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In this study, we considered a multi-stage integrated extractive fermentation with cell recycling for
ethanol production using the genetically engineered Sacchromyces yeast 1400 (pLNH33), which can utilize
glucose and xylose as carbon sources to produce ethanol. Each stage consists of a stirred-tank bioreac-
tor, a cell settler and an extractor. A generalized mathematical model was formulated to express the
multi-stage integrated process. The aim of the optimization problem was to obtain the maximum over-
all productivity and conversions subject to the interval inequality constraints for the residual glucose
and xylose concentrations and the total sugar supply. A fuzzy goal attainment method was applied to
the multiobjective problem in order to achieve the maximum satisfaction for all design requirements.
From the computational results, the integrated extractive fermentation with cell recycling (involving the
extraction of ethanol from the extractor in situ to alleviate product inhibition) led to an optimal overall
productivity that was 8.0% higher than that obtained by the method of continuous fermentation with
cell recycling, and about 13-fold higher than that obtained by the method of continuous fermentation
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without cell recycling.
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1. Introduction

Ethanol, one of the most important bio-fuels, can be produced
by converting the sugar content of raw materials (e.g., corn, pota-
toes, beets, sugarcane, and wheat) to alcohol [1-4]. Today, there
is heightened interest in ethanol as a transportation fuel. Ethanol
production from renewable resources can improve energy security,
reduce the accumulation of carbon dioxide, and decrease urban air
pollution. When blended with gasoline, “neat” ethanol, as opposed
to petroleum, would aid in stabilizing the concentration of smog-
forming compounds in the atmosphere. Obtaining ethanol from
lignocellulosic materials holds great promise as a new industry in
the world and has the potential for making a significant contribu-
tion to the solution of major renewable energy and environmental
problems [5-8].

Lignocellulosic feedstocks like wood, waste paper, agricultural
residues and fast-growing energy crops have been identified as
economical starting materials for ethanol production. These raw
materials contain glucose and xylose as the major fermentable
sugars. Although production of ethanol from the fermentation of
hexose and pentose has been studied for many years, there are still
several bottlenecks for the economical production of fuel ethanol.
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The fermentation of xylose to ethanol represents the main bot-
tleneck in the production process. Several articles have reported
the development of genetically engineered strains that utilize
pentose and hexose as substrates in the production of ethanol
[9-12].

Achieving a high ethanol production rate requires high cell con-
centrations in the bioreactor and maximization of the dilution rate.
Continuous fermentation can increase productivity; however, it
cannot be carried out in high cell density culture, which results
in a low ethanol concentration and a significant loss of residual
substrate [13]. To increase the efficiency of the ethanol fermenta-
tion process, various cell culture methods have been investigated
[14-17]. A cell-recycling fermentation coupled with membrane fil-
tering modules (for achieving a higher ethanol concentration) has
gained considerable interest in recent years [18-21]. However, a
high ethanol concentration may poison viable microorganisms and
abrogate the fermentation process. Extractive fermentation is an
alternative technique used to reduce end product inhibition by
removing the fermentation product in situ. This technique is very
simple and can be easily implemented with a large-scale fermen-
tation system [22-26]. However, the toxicity of the organic solvent
used in the removal of the end product is always a problem [27]. A
biocompatible solvent should be employed to alleviate the poison-
ing of the microbe [28].

Lin and Wang [29] have introduced a multi-stage, integrated
continuous fermentation process; each stage consists of a mixed
tank, a bioreactor, a cell-recycling unit and an extractor used to pro-
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Nomenclature
Mmg, Wmx Maximum specific growth rate coefficient for

b; bleed ratio at the Ith stage bioreactor yeast 1400 (pLNH33) on glucose and xylose, respec-
D dilution rate at the first stage (h—1) tively (h~1)
D solvent dilution rate at the Ith stage (h~1) Vg, Vx  specific ethanol production rate for yeast 1400
E extraction efficiency at the Ith stage (pLNH33) on glucose and xylose, respectively
F feed flow rate at the Ith stage (m3/h) Vmg, Vmx coefficient of maximum specific ethanol production
Fg) solvent flow rate at the Ith stage (m3/h) rate for yeast 1400 (pLNH33) on glucose and xylose,
Jr objective function and inequality constraint, k = respectively (h~1)

1,...,6 A ethanol productivity at the Ith stage (kg/m?> h)
K extractive distribution coefficient Cxl discarded factor for cell at the Ith stage
Kg, Ky  saturation coefficient for cell growth on glucose and $sg.ls Gy, &p condensed factor for glucose, xylose and

xylose, respectively (kg/m3) ethanol at the Ith stage
K'g,K'x  saturation coefficient for ethanol production on glu-

cose and xylose, respectively (kg/m3) Subscript
Kis, Kix ~ inhibition coefficient for cell growth on glucose and * optimal solution

xylose, respectively (kg/m3)
K'ig, K'ix - inhibition coefficient for ethanol production on glu-

cose and xylose, respectively (kg/m3)
pi ethapol concentration at the It,h stage (kg/m”?) duce lactic acid. A membrane filter was employed in the integrated
Pmg, Pmx Maximum ethanol concentration for cell growth on
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(i)
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Mg, Ux

glucose and xylose, respectively (kg/m?3)

P'mg, P'mx Maximum ethanol concentration for ethanol pro-

duction on glucose and xylose, respectively (kg/m3)
glucose and xylose concentration at the Ith stage
(kg/m?)

feed sugar concentration at the Ith stage (kg/m3)
lower and upper bounds of the residual glucose
(kg/m?)

lower and upper bounds of the residual xylose
(kg/m?)

lower and upper bounds for the total sugar supply
for the process (kg/m3 h)

time (h)

X1, Sg» Sx1» P cell, glucose, xylose and ethanol concentration

inside the bioreactor at the Ith stage (kg/m3)

