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a b s t r a c t s

This study presents a comprehensive decision model for the integrative design of a biorefinery for
bioethanol production and its supply chain (BPSC) under the water-energy-food-land (WEFL) nexus
framework. A new optimization model was developed using a mixed integer linear programming to
simultaneously identify the optimal process configuration of a bioethanol production plant and the
optimal bioethanol supply network. The objective function of the model is to minimize the total annual
cost for establishing and operating the BPSC to meet society’s needs (energy, water and food) under the
limited resources and land availabilities, and technology capacity. The proposed model can provide the
optimal solutions for design and operation of the BPSC: i) the types, and quantities of feedstocks; ii)
types, number, and location of facilities and; iii) regional flows. The capability of the proposed model was
validated through the case study of Jeju Island, Korea, with two scenarios: BPSC by cost (COPT) and nexus
(NOPT) optimization. As a result, it was identified that the BPSC in NOPT requires higher energy supply
cost (8.55 B$) than the COPT (6.44 B$). However, the BPSC in NOPT can satisfy the society demands with
relatively smaller consumption of occupied land (2%), fresh water (30%) and primary energy consump-
tion (64%) than that of the COPT, respectively.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Global resources consumption is steadily increasing due to rapid
population growth and socio-economic development [1]. Particu-
larly, the drastic development of modern society has led to a
tremendous increase in the demands for vital resources such as
energy, food, water, and land, which has caused serious security
issues for such resources. For instance, a Water Economic Forum
report indicated that water scarcity has become one of the top five
key issues over the past five years [2]. Meanwhile, agriculture is the
largest water-consuming sector, which accounts for 85% of global
freshwater consumption [2]. With increasing food demand, food
production needs to be increased by 60% to satisfy the global food
demand in the future, which will exacerbate the problem of water
shortage [3]. In addition, bioenergy is regarded as one of the
promising alternatives to meet increasing energy demand, while
reducing the environmental impact (e.g., greenhouse gas emission)
[4], despite of the conflict with the availability of land and water for
food crops [5]. Therefore, to balance the increasing demand for
these resources, these challenges should be addressed in a sys-
tematic way that simultaneously considers the interrelationships
between land, water, food, and bioenergy, namely a resources
nexus.

Considering these facts, the sustainability of bioethanol supply
chain which involves land, water, energy, bioenergy as resources is
very important. Some researchers proposed an optimization model
to take the sustainability issues and their economic impacts into
account for designing an optimal and sustainable bioethanol supply
chain [6e9]. Ahranjani et al. proposed a hybrid multi-objective
robust possibilistic programming model for sustainable bio-
ethanol supply chain [6]. Akbarian-Saravi et al. proposed compre-
hensive decision approach to design and optimize sustainable
bioethanol supply chain in which the bioethanol demand is pre-
dicted using an artificial neural network model [7]. Rabbani et al.
developed an integrative optimization model for sustainable bio-
ethanol supply chain considering the bioethanol production stra-
tegies [8].

The bioethanol supply chain within the nexus concept has been
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regarded as a powerful methodology for designing and managing a
sustainable energy system [10e14]. Castillo et al. analyzed syn-
ergies and trade-offs of the biofuel production system under the
land-water nexus framework [10]. Guo et al. proposed a multi-level
system model for the bioethanol supply chain within the resource-
food-bioenergy nexus [11]. Mahjoub and Sahebi developed a sus-
tainable network design model for the water-energy nexus at the
hybrid bioethanol supply chain [12]. L�opez-Díaz developed an
optimization model for bioethanol supply chain within water-
energy-food nexus and analyzed trade-offs between the profit of
system and the impact of uncertainties of strategic decisions [14].

Despite the large number of studies, there are still limitations in
the application and interpretation of the nexus concept for inte-
grative bioethanol supply chain which includes biorefinery, and
energy supply system (e.g., water and food supply system). First,
the complex interrelationships and interdependencies between the
involved resources are still not clearly defined, which causes diffi-
culties in the development and implementation of the nexus
concept to real applications. One of the major reasons for the
limited application of the nexus concept is that the practical ben-
efits of using the nexus concept have not been proven yet. Most
studies only focused on the efficient usage and supply of main re-
sources and analysis of inter-resources competition. While these
studies are helpful to understand the interactions between re-
sources, they can neither provide adequate reasons for the incor-
poration of the resource nexus for designing real biomass-driven
energy systems, nor explain the kind of benefits that can be ex-
pected from the economic and sustainable perspectives. Thus, to
better understand the fundamental necessity for the consideration
of the resource nexus, it is essential to quantitatively justify the
benefits of the nexus-centric system by comparing with non-nexus
systems.

