste conponents. The high initial percentage of
CO,is the result of aerobic deconposition. The potenti al
adverse effects which can be caused by LFG em ssions are further
described in the foll ow ng paragraphs.

6.1 EFFECTS ON HUVAN HEALTH

LFG can asphyxiate a person in an enclosed area or confined
space. Encl osed areas include trenches, vaults, underground
storage tanks, or building foundations. A confined space is
defined by OSHA as a space that:

° is large enough and so configured that a person can
bodily enter and perform work,

° has limted or restricted neans for entry or exit, and

° i's not designed for continuous human occupancy.
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The conbustion of LFG can al so pose a serious health risk to
nearby residents and landfill operating personnel. LFG can
mgrate into confined spaces and can ignite causing serious
property and human heal th damage.

6.2 TOXICOOd CAL PROFILES OF LFGs

Typi cal nunicipal LFGs include CH,, 0, nitrogen,
paraffinic hydrocarbons, polycyclic aromatic hydrocarbons,
hydrogen, H,S, CO benzene, vinyl chloride, toluene, 1, 2-
di chl oroet hane, chloroform (trichl oronethane), 1,1, 1-
trichl oroet hane, carbon tetrachloride, and tetrachl oroet hene,
anong others. Conbustion of LFGs will result in products such as
C0,, water, sulfur conpounds, and hydrogen chloride along with
trace anmounts of gases that may result frominconpl ete conbustion
of parent conpounds. Toxicol ogical profiles of specific
chem cals are sunmarized in Table A-7.

6.3 EFFECTS ON SO L/ VEGETATI ON

LFG for the nost part, does not have adverse effect on soi
after it has passed through it. The LFG noves through the pore
space within the soil, and once the gas has evacuated the pore
space, the soil returns to its initial condition.

CH, gas generated in landfills kills vegetation. The gas
di spl aces the O, fromthe root zone and thus chokes off the
pl ant.

6.4 ODOR PROBLENMS

Landfill odors emanate from open areas of the site due to
t he deconposition of solid waste and hence the production of LFG
Typically, the strong odors that emanate from LFG are due to
ammoni a and sulfide constituents that are in the gas. Contrary to
popul ar belief, CH, and CO, are both odorl ess and col orl ess.

Qdors fromlandfills can have adverse public health inpacts.
Apart from bei ng unpl easant for nearby residents, odors can
attract insects and other vermn, such as rats, pigeons, seagulls
and bears.
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Qdor problens froma landfill nostly occur when a | andfil
is open (i.e., in operation). Cosed landfills should include

desi gn provisions for odor containnent, whether it be through a
gas flaring systemor through controls such as carbon filtration
units.

6.5 NOSE AND VISIBILITY

The aesthetics of constructing a LFG control system nust be
incorporated into the final design. Unsightly and/or noisy
resource recovery systens, flaring systens, or passive gas
venting systenms can cause public outcry.

6.6 EXPLOSI ON AND FI RE POTENTI AL

CH, gas is explosive between 5 and 15 percent concentration
inair. The uncontrolled rel ease of CH, gas can be very
dangerous. CH, gas has been docunented to accunulate in
basenments of buil dings and/or residential hones, and has expl oded
causing serious injury to people and property.

CH, gas entry points into a building may be through cracks,
construction joints, subsurface utility service openings, and
al nost any ot her weak spot in the basenent wall or building
floor. CH,, being lighter than air, will tend to accunul ate near
the ceiling.

The uncontrolled release of CH,in subsurface strata poses a
substantial risk of underground fires as well as expl osions.
Underground fires from CH, are comon in peat bogs and swanps as
well as landfills during arid weather conditions. Proper LFG
controls such as passive gas systens can elimnate the potenti al
for underground fires.
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7.0 CONSTRUCTI ON MATERI ALS AND | NSTALLATI ON

7.1 GENERAL

Thi s chapter discusses construction materials and
installation guide for LFG recovery, treatnent, and condensate
managemnment systens.

A primary consideration in determ ning suitable construction
materials for LFG systens should be the conpatibility of the
construction materials with the LFG and condensat e.

7.2 CONSTRUCTI ON MATERI ALS
Construction materials discussed in this section include:

gravel pack

cap and liner,

pi ping materi al,

valves and fittings, and
bl ower and fl are.

LFG condensat e

Conmbusti on engi nes using LFG for energy recovery and the
purification techniques to upgrade LFGto pipe line gas will not
be discussed in this ETL as they are not likely applicable to the
small landfills at nost mlitary installations.

7.2.1 Gavel Packs and Trenches

As discussed in previous sections, gas extraction wells, and
collection trenches utilize gravel as the primary conveyance or
as a pack around perforated collection pipes. Selection of the
gravel material should be based on gas conductivity, grain size
and pH

A significant part of the systemdesign should include the
eval uation of the potential for granular materials to "sift" down
into the waste pack. Wuere a high potential for the | oss of
granular material into the waste pack exists, a separation
geotextile should be used.
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Most cl ean, free-draining sands and gravels placed in a
relatively dry condition function adequately for gas collection
and conveyance purposes. As a general "rule-of-thunb," those
soils which function best for LFG systens contain |ess than 6
percent by weight (74 mcrons or 0.0029 inches) passing the No.
200 sieve (U.S. Standard) and have a hydraulic conductivity
coefficient (k) of greater than 10® cnmis. Soils which contain
hi gher fractions of fines may function adequately during the
initial phases of the operation, but experience has shown that
these soils are nore susceptible to clogging as a result of
bi ol ogi cal activity and saturation fromthe | eachate.

Gravel packs installed with particle sizes which are too
small tend to "sift" into the waste | eaving either a void. Those
With grain size distributions which are too large tend to entrain
and accunul ate fine particulate matter which can either clog the
gravel pack or the filter fabric around the header.

Typically, gravel packs for wells and trenches have been
sized using the procedures in the EPA s Manual of Water Wl
Construction Practices (EPA - 570/9-75-001), and USACE EM 1110-1-
4001 Soil Vapor Extraction.

Al t hough nost sands and gravels are relatively inert in
| eachat e and LFG condensate, sone specific construction materials
whi ch pose potential conpatibility problens should be avoi ded.
For exanpl e, crushed |inmestone should not be used in LFG
extraction wells or collection trenches systens due to LFG | ow pH
conditions which may di ssolve the |ine stone.

7.2.2 Cap and Liner Systens

Hi storically, landfill caps and liners have been used
principally to control the mgration of |eachate fromthe
landfill. These cap and |iners have typically consisted of

natural geol ogic formations, conpacted clay, geonenbranes, and
geosynthetic clays |iners.

The purpose of the clay barrier layer in a conposite cover
(clay-geonenbrane) is to inhibit the novenent of gases and water
whi ch passes through holes in geonenbrane. Soils used for clay
barrier layer are selected to neet a specific conductivity
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requirenment (typically 1 x107 cmsec). |If a clay liner is to be
used for gas mgration control, the designer shoul d eval uate:

° clay perneabilities

° clay shrink-swell behavi or

° wat er contents and saturation limts at the specified
conpaction densities

° operational schenes to determ ne the potential for

desi ccation drying

Ceosynthetic clay liners (GCLs) are used to augnent or
repl ace conpacted clay |ayers or geonenbranes. GCLs are factory
manuf act ured hydraulic barrier consisting of bentonite clay
materi al s supported by geotextiles or geonenbranes. GCLs are
available in wdths of 2.2 to 5.2 m(7 to 17 ft) and | engths of
30 to 60 m (100 to 200 ft).

Geonenbrane liners are synthetic filns placed al ong the
bottons, sides and caps of landfills to control |eachate and gas
mgration. Typical liner materials consist of high density
pol yet hyl ene (HDPE), very | ow density pol yethyl ene (VLDPE)
chl orinated pol yet hyl ene (CPE), chl orosul phanated pol yet hyl ene
(Hypal on), polyvinyl chloride (PVC) butyl rubber and ethyl ene
propyl ene rubber (EPDM. The thicknesses of these materials
range from20 to 120 m|s, depending upon the application.

The nost conmon types of geonenbranes currently being used

for landfill covers are PVC and very | ow density pol yethyl ene
(VLDPE). High density polyethylene (HDPE) is generally not used
for landfill covers because it is less flexible than VLDPE maki ng

it more difficult to install and nore susceptible to damage by
differential settlenent.

Det ai |l ed design procedures for cap and |iner systens are
provided in the EPA/ 625/ 4-89/022 "Requirenments for Hazardous
Waste Landfill Design, Construction and C osure", and EPA/ 625/ 4-
91/ 0254 "Design and Construction of RCRA/ CERCLA Final Covers."
The Corps of Engineer Mlitary Guide Specification 02271
"Geonmenbrane Barrier for Landfill Cover" should be used in
contract docunents when specifying geonenbrane.
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7.2.3 Piping and Header Materials

Two types of materials which have principally been used for
gas transm ssion systens are steel and plastic. Because of its
inferior corrosion resistance conpared to plastic pipe, steel
pi pe is not recomended for use in LFG coll ection and conveyance
Syst ens.

7.2.3.1 Plastic Piping

Plastic piping materials can be divided into two basic
groups; thernoplastic plastics and thernosetting plastics (see
Sections 7.2.3.2 and 7.2.3.3, respectively). Wen selecting the
material to use, a nunber of factors should be considered. These
i ncl ude:

° durability;

o pi pe strength; and

° di mensi onal stability.

Durability. The service life of a pipe material will depend
on the durability of the material and the conditions under which
it is exposed during service. The durability of a plastic
depends on the polyner, the auxiliary conmpoundi ng ingredients,
the manufacturer and the installation of the product and it can
vary greatly with respect to exposure conditions. The
deterioration of plastics can take the form of:

° Softening and | oss of physical properties due to
pol ynmer degradation by depol ynerizati on;

° Stiffening or enbrittlenent due to | oss of plasticizers
resulting fromrepeated usage;

° Deterioration of mechanical properties due to swelling;
and

° Fai l ure of adhesive or heat fused joints due to
interaction with condensate or | eachate and physi cal
stress.

