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With the increasing attention toward sustainable development, biomass has been identified as one of the most promising
sources of renewable energy. To convert biomass into value-added products and energy, an integrated processing facil-
ity, known as an integrated biorefinery is needed. To date, various biomass conversion systems such as gasification,
pyrolysis, anaerobic digestion and fermentation are well established. Due to a large number of technologies available,
systematic synthesis of a sustainable integrated biorefinery which simultaneously considers economic performance, envi-
ronmental impact, and energy requirement is a challenging task. To address this issue, multiobjective optimization
approaches are used in this work to synthesize a sustainable integrated biorefinery. In addition, a novel approach
(incremental environmental burden) to assess the environmental impact for an integrated biorefinery is presented. To
illustrate the proposed approach, a palm-based biomass case study is solved. © 2014 American Institute of Chemical

Engineers AIChE J, 61: 132-146, 2015
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Introduction

Fossil fuel is considered as the focal point of industrializa-
tion and has cemented itself as a major precursor or feed-
stock for commodity, bulk and specialty chemicals
production. However, due to the vast consumption of fossil
fuels, the levels of carbon dioxide and greenhouse gases in
the atmosphere have increased over the years.! With the
attention shifting to idea of sustainable energy production,
many researchers have identified biomass as a cure for the
addiction toward fossil fuel.>* A renewable resource such as
biomass has high potential to meet chemical and energy
demands while minimizing environmental impact as well as
increasing sustainability.4 Recent research works have shown
that derivatives from biomass feedstock such as biofuels and
biochemicals impose much lower carbon footprint as com-
pared to their fossil fuel derived counterparts.”

To provide a sustainable supply of biofuels and biochemi-
cals, the design of an integrated biorefinery plays an impor-
tant role.’® An integrated biorefinery is established as a
processing facility which integrates multiple biomass conver-
sion processes to produce biofuels, biochemicals, and
power.® Research works have been conducted to further
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improve the performance of individual biomass conversions
with detailed techno-economic studies and optimization.
Some of the areas explored in the previous works include
heat and power generation,” bioalcohol production,® and bio-
diesel production.9 In addition, more biomass processing
technologies such as gasification, pyrolysis, Fischer—Tropsch
synthesis and methanol synthesis are getting mature and
implemented in the industry. However, as more processing
technologies become established, it would be increasingly
complex to design an integrated biorefinery. This is due to
the increase in the degree of freedom in feedstock and prod-
uct selection, the processing technologies, energy consump-
tion as well as environmental impact.

In view of the aforementioned issues, the challenge in the
synthesis and design of an integrated biorefinery is to assimi-
late multiple processing technologies as well as identify
potential pathways based on various criteria. To address the
aforementioned issues, Kokossis and Yang10 highlighted the
pivotal role of systematic approaches to enhance screening
capabilities in synthesizing and designing integrated biorefi-
neries. Later, Kokossis and Yang'' presented the potential of
system tools in providing solutions for complex biorefinery
design problems. In this respect, several systematic
approaches such as P-graph method,'> C—H—O ternary dia-
gram approach,'? thermodynamic feasibility approach'* and
automated targeting15 "1 have been proposed.

Conversely, several systematic approaches proposed have
considered chemical reaction pathway synthesis method.'”"?
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As shown in previous works, chemical reaction pathway syn-
thesis is recognized as the most important element in screen-
ing potential pathways. Conventionally, the chemical process
design cannot proceed without determining the reaction path-
way based on a comprehensive comparison of available alter-
natives.”” However, such a comparison is difficult to be
performed in the synthesis of biorefineries as such systems
have unique features, making them more difficult to synthe-
size. This is mainly due to the complexity of the structure
and varying composition of biomass feedstock.?! Therefore,
past contributions in the area of chemical reaction pathway
synthesis for conventional process design cannot be applied
directly in the synthesis of integrated biorefineries. Viewing
such limitations, various works have been presented to
address this issue. For example, Ng et al.?' proposed a hier-
archical approach (Evolutionary Technique and Forward-
Reverse Synthesis Tree) for synthesis and analysis of reaction
pathways in an integrated biorefinery. Later, Bao et al.”
developed a systematic approach based on a superstructure
model to determine the potential technology pathways to syn-
thesize an integrated biorefinery. Conversely, Hechinger
et al.>® developed an integrated approach which combined
two methodologies known as the Reaction Network Flux
Analysis (RNFA) and Computer-Aided Molecular Design to
produce biofuels. Voll and Marquardt®® also adapted the
RNFA method to systematically identify and rank large num-
ber of alternative reaction pathways for a biorefinery based
on limited data. Later, Pham and El—Halwagi25 introduced a
two-stage approach to synthesize and optimize integrated bio-
refinery configurations. Ponce-Ortega et al.?® further extended
the previous work® to include disjunctive programming for
optimization of reaction pathways in a biorefinery. Besides,
Kelloway and Daoutidis”’ presented a systematic analysis
which uses Monte Carlo sampling to explicitly evaluate and
compare different reaction pathways in the synthesis of biore-
fineries. Meanwhile, Murillo-Alvarado et al.?® also presented
a systematic approach to identify optimal reaction pathways
of a biorefinery, taking into account of feedstock and product
selection. Recently, Gong and You? developed a detailed
superstructure of algal biorefinery processes for carbon
sequestration and utilization. Based on the superstructure, the
optimal design algal biorefinery is determined by minimizing
the unit carbon sequestration and utilization costs.