Xel» Sgel» Sxe» Pe,y  CEll, glucose, xylose and ethanol concentra-

tion in the effluent at the Ith stage (kg/m3)

Yp/se» Ypss, Vield coefficient for ethanol from glucose and

xylose, respectively
operation variables in the optimization problem

Greek symbols

V,/V1, the volume ratio of the Ith bioreactor to the
first bioreactor

F/F, the ratio of the overall feed flow rate at the Ith
stage to that at the first stage

glucose and xylose conversions at the Ith stage

8x,1 .1, 6p,1 separation factor for cell, substrate and ethanol

at the Ith stage

recycle ratio for the Ith cell settler

power of ethanol inhibition for cell growth on glu-
cose and xylose, respectively

power of ethanol
inhibition for ethanol production on glucose
and xylose, respectively

aggregation function

membership function for each of the objective func-
tions

linear combination ratio for the fed glucose concen-
tration to the fed sugar concentration

specific cell growth rate for yeast 1400 (pLNH33) on
glucose and xylose, respectively

process so that the filtrate was assumed to be cell-free. In this study,
we will introduce a modification to the integrated process that uses
the genetically engineered Saccharomyces yeast 1400 (pLNH33) to
produce ethanol. The yeast 1400 (pLNH33) has a self-flocculating
characteristic that enables us to use a cheaper settler as a cell sepa-
rator to replace the expensive membrane separation unit; the yeast
can also utilize xylose and glucose to produce ethanol. In this study,
we reformulate the mathematical model to describe characteristics
of the integrated extractive fermentation process using hexose and
pentose to maximize ethanol productivity. Several design parame-
ters, such as the dilution rate, the fed sugar concentrations and the
bleed ratio, should be considered in the integrated process. Sensi-
tivity analysis is applied to determine which operation variables are
the most relevant in the process. The fuzzy goal attainment method
will be introduced to design the integrated extraction fermentation
processes.

2. Process formulation

A schematic drawing of the multi-stage, integrated extractive
fermentation process is shown in Fig. 1. Each stage consists of a
stirred-tank bioreactor, a cell settler and an extractor. The sterile
glucose, xylose and nutrient media are well stirred in the mix-
ing tank to form a homogeneous substrate, which is continuously
fed into each bioreactor. The genetically engineered Sacchromyces
yeast 1400 (pLNH33) [30] can utilize the glucose and xylose to
produce ethanol. Small amounts of the outlet of each bioreac-
tor are fed into the next bioreactor, but the rest flows into a
cell settler while maintaining a constant temperature of 42°C
throughout. The yeast 1400 (pLNH33) quickly flocculates at that
temperature. The density of self-flocculated yeast is greater than
that of the broth, so the yeast settle down to the bottom. The orig-
inal characteristics of the yeast 1400 (pLNH33) are restored and
they are recycled back to the bioreactor when a constant tem-
perature of 30°C is maintained. As a result, the bioreactor can
retain a high cell density culture. The clear fluid is overflowed
into an extractor to take off the ethanol. A biocompatible solvent,
such as an isopropyl pentyl ketone, is added to the extractor to
extract ethanol [31]. The solvent should be biocompatible, inert
to the reaction, stable under the liquid-phase reaction conditions,
easy to separate from ethanol and able to induce phase splitting.
The raffinate phase in the extractor, containing some unconverted
substrate, ethanol and solvent, is also transferred to the next biore-
actor.
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Fig. 1. Schematic diagram of a multi-stage integrated extractive fermentation process. Each stage consists of a bioreactor, a settler unit for cell recycling and an extractor.

2.1. Material balance equations

The material balance equations for the recombinant yeast 1400
(pLNH33) in glucose and xylose mixtures around the first stage, as
shown in a dashed box of Fig. 1, are expressed as follows:

dX]

1- 518x,l
dt

==D1 |b1+(1-bi)——;

X1 +Tx1

(1)

where D; = F;/V; is the dilution rate, b; is the bleed ratio at the
first stage and ¢ is the recycle ratio for the first cell settler. Both the
bleed ratio and recycle ratio are restricted between zero and one.
The cell growth rate, ry,1, for the recombinant yeast 1400 (pLNH33)
at the first stage will be discussed in the following section. The
second terms in the bracket of Eq. (1) are obtained from the mate-
rial balance equation around the cell settler. Note that the balance
equation is different from that discussed in Lin and Wang [29]. We
suppose that the recycled cell concentration is condensed as the
ratio &1 = X1/x1. The cell separation factor, §y 1, at the first cell
settler must be restricted to within 1 <y,1 <1/e1. The yeast 1400
(pLNH33) can quickly flocculate and settle down in the cell settler
at the temperature over 42 °C. Using material balance equations at
the cell settler, we obtain the cell discarded factor as

Xe,1

§X,1 = -

X1

_ 1 —815)(,1
- 1781

(2)

The cell separation factor or cell discarded factor is expressed in
terms of the characteristics of the flocculated cell. Eq. (2) indicates
the relationship between both factors such that we need to assign
only one of the factors for the design of the process.

