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Biorefineries are processing facilities that convert biomass into value-added products such as biofuels,
specialty chemicals, and pharmaceuticals. Integrated biorefineries which consist of various process-
ing facilities (e.g., digestion, fermentation, pyrolysis, gasification, etc.) have been proposed in order to
enhance the energy efficiency and material recovery. This work presents an optimisation-based, auto-
mated targeting procedure to determine the maximum biofuel production and revenue levels in an
integrated biorefinery. The approach is based on pinch analysis and allows targets to be determined
prior to detailed design of the biorefinery flowsheet. A hypothetical case study is shown to illustrate the

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

According to the Annual Energy Outlook 2007 [1], total world
consumption of energy is projected to increase from 472 trillion MJ
in 2004 to 590 trillion M] in 2015 and eventually to 741 trillion MJ
in 2030. Throughout the projected period, fossil fuels (i.e., coal, oil
and natural gas) are expected to continue to supply a large share
of energy use worldwide [1]. Thus, the gradual depletion and ris-
ing costs of fossil fuels will soon become a major global problem.
As a result, there is an increased attention to the issues of energy
security, resource diversification, and efficiency enhancement.

At the same time, the increase of public awareness towards
environmental sustainability is also motivating a shift from fos-
sil fuels to renewable energy sources. Biofuels are recognised as
some of the most promising forms of alternative energy because
of the renewable nature of biomass. The sequestration of car-
bon dioxide during photosynthesis and crop growth results in an
inherently low-carbon fuel cycle. Furthermore, a wide variety of
biomass is available depending on local geographic conditions (e.g.,
traditional agricultural crops, energy crops, forestry waste, munic-
ipal solid waste, etc.), and these may be converted into a range
of products other than fuel. Biorefineries are processing facilities
that convert biomass into value-added products such as biofu-
els, specialty chemicals, and pharmaceuticals. In order to enhance
overall energy efficiency and material recovery within the process-
ing facilities, an integrated biorefinery is needed. An integrated
biorefinery is comprised of various processing facilities such as
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digestion, fermentation, pyrolysis, gasification, thermal conver-
sion, etc. which allows energy exchange within processes and
material reuse/recycling to increase the overall biochemical pro-
duction with minimum energy requirement. Via in-plant material
recovery, generation of waste (i.e., carbon dioxide, wastewater, etc.)
can also be minimised. Furthermore, the residual of biomass can be
used as fuel to generate steam and electricity to fulfil the processes
requirement. Thus, the overall energy consumption of an integrated
biorefinery will be lower as compare to the process that operates
independently.

Much research has been done in the area of chemical pro-
cess synthesis. Westerberg [2] described process synthesis as the
step to determine the optimum interconnection of different pro-
cessing units to form a flowsheet that meets the process design
requirement. The aim of process synthesis is to optimise the log-
ical structure of a chemical process, particularly the sequence of
steps (reaction, distillation, extraction, etc.), the choice of chem-
ical employed and the source and destination of recycle streams
[3]. In the late 1960s, process synthesis research was initiated by
Rudds and his co-workers [4,5]. Since then, there have been exten-
sive developments in process synthesis subtopics, such as synthesis
of heat-exchange networks (HEN) [6,7], mass-exchange networks
(MEN) [8,9], separation networks [10], reaction pathways [11-13],
reactor networks [ 14-18], and property-based networks [9]. In the
past decade, water [19-27] and hydrogen [28,29] network syn-
thesis emerged as special cases of mass integration for industrial
resource conservation and pollution prevention.

Process integration is recognised as one of the most important
elements in process synthesis. It is especially vital for effective
waste minimisation and reduction of raw material usage for a pro-
cess plant. Many successful applications of process integration for
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Fig. 1. Graphical representation for an integrated biorefinery.

waste minimisation efforts in various chemical process industries
have beenreported (e.g., fuel production [8], oil refinery [29], petro-
chemical [30], pulp and paper mills [31] and agrochemicals [32]).
In many cases, the environmental benefits have been accompanied
by economic gains from the efficiency enhancements.

It is important to note that due to the complexity of the chem-
ical structure and variation in composition of biomass, there are
many challenges in designing an integrated biorefinery. In addi-
tion, the unique features of an integrated biorefinery make the
process design more difficult than the conventional chemical pro-
cesses. For example, the thermodynamic properties (e.g., Gibbs free
energy, enthalpy, entropy, etc.) of biomass are not well established
compared to conventional chemicals. In addition, there is lack of
established information related to the rates of reaction for biomass
conversion (particularly for biochemical processes), which makes
process synthesis of biorefineries even more challenging. There-
fore, many existing approaches for the synthesis and design of
chemical processes may not be directly applicable for the synthesis
of integrated biorefineries.

According to Bridgwater [33], a biorefinery will be inherently
multifunctional and produces various products such as biofuels,
electricity and chemicals from biomass inputs. Detailed techno-
economic analysis and optimisation on the well-established
biomass-to-energy conversion technologies such as heat and
power generation [34,35], biodiesel production [36-40] and bioal-
cohol [41] have been conducted.