Another limitation of the previous studies for resource nexus
systems is the absence of dedicated models for a specific problem.
For instance, the development of proper nexus models for a sus-
tainable bioethanol supply chain can make the nexus concept more
accessible and comprehensible by stakeholders and policy-markets
[15]. In the sustainable bioethanol supply chain, the resource
management using a nexus concept should encompass complex
interactions and potential conflicts in all the stages, from biomass
collection to bioethanol production and distribution. The design
and management of the bioethanol supply chain under nexus
framework should be expanded to also include other essential re-
sources, activities, and disciplines such as land use, waste man-
agement, environmental impact, economics, resource efficiency,
and ecosystem conservation to make the nexus even more multi-
dimensional and interdisciplinary [16]. This is because such addi-
tional issues have become crucial in sustainable resource man-
agement, as resources are tightly interrelated and the use of one
accompanies the presence of the others; e.g., the production of
bioethanol requires water and land, which leads to a conflict with
food as they compete with food crops on the use of agricultural
lands and water, and the distribution of the produced bioethanol
requires energy. While many approaches andmodels for the design
of the bioethanol supply chain have been developed, no study
comprehensively addresses all the problems that may arise in the
bioethanol supply chain. Thus, proper resource nexus model for a
bioethanol supply chain should provide specific and practical so-
lutions for sustainable management such as biomass selection
strategy, detailed bioethanol production strategies, and distribu-
tion scheme.

Therefore, the goal of this study is to propose a new
optimization-based framework for the design and management of
the resource nexus in the bioethanol supply chain, which can be
2

used to address a wide range of issues such as i) understanding the
complex interactions between the involved resources (i.e., synergy
or trade-off) within the water-energy-food-land (WEFL) nexus, ii)
identifying the optimal process configuration of a biorefinery and
distribution strategies, and iii) evaluating the benefits and differ-
ences of the nexus-centric bioethanol system. To achieve this goal,
the problem statement and system description are discussed in
Section 2. We then develop an optimization model to identify the
optimal design andmanagement solution for the bioethanol supply
chain using a mixed integer linear programming (MILP) technique
in Section 3. Finally, we apply the proposed framework to a real
case study, i.e., the nexus-centric bioethanol system in Jeju Island,
Korea (Section 4), and discuss the major findings of the case study
(Section 5).
2. Problem statement

The objective of this study is to propose a new integrative
optimization-based framework for the design and management of
a nexus-centric bioethanol supply chain. The developed framework
should address the complexity of the interactions of all the related
resources within the nexus, and provide practical solutions to a
decision-making process, from biomass selection and biorefinery
design to supply and distribution strategies. Thus, the problem
addressed in this study can be described as follows:

� Given a certain region where a supply network of bioethanol is
to be established.

� Given types of biomass along with potential cultivation land for
satisfying the food and bioethanol demands. Note that two types
of biomass are considered in this study: food crops and residues.
While food crops refer to biomass that have already being
grown, harvested, and utilized for food supply, residues refer to
remnants of the biomass, which are lignocellulosic biomass
(e.g., rice straw, barley straw, and beanstalk).

� Given different technologies that can be used in the biorefinery
for bioethanol production.

� Given water availability to be used for different purposes (e.g.,
for agricultural and residential activities, and energy
production).

� Given parameters of the involved elements, including biomass
cost, land size, and cost required for biomass cultivation, water
supply cost, technical and economic parameters of technologies
(e.g., efficiency, capacity, investment, and operating costs), and
costs for biomass and food crop transportation.

Note that a detailed explanation and values are given in Section
4. Based on the aforementioned conditions, the model can be
simulated to determine the following decisions:

� Land-use strategy: location and size of the farmland.
� Crop cultivation: type, location, and quantity of the crops
cultivated in the farmland.

� Water supply strategy: amount of water for farmland and social
demands.

� Bioethanol production process design: process configuration of
the biorefinery.