As shown in literature, various criteria or objectives (e.g.,
economic performance, environmental impact, process
safety, etc.) have been considered for the synthesis of an
integrated biorefinery. For instance, Sammons et al.*® devel-
oped a flexible framework to optimize the gross profit (GP)
of different production pathways for a biorefinery. Later,
Sammons et al.*! developed a framework for optimizing
product portfolios and process configurations in an integrated
biorefinery. This work was then extended further to deter-
mine optimal processing routes based on net present value
(NPV) with environmental constraints.*> Zondervan et al.*®
presented an optimization model that optimizes yield, waste,
and fixed cost. Viewing that most works are restricted to
steady state conditions, Tay et al.>* and Tang et al.» adapted
a robust optimization approach to synthesize an integrated
biorefinery which considers uncertainties in supply and
demand of biomass feedstock. Morales-Rodriguez et al.*®
also considered uncertainties such as uncertainties in market
prices and subsidy policies to evaluate the economic feasibil-
ity of a lignocellulosic ethanol biorefinery.
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However, it is noted that the aforementioned works are
limited to a single optimization objective. To synthesize a
sustainable integrated biorefinery, multiobjective optimiza-
tion should be used to trade off different perspectives simul-
taneously (e.g., economic performance, environment impact,
process safety and health, etc.). Tan et al.*’ adapted fuzzy
optimization to determine optimal biofuel system configura-
tions based on different environmental impact categories.
Later, Tan et al.*® further extended the fuzzy optimization
approach to determine optimal bioenergy system configura-
tion subject to three footprint metrics, which are land use,
water and carbon footprints. Tay et al.** also adapted the
fuzzy optimization approach to determine an optimum inte-
grated biorefinery, considering economic and environmental
objectives simultaneously. Meanwhile, Shabbir et al.* pre-
sented a hybrid optimization approach to synthesize a
gasification-based integrated biorefinery with consideration
of economic and environment impact. Gebreslassie et al.*!
developed a comprehensive superstructure of an algal bio-
refinery for biofuel production. In addition, a multiobjective
problem was solved using a heuristic algorithm and a
Pareto-optimal curve was obtained. The Pareto-optimal curve
indicated the trade-off between NPV and global warming
potential (GWP).*' Similarly, Zhang et al.** adapted the
e—constraint method for the synthesis of a hydrocarbon biore-
finery based on NPV and GWP objectives. Recently, some
works have addressed additional objectives such as invest-
ment costs,>”* carbon efﬁciency,27 and process efﬁciency43
for an integrated biorefinery. Conversely, several works have
considered aspects such as selection of biomass feed-
stock,”®** processing steps,”® process internal demands,*’
process safety,*®*” inherent occupational health,*” and pro-
cess life cycle.‘m’49

Despite the usefulness of the aforementioned works, sev-
eral improvements can be introduced. For example, a num-
ber of contributions focused on a biorefinery which produces
a single product from a single feedstock.***> Meanwhile,
some works gave focus only to the selection of thermochem-
ical pathways such as gasification,***’ fast pyrolysis,*'"*®
and hydrocracking‘lg’49 for an integrated biorefinery. Since
biochemical pathways such as fermentation and hydrolysis
are also available for selection, a wide range of biomass
feedstock and products can be considered in the synthesis of
an integrated biorefinery.

Note that most of the environmental considerations in pre-
vious works adapted the life cycle assessment (LCA) meth-
odology to evaluate the environmental burden of a
synthesized integrated biorefinery with feedstock such as
corn stover,” bagasse,*” hybrid poplar,*® sugar cane, wood
chips, wheat straw, jatropha, and algae.”®**** Based on the
LCA methodology, the potential environmental impacts asso-
ciated with inputs and outputs of every stage in a given life
cycle are determined. For each stage, the inputs and outputs
are calculated and aggregated over the life cycle. These
inputs and outputs are then converted into their effects on
the environment and the sum of these environmental impacts
represents the overall environmental effect of the life cycle
for a given product or pathway. This means that the applied
LCA method does not consider the incremental increase or
decrease in environmental impact for a given pathway. For
instance, if a chemical reactant of high environmental impact
is converted into a product of low environmental impact, it
is noted that the LCA method is unable to determine the
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Table 1. Environmental Burden Calculation for Pathway 10

Reaction 2CH,y 5C0, 4CH;COOH 2H,O

Tonne mole 2.00 5.00 4.00 2.00

Molecular weight 58.00 44.00 60.00 18.00
Mass (Tonne) 116.00 220.00 240.00 36.00
o (Tonne/Tonne Product) 0.48 0.92 1.00 0.15
PF (kg of CO, equivalent) 0.00 1.00 0.00 0.00

In the above table, the chemical species CH;COOH represents the main
product while H,O, C4H;o, and CO, represent the side product and reactants,
respectively, for Pathway 10.

changes of environmental impact within a reaction pathway.
As such, it is vital to develop an assessment approach to
which is able to determine the incremental environmental
burden within a reaction pathway. With such assessment,
pathways that can potentially turn harmful emissions from
other industries (e.g., carbon monoxide [CO], CO,, etc.) into
value-added products can be identified to synthesize a more
environmentally friendly integrated biorefinery.

Conversely, the multiobjective optimization models in pre-
vious works have only considered economic,””** environ-
mental,*** and process safety*®* objectives. According to
Executive Order 13514 released by Environmental Protection
Agency in 2012, it is important of industrial processes to
reduce energy intensity. Therefore, energy consumption
within the synthesized integrated biorefinery should also be
taken into consideration.

To address the aforementioned issues, a systematic multiob-
jective optimization approach is required to synthesize an inte-
grated biorefinery which considers economic, environmental,
and energy performances simultaneously. As mentioned previ-
ously, chemical reaction pathway synthesis is identified as the
most important element in screening pathways for a biorefi-
nery. Therefore, this work presents a systematic approach that
will enable decision makers to evaluate different reaction path-
ways in biorefinery to maximize economic performance while
minimizing environmental impact and energy consumption.
The proposed approach also accounts for different types of
available biomass feedstock with varying composition of lignin,
cellulose, and hemicellulose. Besides, a novel approach referred
as Incremental Environmental Burden Assessment (IEBA) is
introduced to quantify environmental impact of a given reaction
pathway in an integrated biorefinery. This new approach allows
computation and identification of reaction pathways that reduce
or increase total environmental impact for an integrated biorefi-
nery. Lastly, potential reaction pathways differ in their heat of
reaction due to different reaction yields as well as various com-
binations of reactants. As such, heat of reaction is used to ana-
lyze the energy consumption for a given reaction pathway.
This method of analysis becomes important especially when
the reaction pathways compared do not start from the same
biomass feedstock or do not form the same product.

Incremental IEBA

In the synthesis of an integrated biorefinery, it is possible to
produce a product via various reaction pathways. Within these
reaction pathways, the reactants and products involved would
potentially impose an environmental impact. To examine and
compare the environmental impact among reaction pathways,
environmental impact scores are assigned to each pathway. In
cases where the environmental impact may be approximately the
same, the incremental environmental impact can vary consider-
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ably depending on the pathways chosen. For instance, ethanoic
acid can be produced via Monsanto Process by reaction of metha-
nol and CO. The environmental impact score and incremental
environmental burden calculated for this pathway is +1.40 tonne
CO, equivalent and —1.40 tonne CO, equivalent per tonne of
ethanoic acid, respectively. An alternative pathway involving oxi-
dation of butane imposes an environmental impact score of
+0.92 tonne CO, equivalent and incremental impact score of
—0.92 tonne CO, equivalent per tonne of ethanoic acid. The con-
version rates for the aforementioned pathways are 99% and 82%,
respectively. From here, it can be said that the pathway with the
least environmental impact score would be the oxidation of
butane. However, when both pathways are compared on the basis
of incremental environmental burden, the Monsanto Process
takes precedence due to its higher incremental decrease in envi-
ronmental impact. Moreover, the higher conversion rate in the
Monsanto Process indicates that most of the reactant with high
environmental impact (e.g., CO) is consumed to produce a prod-
uct with low environmental impact. Therefore, it is necessary to
identify not only if a given pathway has a low environmental
impact but also which would be most desirable in terms of its
incremental environmental burden.