Recently, Ng et al. [42] proposed a hierarchical approach to the
synthesis and analysis of an integrated biorefinery. Two process
screening tools (Evolutionary technique and Forward-Reverse Syn-
thesis Tree) were presented to analyse and reduce the number of
process alternatives. In addition, Kokossis and Yang [43] identified
the challenges of synthesis and design a sustainable biorefineries.
These authors proposed a total system approach to combine multi-
scale formulations with multi-stage problem solving capabilities
for problems involving novel processes [43]. On the other hand,
Sammons et al. [44] introduced a flexible framework to evaluate
the profitability of different possible production pathways within
an integrated biorefinery. Later, Sammons et al. [45] extended their
previous work to determine the optimal process pathway based
on economic potential and environmental performance. In addi-
tion, Sammons et al. [46] proposed a general systematic framework
for optimising product portfolio and process configuration in inte-
grated biorefinery. Mansoornejad et al. [47] then further extend
the previous work by introducing market aspects, supply chain

network design and flexibility manufacturing design in the frame-
work. Tan et al. [48] developed an extended input-output model
using fuzzy linear programming to determine the optimal capac-
ities of distinct process units given a predefined product mix and
environmental (carbon, land and water footprint) goals.

Despite these recent developments, it is notable that significant
amount of research has been carried out in the area of synthe-
sising and designing conventional chemical processes, but much
less research has been carried out in the new area of biorefiner-
ies. According to the philosophy of pinch analysis, the overall
performance targets (minimum fresh resource requirement, total
annualised cost, etc.) can be located prior to the detailed network
design, which is essential for gaining insight into process bottle-
necks. Therefore, it is important to develop a systematic procedure
to find production and economic targets prior to the detailed design
of an integrated biorefineries.

In this work, pinch based automated targeting approach that
was originally developed for the synthesis of resource conservation
networks [49-52] is extended to determine the maximum biofuel
production and revenue targets for an integrated biorefinery. In
addition, based on the resulting targets, the detailed allocation of
raw material (biomass) and intermediate products (e.g., alcohol,
syngas, etc.) for different processes to produce final products can
be determined. It is interesting to note that the biofuel production
and revenue targets for a given feedstock can be determined prior to
the detailed process flowsheet and network design of an integrated
biorefinery.

2. Problem statement

In most cases, the efficiency of biomass processing facilities is
assessed using the mass-based conversion of raw material to the
desired products. Since carbon is the key element in organic matter
(i.e.,biomass), tracking carbon content from raw material (biomass)
to final products is very important. By recovering the carbon con-
tent in raw material that may be lost from conversion processes in
the form of gases (e.g., carbon dioxide and carbon monoxide) and
solid waste (e.g., fermentation residues, charcoal, etc.), the over-
all mass efficiency of a biorefinery can be increased. In addition,
the total amount of carbon that is converted to products or waste
from biomass remains the same as in the given biomass when no
additional carbon is added in the process. However, hydrogen and
oxygen contents may change significantly by adding oxidants (e.g.,
steam, air, etc.) and water for thermal and biological conversion
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Fig. 2. Generic biorefinery cascade diagram (BCD).

processes. In order to determine and enhance the performance of
an integrated biorefinery, in this work, carbon content is thus used
as the dominant quality parameter for resources, intermediates as
well as processes.

The problem of synthesis of an integrated biorefinery may be
formally stated as follows. Given a set of biomass sources, SR; that
may be converted to intermediates p, INTER,, or products p’, PDy.
Each source has given a flowrate, Fsg, and is characterised by car-
bon fraction, C;. A set of sinks, SK; which are process units that can
convert sources i into intermediates p, and products p’, is specified.
Each sink is characterised by a predefined minimum carbon frac-
tion requirement (iji“ ). In addition, the process conversion factors
of sourcesi to intermediates p (X;j,) and intermediates p to products
P’ (Xpjp) via SK; are also specified.

In order to reduce the complexity of an integrated biorefin-
ery, only single-stage or two-stage processes that convert a given
source i to any product p’ are taken into consideration. The problem
structure may be summarised as shown in Fig. 1. The objective of
the methodology is to determine maximum production of single
product (biofuel), or alternatively, revenue from a mix of multiple
products, from a given available biomass feed; and, to determine
the network design of the integrated biorefinery that meets these
targets.

3. Automated targeting

The automated targeting technique was originally developed
for MEN synthesis [53]. It was then extended to the synthesis of
resource conservation network (RCN) for cases with reuse/recycle
[49], interception [50,51] and waste treatment [52] based on cas-
cade analysis [23,31]. Later, automated targeting was also used to
find targets for minimum amount of CO,-neutral or low-carbon
energy sources for segregated energy planning problems [54]. Note
that in the previous works of MEN and RCN syntheses [49-52],
concentration of contaminants and stream flowrate are used to
measure the quality and quantity of process streams respectively.
Based on the extracted data, MENs and RCNs with maximum
recovery or minimum total annualised/operating cost can be syn-
thesized. For carbon constrained energy planning, carbon intensity
and amount of energy are selected to measure quality and quantity
of energy stream to determine the optimum allocation of energy
source to the energy demand sectors. As presented previously,

tracking carbon content is important in synthesis of integrated
biorefinery; hence, carbon content and material flowrate are used
as the dominant quality and quantity parameters respectively. It
is noted that the previous analogies for MENs and RCNs syntheses
as well as energy planning are not longer applicable for synthesis
of integrated biorefinery. Therefore, automated targeting is further
extended in this work, to the synthesis of an integrated biorefinery
with production and revenue targets. In addition, the model can
also determine the network design of the integrated biorefinery.