These degradation nodes are typically the result of repeated
or prolonged physical stress, UV degradation, and chem cal
attack. Extensive research has been done on the chem cal
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resi stance of plastic pipe materials and nunerous charts are
avai l abl e that give the relative resistance of a material to a

specific chemcal. Not as clearly understood, however, is the
resi stance of plastic materials to the m xtures of chem cal s that
may occur in the landfill environnment. Research done by the EPA

on plastic materials used for |linings has shown that a w de
variety of changes in physical properties can occur after
exposure simulating service conditions. Anong these are |arge
wei ght gains (swelling) and | oss of strength. The EPA Test Met hod
9090 may be used to estimate the degradation of specific pipe

mat eri al s when exposed to site specific condensates.

Strength. Strength considerations for both PE and PVC
(thernopl astic) pipes have been extensively researched and are
wel | docunented in manufacturers literature. Published strength
characteristics are specified at certain tenperatures. Actua
servi ce tenperatures nust be considered in designing the pipe
system so that changes in strength characteristics due to
el evated tenperatures are considered in the material sel ected.

Property Changes. Changes in the physical properties of
pl astic pipe can be caused by various kinds of exposure to the
out door environnment. Wather effects can be m nim zed or
elimnated by the proper storage and installation of the pipe.
Materials not protected fromUV radiation with the addition of
carbon bl ack should be protected both during storage and in
service to prevent degradation

Al materials change dinension as a result of tenperature
changes. PE and PVC differ greatly in their respective changes
in size as tenperature changes. PVC has a thermal expansion
coefficient of 3x10°%in/in per °F of tenperature change. PE pipe

is three times higher or 9x10° in/in per °F. In a buried
envi ronment, where the tenperature fluctuations should be m nima
and the pipe is supported on all sides by soil, thermal expansion

is of less concern. However, in systens where the collector
pi pes are above ground, thermal expansion and contraction nust be
considered in the design

A-142



ETL 1110-1-160
17 APR 95

7.2.3.2 Thernoplastic Materials
Types of thernoplastic pipes include acrylonitrile-
but adi ene-styrene (ABS), cellul ose acetate butyrate (CAB)
pol ybutyl ene (PB), polyethylene (PE), and pol yvinyl chloride
(PVO).

ABS and CAB are materials that were used in natural gas
transm ssion during the 1940s but are very rarely used today. PB
has not found nmuch acceptance for use because of inferior
physi cal performance as conpared to PE or PVC. PVC and PE are
the nost conmmon types of thernoplastic pipe materials used. A
survey conducted by the CGovernnental Refuse Conposting and
Di sposal Associ ation (GRCDA), now naned Solid WAste Associ ation
of North Anerica (SWANA), about LFG collection systens found that
PVC and PE accounted for 97.7 percent (72.7 percent PVC, 25
percent PE) of the material used in the horizontal collector
pi pes and 95.4 percent (88.6 percent PVC, 6.8 percent PE) of the
materials used in the vertical well pipes. PVC and PE are
di scussed further bel ow

PVC. PVC is produced by refining petroleuminto naphtha,
then to ethylene. Ethylene and chlorine are then conbined to
formvinyl chloride which reacts with a catalyst to form PVC. The
PVC resin (or powder) is then mxed with a variety of additives
to formthe desired specific fornulation of PVC required. The
additives can include pignents, lubricants, stabilizers, and
nodi fiers. The anmount and types of these additives have a
significant effect on the final PVC product. PVC formul ations
used for piping purposes contain no plasticizers and little of
the other ingredients nentioned. These are known as rigid PVCs
and are differentiated fromthe plasticized, or flexible PVCs
such as those used to make uphol stery or |uggage.

PVC pi pe sizes nay be specified by schedule class or
Standard Dinension Ratio (SDR). The SDRis the ratio of the pipe
dianeter to the wall thickness. Schedule 40 is a thin-wall pipe
and cannot be threaded. Schedule 80 PVC pi pe nmay be threaded and
is used for nore severe applications at higher working pressures.
Standards for PVC pipe are given in ASTM D1785 for Schedul es 40,
80 and 120.
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PVC in general can be joined by adhesives, heat, or
mechani cal nmethods. Rigid PVC pipe is usually joined by epoxy
adhesi ves. There are specific types of adhesives recomended for
use with both Schedul e 40 and 80 pi pe and one nust be careful to
use the appropriate type. Standard specifications for PVC pipe
can be found in ASTM D2564. In addition, because PVC is degraded
by sunlight, above ground coll ection piping should, therefore,
specify WV resistant materi al .

Pol yet hyl ene (PE): PE pipe is made from Hi gh Density
Pol yet hyl ene (HDPE). HDPE is a thernoplastic materi al
pol ynmeri zed from ethylene at controll ed tenperatures and | ow
pressures.

HDPE materials are generally divided into two density
ranges: 0.941 through 0.959 and 0.960 through 0.963. The types
of PE pipe used in the LFGindustry fall into the |ower density
category. This lower density results in an inprovenent in inpact
resi stance, environnental stress crack resistance, and
flexibility.

PE pipe is classified according to ASTM D 2513, which
enploys a four digit material designation code. This
specification defines the polyethyl ene pipe types nost famliar
to those in the LFG industry - e.g. PE 3408. Because of the w de
vari ety of polyethylene pipe materials used today, an additional
ASTM st andard (D 3350) was devel oped to augnent ASTM D 2513.

PE pi pe nmust be joined by heat nethods. Pipe segnents and
fittings are fused to one another at tenperatures of
approxi mately 230°C (450°F). Different thicknesses and types of
pipe require different tenperatures. There is no known suitable
adhesive for polyethyl ene.

7.2.3.3 Thernosetting Plastics

Pipe used in LFG collection in this category is known as
fiberglass reinforced plastic (FRP) orreinforced epoxy resin
pipe. The pipe is generally translucent, with fibers inbedded in
an epoxy matrix. The exterior has a nore uneven finish than
either PE or PVC pipe, but the interior is very snooth. The
reinforcenent in this pipe consists of continuous strands of
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glass. The direction and density of the glass affect the

physi cal strength properties of the pipe. FRP pipe is typically
j oi ned by epoxy adhesives or nechani cal connections. Threaded
joining systens are also available. The use of this type of pipe
in LFG col l ection systens has been Iimted due to the cost of the
materials. It has, however, been used in both vertical wells and
hori zontal collector pipes.

The advant ages of using FRP pipe in LFG coll ection include:

hi gh strength and durability;

better resistance for nelting at high tenperature;
corrosion resistant; and

do not fail at |ow tenperature

The di sadvantage of this material is high cost.

7.2.4 Valves, Fittings, Etc.
Val ves used in the LFG control managenent include: gl obe
val ves, butterfly val ves, gate val ves, check val ves, sanple
val ves (Il abcock) and relief valves. The follow ng considerations
shoul d be gi ven when sel ecting val ves:

° The type of service required. For exanple, globe valves
can nore accurately "pinch" or control a flowrate in
gas or multi-phase service than butterfly val ves;
butterfly val ves can nore accurately control a flow
rate in gas or multi-phase service than gate val ves.

° Gate valves are used only to open or close the flow,

° Check valves are used to allow flow in one direction
only;

° The corrosive properties of the gas. (discussed in the

previ ous section.)
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° The likely tenperature conditions at an exposed site.
PVC val ves are prone to failure at | ow tenperatures,
therefore, lined netal or HDPE val ves are preferable

for col d-weat her service.

o The strength and durability of the internal conponents.
Because LFG systens consist of nulti-phase flow, valves
and fittings should be constructed of stronger and nore
durable materials than mght normally be required in
si ngl e phase water or gas service. The condensate can
often form slugs of water drawn through the system at
relatively high speed. This can result in a "water
hammer " or inpact |oading on the valves and fittings.

The sel ection and | ayout of valves in the LFG system shoul d
be carefully evaluated during the project's review process to
ensure that the | evel of control provided in the systens is
consistent with projected 0O& needs. A summary of val ve
applications on a typical active LFG collection systemis
presented in Table A-8.

7.2.5 Conduit Seals

Conduit seals are very inportant to prevent the mgration of
LFG through the electric conduit system \ere fugitive
em ssions or project cleanliness is a concern, gaskets or seals
may be required on fittings, flanges and val ves. Conduit seals
shoul d be | ocated on underground conduits between the ground
surface and panel s or equi pnent where sparking conponents are
| ocat ed.

A wide variety of sealing materials is available; each with
its own advantages and di sadvantages. These sealing materials
shoul d be carefully evaluated for the specific application.

I ndustrial plastics are the primary class of materials used for
LFG applications. Table A-9 summarizes a conparison of various
pl astics and el astoners used for pipeline, fittings, valves, and
seal s as prepared by Fisher (1989). For additional information on
t hese products, refer to the Industrial Plastic Systens

Engi neeri ng Handbook by George Fisher (1989).
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Maximum Permissible
Water Temperature °C

Material Abrv, General Chemical Resistance Constant | Short Term
Polyvinyl Chloride PVC | Resistant to most solutions of acids, alkalis 60 60
and salts and to organic compounds miscible
with water. Not resistant to aromatic and
chlorinated hydrocarbons.
Chlorinated Polyvinyt CPVC | Similar to PVC but at temperatures up to 90 110
Chloride 90°C.
High Density HDPE | Resistant to most solutions of acids, alkalis 60 80
Polyethylene and salts many organic solvents. Unsuitable
for concentrated oxidizing acids.
Polypropylene, PP | Similar to HDPE but suitable for higher 90 110
heat stabilized temperatures.
Polyvinylidene Fluoride PVDF | Resistant to acids, solutions of salts, aliphatic, 140 150
SYGEF | aromatic and chlorinated hydro-carbons,
® alcohols and halogens. Conditionally suitable
for ketones, esters, ethers, organic bases and
alkaline solutions.
Polybutylene-1 PB | Similar to HDPE but for higher temperatures. 90 100
Polyoxymethylene POM | Resistant to most solvents and hydrous 60 80
alkalis. Unsuitable for acids.
Polytetrafluoroethylene PTFE | Resistant to most chemicals 250 300
(e.qg. Teflone)
Nitrile Rubber NBR [ Good resistance to oil and petrol. Unsuitable 90 120
for oxidizing media.
Butyl Rubber BR Good resistance to ozone and weather. 90 120
Ethylene Propylene EPDM | Suitable for many aggressive chemicals.
Rubber Unsuitable for oils and fats.
Chloropene Rubber CR Chemical resistance similar to PVC and 80 110
(e.g. Neoprenee) between that of Nitrile and Butyl Rubber.
Fluorine Rubber FPM | Has best chemical resistance to solvents of al! 150 200
(e.g. Vitons) elastomers.
Chlorine Sulfony! Poly- CSM | Chemical resistance similar to that of EPDM. 100 140
ethylene (e.g. Hypalone)
Perfluoro (ethylene- FEP | Resistant to most chemicals, some strong 205 220
propylene) copolymer acids will oxidize at high temp. and pressure.
Perfluoroalkoxy PFA | Similar to FEP but with higher temperatures. 260 280
Ethylene/Chlorotrifluoro- | ETCFE | Good resistance to stress cracking in contact 180 200
ethylene copolymer Halare | with alkaline and chlorine
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TABLE A-S
Summary of Valve Applications
Valve Types Applications Advantages/ Construction
Disadvantages Materlals

Gate valves Duty: Used only when Carbon steel
Stopping and starting flow. | the pressure drop | Ductile iron
Infrequent operation through the valve | Cast iron
Service: is minimal PVC Plastic
Gases/Liquids Austenitic
Vacuum/Cryogenic Stainless Steel

Plug Valves Duty: Minimum of space | Carbon steel
Stopping and starting flow. | Simple operation Ductile iron
Moderate throttling. Ease of actuation | Cast iron
Flow diversion and tight shutoff Bronze
Service: PVC Plastic
Gases/Liquids/Vacuum Austenitic
Non-abrasive slurries Stainless Steel
Abrasive slurries used
lubricated plug valve.