Following procedures similar to those discussed above, the
material balance equations for glucose, s;,1, and xylose, sy 1, respec-

tively, are expressed as

ds 1 1- 8]8 1

dgt =Dy {sgm - [Ih +(1- 131)17781S g1 ~ Tsg (3)
ds 1-¢68

dxtjl — D] {Sxf,1 — |:b1 +(1 — bl)]lgfl:l Sx,l} - rsx,l (4)

The gluose and xylose are well stirred in the mixing tank to form
a homogeneous substrate so that the fed glucose concentration Sgp4
and fed xylose concentration sx., can be respectively expressed
as sg;| = Asg, and Sxpy = (1 — A)sf,, where A is the linear combina-
tion ratio. The monosaccharide separation factor is restricted by
0 < d5,1 < 1, which is different from that of the cell separation fac-
tor. The glucose and xylose consumption rates, rs, 1 and rs, 1, at
the first stage will be discussed in the following section. Ethanol is
produced from glucose and xylose mixtures so that the formation
rate is expressed as the sum of the ethanol formation rates from
glucose and xylose, i.e., dp/dt = dpg/dt + dpx/dt, where pg; and px
are the ethanol concentrations formed from glucose and xylose,
respectively. The material balance equations for ethanol formed
are expressed as

dp;

1- 8151,’1
dt

=-Dq |b1+(1-b1) T e

p1+ rm (5)
where the ethanol separation factors are restricted by 0 < §, 1 < 1.
Similarly, using material balance equations at the cell settler, we

obtain the substrate and ethanol condensed factors of

Se1  1—€10s1
_Jel  _—61%1 6
é‘s,l 1 ]—81 ( )
Pei  1—818p1
= = 7
Ep1 o s (7)
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Similarly, the material balance equations for the recombinant
yeast, glucose, xylose and ethanol around the Ith stage are described
as follows:

dxl = D: l(Z,B,) (b1 + (1 = bi_1)Cx 1) X1

I
- <Z,3i> (br+ (1= b)) Xl‘| + Tl (8)
i=1
d
% = g [ 1S, + <Z,31> bl 1+ —bl_l)ng,l_1)5g,1_1
!
- (Zﬂi) (b + (1 =), 1) Sg,l‘| —Tsy 9

-1
dSl D
d); = *; l 1% 1 + <Zﬂz> (b1 + (1 = bi_1)8sy 1-1)5x,1-1

i=1

!
- (Zﬁi) (bl +(1 - bt)(sx,l) Sx,l‘| =T (10)

-1

dp[ _ D, ) §P,1*1

a@ = w [( ,3,) (bll +(1 —b171)m Di-1
i=1

(Zﬁl) (bi+(1=b)gp1) P ]+rp,; I=1,...,n (11)

where B, =F[F; is the ratio of the flow rate at the Ith stage to the
flow rate at the first stage, a;=V,/V; is the volume ratio of the Ith
bioreactor to the first bioreactor, b; is the bleed ratio at the Ith stage,
Sxbs §sgl $sxand ¢, are the cell discarded factor and glucose, xylose
and ethanol condensed factors at the Ith stage.

The supernatant at the previous cell settler is overflowed to an
extractor to remove ethanol. The material balance for ethanol at
the Ith extractor can be written as

1 1
(1-b)D1pesy fi—Deaper—(1-bD13 7> fi=0  (12)

i=1 i=1

where the solvent dilution rate is defined as D ; = Fg;/V4, and Fg
is the solvent flow rate at the Ith stage. The extraction efficiency, E|,
at the Ith stage is defined as

@ 1 KDE,I
Pa,i (1-b;)Dy

where K is the extractive distribution coefficient. The process
formulation is simplified to the integrated fermentation process
discussed by Lin and Wang [29] if the cell discarded factor for each
stage is zero and both substrate and ethanol condensed factors are
set to one.

E = (13)

2.2. Kinetic models

The reaction rates in the material balance equations, (1), (3)-(5)
and (8)-(11), are in terms of the employed microbial species
and are calculated at each stage. In this work, we consider the
genetically engineered Sacchromyces yeast 1400 (pLNH33) as the
microbial species that produces ethanol. The recombinant Sac-
charomyces yeast 1400 (pLNH33) was developed by cloning the

xylose reductase and xylitol dehydrogenase genes from Pichia stipi-
tis and over-expressing the xylulokinase activity of the host yeast
(the fusion product yeast 1400) [32]. The recombinant yeast 1400
(pLNH33) utilizes glucose and xylose simultaneously. The recom-
binant plasmids in 1400 (pLNH33) may be lost by natural processes
during fermentation. However, the parent yeast 1400 utilizes glu-
cose only. Krishnan et al. [33] has developed a kinetic model to
describe the cell growth and product formation of the yeast 1400
(pLNH33) on glucose and xylose mixtures. The specific cell growth
rates for the yeast 1400 (pLNH33) on glucose and xylose, respec-
tively, are expressed by

bg
S,
g = “m—ggz 1_( P (14)
Kg +5sg + (Sg/l(i’g) DPmg
*x
_ MmxSx {.1 (px ) } 15
Hx Ky +5x + (s2/Ki x) DPmx (15)

The specific cell growth rate for the yeast 1400 (pLNH33) on
glucose and xylose mixtures is approximated by

Sg Sx
o < 16
Mmix Sg + Sx g + Sg + Sx Mx ( )

The specific production rates for the yeast 1400 (pLNH33) on
glucose and xylose, respectively, are in the forms

C@y e
{-()") 18

The reaction rates described in material balance equations are
therefore expressed as follows:

VimgSg
Kg +sg +(s3 /K] )

Vg =

VmxSx

K+ se+ (53K

I'x = KmixX (19)
rp = (vg + vx) bY (20)
1
s = 5—VgX (21)
¢ YP/Sg
1
Ty = o——UxX (22)
* YP/SX *

Here the notations in (14)-(22) are expressed in the nomencla-
ture section of this paper, and their kinetic parameter values are
taken from Krishnan et al. [33].