Based on these previous works [49-52], the technique involves
arranging sources/sinks in descending sequence, with highest qual-
ity (lowest impurity concentration or emission factor)located at the
top of the cascades. Since carbon content is used as the dominant
quality parameter in this work, the sources, sinks, intermediates
and products should be arranged based on carbon fraction. These
are arranged in a descending order based on carbon fraction level
(Cg), from the highest level k=1 to the lowest level k =n. This step
of procedure is called as the construction of a biorefinery cascade
diagram (BCD) as shown in Fig. 2. The highest value of carbon frac-
tion is added as the first level, if this does not already exist among
the process sinks and sources. For example, 100% is added in first
level (C; =100%) if the carbon fraction is measured as percentage.
In addition, a final fictitious level of zero (C; =0) is added at the bot-
tom of the cascade to allow the calculation of residue carbon load
(¢). Next, material flowrate cascading is performed across all levels.
At each level k, the difference between the total available material
sinks (ZjFSKj) and sources () Fsg;) is determined. Next, the net
material flow cascaded from the earlier level k—1 (§;_1) with the
flow balance at level k form the net material flowrate of each k-th
level (§;), given as in Eq. (1).

8k = b1 + (XiFsy, — ZjFsx;), (1)

To ensure that no additional biomass flow is generated from the
final level n, as that level is only used for the calculation of residual
carbon load, a new constraint (as shown in Eq. (2)) is needed.

8k =0 2)

Carbon load cascading is performed next. Within each interval,
the carbon load is given by the product of the net material flow
from level k and the difference between two adjacent levels. As in
the material flow cascade, residual of the carbon load of each level k
(&) is cascaded down to the next level. Hence, carbon load balance
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Table 1
Conversion table of biomass to intermediate and final products.

Process sink j Raw material Intermediate p/product p’ Conversion, Xjj, or X,y (kg
product/kg raw material)
Digestion Biomass Methane (CHy) 0.147
Biomass residual 0.79
Fermentation Biomass Ethanol 0.27
Biomass residual 0.61
Gasification Biomass Syngas (CO) 0.18
Pyrolysis Biomass Bio-oil 0.54
Dehydration Ethanol Biofuel 0.65
Synthetic fuel Methane Biofuel 0.286
Synthetic fuel Bio-oil Biofuel 0.1425
Fischer-Tropsch Syngas Biofuel 0.9

at the k-th level is determined by Eq. (3).
&k = &1 + Sk(C — Cig1) (3)

where gj_; is the residue carbon load that is cascaded from level
k—1.

Conversely, the residual impurity load, € must take a positive
value, which implies that a feasible carbon load cascade is achieved
[23,31,49-52]. As such, the maximum allowable carbon load of sink
in each level s fulfilled. Therefore, Eq. (4) is included as a constraint
in the formulation of the model.

& =0 (4)

It is interesting to note that, when the residual carbon load
is determined as zero in the model solution at level k (g, =0),
a pinch point occurs. In physical terms, the zero carbon load
means that, at the optimal solution, the minimum carbon load
requirement of all sinks above the pinch point are fulfilled by
the sources in order to operate the process sinks [23,31,49-52].
The identification of the pinch point provides valuable insights
to decision makers. Its primary value is that it identifies the sys-
tem bottleneck. Thus, the “golden rule” of pinch analysis can be
applied to this problem in order to meet all the specified process
requirements in the integrated biorefinery, the fresh resources (i.e.,
biomass) must be supplied only to the process sinks below the
pinch point. Allocation of this resource to the process sink(s) above
the pinch point will lead to an infeasible solution, or lower produc-
tion rate/revenue than the targeted quantity identified by pinch
analysis.

Note also that the above formulation is a linear program-
ming (LP) model that can be solved easily to yield global optimal
solution if a solution exists. In this work, the LP models were
solved using Lingo v10.0. However, in practice the automated
targeting can be implemented using any LP solver, which can
be found even in common spreadsheet environments. In addi-
tion, in some cases, non-linear programming may result due to
additional case-specific process constraints or objectives. Such
variants can be optimised using appropriate optimisation soft-
ware.

Table 2
Data for a hypothetical case study.