IEBA is an approach introduced to assess the incremental
environmental burden by quantifying reactants and products
associated with each reaction pathway. Analogous to the
approach presented by Seider et al.”® (which estimates the
economic potential of a particular reaction via cost factors),
IEBA wuses environmental potency factors®' to calculate
incremental environmental burden scores for each pathway
based on per tonne of product formed. With this approach,
pathways that help reduce environmental impact can be iden-
tified to synthesize an integrated biorefinery. This becomes
important especially when reaction pathways involve con-
verting chemical reactants of high environmental impact into
products of low environmental impact. To illustrate the con-
cept of this novel approach, the following equations are used
to determine the incremental environmental burden score for
a particular pathway J;

Given that

Potency Factor (tonne of CO, equivalent) = PF

. (tonne of Component

Component to Product Ratio P =
tonne of Product

The incremental environmental burden score for Pathway

J' is calculated using Eq. 1

- tonne of CO, equivalent :ZaProduclPFPmduct
Y tonne of Product

(1)
Reactant
B § /‘ o PFReactam

Note that a negative incremental environmental burden
score represents a pathway that reduces environmental impact,
while a positive value indicates its contribution in the impact
on the environment. Note also that the boundary for this
approach is within each respective reaction pathway. A quan-
titative representation of this approach is shown in Table 1.

Problem Statement

With various reaction pathways available, the design of an
integrated biorefinery can be a highly complex problem. The
synthesis problem addressed is stated as follows: Biomass feed-
stock 7 € I with the flow rate of RlI.j and its composition of lignin,
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Figure 1. Superstructure for an integrated biorefinery.
cellulose, and hemicellulose (xHignn, yCellulose Hemicellulosey - o
be converted to intermediates k € K through pathways j € J at a
given conversion rate V., - Intermediates k with flow rate R} iy can
be further converted to products kK € K' via pathways j € J' at a
given conversion rate Vk 7~ The total production rates of inter-
mediates £ and products K are represented by 7™ and 754,
respectively. In this work, three objective functlons (economlc,
environmental, and energy performance) are taken into consider-
ation in synthesizing an integrated biorefinery. The economic
performance is determined by gross profit (GP™™) of an inte-
grated biorefinery. Besides, the environmental impact of an inte-
grated biorefinery is evaluated by the total environmental burden
(EB™™). Meanwhile, the energy consumption of the integrated
biorefinery is determined using the summation of reaction heat
(H™). The key problem lies within the three objective func-
tions as they are often conflicting in nature. Due to such conflic-
tion, it is necessary to develop a systematic approach to
synthesize a sustainable integrated biorefinery with maximum
economic performance, minimum environmental impact, and
energy consumption simultaneously. In this work, bilevel optimi-
zation and fuzzy optimization are alternative approaches adapted
to optimize the three aforementioned objective functions simulta-
neously. A detailed description of the developed model is pre-
sented in the following sections.

Optimization Model

Figure 1 illustrates a general superstructure of an inte-
grated biorefinery with biomass feedstock B processed
through pathways j to form intermediates k, and by addi-
tional conversion to intermediates k' via pathway j. The
flow rates of biomass (R ) intermediates (Rkj) and products
(TFrody are also included m the optimization model. Equation
2 below represents the splitting of biomass feedstock to all
potential pathways in the j level

B}°=Y"Rj Vi )
J

After being processed in pathways j, biomass feedstock
BB is converted to intermediate & at a given conversion rate
of V}jk to give a total production rate of 7{"°". The equation
for total production of intermediates & is given by

T =SS (RVE) vk 3)
J i

Consequently, intermediates k are spread to potential path-
ways at level j/ for further conversion to products &’. The
constraints for splitting are given in Eq. 4 while the total
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production of product k' (TF%) at a given conversion rate
Vi is given by Eq. 5

TInter — Z RH- Yk ( 4)

Thod = ZZ (REVE) WK s)

In this work, the objective is to synthesize an integrated
biorefinery with maximum economic performance, minimum
environmental burden, and energy consumption. To deter-
mine the economic performance, GP is utilized and deter-
mined via Eq. 6

GPTotal — Z ProdCProd ZB?iOC?iO (6)
k' i

Cl°dis the cost of the end product while CP is the cost

of blomass feedstock.

Conversely, the environmental burden is one of the critical
parameters to be considered when designing an integrated
biorefinery. As shown previously, to determine the environ-
mental burden posed by pathways j and j, standardized
incremental environmental burden scores E;; and Ejyp are
assigned, respectively. With these scores calculated from Eq.
1, the total environmental burden, (EBT"“‘I) for an integrated
biorefinery can be determined via Eq. 7. Note that a negative
EB™ represents an environmentally friendly biorefinery,
while a positive value indicates its contribution toward the
impact on the environment

EB™ =305 (R ER) + 30 S5 (R Vi)
TR Kok

@)

According to literature, there are different assessment
methods that can be adapted to measure environmental bur-
den scores such as IEBA and Waste Reduction algorithm.
Therefore, Eq. 7 can be modified based on the chosen
method of measurement.

Apart from that, it is important for an integrated biorefi-
nery to operate at minimal energy consumption. Since the
focus of this work is on the reaction pathways of an inte-
grated biorefinery, the heat of reaction would be taken as the
analysis for energy consumption of a given pathway. To
determine the total production of reaction heat for pathways

jand j/, Eq. 8 is included in the model

=350 (R VA PRBD (RE Vi Hige)
J i
®)

H,j and Hyyp are heats of reaction for pathways j and ',
respectively. It is also noted that Eq. 8 can be modified
according to chosen measurement of energy consumption for
a given pathway.

As mentioned previously, the objective of this work is to
synthesize a sustainable integrated biorefinery with maxi-
mum economic performance, minimum environmental
impact, and energy consumption simultaneously. To achieve
this, it is necessary to formulate the reaction pathway synthe-
sis problem as a multiobjective problem. In this respect, this
work presents two alternative approaches to address the
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multiobjective problem which include bilevel optimization
and fuzzy optimization.