� Distribution strategy: size, number, and location of the involved
facilities (e.g., warehouse and biorefinery). The amount of flows
transported between region (e.g., biomass, food crops, bio-
ethanol, and water) along with the corresponding trans-
portation modes.

The assumptions made in this study are as follows:
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� The system includes five nodes: farmland for food crop and
residue production, warehouse (granary) for residue (food crop)
storage, biorefinery, and water supply facility.

� There are no losses of food crop and agricultural residues during
storage.

� The bioethanol is blended with gasoline using the existing
infrastructure of the transportation sector such as terminal, oil
refineries, and fuel stations; thus, no additional costs are
incurred.

� All biomass resources and liquid fuels are transported between
the nodes by truck.

� The market prices of the involved materials (e.g., food crop,
biomass, bioethanol, and alternative products) are constant.

In this study, we generated two scenarios to comparatively
analyze the effects of the WEFL nexus framework in the supply
chain design of a bioethanol system. In the first scenario (COPT
scenario), the optimal process configuration of the bioethanol
production refinery as well as supply chain are determined from
the economic perspective. Thus, the objective function is to mini-
mize the cost for energy supply. As can be seen in Fig. 1 (a), bio-
ethanol is produced from lignocellulosic biomass (i.e., agricultural
residues) in a biorefinery and then distributed to satisfy the
regional bioenergy demands. Thus, in the COPT scenario, the pro-
posed optimization model is used to solve a typical allocation
problem (i.e., optimal bioethanol supply chain), including the se-
lection of types and amount of biomass, the technology configu-
ration of the biorefineries, and the sizes and locations of the major
facilities.

Comparing to the problem by the COPT scenario, the second
scenario (NOPT) is created by adding the interrelationships be-
tween the resources (land, water, food, and bioenergy) as shown in
Fig. 1 (b). In this nexus-centric bioethanol supply chain, two
different feedstocks (food crop and agricultural residues) are sup-
plied from farmlands. While the food crops are used to meet the
social food demand of the involved region, the residues can be
converted to bioethanol in the biorefinery to satisfy the energy
demand. In this study, we consider three types of food crops: bean,
rice and barley. Water sources should be supplied for three
different purposes: for crop cultivation in the farmland, as utility in
biorefineries, and to satisfy the regional water demands. The
available land size for crop cultivation is restricted to a certain level,
which is smaller than the actual land sizes of the involved regions.
All types of agricultural residues (or food crops) are transported to
biorefineries (or the involved regions) through warehouses (or
granaries). Thus, the optimization model in the NOPT scenario
identifies the optimal supply chain scheme to meet the water, food,
and energy demands under a limited land size, which includes the
type and amount of feedstock, the size and location of the major
facilities, the number of transportation modes, and the regional
distribution strategy.

Fig. 1 also shows the technology superstructure of the bio-
refineries for bioenergy production from lignocellulosic biomass.
This study considered two technical pathways for biomass con-
version in a biorefinery: biochemical and thermochemical path-
ways. Each pathway comprises several combinations of
technologies and the corresponding energy or mass flows. As a
feedstock for the biorefinery, this study considers three types of
biomass: beanstalk, rice straw, and barley straw, which are the
residues of major food crops. The lignocellulosic biomass is first
decomposed into the two main intermediates (i.e., hydrolyzate and
syngas by the biochemical and thermochemical pathway, respec-
tively) through different types of pretreatment or gasification
3

technologies. The amount and composition of the main in-
termediates depend on the types of biomass as well as the yields of
the used technologies. Note that Fig. 1 shows alternative products
such as electricity, hydrocarbons, and different alcohols. Excessive
agricultural residues may often generate, when food is required for
society needs and there is no energy demand. In this case, the
excessive agricultural residues (i.e., lignocellulosic biomass) can be
collected and converted to such alternative products for additional
economic benefits by selling in a market.