In order to determine the maximum production of desired prod-
ucts (Fpp), the BCD (Fig. 2) is used, with the optimisation objective
formulated as follows:

Maximise Fpp (5)

Alternatively, the maximum revenue solution can be obtained
for cases with multiple products, in which case the optimisation
objective is set as

Maximise X, (REVy Fopp) (6)

where REV) and Fpp,y are the revenue and flowrate of product p’
respectively. In this work, a hypothetical case study is solved to
illustrate the proposed automated targeting for synthesis of inte-
grated biorefinery.

4. Case study

Tables 1 and 2 show the conversion table and data for a hypo-
thetical case that are used to illustrate the application of the
automated targeting approach to the synthesis of an integrated
biorefinery. Three scenarios are analysed in this work. In the first
scenario, the optimisation objective is to determine the maxi-
mum production of single product (biofuel) from a given amount
of biomass. In the other scenario, maximum revenue target for
cases with multiple products is presented. Next, synthesis of an
integrated biorefinery with multiple feedstocks and products that
achieve maximum revenue target is further analysed.

In this work, an idealised biomass [55] that contains 31.7% lignin
(CH1.1200.377) and 68.3% polysaccharides (CgH1905) on an ash-free
basis is assumed as raw material. Based on the given informa-
tion above, the carbon fraction of the biomass is calculated as
0.477. As shown in Table 1, four processes that convert raw mate-
rial (biomass) to intermediates such as methane, ethanol, syngas
and bio-oil via digestion, fermentation, gasification and pyrolysis,
respectively. In addition to these, four other processes that further
convert the intermediates to biofuel are also included. Theoretical
or empirical conversions of raw material to intermediates/products
for these processes are also included in Table 1.

Source Available source (kg) Carbon fraction (G) Sink Minimum requirement of
carbon fraction (")
SR1 Ideal biomass 10,000 0.477 SK1 Digestion 0.477
SR2 Digested residual biomass 79% inlet biomass to digestion 0.474 SK2 Fermentation 0.477
SR3 Fermented residual biomass 61% inlet biomass to fermentation 0.170 SK3 Pyrolysis 0.250
SK4 Gasification 0.250
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Since the residuals of biomass from digestion and fermenta-
tion processes contain high carbon content and energy potential;
hence, further recovery these residues allow the enhancement of
the production of biofuel. Thus, both biomass residues are extracted
as sources as shown in Table 2. The carbon fraction of biomass
residues can be estimated based on theoretical or experiment data
that reported in the literature. In this work, the carbon fractions of
digested and fermented biomass residues are given as 0.474 and
0.17 respectively.

On the other hand, four processes (digestion, fermentation,
pyrolysis and gaisification) that accept similar raw materials (i.e.,
biomass, biomass residue, or mixture of both) to produce various
intermediates are taken as sinks (see Table 2). As shown, the mini-
mum requirements of carbon fraction (iji“) of the sinks to produce
intermediates/products are also specified for each sink. It is noted
that the processes that further convert intermediates to final prod-
ucts are not taken as process sinks in Table 2 because such processes
are not constrained by the carbon fraction of intermediates. Also,
those processes require different raw materials or intermediates to
produce final product (biofuel). Examples include Fischer-Tropsch,
dehydration and synthetic fuel processes require syngas (carbon
monoxide and hydrogen), alcohol and methane/bio-oil, respec-
tively, to produce biofuel.

To locate the maximum production target, Eqgs. (7) and (8) are
included in the automated targeting formulation (Egs. (1)-(4)).

Finterp = XijpFsi; (7)
Fppp = Xpjp FINTERp (8)

Based on above equations, the flowrates of intermediates p
(FinTerp) and final product p’ (Fppp ) can be determined. Since the
biomass residues are taken as SR; and the flowrates of these sources
can only be determined via Eq. (7) once the model is optimised.
Thus, Fsg; of biomass residues are included as variables in the auto-
mated targeting.

4.1. Scenario 1: Maximum production of single product (biofuel)
from a given biomass

Solving Eq.(5) subject to the constrains in Egs. (1)-(4),(7)and (8)
yields the solution in the BCD shown in Fig. 3. Note that 8230.6 kg
of biomass is fed to the fermentation process (SK2), and the bal-
ance of the biomass (1769.4 kg) is gasified via SK4. Solving Eq. (7)
based on the given conversion in Table 1, 2222.3 and 5020.7 kg
of ethanol and biomass residue (SR3) are generated, respectively,
when 8230.6 kg of biomass is fermented in SK2. As shown in Fig. 3,
1769.4 kg of SR1 (§3) and 5020.7 kg of SR3 (84) are used to produce
syngas via gasification. According to Table 1, the conversion of syn-
gas from biomass (X;j,)is given as 0.18; hence, 1222.2 kg of syngasis
generated from the 6790.1 kg of biomass mixture. As the biomass
is processed via fermentation and gasification, two intermediate
products (ethanol and syngas) are generated. Since the objective
of this scenario it to find the maximum conversion of biomass to
biofuel, both intermediates are further processed via dehydration

Fig. 3. Biorefinery cascade diagram for Scenario 1 (maximum production of biofuel).

Table 3
Revenues of intermediates and final products.