Bilevel optimization

Bilevel optimization was introduced based on a static
Stackelberg game with leader-follower strategy.52 In a
leader-follower scenario, the leader’s optimization task is
modelled at the upper level, constrained by the follower’s
optimization task at the lower level.”® Bilevel optimization
problems often appear as leader-follower problems and the
basic principle is to have the main optimization problem
optimized while recognizing that the second level prob-
lems are independently optimised.” This means that the
second level problem is required to be an optimal solution
to solve the main optimisation.’® The applications of this
approach can be found in a number of research areas such
as design of reliable process networks,® supply
chains,””*® production planning,’”®® and water network
synthesis.”*

Bilevel optimization approach is incorporated in this work
to synthesize an integrated biorefinery with maximum
achievable economic performance while keeping to environ-
mental burden and heat of reaction constraints. For this
work, the second optimization problems (followers) would
be Egs. 9 and 10

maximize GPTo@!

maximize EBT% = Z Z Z (R}jvl!jkEijk)
o
222 (RE Vi )
T
maximize H™® = ; ; Z (R,I‘jVinkH ijk)
PSS (Rl et
~ 5

The optimal solutions attained would serve as equations
for the main optimization problem (leader), which is taken
from Eq. 6 and is maximized as shown in Eq. 11

maximize GPT® = ZT,erdC,;P,“’d— Z BBCBo  (11)
K i

(C))

(10)

However, incorporating these two equations alone would
not aid in solving the main optimization problem in Eq. 11
as it may stretch the optimization to infeasible regions of
EB™% and H™ (discussed in the section on Range of Fea-
sibility). Therefore, a weighting factor W is introduced to the
secondary optimization problems to help ease the primary
optimization problem in Eq. 11. As a result, the formulation
is shown in the following

— § T/l:,deErOd_E B?IOC?IO

K

L

subject to {WEB X minimize BT =%"%"%" (RII»jV}jkE,-jk) 3N (R{;-,V,g,k,Ekj/kf) } and
k J i Koo k
{WH x minimize H'4 =3 (REVEHi ) + 30 (REVi Hi) }
7 7k

The weighting factors reflect the preference structure of
the designer or decision maker and offer an advantage in
terms of simplicity.’

Fuzzy optimization

The application of the fuzzy set theory in optimal
decision-making was introduced by Bellman and Zadeh.®
Zimmermann® then extended this application by integrating
it into mathematical programming containing multiple objec-
tives. In this approach, a trade-off between multiple objec-
tives is made possible by introducing a continuous
interdependence variable 4 which is known as the degree of
satisfaction. Every objective will be satisfied partially at least
to A, hence, integrating the multiple objectives into a single
parameter within the model.

The fuzzy optimization approach has been evidently used
in the synthesis of integrated biorefineries. For example, Tan
et al.*® employed the fuzzy approach to synthesize an opti-
mal bioenergy supply system in terms of biomass production
and environmental footprints. Later, Tay et al.*® applied this
approach to synthesize an integrated biorefinery considering
economic and environmental performances for a kraft pulp
and paper industry. Kasivisvanathan et al.®* also adapted the
fuzzy approach in retrofitting an integrated biorefinery to an
existing palm oil mill which fulfils economic and environ-
mental objectives. Ng et al.*’*> developed multiobjective
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optimization models which considered economic, environmen-
tal, inherent safety, and inherent health objectives for a palm
oil processing complex. The fuzzy optimization approach has
also been adapted in other areas such as water network syn-
thesis™* as well as carbon capture and storage planning.66

In this work, fuzzy optimization is adapted by introducing a
degree of satisfaction A for economic performance, environ-
mental burden, and heat of reaction objectives. It is assumed
that the specified fuzzy goals in this model possess a linear
membership function between upper and lower limits.> To sat-
isfy the aforesaid goals simultaneously, the optimization objec-
tive is to maximize A (as shown in Eq. 12) subject to preset
upper and lower boundaries as shown in Egs. 13-15

maximize A (12)
whereby

GPTotal _ GPTotal L

GpToal, U_GpToail = 13)
EBTotal,U _EBTmal
ERTotal,U _ ppTotal L = Z (] 4)
HTotal,U _ HTotal
> 2 (15)

J{TotallU _ fyTotal, L. —
Since / is a continuous variable ranged between 0 to 1

Eq. 16 is also included in the optimization model
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Table 2. Lignocellulosic Compositions of EFB”®

Composition

Components (% of Dry Matter)
Lignin 39.00
Cellulose 22.00
Hemicellulose 29.00

0<ai<1 (16)

Based on the equations above, A reaches 1 when the syn-
thesized biorefinery achieves a GP™! higher or equal to its
upper limit, GP™% U 1n addition, / reaches 1 when both
EB™ and H™ approach minimum values, EB™*"  and
H™ L respectively. With . representing the interaction
between the three objectives, the highest A indicates highest
satisfaction of each objective in fuzzy optimization. This
means that GP™! will approach its upper limit, while EBT*
and H™" would tend to their lower limits by maximizing the
degree of satisfaction (4 close to 1). Based on the max—min
aggregation rule, the maximum of all objectives will be deter-
mined. Note that the targets will most likely signify only par-
tial satisfaction of the goals. Hence, the result corresponds to
a compromised solution.®”

To illustrate the proposed approach, a palm-based biomass
case study is solved with constraints from Egs. 1-10 via
bilevel and fuzzy optimization. Following this, the results
are then evaluated via sensitivity analysis.

Case Study

To date, Malaysia is responsible for 39% of world palm oil
production and 44% of world exports.®® Being one of the big-
gest producers and exporters of palm oil and palm oil prod-
ucts, Malaysia in fact can contribute by substantially
harnessing a sustainable resource management, in the form of
a biorefinery with palm-based biomass as its feedstock.®® This
case study focuses on palm-based biomass feedstock known as
empty fruit bunches (EFB), with lignocellulosic composition

as shown in Table 2 and feed of 50,000 tonnes per year. For
this case study, a simple superstructure is developed (shown in
Figure 2) based on the reactions listed in Table 3. The path-
ways consist of reactions from biochemical and thermochemi-
cal platforms. The end products chosen for this work are
alcohols, acids, and alkanes as they are common homologous
groups produced for various applications such as transporta-
tion fuels and edible oils.”®"? It is noted that the developed
superstructure can be revised to incorporate more comprehen-
sive network structures to synthesize an integrated biorefinery.
The objective of this case study is to select reaction pathways
which maximize economic performance while minimizing
environmental burden and heat of reaction.