In the biochemical pathway, the hydrolyzate produced by the
pretreatment technology is converted to sugars, which is further
processed for bioethanol production by the acidic or enzymatic
saccharification and fermentation (SSF) technology. The produced
raw ethanol is purified by stripping from the residues using the
distillation or pervaporation technology. The separated residues
can be combusted by the combined heat and power technology
(CHP) to generate electricity or upgraded to value-added hydro-
carbons (liquid fuels with hydrocarbons ranging from C5eC22) by
the upgrading (UPG) technology, which is widely used in conven-
tional refining industries, including thermal cracking, hydrocrack-
ing, and hydrotreatment processes [17]. Distillation (DTL) and
pervaporation (PVL) technologies are used to purify ethanol from
the fermented sugars. The syngas, which is a mixture of hydrogen
and carbon monoxide obtained by the thermochemical pathway, is
fed to the steam methane reforming (SMR) technology to synthe-
size only methanol or mixed alcohols (mixture of ethanol, prop-
anol, butanol, and pentanol). The mixed alcohols are separated into
ethanol and higher alcohols [18], whereas the methanol is con-
verted into ethanol by a methanol-to-ethanol technology (MTE),
which includes acetic acid synthesis and hydrogenation processes
[19]. A more detailed explanation of the involved technologies can
be found in literature [20,21].

3. Optimization model

The optimization model is formulated as a MILP problem. The
following sections introduce the major constraints along with the
objective function.

3.1. Constraints

3.1.1. Crop cultivation
Among the crops cultivated in region r, the total amount of

biomass (Fir) is calculated from each biomass produced per unit
area (εFir) and the total utilized area in region r (Ar).

Fir ¼ ε
F
irAr ci2IF ; r2R (1)

The total amount of the food crop obtained from the crops
cultivated in region r (Gir) is given by:

Gir ¼ ε
G
irAr ci2IG; r2R (2)

where εGir is the amount of each food crop produced per unit area in
region r.

The land area utilized in region r cannot exceed the land avail-
ability of each region (6r), as follows:

6r �Ar cr2R (3)

3.1.2. Distribution of biomass and food crops
The total amount of biomass obtained in region r is transported



Fig. 1. Schematic representation of the bioethanol supply chains (a) without WEFL nexus and (b) with WEFL nexus, and the technology superstructure of a biorefinery. Abbre-
viation: PAF: Ammonia fiber expansion based pretreatment, PDA: Dilute acid based pretreatment, PHW: Hot water based pretreatment, ACH: Acidic hydrolysis, SSF-A: Simultaneous
saccharification and fermentation using acid, SSF-E: Simultaneous saccharification and fermentation using enzyme, CHP: Combined heat and power generation, DTL: Distillation,
PVR: Pervaporation, UP-FA: Upgrading to fuel additives, GS-D: Direct gasification, GS-ID: Indirect gasification, SMR: Steam methane reforming, SYN-MA: Mixed alcohol synthesis,
SYN-ME: Methanol synthesis, MTE: Methanol to ethanol process.
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to biomass warehouses.

Fir ¼
X
r02R

QFW
irr0 ci2IF ; r2R : rsr0 (4)

where QFW
irr0 is the flow rate of biomass transported from region r to

the warehouses in region r’.
The total amount of biomass stored in the biomass warehouses

in region r can be transported to the biorefinery in region r’ and
used to produce bioethanol.
4

X
r02R

QFW
ir0r ¼

X
r02R

QWP
irr0 ci2IF ; r2R : rsr0 (5)

where QWP
irr0 is the flow rate of the biomass transported from the

biomass warehouses in region r to the biorefinery in region r’.
The total amount of food crops cultivated in a farmland in region

r is transported to the food crop warehouses.

Gir ¼
X
r02R

QGW
irr0 ci 2IG; r2R : rsr0 (6)

where QGW
irr0 is the flow rate of the food crops transported from
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region r to the warehouses in region r’.
The food crops stored in the food crop warehouses in region r

can be used to meet the food crop demand in region r’.

X
r02R

QGW
ir0r ¼

X
r02R

QWD
irr0 ci2IG; r2R : rsr0 (7)

where QWD
irr0 is the flow rate of the food crops transported from the

food crop warehouses in region r to meet the food crop demand in
region r’.

3.1.3. Bioethanol production
The entire biomass transported to the biorefinery is used in

biomass conversion facilities as an input material:

X
r02R

QWP
ir0r ¼

X
j2JP

h�ij Xijr ci2IF ; r2R (8)

where Xijr is the amount of biomass processed by a facility, j2 JP , in
region r, and h�ij is a coefficient that indicates whether or not a fa-

cility, j2JP , can process biomass, i2IF (1 if feedstock i can be pro-
cessed by facility j, otherwise 0).