Intermediates/final products Revenue, REV), ($/kg)

Biofuel 0.93
Methane (CH4) 1.02
Ethanol 0.78
Bio-oil 0.008

and Fischer-Tropsch processes respectively. Based on the optimi-
sation model and conversion data in Table 1, 2544.5 kg of biofuel is
produced, where 1444.5 and 1100 kg are derived from ethanol and
syngas, respectively. In line with the detailed allocation of fresh
resource (biomass) and intermediates (residual biomass, ethanol
and syngas), a network design for Scenario 1 is shown in Fig. 4. In
order to simplify the network design, the unrecovered solid and gas
wastes are not shown in Fig. 4.

4.2. Scenario 2: Maximum revenue for cases with multiple
products

A second scenario with multiple products is illustrated next.
Here, the objective is to maximise revenue from the product port-
folio given a fixed raw material cost. Table 3 shows the revenues
of intermediates and final products which are typical based on his-
torical data. Since each intermediate p has a market value, it can be
considered as final product. To determine the flowrate of multiple
products, the mass balances of processes (Eq. (9)) are included in
the model.

Fepy = F II’Dp’ -F IINTERp 9
where F{)Dp, is the flowrate of product p’ that produced from first
process. Meanwhile, Fl’ denotes the flowrate of product p’ that

NTERp

Fig. 4. Network design for Scenario 1.
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Fig.5. Biorefinery cascade diagram for Scenario 2 (maximum revenue for cases with
multiple products).

require further processing (which also considered as intermediate
p).

Solving the model with the objective function in Eq. (6), sub-
ject to Egs. (1)-(4) and (7)—(9), yields the results shown in Fig. 5.
Note that digestion (SK1), fermentation (SK2) and gasification (SK4)
processes are involved in this scenario. As shown in Fig. 5, 2161.6
and 7838.4 kg of biomass are digested into methane and fermented
to ethanol, respectively. In this scenario, there are two types of
residual biomass (SR2 and SR3) are generated from digestion and
fermentation processes. Based on Eq. (7) and Table 1, flow of SR2
and SR3 are determined as 1707.7 and 4781.4 kg respectively (see
Fig. 5).

In addition, the maximum revenue target is found to be $ 2953
when 10,000 kg of biomass is processed. Based on the optimised
model, 2116.4kg of ethanol and 317.8 kg of methane from fer-
mentation and digestion processes, respectively, are taken as final
products. Meanwhile, 6489.1 kg of biomass residues from both pro-
cesses are gasified to 1168 kg of syngas, and then further converted
to 1051.2 kg of biofuel via Fischer-Tropsch process. The network
design for Scenario 2 is shown in Fig. 6. As in the previous scenario,
the unrecovered waste streams are neglected and not included in

Fig.7. Biorefinery cascade diagram for Scenario 3 (maximum revenue for cases with
multiple feedstocks and products).

Fig. 6. It is notable that the network design of Scenario 2 is different
from Scenario 1. As shown in Fig. 6, an additional process (diges-
tion) is used to produce methane which is not found in Scenario
1 (Fig. 4). Note also that the allocation of materials (biomass and
intermediate) in network design of Scenario 2 (Fig. 6) is different
from the Scenario 1 (Fig. 4). Thus, based on different optimisation
objective, alternative network design of an integrated biorefinery
is obtained.

4.3. Scenario 3: Maximum revenue for cases with multiple
feedstocks and products

In Scenario 2, single feedstock (biomass) is used to produce
multiple products and an integrated biorefinery with maximum
revenue is synthesized. In this scenario, the case study is further
analysed for multiple feedstocks. Two types of biomass (energy
crop, SR1 and wood waste, SR2) are to be given in Table 4. Based on
the ultimate analysis, the carbon fraction of SR1 and SR2 are cal-
culated as 0.477 and 0.490 respectively. Note that similar process

Fig. 6. Network design for Scenario 2.

Table 4
Hypothetical case study for Scenario 3.
Source Available source (kg) Carbon fraction (G;) Sink Minimum requirement of
carbon fraction (CJ min’)
SR1 Wood waste 5000 0.490 SK1 Digestion 0.477
SR2 Energy crop 5000 0.477 SK2 Fermentation 0.477
SR3 Digested residual biomass 79% inlet biomass to digestion 0.474 SK3 Pyrolysis 0.250
SR4 Fermented residual biomass 61% inlet biomass to fermentation 0.170 SK4 Gasification 0.250
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Fig. 8. Network design for Scenario 3.

sinks requirement and residual biomass with previous scenarios
are included in Table 4. In addition, similar conversion and rev-
enue data presented in Tables 1 and 3 are also included in this
scenario. Since multiple feedstocks are available in this scenario,
in order to ensure total consumption of process sink is not higher
than available fresh resources (SR1 and SR2), Eq. (10) is included in
the model.

iFsij < Fsp1 + Fsga (10)