Ball Valves Duty: Offer quick Carbon steel
Stopping and starting flow. | operation that is Ductile iron
Moderate throttling. self sealing, Cast iron
Flow diversion and tight shutoff Bronze
Service: PVC Plastic
Gases/Liquids. Austenitic
Vacuum/Cryogenic Stainfess Steel
Non-abrasive slurries
Most effective when fully
open or closed.

Globe Valves | Duty: Resistance Carbon steel
Used to control (throttie) increases when Ductile iron
flow. the direction of Cast iron
Stopping and starting flow. | fluid flow through | PVC Plastic

these valves Austenitic
Frequent valve operation. changes Stainless Steel
ervice:
Gas/Liquids essential free
of solids.
Vacuum/Cryogenic
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TABLE A-9
Summary of Valve Applications
Valve Types Applications Advantages/ Construction
Disadvantages Materials
Check Valves | Duty: Offer quick Carbon steel
Open with forward flow automatic Ductile iron
Close against reverse flow. | reactions to flow Cast iron
Service: changes. PVC Plastic
Generally used with gate Swing check Austenitic
valves because of similar valves offer Stainless Steel
flow characteristics. minimum
Is required in a secondary | resistance to flow
system in which the
pressure can rise above
that of the primary system.
Butterfly Duty: Initial low cost. Carbon steel
Valves Used to control (throttle) Ease of Ductile iron
flow. installation Cast Iron,
Stopping and starting flow. | and actuation. PVC plastic
Plastomeric materials
Service: for high temperature
Gases/Liquids/Vacuum, and corrosion
Powder/Granules/Slurries resistance.
Used for larger throttling
valves
Three-Way Duty: Offer quick Carbon steel
Valves Used to change flow reactions to flow Ductile iron
direction Stopping and changes and tight { Cast iron,
starting flow. shutoff. PVC plastic
Service: Plastomeric materials
Gases/Liquids/Vacuum. Ease of for high temperature
Used on condensate tank installation and corrosion
to drain or to release resistance.
vacuum.
Sample Duty: Initial low cost Carbon steel
Valves Stopping and starting flow. | Ease of Ductile iron
Service: installation PVC
Used to take samples on a Bronze
pipe/tank or on a gas well Plastomeric materials
Gases/Liquids for high temperature
Pressure/Vacuum and corrosion
resistance.

Source: Adapted from "Valve Selection Handbook, 2nd Edition", R.W. Zappe
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7.2.6 Blowers

Section 4.4.3.2 discusses types and applications of blowers
for LFG nmanagenent. This chapter discusses the construction
material of the blowers applied to LFG service.

Since LFG may contain particul ates and aqueous vapor such as
H,S which is corrosive, a protective coating should be applied to
all blower parts in contact with the LFG

Experience with centrifugal blowers utilized in LFG
coll ection has shown that cast alum numinpellers coated with a
baked phenolic coating have been used with success agai nst the
corrosion effects of H,S and of nobst other chenical s(??. Stainless
steel inpellers wthout coating can be used, but the cost is very
hi gh.

Non-sparking inpellers are recomrended in centrifuga
bl owers to prevent gas ignition problens wthin the bl ower should
an inpeller contact the casing as the result of a bearing
failure.

Bal | bearings should be nade with friction-resistant
mat erial, and designed to Antifriction Bearing Manufacturing
Associ ati on AFBVA 9 and AFBMA 11 standards for a calculated life
expect ancy of 200, 000 hours.

To absorb vibration during operation, flexible connections
shoul d be provided on both inlet and outlet sides of the bl ower.
Since the LFG may be expl osive, the blower notor should be
expl osi on-proof and suitable for Cass |, Division |, Goup D
Hazardous Locations. WMtor Code is discussed in Section 4.

7.2.7 FElare
The followng materials can be specified for flare
conponent s:

Bur ner:

° 304L or 316L stainless steel;

° speci al nickel alloys, such as nonel, inconel,
hast el | oy;

° venturi liners should be castable refractory, and
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° shoul d have tenperature rating at 2700°F.

Fl are St ack:

° shell material is made of 3/8"thick ASTM A36 carbon
steel with exterior and interior coatings for corrosion
resi st ance;

° ceranmic fiber for insulation materials; and
° The al |l owabl e radi ation to neet specific needs

(unattended station or |ocation where personnel may
need to performwork for a short period of tine);

Fl are Tip:

° flare tip (upper section of the flare) should be nade
of high tenperature stainless steel (304L or 316L)
mat eri al s.

° the tip size to neet the velocity requirenents of
Federal Regul ations 40CFR 60. 18.

Fl ane Arrestor:

° arrestor element can be al um num or 316 Stainless
st eel ;

° el enent housi ng can be wel ded steel or 316 Stainless
st eel .

In general, the selection of construction materials for
flares is based on the size, service |life, and naterial and
fabrication cost. Manufacturer consultation is recommended for
sel ection of construction nmaterials for flares because the cost
of materials, fabrication, and machining as well as service life
may vary significantly.
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7.2.8 LEG Condensate

An inportant design consideration for LFG condensate
treatnment systens is to prevent condensate as much as possi bl e.
Because LFG condensate is very corrosive, avoid to use carbon
steel where aqueous phases may occur. HDPE and FRP are suitable
materials for condensate collection at atnospheric pressure. \Wen
carbon steel conponents are required in services with the
potential for exposure to |l ow pressures (less than 70 KPa),
exposed steel parts should be coated with corrosion resistant
pl astics. Exposed steel parts subjected to higher pressures
shoul d be coated with zinc or corrosion resistant epoxies.

7.2.8.1 Conbustion Engines

Experi ence has proven that conbustion engi ne parts nost
frequently susceptible to corrosion or wear are exhaust val ves,
val ve guides and stens. The service |life of these conponents can
be notably increased by chronme plating or other surface
har deni ng.

Tur bi ne manufacturers strongly reconmended that fuel gas
conpressor oil and condensate carryover be prevented from
entering the engine and conbusti on system

7.3 | NSTALLATI ON CONSI DERATI ONS

Install ation considerations will include the foll ow ng:
° Gas Well/Trench installation;

° Header Pipe Installation;

° Condensate tank and punps installation;

° Bl ower installation; and

o Flares installation.

7.3.1 Gas Wells and Trenches

Vells:

Wells are connected to a collection systemthat carries the
gas to the treatnent or energy recovery system The wells nust
be individually valved so the vacuum applied to each well can be
regul ated. Pipe dianeters will be determined by the gas fl ow
rate and the need to mnimze pressure losses. |In addition to
requi renents described in the previous Section 4.4.2, the
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regul ated. Pipe dianeters will be determined by the gas fl ow
rate and the need to mnimze pressure losses. |In addition to

requi renents described in the previous Section 4.4.2, the
foll ow ng standards should be used for installation of LFG
extraction wells:

o ASTM D5092 - Practice for Design and Installation of
G oundwater Mnitoring Wells in Aquifer

° AWM Al OO - Water Well s,

° USEPA 570/ 9-75/ 001 - Manual of Water Well Construction
Practi ces.

° ASTM D F80 - Thernopl astic well casing pipe/couplings
made in standard dinension ratios (SDR) schedul e 40/ 80,
speci fication,

Trenches:

The foll ow ng requirenents should be considered for trench
instal |l ation:

Correct depth and width of the trench;

sl ope of the trench (m ninmum 2 percent);

di stance between trench (vertical and horizontal),
gravel - pack base installation

[ iner cover material;

conpacti on net hod;

pipe joints (follow ng pipe manufacturer's
recomendati ons), and

cap seal (follow ng geonenbrane manufacturer's
recommendat i ons).
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Sonme of these requirenents are described in the previous
Section 4.4.1.2, Trench Collection Systens.

7.3.2 Header Pipes

The foll owm ng considerations should be used for the
installation of LFG header collection system Sone of these
requi renents are described in the previous Section 4.4.3.1

Header Under ground:

° excavation el evation, sl ope,

° gravel beddi ng pl acenent,

° | ocation and size of header pipe,

° pi pe sl ope to have a m ni num 2 percent,

° condensate traps should be at | owest point

° pl acenment of nmagnetic detection tape to | ocate pipe by

met al detector,
° pl acenent of screened gravel in excavation,

Header Aboveqr ound:

° pi pe | ocati on;

° pi pe sl ope (mninum 2 percent);

° condensate traps |ocation (at |owest point)
o provi sions for thermal expansion/contraction;

° pi pe support;

° seal joint or seal connection repair, and
° pi pe insulation to keep LFG tenperature above dew
poi nt .

A- 154



ETL 1110-1-160
17 APR 95

It is usually preferable to lay the pi pe work bel ow ground;
above- ground pi pes, which require protection fromthe ultraviolet
rays of sunlight, are typically used only on a tenporary basis
while settlenment is taking place. Pipe joints should be
m nimzed. The joints should be sound, with positive seals, and
fl exi bl e enough to conpensate for novenent caused by settlenent
and tenperature variations.