The total amount of intermediate products produced in all the
facilities in region r should be processed by all the facilities within
the region, as follows:

X
i2II

X
j2JP

hþii0jXijr ¼
X
j2JP

h�i0jXi0jr ci2II; r2R : isi0 (9)

where hþii0j is the conversion efficiency of a facility, j2 JP , which

produces intermediate i2II from another intermediate i02 II .
Eqs. (10) and (11) state the production of by-products and final

product (i.e., bioethanol), respectively.

X
i2II

X
j2JP

hþii0jXijr ¼Bi0r ci02IB; r2R (10)

X
i2II

X
j2JP

hþij Xijr ¼ Pr c r2R (11)

where Bi0r and Pr are the total amounts of by-product and final
product produced by all the facilities in region r, respectively.

3.1.4. Water supply
The overall water balance should be satisfied in the whole re-

gion. The sum of the amount of water supplied in region r should be
equal to the sum of the amount of water consumed for three
different purposes in the same region: i) to satisfy water demand
(WFD

r ), ii) to operate a biorefinery (WFP
r ), and iii) to cultivate the

crops (WFA
r ). The water supplied in region r comprises three types

of water: underground water (WU
r ), tap water from the water

supply system (WT
r ) and desalinated water (WD

r0r).

WU
r þWT

r þ
X
r02R

WD
r0r ¼ WFD

r þ
X
j2JP

WFP
jr þWFA

r c r2R (12)

The amounts of water supplied as underground water and tap
water in region r are respectively confined by the maximum
amount, as represented by Eqs. (13) and (14).

WU
r � lUr c r2R (13)

WT
r � lTr c r2R (14)
5

Here, lUr and lTr are the availabilities of underground water and
tap water from the water supply system in region r, respectively.
Note that it is assumed that there is no limitation of amount of
available desalinated water. The amount of water used in the
farmland is calculated from the water required per unit production
of the crops and the total amount of crops produced.

WFA
r ¼

X
i2IF

wirFir c r2R; (15)

The biorefinery requires fresh water for its operation. The
amount of water used in the biorefinery is determined by a con-
version factor (fjr) and the amount of material produced by the
biorefinery.

WFP
jr ¼

X
i2II

fjrXijr cj2JP ; r2R (16)
3.1.5. Demand satisfaction
The food demands in region r should be satisfied by locally

produced food crops in region r and food crops transported from
region r’ to region r.

PGir þ
X
r02R

QWD
ir0r ¼ dGir c i2IG ; r2R : rsr0 (17)

Here, PGir is the amount of produced food crops in region r.
The total amount of bioethanol produced in region r should be

equal to the sum of the amount to meet the local bioethanol de-

mand in region r (dEr ) and the bioethanol amount transported to
another region r’ to satisfy the energy demand of region r’ (QPD

rr0 ).

Pr ¼ dEr þ
X
r02R

QPD
rr0 c r2R : rsr0 (18)

The amount of water supplied to satisfy the water demand in
region r should be equal to the water demand in the region.

WFD
r ¼ dWr c r2R (19)
3.1.6. Capacity limitation
The total amount of energy andmass supplied to the biorefinery

are restricted by the maximum capacity (cmax
j ) of the facilities. This

limitation determines the number of facilities required, which is
given as Eq. (20).

X
i2I

Xijr �cmax
j Njr cj2JP ; r2R (20)

Similarly, the amount of mass stored in the warehouses is also
restricted by the maximum storage capacity.

X
r02R

QW
ir0r �cmax

j Njr ci2
n
IF ; IG

o
I; j2 JS; r2R (21)
3.2. Objective function

The objective function is tominimize the total annual cost (TAC),
which is the sum of the total facility cost (TFC), total transportation
cost (TTC), and total biomass cost (TSC), and minus the total
byproduct credits (TBC).
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Min TAC¼ TFC þ TTC þ TSC þ TWC � TBC (22)

The total facility cost is composed of facility investment cost and
facility operation cost. The former is estimated by the unit invest-
ment cost of the energy production facilities and warehouses (4j)
and the number of facilities installed (Njr), while the latter is
calculated from the unit operating cost of all the facilities (pj) and
the corresponding amount of energy produced or stored.

TFC¼
X
j2J

X
r2R

aj4jNjr þ
X
i2I

X
j2JW

X
r;r02R

pj

�
QFW
irr0 þQGW

irr0

�

þ
X
i2I

X
j2JP

X
r;r02R

pjXijr (23)

where aj is the capital charge factor for the amortizing investment
cost of facility j.