Following the similar approach in Scenario 2, the model is solved
with the objective function in Eq. (6), subject to the constraints in
Egs. (1)-(4) and (7)-(10), yields the results shown in Fig. 7. Note
that similar processes with Scenario 2 (i.e., digestion, SK1; fer-
mentation, SK2 and gasification, SK4) are involved. In this scenario
(Fig. 7), 1873.7 and 8126.3 kg of biomass (total of SR1 and SR2)
are digested into methane and fermented to ethanol via SK1 and
SK2 respectively. Based on Table 1, 1480.2 kg of SR3 and 4957.1 kg
of SR4 are generated, when 1873.7 and 8126.3 kg of biomass are
digested and fermented respectively. The maximum revenue tar-
get is located as $ 2962 based on the given wood waste and energy
crop. In addition, 2194 kg of ethanol and 275 kg of methane are
produced from fermentation and digestion processes are taken
as final products. Meanwhile, all residual biomass from SK1 and
SK2 (6437.3kg) are gasified to 1168 kg of syngas, and then fur-
ther converted to 1042.8 kg of biofuel via Fischer-Tropsch process.
The network design for the case study is shown in Fig. 8. Note that
network configuration for this scenario is similar with Scenario 2
(Fig. 6).

It is worth mentioning that the presented values in Tables 1-4
may be vary based on market price, advancement of technolo-
gies and various operating condition as well as type of feedstocks.
Besides, price fluctuations and feedstock quality variations are
bound to be encountered in biomass supply chains. Hence, with
such variations and uncertainties, the production and revenue tar-
gets as well as network design may change. However, the proposed
automated targeting can be easily revised and formulated to locate
the targets and identify processes that involved in the integrated
biorefinery. In the future work, sensitivity analysis of abovemen-
tioned variations is to be considered to synthesize a robust and
flexible integrated biorefinery.

5. Conclusion

In this work, an automated targeting approach for finding max-
imum biofuel production and revenue targets of an integrated
biorefinery is presented. These targets can be found prior to detailed
process network design, which is essential for gaining insight into
process bottlenecks. Besides, the network design of an integrated
biorefinery that achieves the targets is also can be determined from
the proposed approach. In addition, the proposed approach can be
easily revised and formulated to handle uncertainties in feedstock

quality, market conditions or process yields. Further work is still
needed, to develop a unified approach to design a robust and flexi-
ble integrated biorefinery that handle different types of feedstock.
In addition, extension of current model to account for seasonality
and supply chain of biomass is to be considered.

Acknowledgements

The financial support from University of Nottingham Research
Committee through New Researcher Fund (NRF 5021/A2RL32) is
gratefully acknowledged. The author would like to acknowledge
two anonymous reviewers for some helpful suggestions to improve
the current manuscript.

References

[1] Energy Information Administration, International Energy Outlook 2007,
Accessed 28 January 2008: www.eia.doe.gov/oiaf/ieo/index.html.

[2] AW. Westerberg, A review of process synthesis, in: R.G. Squires, G.V. Reklaitis
(Eds.), Computer Applications to Chemical Engineering: Process Design and
Simulation, American Chemical Society, Washington, 1980.

[3] W.R. Johns, Process synthesis poised for a wider role, Chem. Eng. Prog. 97 (4)
(2001) 59-65.

[4] N.Nishida, G. Stephanopoulos, A.W. Westerberg, A review of process synthesis,
AIChE J. 27 (3)(1981) 321-351.

[5] J.M. Douglas, Conceptual Design of Chemical Processes, McGraw Hill, New York,
1988.

[6] B.Linnhoff, D.W.Townsend, D. Boland, G.F. Hewitt, B.E.A. Thomas, A.R. Guy, R.H.
Marshall, A User Guide on Process Integration for the Efficient Use of Energy,
Institution of Chemical Engineers, Rugby, 1982.

[7] U.V. Shenoy, Heat Exchanger Network Synthesis: Process Optimisation by
Energy and Resource Analysis, Gulf Publishing Company, Houston, 1995.

[8] M.M.El-Halwagi, Pollution Prevention through Process Integration: Systematic
Design Tools, Academic Press, San Diego, 1997.

[9] M.M. El-Halwagi, Process Integration, Elsevier, Inc., Amsterdam, 2006.

[10] W.D. Seider, ].D. Seader, D.R. Lewin, Product & Process Design Principles: Syn-
thesis, Analysis and Evaluation, John Wiley and Sons, Inc., 2004.

[11] E.Rotstein, D. Resasco, G. Stephanopoulos, Studies on the synthesis of chemical
reaction paths—I. Reaction characteristics in the (AG, T) space and a primitive
synthesis procedure, Chem. Eng. Sci. 37 (9) (1982) 1337-1352.

[12] A.Buxton, A.G. Livingston, E.N. Pistikopoulos, Reaction path synthesis for envi-
ronmental impact minimization, Comp. Chem. Eng. 21 (1997) 959-964.

[13] S.Hu, M. Li, Y. Li,]. Shen, Z. Liu, Reaction path synthesis methodology for waste
minimization, Sci. China, Ser. B: Chem. 47 (3) (2004) 206-213.