3. Optimization
3.1. Objectives and constraints

The aim of the optimization problem is to maximize the overall
ethanol productivity and the overall glucose and xylose conver-
sions simultaneously. The problem is therefore formulated as a
multiobjective optimization problem (MOOP) in the forms

Overall ethanol productivity:

mzaxfl = (bn +(1 —bn)gp,n)Pn

i—1%i

Dy .
Zn ;IBJ

> B | p (23)
j=1
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Overall glucose conversion:

(Zl 1/3’) (b”+ (1 _bﬂ)gsg n) Sg.n

maxf, =1- (24)
’ (Zi=1ﬁi5gf,i)
Overall xylose conversion:
" B:) (bn + (1 = bn)lsyn)s
maxf3 =1- (Z'=1ﬁ1)( n +( n)8se,n)Sx,n (25)
V4

(Z?:lﬂi“gxf.i)

where the operation variable, z, consists of the dilution rate, D1, the
fed sugar concentrations, s;, (which is the linear combination of fed
glucose and xylose concentrations), and the bleed ratio, b;, at each
stage. The operation variables are restricted to within physically
realistic boundaries, as in the forms

Zminfzz[Dl»sfl’---,an’bl’---,bn}Szmax (26)

Nearly all engineering processes require the consideration of
some physical constraints. The productivity and conversion at each
stage must be non-negative.

Productivity at Ith stage:

S

1-b4
x (b11+1+511§p,11)p11:| >0 I=1,...,n (27)
Glucose conversion at Ith stage:
!
(Z,-=1/3i) (bl +(1- bl)fsg,l) Sg
Xg1 = 1— >0
ﬁl)‘sf, (Zl 1/31) (bl 1+ =b_ l)é-sg )Sg,l—l
I=1,...,n (28)
Xylose conversion at Ith stage:
(Zl 1/3,) (by + (1 = b)s,1) Sx
Xt =T1- >0

Bi(1 = A)sy; + (Z:ﬁ:) (b1 + (1 = bi-1)Cs, 1) w11

I=1,...,n (29)

where A is the fraction of the fed glucose concentration.

High productivity and conversion are the main goals of fermen-
tation industrials to produce commodity chemicals. However, the
total amount of the raw materials, such as glucose and xylose, sup-
plied for the fermentation process needs to be restricted in order
to limit the investment cost. The total sugar supply is therefore
restricted by

Dy (Z?:lﬂfsﬁ) <51t3
(i)

where sf is the crisp boundary for the supplied sugar flux. This
boundary is equivalent to the total amount of glucose and xylose
supplied to the process, which is one of the investment costs. To
reduce the separation cost and environmental impact, two addi-
tional inequality constraints are considered to restrict the residual
glucose and xylose in the final stage as

(30)

Sg.n = Sg r (31)
Sxn < Sk (32)
where s8 . and s2 | are the crisp boundaries for the desired residual

glucose and xylose, which are used to limit the operation cost in a

follow-up ethanol separation process. The boundary values, sf, g r
and sx - must be assigned by a designer prior to solving the MOOP.

Much of the MOOP in the real world takes place in an envi-
ronment in which the designer knows the preferred goals and
boundaries in advance. Such a preference design problem is a
branch of decision-making problems. The weighted sum method is
a commonly used technique for solving a MOOP to obtain a Pareto-
optimal solution [34-36]. However, the weighted sum method
is not a preference technique, so the method cannot accommo-
date the designer’s pre-assigned preferred goals and boundaries.
Some preference techniques, such as nonlinear goal programming,
compromise programming and surrogate worth trade-off methods,
can be employed to solve the decision-making problem [35,36].
Such methods can be applied to solve crisp preference goals and
boundaries. However, in real-world applications, the goal for each
objective function and the boundary for each constraint are, in gen-
eral, interval boundaries rather than rigid values, so the problem
becomes a fuzzy or flexible optimization problem. Here, we intro-
duced a fuzzy goal attainment method to solve the optimal design
problem with an interval preference goal and boundaries towards
obtaining a compromise design.

3.2. Fuzzy goal attainment problem

The goal for each objective function and the boundary for each
constraintare, in general, interval boundaries, not rigid values. Such
an optimization problem can be formulated as a fuzzy optimization
problem [28,29,37,38]; that is, the designer can assign the inter-
val preferred goals, [ka ka] .k =1,2, 3, for each objective function
in Egs. (23)-(25) and the interval boundaries, [ka,fk“] k=4,5,6,
for each constraint in Egs. (30)-(32). In contrast to the above crisp
optimization problem, we soften the rigid requirements to strictly
maximize the objective functions and to strictly satisfy the con-
straints. As a result, the optimization problem is softened into the
following fuzzy preference goal problem

fuzzy rznea();fﬁ IiNid (33)
fuzzy rzllaf)z(fzg [sz,fZU] (34)
fuzzy max ;- N (35)

Here, the symbol “>" denotes a relaxed or fuzzy version of the ordi-
nary inequality “>". The crisp set of constraints, §2, consists of the
material balance equations of the process. The fuzzy maximization
means that the design is completely acceptable if the productivity
and conversions are greater than each corresponding upper bound,
ka Conversely, the design is completely unacceptable if the maxi-
mum productivity and conversions are less than the lower bound
ka When the productivity and conversions are between the inter-
vals [ka,ka] , k=1,2,3, this implies that the design criteria are
acceptable for some satisfaction.
The fuzzy inequality constraints are expressed as:

D] Zn_ ,BSfI

fa= W5 EXAENNd (36)
(i)

fS :sg,nf I:sé,rssg,r:l = I:fSL’f5U} (37)

f6:5x,n§ [S)L(rvsyr:l = I:stafGU} (38)

where the symbol “<” denotes a relaxed or fuzzy version of the

ordinary inequality “<”, and [f},f],k=4,5,6 are the interval

boundaries. The fuzzy inequality constraint means that the design
is completely acceptable if both sugar supply and the residual glu-
cose and xylose concentrations are less than the lower bounds,
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ka, k =4,5, 6. Conversely, the design is completely unacceptable if
both sugar supply and residual glucose and xylose concentrations
are greater than the upper bound, ka, k = 4,5, 6. When the sugar
supply and residual glucose and xylose concentrations are between
the intervals [f,f,f,f’] , k=4,5, 6, the design is acceptable for some
satisfaction.