7.3.3 Condensat e Managenent
Fol | ow ngs are considerations for the installation of
condensate col |l ection system

° condensate tank | ocati on;
° excavation depth, if bel ow grade;
° gravel bed placenent for the condensate tank

f oundati on;

o pi pe and fitting connecti ons;
° condensate punp installation; and
° Condensate treatnent, if required.

Because of the potential for "slugs" of condensate to form
in the collection network, valves, fittings, el bows, and control
devi ces shoul d be securely anchored to avoid damage fromthe
wat er - hanmer effects which can result as these "slugs" of water
are drawn through the system

7.3.4 Blower
Fol | ow ngs are considerations for the blower installation:

bl ower | ocati on;

foundati on plan neeting bl ower design | oads;
pi pe connecti on;

noi se deflector, if required;

flame arrestor |ocation; and

El ectrical and control systeminstallation.
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The bl ower should be installed in a shed at an el evation
slightly higher than the end of the header pipe to facilitate
condensate dripping. For blower notors with horsepowers of 5 or
nore, a three-phase electrical connection is usually required.

7.3.5 Flare and Appurtenance Installation

In addition to the requirenents described in the previous
Section 4.4.4.1, the follow ng design paraneters should be
considered for the flare and appurtenance installation:

flare location,

foundati ons plans neeting design | oads,

fuel -assi sted equi pnment | ocation,

| adder and safety cage installation,

| ocati on of water seal,

| ocation of flame arrestor, and installation of
tenperature controller
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8.0 OPERATI NG CONDI TI ONS

8.1 GENERAL

This section describes the various operating conditions
i ncluding start-up, operation, maintenance requirenents and
safety issues of an LFG managenent system such as a fl are/ bl ower
station. LFG treatnent systens, if incorporated, usually involve
nmore conpl ex operation schenes. The operation and control for
t hose systens are site-specific and will not covered in this ETL
because of Iimted use in mlitary installations.

Typically, start-up and the first year of operation and
mai nt enance (O&\V) of an LFG control systemfor mlitary landfills
are performed by the contractor. The start-up procedures,
however, are described here for reader information.

In general, a start-up plan (or procedure) should be
prepared for the entire LFG control system The start-up plan
shoul d take into account the system s design objectives and
conplexity and will enconpass:

° prestart-up checkout,
o prestart-up testing, and
° the actual start-up

The prestart-up is just a reinspection prior to prestart-up
testing because during construction, each conponent has been
i nspected for proper installation by a field inspector using a
construction check-list. The purpose of the prestart-up checkout
is to verify that the conponents of the systemare properly
install ed according to plans and drawi ngs. The systen s Piping
and I nstrunentation D agram (P& D) and the As-Built Draw ngs are
t he best docunents to use to verify that all equi pnent, piping,
and valves are installed. The electrical One-Line D agrans and
Wring Diagrans are useful to verify electrical and
instrunmentation systens. G ounding of equipnment should al so be
checked. Vendor's certified shop draw ngs and operating nmanual s
for equipnments are inportant docunments to check the equi prment
installation and operati on.
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The pre-startup testing is designed to verify integrity of
the systemprior to actual operation. Conponents subjected to
the prestart-up testing may include:

° pi pi ng and ducts should be tested for pressure or
vacuumto the design requirenents;

° bl ower, condensate punps should be tested for
operability;
° el ectrical wring, and lighting should be tested for

continuity and/ or danmage;

° anal og control, if installed, are tested with sinul ated
signal to verify operating ranges; and

° val ves are checked for position and operability;

° flare fuel -assisted equi prent should be tested for
operability, and

o Where on-line gas and liquid sanpling instrunents are
bei ng used, calibrate the instrunents after all other
system conponents have been tested.

The actual start-up can begin once the prestart-up testing
is conplete. The start-up should proceed slowy follow ng a
start-up plan prepared well in advance. This is extrenely
i nportant because LFGis toxic and flamrable. Pieces of
equi pnrent that can be operated w thout process |iquid or vapor
shoul d be started first. Al equipnent to be on "Stand-by"
during full operation should be started before process equi pnent
is started. Once steady-state operation is achieved, operation
activities will continue to assure snooth operation.

The mai ntenance is conprised of a series of activities
carried out to ensure that equipnent, systens and facilities are
able to performas intended and/or to provide consistent
performance of the treatnent equi prment.
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The follow ng sections describe start-up operations of an
LFG coll ection and control using a flare-blower station. The
start-up procedure proceeds follow ng a planned sequence of
events on each conponent of the collection system

8.2 MWELLS

8.2.1 Prestart-up Checkout.

Prior toinitiating start-up of the gas wells, each gas well
w Il be reinspected for conpletion by the engi neer against the
checklist conpleted during the construction and quality control.
Al wells wll be inspected against construction drawings to
verify that there are no outstanding construction issues.

8.2.2 Prestart-up Testing

Pretesting may include pressure or vacuumtests and/ or valve
rating tests. The prestart-up testing on the wells can be
omtted if it has been checked and tested by the field inspector
during construction and there are no nodification or off-
specification materials used in the construction.

8.2.3 Start-up
During start-up, each well head valve will be fully open. It

is possible to optim ze the conposition of the recovered gas
(percent nethane) by maki ng adjustnents based on the chem cal
anal yses of the landfill gas at different well heads.
(bservation, sanpling and pressure and fl ow rate neasurenents at
the well head will be conpared to design paraneters to ensure that
the systemis operating as expected.

Once the systemis running at or close to the expected set
points, the entire system should be checked. Monitoring data
includes the flow, the pressure, and the tenperature at each
extraction well and at all test points in the system The
operating data are then conpared to equi pnent perfornmance for
di scr epanci es.

At | east two sets of neasurenents should be taken at each
well for the first 3 to 4 days of start-up to adjust the valves
to maintain the desired percent CH, and/or O at the well head.
After 3 to 4 days, the observations and necessary adjustnents
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w Il be reduced to one observation per day for the next 10 to 14
days. Following this first 2-week adjustnent period,
observations should be nade every other day for an additional 2
weeks.

As discussed in the previous chapters, mlitary solid waste
landfills usually do not produce a high percent CH, as do MSW
andfills, therefore adjustnent of valves for steady-state
operation should be based on chem cal anal yses of the system
i.e., oxygen content in the LFG An oxygen content |ess than
five percent should be maintained at the well head to prevent
underground fire and or expl osion.

Monitoring of pressure and flow rate on nultiple well heads
will require one internal and one perineter well to be sel ected
fromeach landfill area for nonitoring. Flowrate wll be
measured at the flow neter installed on the well head. The
moni tors shoul d be spaced at distances from each wel | head
measuring 25, 100 and 200 feet fromthe well selected for
testing. Mnitoring frequencies specified above for the gas
well's apply also to these nonitoring | ocations.

Information that will be coll ected incl udes:

gas flow rates;

appl i ed vacuum

baronetric pressure;

tenperature; and

basel i ne chem cal quality paraneters CH,, CO and O

Al'l data collected and conditions observed will be noted in
a log so that future nonitoring activities can be referenced to
t hese baseline conditions. Additional nonitoring recomendations
and sanpling nethodol ogies are provided in the LFG Col | ection
System Monitoring Plan as described in Section 4.7.
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8.3 COLLECTI ON LATERAL

8.3.1 Prestart-up Checkout

The laterals will be inspected by the field engineer to
ensure all isolation valves and nonitoring station valves are
fully open. Al vacuum gauges installed at various |ocations on
the wells and nmanifold network are checked for proper operation
and set points.

8.3.2 Prestart-up Testing

Safety shut down conditions will be tested manually to
i nspect the proper operation of safety shut down sequences. These
conditions will apply principally to the blower and flare unit
syst ens.

8.3.3 Start-up
Pressure. and flow rate neasurenments will be obtai ned at

each collection lateral nonitoring station and be conpared to
design paraneters. Monitoring frequencies for the collection
| ateral should coincide with that of the gas wells.

8.4 CONDENSATE CO.LECTI ON SYSTEM

8.4.1 Prestart-up Checkout

Before start-up of the condensate collection system each of
the renote sunps will be inspected to ensure that the punp is
properly installed. Hgh liquid |evel alarnms as well as punp
on/off level controls should be checked for proper installation.
The central knock-out pot will be inspected to ensure that the
tank and punps are in satisfactory condition and that the
di scharge val ves are positioned to permt free drainage of
condensate to the condensate storage tank.

8.4.2 Prestart-up Testing

The punps in the renote sunps as well as the condensate
storage tank will operate on levels wth operating ranges as
projected on the construction drawi ngs. Actual punp cycle tines
wi |l be dependent on the rate of condensate collection which may
not neet design predictions. These punps can be inspected for
operation using tap water. Should condensate levels build-up to
unacceptable levels in the tank (i.e., 80 percent), condensate
nmust be renoved and hauled to a disposal facility. Safety
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shutdown conditions will be initiated manually and proper
operation of safety shutdown sequences w |l be inspected.

8.4.3 Start-up
Start-up of the condensate collection system begins after

all conponents of this system have been tested and certified for

operation. Once steady-state operation is achieved, operational

efficiency data will be collected at each sunp. Information that
wi Il be collected includes:

° condensate generation rates, and
o punp cycl es.

Conditions will be noted in a log so that future nonitoring
activities can be referenced to these baseline conditions.

8.5 BLOWER
The follow ng activities relate to all three-phases of the
start-up for the bl ower.

8.5.1 Prestart-up Checkout

Prestart-up checkout of the blower is perforned by the field
engi neer to ensure that the unit is properly installed. Control
devi ces such as a clock that record cunul ative hours of run-tine,
an odoneter that records the nunber of cycles should be checked
for proper setting. The blower should al so be checked for proper
oil level and ready for start-up.

8.5.2 Prestart-up Testing

Safety shut down conditions will be initiated manually to
i nspect proper operation of safety shut down sequences. Noise
level wll be neasured to check conpliance with OSHA regul ati on
(85 dB at 5 feet).

8.5.3 Start-up
During start-up, the pressure controls on the blower wll

be adjusted for m ninumvacuumto identify any defects in the

bl ower assenbly. The vacuum pressure will be slowy increased to
permt the systemto stabilize increnentally. Increnental
increase in pressure permts periodic inspection of the gas

well's and collection |ateral system Follow ng increnental
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increase to full operating conditions, the gas well bal ancing
activities wll be initiated.