[14] D. Glasser, D. Hildebrandt, A geometric approach to steady flow reactors: the
attainable region and optimization in concentration space, Ind. Eng. Chem. Res.
26 (9)(1987) 1803-1810.

[15] M. Feinberg, D. Hildebmdt, Optimal reactor design from a geometric viewpoint
(1) Universal properties of the attainable region, Chem. Eng. Sci. 52 (10) (1997)
1637-1655.

[16] S.Balakrishna, L.T. Biegler, Constructive targeting approach for the synthesis of
chemical reactor networks, Ind. Eng. Chem. Res. 31 (1) (1992) 300-312.

[17] A. Lakshmanan, L.T. Biegler, Synthesis of optimal chemical reactor networks
simultaneous mass integration, Ind. Eng. Chem. Res. 35(12)(1996) 4523-4536.

[18] Q. Chen, X. Feng, Reactor network synthesis for waste reduction using instanta-
neous value of environmental index, Chin. J. Chem. Eng. 16 (1) (2008) 155-158.

[19] Y.P. Wang, R. Smith, Wastewater minimisation, Chem. Eng. Sci. 49 (1994)
981-1006.

[20] M. Bagajewicz, A review of recent design procedures for water networks in
refineries and process plants, Comp. Chem. Eng. 24 (2000) 2093-2113.

[21] N. Hallale, A newgraphical targeting method forwater minimisation, Adv. Env.
Res. 6 (3) (2002) 377-390.


http://www.eia.doe.gov/oiaf/ieo/index.html

74 D.K.S. Ng / Chemical Engineering Journal 162 (2010) 67-74

[22] M.M. El-Halwagi, F. Gabriel, D. Harell, Rigorous graphical targeting for resource
conservation via material recycle/reuse networks, Ind. Eng. Chem. Res. 42
(2003) 4319-4328.

[23] Z.A. Manan, Y.L. Tan, D.C.Y. Foo, Targeting the minimum water flowrate using
water cascade analysis technique, AIChE J. 50 (12) (2004) 3169-3183.

[24] R. Prakash, U.V. Shenoy, Targeting and design of water networks for fixed
flowrate and fixed contaminant load operations, Chem. Eng. Sci. 60 (1) (2005)
255-268.

[25] D.K.S.Ng, D.C.Y. Foo, R.R. Tan, Targeting for total water network. Part 1. Waste
stream identification, Ind. Eng. Chem. Res. 46 (2007) 9107-9113.

[26] D.KS. Ng, D.C.Y. Foo, R.R. Tan, Targeting for total water network. Part 2. Waste
treatment targeting and interactions with water system elements, Ind. Eng.
Chem. Res. 46 (2007) 9114-9125.

[27] D.C.Y. Foo, State-of-the-art review of pinch analysis techniques for water net-
work synthesis, Ind. Eng. Chem. Res. 48 (11) (2009) 5125-5159.

[28] G.P.Towler, R. Mann, AJ.-L. Serriere, C.M.D. Gabaude, Refinery hydrogen man-
agement: cost analysis of chemically integrated facilities, Ind. Eng. Chem. Res.
35(7)(1996) 2378-2388.

[29] ].J. Alves, G.P. Towler, Analysis of refinery hydrogen distribution systems, Ind.
Eng. Chem. Res. 41 (2002) 5759-5769.

[30] Y.A. Liu, B. Lucas, J. Mann, Up-to-date tools for water-system optimisation,
Chem. Eng. 111 (1) (2005) 30-41.

[31] D.CY. Foo, Z.A. Manan, Y.L. Tan, Use cascade analysis to optimse water net-
works, Chem. Eng. Prog. 102 (7) (2006) 45-52.

[32] M. Thokozani, CJ. Brouckaert, C.A. Buckley, A graphical technique for wastew-
ater minimisation in batch processes, J. Environ. Manage. 78 (2006) 317-329.

[33] A.V. Bridgwater, Renewable fuels and chemicals by thermal processing of
biomass, Chem. Eng. J. 91 (2003) 87-102.

[34] T. Mohan, M.M. El-Halwagi, An algebraic targeting approach for effective uti-
lization of biomass in cogeneration systems through process integration, J.
Clean Tech. Environ. Policy 9 (1) (2007) 13-25.

[35] X.Qin, T. Mohan, M.M. El-Halwagi, F. Cornforth, B.A. McCarl, Switchgrass as an
alternate feedstock for power generation: Integrated environmental, energy,
and economic life cycle analysis, J. Clean Tech. Environ. Policy 8 (4) (2006)
233-249.

[36] L.L. Myint, M.M. El-Halwagi, Process analysis and optimization of biodiesel pro-
duction from soybean oil, ]. Clean Tech. Environ. Policy 11 (3) (2009) 263-276.

[37] R.D. Elms, M.M. El-Halwagi, Optimal scheduling and operation of biodiesel
plants with multiple feedstocks, Int. J. Process Syst. Eng. 1 (1) (2009) 1-28.