The fuzzy goals for the ethanol productivity and conversion can
be quantified by eliciting membership functions from the designer.
The fuzzy maximization is stated such that the designer aims to
both achieve target values “substantially greater than or equal to
some interval” and determine the subjective membership function,
which is a strictly monotonically increasing function with respect
to f in the following way:

0; fi<ft k=1,2,3
M (fie) = { dis @Lsfksf,ff (39)
1 f <f

where ka or ka represents the value of f, such that the grade of the
membership function 7;(f) is 0 or 1 and the grades of the member-
ship for the intermediate function values are expressed by a strictly
monotonically increasing function, di, with respect to f.

For treating fuzzy inequality constraints, we proposed the fol-
lowing membership functions:

15 fkff,:-s k:47556
i) =1 d. fE<fi=<fl (40)
0, fizf!

where ka or k” represents the value of f; such that the grade of
the membership function, n;(fy), is 1 or 0 and the grades of the
membership for the intermediate function values are expressed by
a strictly monotonically decreasing function, d’y, with respect to f;.
If both objective functions and inequality constraints are less than
their lower bounds, the intersection for both membership functions
is zero. Conversely, if both objective functions and inequality con-
straints are greater than the upper bounds, the intersection for both
membership functions is still zero. The aim of fuzzy optimization
is therefore to find a maximum intersection for all member-
ship functions and desired boundaries within the preference
intervals.

Having elicited the membership functions from the designer
for each objective function and constraint, the fuzzy optimization
problem can be expressed as a maximizing fuzzy goal attainment
problem in the form

6
{ﬁk - nk(fk)} + :OZ (M — me(fi))

k=1

min7p = min max
zef2 ze$2 | k=1,2,3,4,5,6

(41)

Table 1

where 7p denotes an aggregation function defined on the crisp
search domain, §2. Several aggregation functions were introduced
in the textbook by Sakawa [36]. The value of the aggregation func-
tion canbe interpreted as arepresentation of the overall satisfaction
with the designer’s fuzzy goals. The first term of the aggregation
function is applied to determine the optimal trade-off solution that
is nearest to the ideal preference goal, 7, which indicates 100%
satisfaction. The second term is employed to avoid inspection of
a unique test for optimality, in which the constant p is a suffi-
ciently small positive value in the range of 10~-3-10->. The fuzzy
goal attainment approachis applied to find a satisfactory solution to
the Pareto set without yielding the Pareto frontier of the problem.

4. Results and discussion

Hybrid differential evolution (HDE) is applied to solve the fuzzy
goal attainment problem (41) to obtain a Pareto-optimal solution.
All the computations were performed on a personal computer, Intel
Core 2 CPU 2.13 GHz, using Microsoft Windows XP. The HDE algo-
rithm was implemented on Compaq Visual Fortran, and has to be
provided with four setting factors as follows: the crossover factor
was set to 0.5, two tolerances used in the migration were set to 0.05,
and a population size of 5 was used for all runs. In HDE, the muta-
tion factor is taken as a random number within [0, 1]. We applied
HDE with a multiplier-updating method that included an adaptive
penalty parameter strategy to solve the constrained problem. The
initial penalty parameters were set to 103. HDE has been success-
fully applied in several chemical process optimization problems
[28,29,31,37-39]. The HDE algorithm was discussed in detail by
Chiou and Wang [39]. To solve the fuzzy goal attainment problem,
we used the exponential membership function to judge the fuzzy
preference for each of the objective functions and inequality con-
straints. For each run, it was necessary to assign preference interval
boundaries for each objective function and inequality constraint,
as listed in Table 1. In the example, the reference membership
levels, n,, were set to one for each objective function and inequal-
ity constraint. This means that the designer would like to achieve
100% satisfaction for each objective function and inequality con-
straint. A determinant in finding a feasible solution to the fuzzy
goal attainment problem is the assignment of realizable preference
interval boundaries. Such preference interval boundaries are cho-
sen in terms of the designer’s experience with the process. It is not
possible to find a solution satisfying all objective functions and con-
straints if the assigned values are too strict. As a result, at least one
of the membership functions should be zero so the optimal deci-
sion 7}, is equal to one. If the optimal decision 7}, is between zero
and one, this implies that each membership function value n;(fi) is
also between zero and one. This situation indicates that the design
satisfies the optimal solution to some degree.

The optimal results for the three-stage integrated extractive fermentation process with various operation variables. The preference interval boundaries for objective func-
tion are assigned as [ IL,fIU] =15.0,20.0] and [ZLfZU] = [3Lf3U] =1[0.95, 1.0], and interval boundaries for constraints as [fj,fﬂ =[10, 40], [SL,fSU] =[0.1, 0.5] and

6

[fL,fGU} =[0.5, 1.0].The values in parentheses indicate the optimal grades of the membership function for each objective and constraint.

Case 1 2 3 4

Productivity (kg/m?> h) 4.249 (0.0) 6.311(0.132) 11.748 (0.573) 11.761 (0.574)
Glucose conversion 1.0(1.0) 1.0(1.0) 1.0(1.0) 1.0(1.0)
Xylose conversion 0.903 (0.0) 0.970 (0.527) 0.984 (0.784) 0.991 (0.882)
Sugar supply (kg/m? h) 9.836 (1.0) 14.299 (0.910) 26.503 (0.573) 26.477 (0.574)
Residual glucose conc. (kg/m?3) 3.906E-4 (1.0) 5.889E-5(1.0) 4.539E-5 (1.0) 1.827E-5 (1.0)
Residual xylose conc. (kg/m?) 1.340 (0.0) 0.956 (0.132) 0.370(1.0) 0.169 (1.0)
Dilution rate (h~1) 0.738 0.463 1.177 1.716