During start-up, bl ower anperage should be nonitored to
determ ne the | oad placed on the blower. Excessive anperage nay
indicate | ow fl ow and/ or hi gh vacuuns across the bl ower, which
could lead to overheating. Excessive anperage may al so indicate
that the blower is undersized. Operating conditions such as the
flow rate, operating pressure and pressure drops should be noted
on a log for future nonitoring activities. Additional nonitoring
needs are discussed in the LFG Coll ection System Monitoring Pl an,
Section 4.7.

8.6 FLARE AND APPURTENANCE

8.6.1 Prestart-up Checkout

Prestart-up checkout of the flare is perfornmed by the field
engi neer to ensure that the unit is properly installed. In
addition, flare appurtenances such as the flanme arrestor, the
fl ame detector, the fuel-assisted device, and the water seal tank
shoul d be verified for proper installation. The flanme arrestor
seal s shoul d be checked on both ends. The tenperature control
devices on the flare should be checked for proper setting.

8.6.2 Prestart-up Testing

The flame detector safety shut down conditions of the inlet
valve due to flare tenperature will be initiated manually to
i nspect proper operation of safety shut down sequences. The pil ot
light will also tested for operability.

8.6.3 Start-Up
Start-up procedures for control devices should follow those

prescribed by the manufacturer. Pressure drop across the flane
arrestor shall be measured to ensure conpliance with design |evel
(AP < 3').

Once steady-state operation is achieved, condensate

aspiration wll comence and plans wll be made for inplenenting
the flare conpliance test as described in the specification.
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8.7 MODE OF OPERATI ONS

8.7.1 Manual Operation

An |l andfill off-gas collection and control systens desi gned
for manual operation will enploy the | east conpl ex degree of
aut omati on while maxi m zing operator interface. Controls wll be
limted to local nonitoring of system pressures, tenperatures,
fl ow and gas conposition. Valves used to throttle flow and
bal ance the collection systemw || be equi pped wi th manual
operators. Condensate collection and control systens can enpl oy
manual drai nage devi ces.

CGeneral ly, designs incorporating nmanual operation would be
l[imted to collection and control of the off-gas. The LFG off-
gas treatment systens, if incorporated, usually involve nore
conpl ex control schenes.

8.7.2 Autonmatic Operation

The degree of automation incorporated into the system design
is generally dependent upon the conplexity of the treatnent
system the renoteness of the site, and nonitoring and control
requi renents. An evaluation (trade-off) is usually carried out
to conpare the initial capital cost of the instrunentation and
control equi pnment and the |abor cost savings in system operation.

8.7.3 Unattended Qperation

Systens designed for unattended operation would incorporate
the greatest degree of automation of systemcontrols. Control
schenes may include the use of renotely | ocated PLCs, renote data
acquisition, nodens, and radio telenetry. System nechanical and
el ectrical conponents would be selected on the basis of optinum
reliability while requiring m ni mum mai nt enance and adj ust nent .

8.8 OPERATI ON CONCERNS

8.8.1 Equipnent quality Problens

Techni cal problens associated wi th equi pnmrent when used for
LFG applications can result due to chlorinated and toxic
conpounds, particul ates, and reduced heating val ue.
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Component mal functi ons or breakdowns are undesirabl e but
neverthel ess inevitable during the operating lifetinme of an LFG
recovery system The best way to react to these setbacks is
t hrough a rigorous O&M pl an, which not only prevents many
probl ens that m ght arise out of neglect, but also allows the
operator to anticipate, through performance trends, when a
particul ar conmponent is likely to break down. In such a case,

t he operator can plan ahead by taking the proper neasures,
whether it be calling a vendor for service or ordering a new
part. In this manner, |engthy shutdowns can be | argely avoi ded.

8.8.2 dimte

Climate can play a large role in the day-to-day operation of
an LFG system Tenperature fluctuations can result in the
nat ural production of nore or |less CH,, which can cause bl owers
and treatnment systens to performinefficiently. If the landfil
i's not adequately capped, periods of heavy precipitation can |ead
to the renoval of |arge volunes of water along with the gas.
This water can be harnful to the blowers if not renoved, and may
require treatnment before discharge.

8.8.3 Vandalism

Vel | heads and val ves shoul d not be exposed to the dangers of
tanpering, vandalism or accidental damage. They should be
protected by | ockable covers with either renovable or |ockable
val ve handl es.

8.8.4 State Laws

The operator of an LFG facility nust know applicable state
| aws. Most states set their own progranms. Many states have
regul ations nore stringent than those in RCRA. A facility can be
in conpliance with RCRA and still in violation of state | aw

8.9 MAI NTENANCE REQUI REMENTS

The operation and mai ntenance (O&) of an LFG managenent
system shoul d be structured to nmaintain the operation goals
(i.e., 98 percent reduction of NMOC). An O&M program can be
divided into the foll ow ng categories:
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° routi ne O&M
° non-routi ne mai nt enance, and
° ener gency servi ces.

8.9.1 Routine Mintenance

A routine inspection of the entire system should be
performed on a regular basis, wth the interval depending on the
specific system For exanple, naintenance and inspection at the
bl ower/flare station is performed weekly. During the inspection,
the integrity of the wells and header piping should be visually
checked and any damage noted. Pressure and tenperature data
shoul d al so be collected and mai ntained for key |ocations
t hroughout the process.

A Routine mai ntenance programincl udes periodi c maintenance
and preventive mai nt enance.

Peri odi ¢ mai ntenance includes testing and checking of the
fol | ow ng conponents:

extraction wells,

col | ecti on header,
nmonitoring wells and probes,
oi |l change on bl ower,

flame arrestor cleaning,
condensat e handl i ng,

gas detection system and
pilot/auxiliary fuel.

Pilot/auxiliary fuel refilling and equi prment cleaning should
be performed at | east weekly. In particular, the conbustion
mechanismw ||l require regular cleaning to assure that the gases
are burned conpletely. Ar and oil filters should be checked and
changed routinely after a certain nunber of hours as recommended
by the manufacturers. This wll prevent nore costly and time-
consum ng repairs down the line.

Preventi ve mai nt enance i ncl udes:

° bl ower bearing | ubrication,
° fl ame sensor cl eaning, and
° bl ower/flare station conponents.
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Regul ar oil and lubrication changes should al so be perforned
on the bl ower, conpressor, gear box and conbustion systens. This
wi Il help ensure that the process operates snoothly and
efficiently, and it al so reduces the chance of costly downtine
associated wth | arger repairs.

8.9.2 Non-routine Mintenance
Non-routi ne nai ntenance activities consist of corrective
repair or maintenance work identified during the routine

i nspecti on. These may i ncl ude:
o repair or replace failing conponents,
° testing and adjusting collection systemif air

intrusion i s observed.

8.9.3 Energence Services

Emer gency services are those requiring imedi ate response to
prevent human injury, property damage, or regul atory non-
conpliance. These activities may include:

° responding to systemfailure or shut down,
° execute contingency plans, if required.

8.9.4 Equipnent Calibration

The instrunents used for measurenents are customarily
correct to wthin a certain percentage of the "true" value. This
accuracy is generally expressed by the instrunment's manufacturer
as the "inherent error of the device." Instrunent calibration
does not lead to elimnation of error; it does allow the
equi pnent to provide representative nunbers for the subject
measurenent to the best of the machinery's ability. Routine
calibration and servicing are necessary to assure the quality of
measur enents made using these instrunents. Permanently installed
equi pnent used for neasurenents of record should be calibrated
according to manufacturer's recomendati ons and quality assurance
program
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8.9.5 System Adjustnent Based on Mnitoring Data

Landfill operators have to adopt a variety of nonitoring
paraneters, techniques, and frequencies to bal ance the vacuum
systemso as to collect as nuch gas as practicable and or contain
the LFGin all parts of the landfill. For exanple, the gas flow
rate at the station nmay need to be adjusted due to landfill aging
and greater gas generation. Adjustnents of flowrate are usually
acconpl i shed by partially opening or closing the valve on the
bl ower inlet side.

8.10 SAFETY CONSI DERATI ONS

Appropriate safety and health procedures shall be devel oped
and followed for all aspects of LFG recovery installation and
operation. The applicability of 29 CFR 1910.120(b) and 29 CFR
1926. 65(b) should be determ ned before enforcing the requirenents
of this paragraph. Both the contractor and U.S. Arny Corps of
Engi neers (USACE) personnel shall conply with all applicable 29
CFR 1910 and 1926 standards requirenents for a contractor Safety
and Health Program (SHP) and a Site-Specific Safety and Heal th
Plan (SSHP). The SSHP shall al so be devel oped in accordance with
ER 385-1-92. In conjunction with federal regulation conpliance,
the contractor and USACE personnel shall conply with al
pertinent provisions of USACE Safety and Heal th Requirenments
Manual , EM 385-1-1. Wiere there is overlap between the federal
requi renments and USACE requirenents, the contractor shall adhere
to the nore stringent. |In certain instances, state and/or |ocal
safety and health requirenents nay al so be applicable. 1In those
i nstances, the contractor shall be responsible for the know edge
of and conpliance with the state and/or local requirenents. In
all cases, the nost stringent of the regul ations shall apply.

The SSHP nonitoring provisions shall include work area
monitoring for the presence of expl osive gases which may endanger
wor kers, and otherw se, for the presence of any O, depleting or
0,-di spl aci ng gases. The explosive/inert gas nonitoring is in
addition to the site-specific worker exposure nonitoring to be
identified in the SSHP for the project. The SSHP provisions
shal | give special consideration to other safety and health
i ssues unique to LFG applications, including, but not l[imted to,
noi se protection (especially around the bl owers), adequate
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ventilation (for indoor blower housings), and tenperature
extrenes (especially during periods of unusually warmor cold
weat her) .

The follow ng guidelines should be foll owed when worki ng at

a landfill in the presence of potentially dangerous gases:
° No person should enter a vault or a trench on a
landfill without first checking for the presence of

CH,, C0, or other toxic gases. The person should al so
wear a safety harness with a second person standi ng by
to pull himor her to safety.

° Anyone installing wells in a landfill should wear a
safety rope to prevent fromfalling in the borehole.
Open hol es shoul d be covered when they are |eft
unat t ended.

° Snoki ng shoul d be prohibited on the landfill where
drilling, excavation, or installation of equipnent is
taking place or where gas is venting fromthe landfill.

° Col l ected gas froma nechanically evacuated system
shoul d al ways be cleared to mnimze air pollution and
any potential explosion or fire hazard.