As mentioned previously, economic, environmental, and
energy performances are determined via Eqs. 8, 9, and 10,
respectively. The market price of products and biomass feed-
stock is shown in Table 4. Note that, these prices can be
revised according to current market prices for each product to
produce an up to date economic analysis. To determine the
environmental and energy performance, Table 5 contains envi-
ronmental and energy performance measures for each path-
way. Note also that the measure energy consumption is based
on heat of reaction. All pathways release heat (exothermic) or
require heat (endothermic) for reaction. The reaction heat for a
particular pathway, (H;;) can be determined by obtaining the
difference between the heat of formation of products
(H;,r:’dm‘f ) and reactants (Hil},fmam’f ) as shown in Equation 17.
It is noted that v; and v are stoichiometric coefficients of each
reactant and product respectively. Note also that the Equation
17 determines the raw total of reaction heat for each pathway
J. Similarly, Equation 17 can be revised to determine the raw
total of reaction heat for each pathway j'(Hy;')

Hijk — VkHProducl,f_ V_HReactant.f (17)

ijk ik Vi vjvk

However, data on the heat of formation for biomass feed-
stock is not available due to the different compositions of
cellulose, hemicellulose, and lignin. Despite this, the heat of
formation for a particular biomass feedstock can be

6
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Figure 2. Production of alcohols, acids, and alkanes from lignocellulosic biomass.
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Table 3. List of Pathways and Yield

Yield or
Pathway Process Product Conversion (%)
1 Pyrolysis Syngas 94.00
2 Gasification Syngas 90.00
3 Conversion of Syngas to Alcohols Methanol, Ethanol 16.10
4 Conversion of Syngas to Alcohols Methanol, Ethanol 14.80
5 Hydrogenation of CO Methanol, Ethanol, Propanol, Butanol 19.00
6 Anaerobic Digestion Methane 40.00
7 Water Gas Shift Reaction Syngas 100.00
8 Reaction of Methane with CO, Syngas 100.00
9 Oxidation of Methane Syngas 100.00
10 Oxidation of Butane Methanoic Acid, Ethanoic Acid 82.00
11 Monsanto Process Ethanoic Acid 99.00
12 Ammonia Explosion Sugars, Lignin 98.00
13 Alkaline Hydrolysis Sugars, Lignin 90.00
14 CO, Explosion Sugars, Lignin 75.00
15 SO, added Steam Explosion Sugars, Lignin 95.00
16 Acid Hydrolysis with Suphuric Acid Sugars, Lignin 10.70
17 Acid Hydrolysis with Toluenesulphonic Acid Sugars, Lignin 9.20
18 Acid Hydrolysis with Phosphoric Acid Sugars, Lignin 16.80
19 Steam Explosion Sugars, Lignin 49.20
20 Organosolv Separation Lignin 79.00"
21 Organosolv Separation Sugars 97.00*
22 Autohydrolysis HMF 90.90
23 Dehydration of Sugars Furfural 40.90
24 Yeast Fermentation Ethanol 61.90
25 Bacterial Fermentation Ethanol 41.00
26 Hydrogenation of Furfural THFA 98.20
27 Hydrogenation of THFA 1,2-PeD, 1,5-PeD, PeOH 94.10
28 Hydrogenation of THFA 1,2-PeD, 1,5-PeD, PeOH 39.30
29 Hydrogenation of THFA 1,2-PeD, 1,5-PeD, PeOH 30.60
30 Hydrogenation of CO Butane 18.00
31 Fischer—Tropsch Butane 80.00

“Separation Efficiency.

estimated using heat of combustion of cellulose, hemicellu-
lose, and lignin, respectively. Based on the heating values
given by Wooley and Putsche,” the following demonstrates
how the heat of formation is calculated for the lignin compo-
nent of biomass

C73H1390; 3 + 10.1250, — 6.95H,0 + 7.2 CO,
AH?=3265.48 kJ/mol
(6.95H™:0 +7.3H 2 ) — (10.125H°>/ + Hlignin-f)
=3265.48 kJ/mol
Hbienin.f = —8120.87 kJ/mol

It is noted that the same procedure is repeated for cellu-
lose and hemicellulose components based on their respective
heating values. With the heats of formation for each compo-
nent estimated, the thermodynamic mixing rule shown in
Eq. 18 enables the heat of formation for biomass to be deter-
mined. As a result, the formulated model can now cater for
varying compositions of biomass feedstock

HBlo,f — xnganngmn,f _i_XCelluloseHCellulosetf

. . , (18)
+ xHeml-CelluloseHHeml-cellulose,f

In this case study, the following five scenarios are consid-
ered in synthesizing an integrated biorefinery;

1. Design for maximum economic potential

2. Design for minimum environmental burden

3. Design for minimum heat of reaction
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4. Design considering the three conflicting objectives via
bilevel optimization

5. Design considering the three conflicting objectives via
fuzzy optimization

The first three scenarios are shown to determine the upper
and lower limits of each objective function. Using these lim-
its, the last two scenarios are performed to trade off the three
conflicting objective functions. In this case study, a linear
programming model is formulated for all five scenarios. All
scenarios are solved using the commercial optimization soft-
ware LINGO version 13, in Dell Vostro 3400 with Intel
Core i5 (2.40GHz) and 4GB DDR3 RAM in an average time
of 0.1 s of Central Processing Unit (CPU) time.

Table 4. Price of Products and Raw Material

Revenue from Final

Final Product Product (U.S.$) per tonne

Methanol 450.00
Ethanol 1200.00
Butanol 2094.40
Pentanol 2700.00
Pentanediol 9700.00
Methanoic acid 800.00
Ethanoic acid 620.00
Methane 160.00
Ethane 423.50
Butane 2340.00

Cost of Raw Material
(U.S.$) per tonne
170.00

Raw material

Biomass (EFB)

January 2015 Vol. 61, No. 1 AIChE Journal



Table 5. Summary of Environmental Burden Scores and
Heat of Reactions

Emissions
(Tonne of CO,
Equivalent/Tonne Heat of Reaction
Pathway of Product) (MJ/Tonne of Product)
1 64.00 calculated based on
biomass composition
2 232.00 calculated based on
biomass composition
3 —24.07 —5847.28
4 —24.07 —8418.47
5 —25.57 —5566.52
6 21.00 calculated based on
biomass composition
7 —42.00 103095.00
8 —53.00 123675.00
9 —=79.50 —17765.00
10 —-0.92 —3318.17
11 —1.40 —2866.17
12 2.56 calculated based on
biomass composition
13 0.00 calculated based on
biomass composition
14 11.00 calculated based on
biomass composition
15 0.00 calculated based on
biomass composition
16 0.24 calculated based on
biomass composition
17 0.00 calculated based on
biomass composition
18 0.00 calculated based on
biomass composition
19 0.00 calculated based on
biomass composition
20 0.00 calculated based on
biomass composition
21 0.00 calculated based on
biomass composition
22 0.00 —3505.43
23 0.00 11438.38
24 0.00 225.65
25 0.00 225.65
26 1.96 —2183.23
27 0.00 —1500.74
28 0.00 —1500.74
29 0.00 254.01
30 —25.57 —4414.83
31 15.75 —3555.00