Fed sugar conc. (kg/m3) 40.0 92.603 67.532 52.790

Bleed ratio for each stage 0.2,0.2,0.2 0.2,0.2,0.2 0.077,0.077,0.077 0.041, 0.051, 0.057
Volume ratio 1.0,1.0, 1.0 1.0,1.0,1.0 1.0,1.0,1.0 1.0,1.24,1.18

Operation parameters aresetasay =z =z =1, f1 =1, B =3 =0,E; =E; =E3=6.93, {4, =0.01, {s = {, = 1.01, &1 = &, = &3 = 0.95, and A = 0.65.
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Table 1 shows the optimal solutions of a three-stage integrated
process using the various operation variables. In the first case, we
considered the dilution rate as the operation variable and set the
other operation variables as s;, = 40 kg/m3 and by = b, = b3 = 0.2,
i.e., the sugar is fed into the first bioreactor only, and the bleed
ratios are identical for each stage. The optimal dilution rate of
0.738 h~! was obtained by HDE. We obtained a total sugar supply
0f9.836 kg/m3 h and retained the residual glucose concentration of
3.906E—4 kg/m3 and xylose concentration of 1.340 kg/m3, which
is greater than the assigned upper bound, to yield the maximum
overall ethanol productivity of 4.249 kg/m?3 h, overall glucose con-
version of 1.0 and overall xylose conversion of 0.903. The overall
ethanol productivity and xylose conversion are less than their
desired lower bounds and residual xylose concentration is more
than the desired upper bound. As a result, the membership grades
for the objectives and constraint were zero. This result implies that
the design was completely unacceptable, because these objective
functions and constraints have a 0% satisfactory solution.

In the second case, the dilution rate and fed sugar concentra-
tion are considered to be the operation variables, i.e., z = [D1 s Sfy ] ,
and the other operation conditions are the same as those of the
first case. The optimal dilution rate decreased about 63% and the
fed glucose concentration increased about 2.32-fold relative to
that of the first case so that the maximum productivity obtained
(6.311kg/m3 h) increased by 148% over that of Case 1. In this
case, the objective function values and constraints are within their
desired interval boundaries, so that we obtain a 13.2% satisfactory
solution for all objective functions and constraints. In the third case,
we considered the bleed ratio for each stage to be equal (i.e., as
a single design variable), so that the operation variables consid-
ered in this case were z = [D1, Sf, b1] . The optimal dilution rate of

1.214h~1 was obtained by HDE. We obtained the total sugar supply
of 26.503 kg/m3 h and retained the residual glucose concentration
0f4.473E-5 kg/m3 and xylose concentration of 0.357 kg/m?3 to yield
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the maximum overall ethanol productivity of 11.749 kg/m3 h. In
this case, we obtain a 57.3% satisfactory solution for all objec-
tive functions and constraints. HDE with 10,000 generations was
applied to solve each case. The optimal solution for Case 3 is reached
using the total objective function call of 50,166 which is equiva-
lent to the CPU time of about 10.8 h on a personal computer. The
main computational time spends for solving differential equations
(about 10.3 h) towards achieving the steady-state values for eval-
uating the objective functions and constraints. In this study, the
subroutine IVMRK in IMSL Math/Library, which uses Runge-Kutta
pairs of various orders, is applied to solve differential equations.

This multiobjective optimization problem (MOOP) involves a
set of operation variables as expressed in Eq. (26). In many cases,
the decision-maker would be interested in knowing the sensitivi-
ties of the optimal design with respect to the operation variables.
This situation indicates that the decision-maker would like to know
variations to the optimal overall productivity, conversion and yield
due to the variations of any operation variables. The study of vari-
ations in the optimal solution is known as post-optimality analysis
or sensitivity analysis. In this case study, relative sensitivities are
defined as following and applied to evaluate the optimal design
problem.

%)
dz f¢
where z; is the jth operation variable as expressed in Eq. (26). Chen
and Wang [40] have introduced a modified collocation method
to evaluate both dynamic and static sensitivity analyses of bio-
logical systems. In this case, the method is applied to compute
the relative steady-state sensitivities for overall productivity, glu-
cose and xylose conversion, total sugar supply and residual glucose
and xylose concentration with respect to a change in an operation
variable. Fig. 2 shows the relative sensitivities for each operation
variable. The insensitive variables are not shown in the figure. We

k=1,...,6 (42)
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Fig. 2. Relative sensitivities of the overall productivity (f; ), glucose conversion (f,), xylose conversion (f3), total sugar supply (f4), residual glucose (f5) and residual xylose

concentrations (fs) with respect to the operation variables.
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Optimal results for the three-stage integrated extractive fermentation process with various lignocellulosic feedstocks. Each ratio A for fed glucose concentration to fed sugar

concentration is estimated from Jergensen et al. [41].

Feedstocks A fi (kg/m?h) f f fa (kg/m? h) fs (kg/m?) fo (kg/m?) Dy (h71) sri (kg/m?) b;
Agricultural waste
Rice straw 0.58 11.335 1.0 0.971 26.012 7.009E-5 0.584 1.605 48.626 0.059
Switch grass 0.60 11.669 1.0 0.973 26.660 6.852E-5 0.627 1.354 59.065 0.071
Corn stover 0.65 11.749 1.0 0.984 26.503 4.473E-5 0.357 1.214 65.476 0.074
Sugarcane bagasse
Wheat straw
Hardwood
Salix 0.74 11.851 1.0 0.993 26.297 2.560E-5 0.178 0.848 93.035 0.092
Cellulose wastes
Paper sludge 0.79 11.908 1.0 0.995 26.184 1.661E-5 0.098 0.767 102.384 0.086
Softwood
Pine 0.84 11.962 1.0 0.997 26.077 7.043E-6 0.038 0.813 96.250 0.062
Spruce 0.90 12.023 1.0 0.999 25.954 4.097E-6 0.008 0.956 81.427 0.051