° CH,gas in a concentration of 5 to 15 percent is an
expl osive m xture. Gas accumnul ati ons should be
monitored in an enclosed structure to insure that
expl osive conditions are avoided, and if detected,
appropriate response is taken to avoid a source of
ignition and to vent the structure.

Al'l personnel working on the landfill nust be provided
training regarding the dangers posed by LFG Personnel operating
safety equi pnment around the landfill nust be thoroughly trained

inits use and have a cl ear understandi ng of the neaning of
observations made with the nonitoring equi pnent. Mnitoring
equi pnent nust al so be periodically calibrated to ensure
continued accuracy in the results.
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9.0 DESIGN AND CONSTRUCTI ON PACKACGE

This section describes the USACE regul ati ons applicable to
t he design and desi gn docunent conponents that nust be included
in the design and construction package. These incl udes:

° Appl i cabl e USACE Design policy and Requirenents,
° Desi gn Docunent Conponents, and
° Construction Package

9.1 APPLICABLE USACE DESI GN POLI CI ES AND REQUI REMENTS
The foll owm ng USACE regul ations apply to the devel opnent of
desi gn docunents in their various stages for the USACE

Requl ati on Title

ER 1110-345-100 Engi neering and Design - Design Policy
for Mlitary Construction

ER 1110-345-700 Engi neeri ng and Design - Design Anal yses

ER 1110-345-710 Engi neeri ng and Design - Draw ngs

ER 1110-345-720 Engi neeri ng and Design - Construction
Speci fications

ER 1110-2-1150 Engi neering and Design - GCvil Wrks

T™ 5- 814-5 Sanitary Landfill

and ot her regul ati ons as applicabl e.

9.2 DESI GN DOCUMENT COVPONENTS

This section outlines the various design packages that are
typically required for proper installation and operation. USACE-
CEGS gui dance specifications, which are typically included in
each design docunent, are |listed beneath each desi gn conponent.

A-170



ETL 1110-1-160

9.2.1 Wirk Pl ans

9.2.2

9.2.3

9.2. 4

Safety, Health, and Energency Response;
Chem cal Data Quality Control;

Sanpling, Analysis, and Di sposal of Waste; and

Air/ Gas Monitoring

Backagr ound

Ca

CGeot echni cal characteristics,
Geohydrol ogi cal characteristics,
LFG Gas characteristics,

Control technol ogy sel ected,
Equi prment descri pti ons,
Monitoring and control, and

Per f ormance requirenents.

cul ati ons

Geohydr ol ogi cal cal cul ati ons;

Landfill refuse vol une;

Gas phase cal cul ati ons;

Nunber of wells/trenches;

Radi us of influence/di stance;

Equi prent si zi ng (pi pe header, blowers, punps,
Condensate volunme; and Utility requirenents.

Recor ds

Data for refuse disposal

Aerial map of landfill,

LFG el evation Map,

Equi prrent literature/catal og, and
Envi ronnmental performance criteria.
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9.2.5 Construction Plans and Draw ngs
Pl ans. Construction plans include:

Locati on nmap,

General pl an,

Landfill sanpling points used in the investigation,
Equi prent | ayout pl an,

Wel | s/ pi pi ng pl ans,

El ectrical distribution plan, and

Site control plan,

Drawi ngs. Construction draw ngs include the foll ow ng:

° Process Fl ow Di agr ans;
° Process and Instrunentation Di agrans;
o G vil draw ngs;

- Locations of wells,

-  Locations and sizes of all header lines and pipe
Support (if aboveground),

- Locations of all in-line isolation valves,

- Locations of all condensate knock-out pots,

- Locations of treatnent system

- Locations of condensate force Min,

- Locations of all nonitoring probes,

- Details of gas extraction well construction,

- Details of nonitoring probe construction,

- Details of condensate sunp construction,

- Details of in-line isolation valves and nonitoring
stations, and

- Wells sections and details;

° Mechani cal Draw ngs:
- Locations of punps for condensate,
- Locations of storage tanks for condensate,
- Locations of blowers,
- Details of flare Unit,
- Details and schedul e for condensate sunp punps,
- Details of condensate hol ding tanks, and
- Schedul e of pipes and fittings;
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° El ectrical Draw ngs:

Locations of power distribution to be constructed
on-site,

El ectrical duct and conduit schedul e,

El ectrical one-line diagramfor the flare support
buil ding and fl are,

Heat trace panel wring diagram if applicable,
Control panel |layout with control sw tches, and
Al l necessary | egends and schedul es.

o Uility Draw ngs:

Electricity,
Air, water and tel ephone

9.2.6 Equipnment Draw ngs

Maj or Syst em Conponent s

Fl are

Bl ower ,

|.C. Engine, if applicable,

I ncinerator, if applicable,
Scrubber, if applicable, and

Accessori es

° Condensat e punps,

° Storage and process vessels,

o Pi pi ng,

° Val ves, and

° Chem cal feed systens.

Special Itens

o Fl ame arrestors,

° Heat sensors, and Ther nocoupl es.
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9.3 OIHER REQUI REMENTS

Contract cl ose-out,

Contract quality control

Tenporary construction facilities, and
Envi ronnent al protection.

9.4 CONSTRUCTI ON PACKAGE

In addition to the docunents |listed in previous Sections
9.2, 9.3, and 9.4 in the design docunents, the construction
package will include, as a mninum the follow ng docunents:

9.4.1

Construction Specifications

I nvitation for bids,

I nformation for bidders,

Statenent of Bidders's Qualifications,
Contract Agreenent,

Per f or mance Bond,

General Conditions,

Speci al Conditions,

Construction Specifications, and

Equi prent Speci ficati ons.

9.4.2 USACE Cuide Specifications

CEGS Number Title Date
01030 Metric Measurements | Sep 93
01110 Safety, Health and Apr 94
Emergency Response
02685 Gas Distribution Dec 93
Systen
15250 Thermal Insulation Jul 89
for Mechanical
Systems
15488 Gas Piping Systems Jan 89
16370 Electrical Jan 93
Distribution
System, Aerial
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CEGS Number Title Date

16375 Electrical Nov 92
Distribution
System, Underground

15330 Wet Sprinkler Jun 94
Systems

16665 Static Electricity Jul 89
Protection System

16670 Lightning Dec 88

Protection System
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APPENDI X B
DESI GN CALCULATI ONS

1.0 | NTRODUCTI ON

Thi s appendi x presents a description of the general types of

cal cul ations that may be required for LFG applications. The

cal cul ations described refer primarily to the off-gas collection
systens. Additional calculations may be necessary for specific
type of LFG collection and treatnent technol ogy or for specific
types of equi pnent selected. Several of these calculations are
dependent on, or should be used in conjunction with, other

cal cul ations that should be perforned or used in the devel opnent
of the design for the entire treatnent process or treatnent
facility. Design exanples illustrating the use of several of

t hese cal cul ations are presented in Appendi x E.

2.0 PURPOSE

The primary purpose of the design calculations is to provide
design criteria for sizing equi pnent, editing guide
specifications and devel opi ng constructi on drawi ngs. Based on
the prelimnary selection of equipnent, additional calculations
can al so be perforned to determ ne paraneters such as utility
requi renments and supporting nechani cal and el ectri cal

di stribution systens.

3.0 DESIGN CALCULATI ONS

3.1 ASSUMPTI ON OR DEFAULT VALUES
Gas Production

Met hane (CH,) generation rate: Estimated by the Scholl
Canyon nodel

LFG generation rate: Twi ce the nethane generation rate.

Gas Characteristics
CH, concentration of the LFG 50 percent.

Extraction Well Design
Default vacuum pressure at each extraction well:
1.01 x 10° N/ nt (.9928 atm
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The depth of the extraction wells is 75 percent that of the
[ andfill depth.

Bl ower System

Capacity of blower, Q = nf. min? (35.30ft3 mn?)

Maxi mum gas velocity, V = 914.4 mMmm (2000 ft/mm
t hrough the piping.

Condensat e System
Condensate is cal cul ated based on LFG enters coll ection
system at 100 percent saturation. Cools to 12.7°C (55°)

3.2 CALCULATI ON FORMULAE

3.2.1 Estimation of LFG Generation Rate

Q — 2 * k*L*R -k(t-tag) (1)
wher e,

Q = LFG generation rate at time t, m/yr (ft3/yr)

k = refuse decay rate, 1/yr

L = potential gas generation capacity, n¥/ton

(ft3/ton)

R = refuse acceptance rate, tons/yr

t = time since refuse placenent, years

lag = time to reach anaerobic conditions, years
3.2.2 Radi us of Influence, RO
ROI = (QWDESIGNcapac:ity/‘r”—prefusngenll2 (2)
wher e,

RO = radi us of influence, m

Qupesi gn = desi gn LFG generation rate, n¥/yr

Capacity = design capacity of the landfill, kg

B = 3.14

D, ef use = refuse density, kg/n?

Qen = peak LFG generation rate, n¥/yr

L = [ andfill depth, m
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3.2.3 Landfill Pressure, P
P, (ROI% In (RO
P, = v ” n ( _/’) Bag Protuse gon 3.15 x 1077) + P22 3)
Design Capacity K., (WDIL)
wher e,
P = landfill pressure, KN cn?
RO = radius of influence, m
Pv = vacuum pressure at the well head, KN nt
r = radius of outer well (or gravel casing), m
D, ef use = refuse density, 650 kg/n?
K ef use = intrinsic refuse perneability, nf
Mitg = LFG viscosity, Newton-sec/nR
Desi gn Capacity = design capacity of the landfill, kg
WD = well depth (i.e., 0.75L), m
L = landfill depth, m
Qen = peak LFG generation rate, n¥ yr
3.2.4 Optimal Nunber of Extraction Wells, Well s
Vel | stor =(Landfill surface area)/B.(RA)? (4)
wher e,
wel | stor = total nunber of wells required
B = 3.14
RO = radius of influence, m
3.2.5 Header Pi pe si zing
D anet er = Mass flow rate, kg/hr
LFG denity, kg/n¥
or
Dianeter (17 = 1,414 * (\W-408/ DO-343) (5)
wher e,
w = LFG nmass flowrate, (1,000 I|Db/hr)
D = LFG density (lb/ft?3)
1.414 = conversion factor
or
Di anet er = W/2000 ft.sec? (6)
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wher e,
W
2,000

LFG mass flow rate, (1,000 |b/hr)
m ni mum LFG vel ocity in the piping, ft/sec

3.2.6 Pipe head-1oss

h = fL x V2 (7)
d 29
wher e,
hL = Head | oss, m (ft)
L = Length of segment, m(ft)
f = Friction factor for the pipe
d = Inside dianeter of the pipe
\% = Velocity of the flow, msec (ft/sec)
g = Acceleration due to gravity, 9,81 msec

(32.2 ft/sec).
The friction factor f is based on the Reynol ds Nunmber (R,
and t he roughness of the header pipe. Mody Diagranx is used to
estimate friction factor based on R..