Scenario 1: Design for maximum economic potential

In this scenario, an integrated biorefinery was synthesized
by solving the presented optimization model constraints
(Egs. 1-10) using the optimization objective in Eq. 19 and
parameters listed in Tables 2—5. The model formulated in
this scenario consists of 72 continuous variables and 83
constraints.

maximize GPTO®! (19)

Based on results obtained, the maximum GP™4 is found to
be U.S. $92.42 million (per annum). This indicates the path-
ways that spawn the highest profit. Besides that, the total envi-
ronmental burden, EBT®™ and total heat of reaction H ! were
found to be +1.09 million tonne of CO, equivalent (per annum)
and —1.22 X 10'° MJ (per annum), respectively. The pathways
selected in this scenario are from the biochemical platform.
These pathways are Pathway 12 (Biomass Pretreatment), 20
and 21 simultaneously (Organosolv Separation), 23 (Dehydra-
tion of Sugars), 26 (Furfural Hydrogenation), and 27 (Hydro-
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genation of Tetrahydrofurfuryl Alcohol (THFA)). Figure 3
illustrates the synthesized configuration and it can be seen that
products such as pentanediol and pentanol were produced.

Scenario 2: Design for minimum environmental burden

In this scenario, the pathway with the minimum environ-
mental burden is determined. Identical constraints in Sce-
nario 1 are used for this optimization, to solve Eq. 20

minimize EB™% (20)

The optimization result obtained for minimum EB™* is
—4.46 million tonne of CO, equivalent/y while the corre-
sponding GP™* and H'™ is determined as U.S. $-4.13
million/y and —2.94 X 10'° Ml/y, respectively. This deficit
proves that additional expenditure is required to produce a
highly environmental process. The pathways selected consist
of thermochemical pathways, which are Pathway 6 (Anaero-
bic Digestion), 9 (Oxidation of Methane), 5 (Hydrogenation
of CO), and 11 (Monsanto Process). Figure 4 shows the syn-
thesized biorefinery configuration for the targeted result
achieved in this scenario and it is noted that ethanoic acid is
the product produced.

Scenario 3: Design for minimum heat of reaction

For this scenario, the pathway with the minimum heat of
reaction is determined (Eq. 21). Identical constraints in Sce-
narios 1 and 2 are used for this optimization

minimize HT® (21)

The optimization result obtained for minimum H %' is
—4.61 X 10" MIJ/y while the corresponding GP™ and
EB™ is determined as U.S. $10.29 million/y and +12.60
million tonne of CO, equivalent/y, respectively. The reac-
tions pathways selected here are Pathway 1 (Pyrolysis), 31
(Fischer-Tropsch), and 10 (Oxidation of Butane), which rep-
resent the thermochemical platform. Figure 5 shows the
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I |
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I |
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| |
| |
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| |
I |
| |
I I
I |
| |
I |

Figure 3. General flow diagram of synthesized inte-
grated biorefinery (Scenario 1).
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Figure 4. General flow diagram of synthesized inte-
grated biorefinery (Scenario 2).

synthesized biorefinery configuration for the targeted result
achieved in this scenario which yields ethanoic acid and
methanoic acid.

Scenario 4: Design considering the three conflicting
objectives via bilevel optimization

Ideally, the lower bound (most negative) values EBT*-
and H™""" are desired on maximizing GP™*. However, this
is not possible as results from Scenarios 1-3 indicate that the
objectives considered are clearly contradictory to each other.
Due to such confliction, bilevel optimization is implemented
in this scenario to trade off these objectives by introducing
weighting factors for EB™""" and H™*" respectively. In
other words, fractions of the aforementioned lower bounds are
targeted in the optimization. With that, optimal solutions are
required to use Egs. 9, 10, and 11. The minimum EB™*"*
(—4.46 million tonne of CO, equivalent/y) found from Sce-
nario 2 and the minimum H"*" (—=4.61 X 10'"" MJ/y) from
Scenario 3 are taken as the optimal solutions for the second-
ary optimization problems. For illustration of the bilevel opti-
mization, a value of 20% is taken for both WEB and WH
weighting factors as shown in Eqs. 23 and 24. It is also noted
that values of W*® and W' are determined based on the prior-
ity given by the decision maker

maximize GPTo® (22)
EBTOtaI S 0.2 X EBTOlaI,L (23)
HTOtal S 0.2 XHTOtaI,L (24)

Parameters in Tables 2-5 are reused to solve constraints
found in Eqgs. 1 to 10 and the objective function in Eq. 22.
The model formulated in this scenario consists of 72 contin-
uous variables and 85 constraints. The optimization produced
an GP™™ of U.S. $19.11 million/y, EB™ of —0.89 million
tonne of CO, equivalent/y and H™® of —9.22 x 10'° MJ/y.
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Figure 6 indicates optimal pathways which maximize eco-
nomic performance while satisfying the targeted EB™* and
H™% The biochemical pathways selected in this scenario
are Pathway 15 (Biomass Pretreatment), 20 and 21 simulta-
neously (Organosolv Separation), 23 (Dehydration of Sug-
ars), 26 (Furfural Hydrogenation), and 27 (Hydrogenation of
THFA). The thermochemical pathways selected are Pathway
1 (Pyrolysis), 6 (Anaerobic Digestion), 9 (Oxidation of
Methane), 5 (Hydrogenation of CO), and 11 (Monsanto Pro-
cess). The products formed for this case would be ethanol,
methanol, butanol, pentanol, pentanediol, and ethanoic acid.

Scenario 5: Design considering the three conflicting
objectives via fuzzy optimization

Similar to Scenario 4, upper and lower limits required for
fuzzy optimization are taken from Scenarios 1-3 and are sum-
marized in Table 6. The model formulated for this scenario
consists of 73 continuous variables and 86 constraints. It is
noted that economic performance is a predominant element in
decision making. As such, a stricter acceptable fuzzy range
between the maximum GP™*"Y and an acceptable minimum
GP™"' is specified. In this scenario, the minimum accepta-
ble GP™“ is assumed as 0. Note also that the range of
acceptance for the fuzzy goals is dependent on the decision
maker and is subject to change on a case by case basis. Equa-
tion 12 is maximized subject to constraints in Egs. 1 to 10
and 13 to 16. The optimization yields a maximum 4 of value
0.22 whereby, GP™ is U.S. $20.33 million/y, EB™ of
—0.13 million tonne of CO, equivalent/y and H'** of —1.11
X 10" MJ/y. Figure 7 shows the optimal pathways comply-
ing with the degree of satisfaction achieved between the three
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Figure 5. General flow diagram of synthesized inte-
grated biorefinery (Scenario 3).
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Figure 6. General flow diagram of synthesized integrated biorefinery (Scenario 4).

objectives. The products formed for this case would be the
same as the previous scenario, only with different flow rates.