observed that the dilution rate and fed sugar concentration are the
most sensitive variables with respect to the objective functions and
constraints. The overall productivity should be enhanced if both
dilution rate and fed sugar concentration increase. Meanwhile, the
residual glucose and xylose concentrations should be increased
more. As a result, the overall satisfaction for all objective functions
and constraints decreases. The relative sensitivities of the glucose
conversion with respect to each operation variable are very small,
which indicates that the glucose conversion is insensitive to the
operation variables. The total sugar supply is independent of each
bleed ratio because their relative sensitivities are zero. The volume
ratios, o and o3, and the ratio, A, for the fed glucose concentra-
tion to the fed sugar concentration seem to sensitive parameters
observed from Fig. 2. We therefore consider the volume ratios as the
decision variables in the optimization problem, and then to solve
the problem again. The optimal solution is also shown in Case 4 of
Table 1. The productivity and xylose conversion can be improved a
little compared with Case 3. The optimal results shown in Table 1
are considered as A =0.65, which is estimated from corn stover as
discussed in [41], we also consider various ratios to determine the
optimal design as shown in Table 2. Higher glucose ratio of the
feedstock can yield higher ethanol productivity and conversion.
We use Case 3 in Table 1 as example to explain the trade-off
effect for the optimization problem. We first fixed the optimal solu-
tion obtained from Case 3, except dilution rate, to compute the
overall productivity, conversion and constraints. Fig. 3 shows the
computational results of the overall productivity, xylose conver-
sion, sugar supply and residual xylose concentration with respect
tovarious dilution rates. Glucose is almost completely exhausted by
using various ratios of the dilution rate so that the glucose conver-
sion (f;) is nearly equal to one and residual glucose concentration
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Fig. 3. The overall productivity (f1), xylose conversion (f3), total sugar supply (fs),
and residual xylose concentration (fs) with respect to various ratios of dilution rate
to the optimal dilution rate.

(fs)is smaller than 3.0E—4. As aresult, both profiles are not shown in
this figure. Similarly, Fig. 4 shows the computational results of the
overall productivity, xylose conversion, sugar supply and residual
xylose concentration with respect to various fed sugar concentra-
tions, but the other operation variables are fixed at their optimal
values. From the computational results, we observe that the pro-
ductivity and residual xylose concentration increase, and xylose
conversion decreases as the dilution rate increases. At first look
from Fig. 3, we seem to be able to obtain the identical optimal
solution if we consider a single objective function f; and a single
constraint f, but the bounded value for the constraint needs to be
specified in advance. In real applications, some optimal values are
determined from optimization problems. We have to solve a series
of the single optimization problem with using various bounded
value for the constraint in order to achieve a trade-off solution.
In contrast, the fuzzy goal attainment method is applied to find the
trade-off solution between the intervals for the constraints. Table 3
shows a series of optimal solutions obtained from the crisp single
optimization problem with using various bounded values s for
the constraint fy. If the bounded value is specified at 26.503, which
was obtained from the optimal value by the fuzzy goal attainment
method, we can achieve the identical solution to that of Case 3 in
Table 1.

The mutation strategy in differential evolution and HDE uses the
difference between two or four mutually independent individuals
to create a search direction. As a result, the least population size
for HDE is 3 or 5, which includes the parent individual. In this case,
we also use the population size of 10 for HDE to solve the problem,
i.e., Case 3 of Table 1. We obtained the nearly identical solution,
but spent about 1.8-fold CPU time to that of Case 3 in Table 1. The
HDE algorithm is a stochastic optimization method, and its optimal
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Fig. 4. The overall productivity (f;), xylose conversion (f3), total sugar supply (fs)
and residual xylose concentration (fg ) with respect to various ratios of the fed sugar
concentration to the optimal value.
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Table 3
Optimal results for maximizing the single objective function f; with using various bounded value s:® for the constraint fj.
s fi (kg/m? h) f f3 fa (kg/m? h) f5 (kg/m?) fe (kg/m?) Dy (h71)
10 4.454 1.0 0.999 10.0 1.039E-6 8.020E-3 0.740
20 8.899 1.0 0.996 20.0 6.699E—6 0.048 1.694
26.503 11.749 1.0 0.984 26.503 4.149E-5 0.308 1.406
30 13.261 1.0 0.975 30.0 7.206E-5 0.442 1.743
40 14.783 1.0 0.957 33.635 1.340E-4 0.50 3.0
Table 4
Optimal results for the fuzzy optimization problem solved by HDE using different seeds to generate random numbers.
Run fi (kg/m? h) f2 f3 fa (kg/m? h) fs (kg/m?) fo (kg/m?) Dy (h71) sy (kg/m?) b;
1 11.748 1.0 0.984 26.503 4.589E-5 0.381 1.150 69.133 0.079
2 11.749 1.0 0.984 26.503 4.427E-5 0.349 1.240 64.125 0.073
3 11.749 1.0 0.984 26.502 4.282E-5 0.326 1.325 59.997 0.067
4 11.749 1.0 0.984 26.502 4.163E-5 0.310 1.397 56.896 0.063
5 11.749 1.0 0.984 26.503 4.455E-5 0.354 1.224 64.951 0.074
Mean 11.7488 1.0 0.984 26.5026 4.3832E-5 0.3440 1.2672 63.0204 0.0712
Std 44721E-4 0.0 0.0 5.4772E—-4 1.6444E-6 0.0273 0.0956 4.7159 0.0063

solution depends on random numbers. In this study, we used Com-
paq Visual Fortran (CVF) to implement the HDE algorithm so that
the default in CVF was applied to generate random numbers for the
stochastic searching. As a result, the optimal solutions for all com-
putations are obtained from one run of HDE. We also applied the
intrinsic procedure, RANDOM_SEED, in CVF to generate five differ-
ent seeds, and then ran the same problem five times. Table 4 shows
the optimal solution for each run. The mean of the five runs are
nearly identical to that of Case 3 in Table 1. The standard deviations
(std) for each item computed from the five runs are small.