3.2.7 Mbtor horsepower requiremnment

QTOT (APTOT) (8)

M 31536 x 107 (.65)
wher e,
W, = watt
Qror = total gas producton rate, n¥/ nmn
Pror = total system pressure drop, N n?f
65 = notor efficiency

3.2.8 Nunber of Bl owers required
No. Blowers = Q;,/(283.2 m3min) ()

wher e,

Cror
283.2 nf/nin

total gas production rate, n¥/mn
maxi mum bl ower flow rate
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3.2.9 Condensate Flowate, Q..

4.0

_ -0203 aror
760 - 1.87AP;,; (10)
Qondg flow rate of condensate, n¥/mn

Qror = total gas production rayte, nt/ mn
= total system pressure drop, N nf

Al ternatively, condensate can be cal cul ated by assum ng:

100% rel ative humdity
Density of condensate = Density of water
Pi pi ng tenperature 55°F

Cal cul ations are as foll ows:

Cal cul ations are as foll ows:

1. Wat er concentrations (# water/cu.ft wet air)=
Hum dity(# water/# dry air) * (Specific vol une
(cu.ft/# dry air)

2. Vol une of water extracted (gal/day) = water
concentration (#/cu.ft)*flowrate (cfm * 1440
m n/ day)* 0.12 (gal/#)

3. Vol une of water condensed (gal/day) = Vol unme of water
extracted at °F - volune of water extracted at 55°F.

UTI LI TY CALCULATI ONS
4.1 POMNER REQUI REMENTS
Several types of calculations for power requirenents can be

used in the design of an LFG application including a normal | oad
and | ead protection analysis, a ground fault current analysis,
and |ighting analysis. These types of cal culations are usually
performed as part of the electrical calculations provided for the
entire treatnent facility.
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4.2 Water Requirenents
Systens that typically require potable water include:

1 sanitary,
1 ener gency shower and eye wash, and
1 fire water.

Based on the specific requirenents for each of these
applications, calculations will be perfornmed for the quantity of
pot abl e water required and associated distribution systens.

4.3 Ar Requirenents

The cal cul ations that are perforned for the air system
i nclude those for sizing the air conpressors and those for sizing
air distributions systens.

Addi tional cal culations perfornmed for the distribution
systens include those required for sizing air receivers, air
dryers, and the distribution piping system These cal cul ations
are primarily based on the specific air requirenents for each
i ndi vi dual demand.

5.0 ADD TI ONAL REQUI REMENTS

In addition to the process, nechanical, and electrical
cal cul ations, additional design requirenents and cal cul ati ons
that may be required for LFG applications include those rel ated
to architectural requirenents such as the determ nation of aisle
space, equi pnent cl earances, and storage space; structural
requi renents for the purification units, supporting accessories,
and chem cal storage; and operation and nai ntenance provi sions.
However, these types of calculations are application-specific;
therefore, no specific calculations are provided in this

Appendi x.
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APPENDI X C
LI ST OF ABBREVI ATI ONS

ACGE H Aneri can Conference of Governnenta
| ndustrial Hygienist

AFBVA Anti-Friction Bearing Manufacturers
Associ ati on

Al S| Anmerican Iron and Steel Institute

ANSI American National Standard Institute

API American Petroleumlnstitute

ARAR Appl i cabl e or Rel evant and Appropriate
Requi r ement

ASNVE Ameri can Soci ety of Mechani cal Engi neers

ASTM Anerican Society for Testing and
Mat eri al s

BPTCA Best Practicable Technology Currently
Avai | abl e

CAA Clean Air Act - The law that authorizes
regul ations regarding rel eases of air
borne contam nants from stationary and
non-stationary sources.

CO Car bon nonoxi de

0, Car bon di oxi de

QWA Cl ean Water Act - The | aw which

aut hori zes regul ati on of discharges of
wat er such as landfill gas condensate.
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CERCLA

0
Py

G oundwat er

Hal ogen

Conpr ehensi ve Environnmental Response,
Compensation, and Liability Act.

Code of Federal Regul ations

Chem cal Oxygen Denmand

Depart ment of Transportation

In math, the base of the natural system
of logarithnms having a nunerical val ue
of 2.71828

Engi neeri ng Manual

Engi neeri ng Regul ation

U.S. Environnental Protection Agency
Feasibility Study

Gl | on Per Day

Gl l on Per M nute

1: Water below the | and surface
in the zone of saturation, or
2: Water in the saturated zone or

stratum beneath the surface of
| and or water.

CGeol ogi cal Society of Anerica

Any group of 5 chem cally-rel ated, non-
nmetallic elenents that includes brom ne,
fluorine, chlorine, iodine, and

ast ati ne.



Hazar dous \Wast e

Hydr ocar bon

w)

| norgani ¢ matter

| ndustrial \Waste

| ndependent Laboratory

Py,

Kinetic rate
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A solid waste (as defined by 40 CFR Part
261.3 ) is a hazardous waste (as defined
in 40 CFR Part 261.3) if it is not

excl uded as a hazardous waste by
regulation and it neets the criteria (40
CFR Subpart C) of reactivity,
corrosivity, ignitability or toxicity or
as a listed waste as defined in 40 CFR
Part D.

Any of vast fam ly of conpounds
cont ai ni ng carbon and hydrogen in
various conbi nations found in fossi
fuel s.

Hazar dous and Toxi c Waste
| nsi de di anet er

Chem cal substances of m neral origin,
not contai ni ng carbon-to-carbon bondi ng.
Generally structured through ionic

bondi ng.

Any solid, sem-solid, or liquid waste
generated by a manufacturing or
processi ng pl ant.

A test facility operated independently
of any product manufacturer capabl e of
perform ng eval uati on tests.

Addi tionally, the laboratory shall have
no financial interests in the outcone of
these tests other than a fee charged for
each test perforned.

I nfrared
The nol es of chem cal species produced

by chem cal reaction per volune per unit
tine.
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kw

=~

Leachat e

Neutralization

:

NMOC

e |

NPDES

Ki | owat t
Ki | owatt - hour

Any |iquid, or suspended conponents that
has percol ated through or drained froma
hazar dous waste or non-hazardous

[ andfil |

Mandat ory Center of Expertise
MIIlinmeter
MIliliter

MIligranms per liter (or parts per
mllion in water)

M crogranms per liter (or parts per
billion in water)

Nat i onal Em ssion Standards for
Hazardous Air Pollutants promnul gated
under the Federal Clean Air Act (40 CFR
Part 61 and 63).

M xing acid and basic materials such
that the net effect is a near-neutral
pH

National Institute for Occupational
Safety and Heal th
Non mnet hane organi ¢ conpound

Ni t rogen oxi des

Nat i onal Pol | utant Di scharge Elim nation
System

Nor mal Tenperature and Pressure which
corresponds to 0°C (32°F) and 1
at nosphere

C 4



O ganic Materials

On-Site Disposal

o
@]
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Oxygen

Chem cal conpounds of carbon excl uding
car bon nonoxi de, carbon di oxi de,
carbonic acid, nmetallic carbides,
metal |l i ¢ carbonat es and anmmoni um

car bonat e.

The areal extent of contam nation and
all suitable areas in very cl ose
proximty to the contam nati on necessary
for inplenmentation of the response
action.

Operation and Mi nt enance

Cccupational Safety and Health
Adm ni stration (of the Departnent of
Labor)

Oxi dat i on- Reducti on Potenti al
Pol ycyclic Aromatic Hydrocarbon
Pol ychl ori nat ed Bi phenyl

A neasure of the acidity or alkalinity
of a solution, nunerically equal to 7
for neutral solutions, increasing with
al kalinty and decreasing with increasing
acidity. The unit of pHis universa

unit and equal to the logarithm at base
10, of the reciprocal of the
concentration of H+ in nole/L, or
pH=1/[ H]

Programmabl e Logic Controller - a solid-
state control systemthat has a user
programmabl e menory for storage of
instruction such as: 1/0O control |ogic
timng, counting, arithmetic and data
mani pul ati on. The PLC can be used as

G5
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R EE®

SVOC

—
X

L

g |

8

Turbidity

B

di rect replacenent for el ectronmechanica
control relays.

Particul ate matter

Publ i cl y- Omed Treat ment Wrks
Parts Per MI11lion

Qual ity Assurance/ Quality Contro
Reactive Organi c Gases

The Resource Conservation and Recovery
Act

Sem vol atil e Organi ¢c Conpound
Threshold Limt Val ue

Total organi c carbon

Toxi ¢ Substances Control Act

A cloudy condition in water due to
suspended silt or organic matter.

Vol atil e Organi c Conpound, defined as:
1) any conpound contai ni ng carbon and
hydrogen in conbi nation with any ot her
el ement which has a vapor pressure of
1.5 pounds per square inch absol ute
(77.6 mm Hg) or greater under actual
storage conditions

2) Any organi c conmpound which

partici pates in atnospheric

phot ochem cal reactions except for those
desi gnated by EPA Adm ni strator as
havi ng negli gi bl e phot ochem cal
reactivity.
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APPENDI X E
DESI GN EXAMPLES
The foll ow ng hypothetical exanple illustrates the approach
and procedure used for the cal cul ation and design of a |andfil
gas collection systemfor a 12-acre nmunicipal landfill. This

nodel can be used for m xed and hazardous waste |landfills,
however, consideration for the conposition of the refuse nust be
factored into the cal culations for gas production potential as
wel | as the handling of off-gas.

The foll ow ng exanple is hypothetical. The follow ng
paraneters for the hypothetical site were sel ected:

Site Characteristics

I Landfill Footprint: 12 acres
I Maxi mum Depth at Center point: 70 f eet
I Landfill Side Slope: 3:1 horizontal:verti cal
I Landfill Top Sl ope: 5 %
' Landfill cover area: 620, 000 ft?