Results Analysis

Table 7 shows a summary of results obtained from Sce-
narios 1-5. It is found that despite producing high profit and
low heat of reaction, Scenario 1 has a positive EB™* value.
This indicates that the chosen pathway for this case is clearly
not environmental friendly. In Scenario 2, the chosen path-
way offers the lowest environmental burden, producing both
alcohols and acids. However, a deficit was observed in the
economic potential which proves that additional expenditure
is required to produce a highly environmental process. In
Scenario 3, the pathway selected offers the lowest heat of
reaction, producing alkanes and acids. Similar to Scenario 1,
the chosen pathways are not environmental friendly despite
its promising economic potential. As for Scenario 4 and 5,
the EB™™ and H™? were found to have negative values
while GP™® was found to be positive. This indicates the
integrated biorefinery pathways are sustainable as they
reduce environmental burden, operate at low heat of reac-
tion, and generate substantial amount of profits by producing
alcohols as well as acids. It can be seen in Figures 6 and 7
that the pathways chosen are from both biochemical as well
as thermochemical platforms. Pathways which represent the
biochemical route are selected to maximize GP™® since
alcohols are generally listed in Table 3 as most profitable
products in terms of selling price. To minimize EB™ and
H™% the thermochemical pathways were selected due to
their environmental friendly process and capability of pro-
ducing high reaction heat. Despite the similarities between
the two scenarios, Scenario 5 yields a higher profit compared
to Scenario 4 due to the higher production rates. This, how-
ever, leads to more emissions to form more products.

The solutions from Scenarios 4 and 5 are further analyzed in
a Pareto analysis, to ensure the generated results are located on
Pareto Optimality. Incremental values for each of the three
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objective functions are introduced while minimizing or maxi-
mizing the other to generate the Pareto Front as shown in Figure
8. Each point in the figure represents the economic, environ-
mental and energy performances for each configuration
selected. Point 1 corresponds to Scenario 1, where only eco-
nomic potential is considered. Scenarios 2 (environmental bur-
den only) and 3 (heat of reaction only) are represented by
Points 2 and 3, respectively. It is noted that solutions for both
Scenarios 4 and 5 (given by Points 4 and 5) are found to be
within the optimality region, representing a trade-off between
all individually considered cases from Scenarios 1 to 3. Since
bilevel and fuzzy optimization can generate solutions that
match results in the Pareto analysis methodology, both
approaches can serve as alternatives to address the multiobjec-
tive reaction pathway synthesis problem. In addition, it is noted
that these approaches are more efficient as compared to a Pareto
analysis. This is because in Pareto analysis, indefinite number
of (Pareto) solution points needs to be generated to determine
the optimal solution.

Conversely, it is noted that the weighting factors W*® and
W assigned in bilevel optimization have high influence on the
optimal solution. It is also noted that the range of values in
which WEB and W can be assigned is restricted by a feasibility
region. In this respect, a sensitivity analysis is presented to
establish the level of influence W*® and W*' values have on the
optimal solution. In addition, the range of feasibility is investi-
gated to determine the operable range in which W*® and W"
values can be taken when implementing the bilevel
optimization.

Table 6. Fuzzy Goals for Economic, Environmental and
Energy Performance

Limiting Values

Fuzzy

Target Lower Upper

GPTolal GPTotaLL =0.00 GPTolal,U =0242 X 106
EBTo%! EB™ = —4.46 x 10° EB™™W = +1,09 x 10°
HTolal HTolal.L =—461 X 1011 HTolal,U =—-122 X 1010
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Sensitivity analysis

According to El-Halwagi,”* dual prices represent sensitiv-
ity coefficients for the optimization. Consider an objective
function

maximize f(x)

such that

m(x)=b 1=1, 2, 3,.... n

As b, varies, the optimal solution also changes. It can be
shown that at the optimum solution and for a small perturba-
tion of Ab; in the right hand side of the constraint /,(x) is
given by

A
l ~ Dual Price of Constraint /
Ab;

The marginal value of the objective function for a change
in the value of the /th constraint is given by the dual price
of the /th constraint. Table 8 shows the dual prices of WEP
and W™ in Scenario 4, respectively. Based on Table 8, for an
objective value of U.S $ 19.11 million/y, the dual prices for
WEB and W are —0.81 X 10% and —0.30 X 10°, respec-
tively. If the constraint WE® is increased by 0.01
(WEB =0.21), a change of (0.01 X —0.81 X 10°%) would be

objective value is now U.S $ 18.30 million/y. This further
strengthens the claim that WEB and W™ values have high
level of influence on the objective value, and caution should
be taken when assigning them.

Range of feasibility

As mentioned previously, the secondary optimization
problems in Eqs. 9 and 10 in bilevel optimization are
restricted within a feasibility range. When W is fixed at 0.1,
the range feasibility is shown in Table 10. Based on Table
10, the allowable increase or decrease shows how much to
which current values (given by “Current Value”) can be
increased or decreased. Therefore, the range in which EBTow!
and H™ are feasible is given in the following

—3.84 X 10° < EB™ < 0.94x10°
—1.25x 10" < g™ < —1.56x10'°

(25)
(26)

The ranges shown above can then serve to analyze the
range in which W*® and W* can be taken at.

When W was taken at 0.2, Table 11 shows allowable
range to which the current values can be increased or
decreased. Based on Table 11, the range in which EBTt!
and H™ are feasible is given by Eqs. 27 and 28

expected in the objective value. Therefore, results illustrated —2.13 % 10° < EB™% < 2.12x10° 27)
in Table 9 confirm this hypothesis as the newly obtained
Table 7. Optimal Results for Case Study
Model Output Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
GP™™ (U.S $/y) 92.42 X 10° —4.13 X 10° 10.29% 10° 19.11x 10° 20.33 X 10°
EB™% (tonnes of CO, equivalent/y) +1.09 X 10° —4.46 x 10° +12.60 X 10° —0.89 x 10° —0.13 x 10°
H™4 (M) —1.22 x 10'° —2.94 x 10" —4.61 x 10" —9.22 x 10'° —1.11 x 10"
Alkane production rate (t/y) 0.00 0.00 37600.00 0.00 0.00
Alcohol production rate (t/y) 10939.00 3800.00 0.00 6221.00 6519.00
Acid production rate (t/y) 0.00 3762.00 3083.00 3652.00 3838.00
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—1.25x 10" < g™ < —1.56x10'"° (28)