The integrated process could be reduced into two simplified pro-
cesses. In the first simplified fermentation process, referred to as
continuous fermentation with cell recycling, each stage consists of a
bioreactor and a cell-recycling unit. The material balance equations
and the optimization formulation for the first simplified process
could be straightforwardly obtained from the integrated process
by assigning a value of zero to the extraction efficiency of each
stage. The second simplified process is the continuous fermentation
in series (i.e., the bleed ratio for each stage being one). Following
similar procedures, we obtained the optimal solutions as shown
in Table 5. For the continuous fermentations with cell recycling,
we obtained the optimal productivity of 10.81kg/m3 h, glucose
conversion of one, xylose conversion of 0.969 and total sugar
supply of 24.503 kg/m?3 h. In addition, we retained the residual glu-
cose concentration of 3.045E—5 kg/m? and xylose concentration of
0.337 kg/m3. The overall productivity for the first simplified pro-
cess (Process I of Table 5) is 8.0% less than that obtained for the

Table 5

The optimal results for continuous fermentation processes with/without cell recy-
cling. Process I is the continuous fermentation with cell recycling. Process II-a is the
three-stage continuous fermentation without cell recycling, and Process II-b is the
seven-stage continuous fermentation without cell recycling. The values in paren-
theses indicate the optimal grades of the membership function for each objective
and constraint.

Process I II-a 1I-b
Productivity (kg/m?3 h) 10.810(0.508)  0.886 (0.0) 1.055 (0.0)
Glucose conversion 1.0(1.0) 1.0(1.0) 1.0(1.0)
Xylose conversion 0.969 (0.508) 0.872(0.0) 0.899 (0.0)
Sugar supply (kg/m3 h) 24.503 (0.638) 2.073(1.0) 2.446 (1.0)

Residual glucose conc. 3.045E-5(1.0) 1.253E-4(1.0) 1.124E-9(1.0)

(kg/m?)
Residual xylose conc. 0.337 (1.0) 2.532(0.0) 2.279(0.0)
(kg/m?)
Dilution rate (h~1) 2.317 0.110 0.266
Fed sugar conc. (kg/m3)  31.717 56.458 64.364
Bleed ratio 0.032 1.0 1.0

integrated extractive fermentation with cell recycling, as shown in
Case 3 of Table 1, because ethanol is extracted from the extractor
in situ to alleviate product inhibition.

Process II-a in Table 5 shows the optimal solution for the three-
stage continuous fermentation without cell recycling. The overall
productivity for the integrated process was about 13-fold higher
than that of the second simplified continuous fermentation process
due to a lower dilution rate. Moreover, the residual xylose con-
centration of 2.532 kg/m3 did not satisfy the desired upper bound
such that the design was completely unacceptable. Krishnan [30]
carried out batch fermentation experiments using the yeast 1400
(pLNH33) to convert glucose and xylose to ethanol and obtained an
ethanol productivity of 0.91 kg/m?3 h, which was about equal to that
of the continuous fermentation process without cell recycling. In
terms of concentration characteristics, a continuously stirred tank
bioreactor in series is similar to a tubular reactor [42]. We therefore
considered a seven-stage continuous fermentation process without
cell recycling to evaluate the ethanol productivity. The optimal pro-
ductivity of 1.055 kg/m3 h, xylose conversion of 0.899 and residual
xylose concentration of 2.279 kg/m3 were obtained, as listed in Case
II-b of Table 5. These results did not satisfy the desired lower/upper
bounds such that the design was completely unacceptable.

5. Conclusion

Ethanol from lignocellulosic materials holds great promise as a
renewable fuel and has the potential to make a significant contribu-
tion to the solution of major renewable energy and environmental
problems. Lignocellulosic materials contain glucose and xylose as
the major fermentable sugars. Several cell culture strategies have
been applied to ethanol fermentation processes in order to improve
productivity. In this study, we introduced an integrated extractive
fermentation with cell recycling for ethanol production using the
genetically engineered Sacchromyces yeast 1400 (pLNH33), which
can utilize glucose and xylose as carbon sources to produce ethanol;
this strategy allows for maximum satisfaction for all design require-
ments, such as overall productivity, overall glucose and xylose
conversions, total sugar supply and residual glucose and xylose
concentrations. The trade-off multiobjective optimization is formu-
lated as a fuzzy goal attainment problem. In the case studies, we
considered the three-stage integrated process using various oper-
ation variables to determine optimal design. The optimal design
was achieved to the overall satisfaction of 57.3% if the dilution
rate, fed glucose concentration and bleed ratio were considered as
the design variables. The optimal productivity was 2.8-fold higher
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than that of the tradeoff optimal design problem using the dilution
rate as the only operation variable. The integrated process could
be reduced into two simplified processes. The integrated extrac-
tive fermentation with cell recycling involved extracting ethanol
from the extractor in situ to alleviate product inhibition such that
the optimal overall productivity was 8.0% higher than that obtained
by the continuous fermentation with cell recycling, and about 13-
fold higher than that of the continuous fermentation without cell
recycling.

The relative sensitivities for each objective function and its
constraints with respect to a change in each design variable
were evaluated based on their effects on variations in the opti-
mal design. We observed that the dilution rate and fed sugar
concentration are the most sensitive variables with respect to
the objective functions and constraints. The overall productivity
should be enhanced if both dilution rate and fed sugar con-
centration increase. Meanwhile, the residual glucose and xylose
concentrations should be increased more. As a result, the over-
all satisfactory grade for all objective functions and constraints
decreases.
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