[38] R.D. Elms, M.M. El-Halwagi, The effect of greenhouse gas policy on the design
and scheduling of biodiesel plants with multiple feedstocks, Clean Tech. Envi-
ron. Policy (2010) doi:10.1007/s10098-009-0260-1.

[39] G. Pokoo-Aikins, A. Heath, R.A. Mentzer, M.S. Mannan, W.]. Rogers, M.M. El-
Halwagi, A multi-criteria approach to screening alternatives for converting
sewage sludge to biodiesel, J. Loss Prevent. Process Ind. 23 (3) (2010) 412-420.

[40] G. Pokoo-Aikins, A. Nadim, V. Mahalec, M.M. El-Halwagi, Design and analysis
of biodiesel production fromalgae grown through carbon sequestration, Clean
Tech. Environ. Policy (2010) doi:10.1007/s10098-009-0215-6.

[41] E. Gnansounou, A. Dauriat, Techno-economic analysis of lignocellulosic
ethanol: a review, Bioresour. Technol. 101 (2010) 4980-4991.

[42] D.K.S.Ng,V.Pham, M.M. El-Halwagi, A. Jiménez-Gutiérrez, H.D. Spriggs, A hier-
archical approach to the synthesis and analysis of integrated biorefineries, in:
Proceeding of Seventh International Conference on Foundations of Computer-
Aided Process Design 2009, 2009, pp. 425-432.

[43] A.C.Kokossis, A. Yang, Future system challenges in the design of renewable bio-
energy system and the synthesis of sustainable biorefineries, in: Proceeding of
Seventh International Conference on Foundations of Computer-Aided Process
Design 2009, 2009, pp. 107-123.

[44] N.E. Sammons Jr., M.R. Eden, W. Yuan, H. Cullinan, B. Aksoy, A flexible frame-
work for optimal biorefinery product allocation, Environ. Prog. 26 (4) (2007)
349-354.

[45] N.E. Sammons Jr., W. Yuan, S. Bommareddy, M.R. Eden, B. Aksoy, H. Cullinan,
A systematic approach to determine economic potential and environmental
impact of biorefineries, Comp. Aided Chem. Eng. 26 (2009) 1135-1140.

[46] N.E.Sammons Jr., W. Yuan, M.R. Eden, B. Aksoy, H.T. Cullinan, Optimal biorefin-
ery product allocation by combining process and economic modelling, Chem.
Eng. Res. Des. 86 (7) (2008) 800-808.

[47] B. Mansoornejad, V. Chambost, P. Stuart, Integrating product portfolio design
and supply chain design for the forest biorefinery, in: Proceeding of Seventh
International Conference on Foundations of Computer-Aided Process Design
2009, 2009, pp. 1017-1033.

[48] RR. Tan, J.-A.B. Ballacillo, K.B. Aviso, A.B. Culaba, A fuzzy multiple-objective
approach to the optimization of bioenergy system footprints. Chem. Eng. Res.
Des. 87 (2009) 1162-1170.

[49] D.K.S. Ng, D.C.Y. Foo, RR. Tan, Automated targeting technique for single-
component resource conservation networks—part 1: direct reuse/recycle, Ind.
Eng. Chem. Res. 48 (16) (2009) 7637-7646.

[50] D.KS. Ng, D.C.Y. Foo, RR. Tan, Automated targeting technique for single-
component resource conservation networks—part 2: single pass and
partitioning waste interception systems, Ind. Eng. Chem. Res. 48 (16) (2009)
7647-7661.

[51] D.K.S. Ng, D.C.Y. Foo, R.R. Tan, C.H. Pau, Y.L. Tan, Automated targeting for con-
ventional and bilateral property-based resource conservation network, Chem.
Eng.]. 149 (2009) 87-101.

[52] D.K.S.Ng,D.C.Y.Foo, R.R. Tan, M.M. El-Halwagi, Automated targeting technique
for concentration- and property-based total resource conservation network,
Comp. Chem. Eng. 34 (2010) 825-845.

[53] M.M. El-Halwagi, V. Manousiothakis, Automatic synthesis of mass-exchange
networks with single component targets, Chem. Eng. Sci. 9 (1990) 2813-
2831.

[54] C.S. Lee, D.K.S. Ng, D.C.Y. Foo, R.R. Tan, Extended pinch targeting techniques
for carbon-constrained energy sector planning, Appl. Energy 86 (1) (2009) 60—
67.

[55] M.T.Holtzapple, C.B. Grada, Carboxylate plateform: the MixAlco process part 1:
comparison of three biomass conversion platforms, Appl. Biochem. Biotechnol.
156 (1-3) (2009) 95-106.


http://dx.doi.org/10.1007/s10098-009-0260-1
http://dx.doi.org/10.1007/s10098-009-0215-6

	Automated targeting for the synthesis of an integrated biorefinery
	Introduction
	Problem statement
	Automated targeting
	Case study
	Scenario 1: Maximum production of single product (biofuel) from a given biomass
	Scenario 2: Maximum revenue for cases with multiple products
	Scenario 3: Maximum revenue for cases with multiple feedstocks and products

	Conclusion
	Acknowledgements
	References