Ref use Characteristics
I Ratio of Refuse/Cover Material: 4:1
I  Age of Refuse: 20 years
' |In-Place Refuse Density: 800 #/yd?®
I Capping Mterial: 40 m | HDPE
I Refuse Void Ratio: 4 %

Gas Characteristics

I Gas Constant: 0.08 yr-?
I  Gas Production Potential: 7400 ft3/ ton
I Concentration of Methane in Gas: 50 %
I Radius of Influence/ \Vell: 200 ft
I Vacuum Pressure at Wel |l head: 10 in we
I Tenperature of Landfill Gas: 110 °F
' Landfill Gas Viscosity: 2.8E-7 I bs.sec/ft?
I Landfill Gas Density: 7.6E-2 I bs/ft3
Figure E-1 illustrates the Mbdel Landfill Base G ade Pl an.
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Esti mate Vol une of Refuse in Landfil

Assunpti ons:

I Pre-landfill
are avail abl e,

devel opnment topography and final topography

see E-1,

' No historical records are available for estinmating rate of
filling at the site

Met hodol ogy:

I Calculate landfill
desi gn software

vol une using geonetry or conputer-aided

I Estimate in-place volunme of refuse based on ratio of

wast e: cover materi al

I Estimate tonnage of refuse based on estinmated refuse

density

Cal cul ati ons

Compute landfill volunme using conputer aided design (CAD)

sof t war e.

Dat um (DTM) to Dat um Vol une

Cut and Fill Vol unes
CAD Qut put
Shrinkage/swell factors: Cut: 1.0000 | Fill: 1.0000
Original DTM Final DTM
Layer Name # of Points Layer Name # of Points
EG 176 FG 400
Cumulative Cumulative
Cut Volume (CY) Cut Volume Fill Volume (CY) Fill Volume
0.0 0.0 872,826.6 872,826.6
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Vol une of Refuse Cal cul ati on:

Total curmul ative fill volunme = 872,827 CY

Assumi ng a-12" internediate/final cover is currently
constructed across entire landfill area.

-Vol une of I nternedi ate/Final Cover:

620,000 ft2x Ift x CY = 22,962 CY
27 ft3

Assuming there are 6 | ayers of refuse.

-Total cover materi al:
22,962 CY X 6 - 137,772 CY

-Vol une of Refuse:

872,827 CY - 137,772 CY = 735, 055 CY
Assum ng refuse density of 800#/ CY (poorly conpacted)
- Tonnage of refuse:

735,055 CY x 800# x lton = 294,022 ton
Cy 2000#

Assum ng regul ar increnment of refuse displacenent over 15
year life of landfill.

- Annual refuse acceptance to landfill:

294. 022 ton = 19, 600 ton/yr
15 yr
The Mbdel Landfill Final Fill Plan is illustrated in Figure E-2.
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2. Estimation of Landfill Gas Generation
Assunpti ons:

Wast e conposition can be approxi mated by average
muni ci pal waste conposition data conpiled by the U S
EPA

Landfill setting is a hum d environnent establishing
conditions affecting biological degradation

Landfill gas generation is due principally to anaerobic
bacteria and can be sinulated by first order kinetics

Met hodol ogy:

Use Scholl Canyon Mddel assum ng waste was deposited in
equal increnments annually over the active life of the
[ andfil |

Assune refuse was deposited at regular increnments over
the 15-year period

3. (Gas generation rate cal culation

Method 1: SCHO L CANYON MODEL

Formula: Q= 2*[k*L*Rl exp(-K*(t-1ag))]

wher e:

Q
L

—~ x

= landfill gas generation rate @tine t (ft3yr).

= potential gas generation capacity of refuse
(ft3/ton)
annual refuse acceptance rate in landfill (tons/yr)

gas generation rate, or refuse decay rate (1/yr)
time since refuse placenent (yr)
tinme to reach anaerobic conditions (yr)



nput paraneters:

p
g

7400

Year
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995

Year cl osed
Current Year
Time Since Cosure
Avg. refuse

Time Since
Ref use pl acenent
20
19
18
17
16
15
14
13
12
11
10

TOTAL ANNUAL CURRENT
PRODUCTI ON

O OO O0OOCORRFRPRFRPFRPPPFPOOOONNOOOO

CGener ati on Date
1995

. 22E+06
. 66E+06
. 13E+06
. 64E+06
. 19E+06
. 7T9E+06
. 44E+06
. 14E+06
. 91E+06
. 07E+07
. 16E+07
. 26E+07
. 36E+07
. 48E+07
. 60E+07
. O0E+00
. O0E+00
. O0E+00
. OOE+00
. OOE+00

00E+00

1.46x108 ft3 yr
4. 13x10°m?/ yr
7.86n%/ mn
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1990

1995

5

18, 620 ton yr
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4. Radi us of Influence/ Well System Layout &

Assunpti ons:

I No pilot scale test data is available

Met hodol ogy:

1 Use EPA default dianeter of influence of 200

I Divide landfill area by area of influence of one well to
obtai n nunber of wells

Establish layout of wells using the estimted coverage
of each well predicted by the 200" dianeter of influence

VWll System Layout Cal cul ation:

Assune:

Surface Area = 620,000 ft?

D aneter of |Influence = 200 ft

Area of Influence = Bd?= B(200)2 = 31,400ft?
4 4

Nunmber of Wells Required = Area of Landfill
Area of Influence
= 620 000 ft2= 19.74 say 20 Wlls
3l,400ft?2

Well System |l ayout is presented in Figure E-3.
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Radius of Influence Equation - Intrinsec Permeability

Wells |
Input Variable Unit G-12 G-16
Landfill Depth, L ft 65 45
Landfill Capacity, M Ibs 5.59E+06 5.59E+06
Screen Length, WD ft 55 35
Ratio of well depth to landfill depth, WD/L ft/ft 0.85 0.78
Efficiency of Collection, Ea % 100 100
Flowrate, Q cfm 277 277
Viscosity of landfill gas, mu Ib min/ftA2 4.21E-09 4.21E-09
Density of refuse, rho Ib/ftA3 29.63 29.63
Extraction well radius, r ft 0.75 0.75
Maximum well vaccuum (gage), Pv Ibs/ftA2 26.02 26.02
Internal pressure of landfill (gage), P! Ibs/fth2 21.2 21.2
Radius of Influence, R ft 100 100
Output Variable
Intrinsic permeability of refuse, k ftA2 (m*2) 4.07E-08 4 43E-08
EQUATIONS: T (i -PvwayPu= (R72 ) ma ho G Ea)l M k (WDIL)
solve for k; k = (R*2 In(R) mu rho Q (EaH00))/((PI"2 - PvA2)/Pv) M (WDIL))

E- 10
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6. Sizing of Header Pipe in Gas Coll ection system

Assunpti ons:

I M ni mum pi pe dianeter is 4 inches
1 Pipe is constructed of HDPE or simlar polyner

Met hodol ogy:

1 Estimate cunul ative gas flow rates for each | ength of
header

Estimate di anmeter of header assum ng use of a m nimum
vel ocity through the header system (2000 ft/s)

Di vide cunul ative gas flow rate for each | ength of
header by 2000 ft/s to establish the dianeter of the

pi pe
Cal cul ati ons:

The Gas Extraction Well System Cal cul ati ons can be found on
pages E-12 thru E- 14.

7. Sizing of Landfill Gas Bl ower

Assunpti ons.

I Gas paraneters as noted above

1 Rel ati ve roughness of HDPE pi pe can be approxi mated by
the relative roughness of "snpboth pipes"” on the Mody
Di agr am¥,

I Fittings | osses as obtained from manufacturer's data

Met hodol ogy

1 Cal cul ate the velocity through each header section

1 Cal cul ate velocity head for each header section

1 Estimte head | oss due to friction for each header
section

Estimate vacuum at the well head using figure E-4

Estimate fitting | osses

E-11
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Gas Extraction well System Cal cul ations
Met hodol ogy:
I Total |osses for collection system

1 Estimate | osses for treatnment system and establish
delivery pressure for treatnent unit

Cal cul at e horsepower requirenent for the blower from
total |osses

Use manufacturer's information to select blower that can
meet both head and flow rate requirenents

Cal cul ati ons:

Cal cul ations for sizing are shown bel ow and on the foll ow ng
pages.

Mot or Horse Power Requirenents:

= QTOT (APTOT) (8)
S¥ " 3.1536 x 107 (.65)
Qror = 1.46x10°¢t° X m = 4. 13x10°n?
yr 35. 31ft?3 yr
)Pror = landfill cover pressure drop + pipe header |osses +

treatment system/| osses, asunmng 5 in.wc

10in.we/well x 20wells + 1.22 + 1.69 + 5 = 207.91 in.w

= 207.91 in.we Xx 10°N. m? = 20,380 N. m?
1020i n. we
W, = (4.13 x 10°nf x 20,380 N.m?)/3.154x107x0.65) = 4,111 Watts
4 111 Wx _HP = 5.5 HP
746 W

El ectric nmotors cone with standard sizes, 5 7.5 HP
therefore use 7.5 HP notor.

Bl ower specification: 175 cfm @7.5 HP (add 1 bl ower as
spare)
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H-C’ HEADER SECTION REFERENCED IN CALCULATIONS

LEGEND
GAS EXTRACTION WELL
SUMP

GAS LATERAL

IN—LINE ISOLATION VALVE/
MONITORING STATION
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8. Condensate CGeneration Rate

Assunpti ons:
I Landfill gas is saturated with noisture
I Landfill gas paranmeters as noted above

Climtological data for the site indicates an average
anbi ent air tenperature of 55 °F

Landfill gas density is sufficiently simlar to air to
use psychonetric charts devel oped for air saturated with
wat er

Landfill gas condensate density is sufficiently simlar
to water to use psychonetric charts devel oped for air
saturated with water

Met hodol ogy:

Determ ne humdity and specific volunme for air saturated
wth water for each tenperatures ranging fromthe
assuned average anbient tenperature to the nmaxi mum
system t enperat ure

Cal cul ate the concentration of water (condensate)
entrained in the air (gas)

Cal cul ate the volune of water (condensate) extracted per
unit time for the design gas flow rate

Det erm ne the maxi num vol une of water (condensate)
produced per unit tinme as averaged for the year

Cal cul ati ons:

Cal cul ations for the Mddel Landfill - Condensate Generation
can be found on the foll ow ng page.

Lat eral header statenment used for the calculations is
illustrated in Figure E-5.
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