Note that when W was taken at 0.3 the corresponding
H™%! was observed to have exceeded the lower limit given
by Egs. 26 and 28 hence, resulting in an infeasible solution.
Thus, 0.3 is the infeasibility point for W for which any
weighting factors taken greater than 0.2 would give an infea-
sible result. The same can be said for when W*P is taken at
0.9, as the corresponding EB™%! exceeds the lower limit
given in Eq. 27. A graphical representation is also provided

Table 8. Dual Prices of W8 and W™ in Scenario 4,

in Figure 9 to illustrate the feasible regions for the weighting
factors to be best taken at. According to Figure 9, region R1
includes W*® values from 0 to 0.8 when W' is fixed at 0.1.
As for region R2, it includes WEB values from 0 to 0.4 with
W' going up to 0.2. Due to the common values for W=P
when W™ is 0.1 and 0.2, the upper limit is set at 0.4. There-
fore, based on the sensitivity study conducted the bilevel
problem is reformulated as the following

Table 9. Results when WEE = (.21

Variable

Value
Respectively GPTT"“‘I1 (U.S $/y) 18.30 X 10‘;
T - EB" (tonnes of CO, Equivalent/y) —93.65 X 10
W;:;ghtmg Factor Dual Prlce8 H;:" (MJ/y) 2992 % 10;0
w —-0.81 X 10 w —-0.81 X 10
wH —0.30 x 10° wH —-0.30 x 10°
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Table 10. Feasibility Output when W = 0.1

Current Allowable Allowable
Variable Value Increase Decrease
EB™® (tonnes —0.89 X 10° 1.83 X 10° 2.95 x 10°

of CO, equivalent/y)

H™% (MJ/y) —4.61 X 10" 3.04 x 10" 7.94 x 10"

Table 11. Feasibility Output when W = 0.2

Current Allowable Allowable
Variable Value Increase Decrease
EB™ (tonnes of —0.89 X 10°  3.01 X 10° 1.24 X 10°
CO, equivalent/y)
H™= (MJ/y) —9.22 X 10" 7.66 x 10" 3.33 x 10"

maximize GPTO® = E TredCped— E BRiocBie
v i

subject to ¢ W8 xminimize EBT =% """ (R V], E;)
ko i

+Z Z Z(Rllcll' Vg'k/Ekj’k') and
Kk

WH X minimize H™% = "N "(RLV], Hyj)
7T

222 (R Vi Hige)
7E

whereby 0 < wH <02
and 0 < WEB < 0.4

Though values of W are restricted as shown above, it is
still possible to assign values that exceed the given range
only if one of the criterions is not given priority at all. This
means that the minimum values of either EB ™' or H™* is
not considered when applying the bilevel optimization dem-
onstrated in Scenario 4. If decisions makers are only focused
on achieving maximizing economic potential while keeping
minimal environmental burden, Scenario 3 would not be
WEB
A
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Figure 9. Graphical representation of operable region
for weighting factors.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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conducted. If the aim is to maximize profits while minimiz-
ing heat of reaction, then Scenario 2 is neglected. Moreover,
if decision makers decide to neither reduce or increase the
environmental burden, WEB can be set to zero and the opti-
mization can result in an economic potential of U.S. $ 87.96
million/y and heat of reaction of —1.22 X 10'® MJ/y.

Conclusions

In this work, a systematic multiobjective optimization
approach for the synthesis of a sustainable integrated biorefi-
nery is presented. With the proposed approach, decision
makers are able to evaluate different reaction pathways
based on economic performance, environmental impact and
energy consumption simultaneously. Moreover, decision
makers are able to consider different types of biomass feed-
stock based on their compositions of lignin, cellulose, and
hemicellulose. Besides that, this work introduced a new
assessment known as IEBA, to quantify environmental
impact of a given reaction pathway in an integrated biorefi-
nery. IEBA allows computation and identification of reaction
pathways that reduce or increase total environmental impact
for an integrated biorefinery. This will allow decision makers
to identify pathways which can potentially turn harmful
emissions (from other industries) into value-added products
to synthesize a more environmentally friendly integrated bio-
refinery. Conversely, the proposed approach determines the
energy consumption of each reaction pathway based on the
raw total heat of reaction. Apart from that, a sensitivity anal-
ysis was performed to evaluate the influence of the weight-
ing factors in the bilevel optimization. It was also found that
the secondary problems in the bilevel optimization are
restricted within a feasibility range and the weighting factors
which correspond to this range were established. In future
research work, a systematic approach on establishing appro-
priate weighting factors corresponding to this range will be
included prior to the bilevel optimization to synthesize an
integrated biorefinery. Future work will also be directed
toward extending the analysis of total raw reaction heat by
considering various uses (e.g., generating power, process
heating, drying, cooling, etc.) based on their respective qual-
ities (e.g., pressure, temperature, etc.).
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Nomenclature
Sets

index for biomass feedstock

1=
Jj = index for pathways
j = index for pathways
k = index for intermediates
k" = index for final products
[ = index for constraints
Variables

f(x) = function of
hy(x) = equality constraint function of x
b; = constraint
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v; = stoichiometric coefficient of reactant i

v = stoichiometric coefficient of product k
BB = flow rate of biomass feedstock 7 in tly
R! = flow rate of bioresource i to pathway j in t/y
R, = flow rate of intermediate k to pathway ;" in t/y

Tinter = total production rate of intermediate & in t/y
Tp"" = total production rate of product X’ in t/y
GP'*™ = total gross profit in U.S $/y

EB™"! = total environmental burden score in tonne CO, equiva-
lent/y
H™"%! = total heat of reaction in MJ/y
V,Ijk = conversion of bioresource i to intermediate k
Vg,k, = conversion of intermediate k to product &’
Ejj = environmental burden score for pathway j in kg CO,
equivalent/t
Eyjr = environmental burden score for pathway ; in kg CO,
equivalent/t

HBio-f = heat of formation of biomass feedstock i in MJ/t
HYgnin.f = heat of formation of lignin in MJ/t

HCellulose.f = heat of formation of cellulose in MJ/t

Hemicellulose.f — heat of formation of hemicellulose in MJ/t

H,j. = heat of reaction for pathway j in MJ/t
H,yp = heat of reaction for pathway ;' in MJ/t

Parameters

C?m = cost of biomass feedstock i in U.S $/t
C}j,“’d = revenue from product £’ in U.S $/t
WEB = weighting factor for environmental burden
WH = weighting factor for heat of reaction
PF = potency factor

o= component to product ratio
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