The total transportation cost consists of the fixed (nfixi ) and
variable costs (nvari ) of feedstock, food crops, and bioethanol, and
the water supply cost.

TTC¼
X
i2I

X
r;r02R

�
nfixi þ nvari 22rr0

�

�
�
QFW
irr0 þQWP

irr0 þQGW
irr0 þQWD

irr0 þQPD
rr0

�

þ
X
r2R

�
kUWU

r þ kDWD
r þ kTWT

r

�
(24)

where 2rr0 is the distance between region r and region r’. Here, kU ,
kD, and kT are the supply cost of underwater, desalinated water, and
top water, respectively.

The total biomass cost is composed of the rental cost of land that
is utilized to cultivate biomass and food crops and the operating
cost for obtaining biomass and food crop.

TSC¼
X
i2I

X
r2R

4rAir þ
X
i;i02I

X
r2R

�
mFr Fir þmGr Gi0r

�
(25)

where mFr and mGr are the operating cost for biomass and food crop,
respectively.

The total byproduct credit is the additional profits obtained from
selling the byproducts of the biorefinery (e.g. electricity or other
chemicals), which can be produced in the biorefineries using extra
feedstock after satisfying the energy demand:

TBC¼
X
i2IB

X
r2R

jiBir (26)
4. Case study: application to Jeju Island, Korea

To illustrate the capabilities of the developed optimization
model, we present a case study on the design of a nexus system in
Jeju Island, Korea. This island is one of the best isolated regions to
implement the bioethanol supply chain due to the abundance and
variety of biomass for bioethanol production. Furthermore, the
Korean government is actively planning to establish a sustainable
and stand-alone energy system using only internal renewable re-
sources, namely a carbon-free island. Thus, the introduction of
bioethanol into the transportation sector can effectively improve
regional independence and energy security since the energy de-
mand of the transportation sector constitutes the major portion of
the net primary energy consumption of Jeju Island [20,22].
6

4.1. Technology data of biorefinery

The technical and economic parameters of the major technol-
ogies used in the biorefinery and warehouses are summarized in
Table 1. We considered two types of capacities (small and large) for
all the facilities and used 0.6 as a scaling exponent to estimate the
cost of facilities with different capacities [21,23,24]. Note that, for a
particular technology, different types are considered according to
the yield to process the same biomass or intermediates; however,
we grouped them and used a single technical name (i.e., square
boxes in Fig. 1) to simplify the system superstructure. For example,
for the dilute acid-based pretreatment (PDA) technology that pro-
duces hydrolyzate from biomass, we considered three types of PDA
technology with different yields. The detailed information of all the
considered technologies are listed in Table S1 of the supplementary
information.

To amortize the investment cost of the facilities, we assumed a
capital charge factor of 0.1275 by considering an interest rate of 12%
and a facility lifetime of 25 years [25]. For byproducts credit, the
selling prices of electricity, hydrocarbon, and higher alcohols are
considered as 1.13 $/kWh, 0.54 $/kg, and 0.56 $/kg, respectively
[26e28].

For biomass and food crop transportation, we considered only a
single transportation mode (i.e., the tank truck) because it is effi-
cient in Jeju Island where the transportation distance is short and
the demand variations between regions are huge [29]. The trans-
portation cost of biomass and food crop consists of the distance
fixed and variable cost, which are considered as 8.5 $/ton and 0.255
$/ton.km, respectively [20]. On the other hand, for bioethanol and
water supply, only the distance variable cost is considered because
bioethanol and water are assumed to be transported using the
existing infrastructure. We considered 0.0512 $/ton.km for bio-
ethanol, 0.085 $/ton for underground water, and 1 $/ton for the
desalinated water [30,31].

4.2. Resource and geological data

We estimated the annual demands for water, bioenergy, and
food in six regions of Jeju Island, which are shown in Fig. 2. Based
on the renewable fuel standard policy of the Korean government,
we assumed E3 (bioethanol 3% blend with gasoline) as the bio-
energy demand. To estimate the bioenergy demand, statistical data
such as fuel consumption, the registered number of vehicles, and
the population of the six regions were used. For water and food
demands, we used the regional population and the average values
of water and food consumption per person.

The available amount of agricultural residues from the existing
farmland is shown in Fig. 3. Note that the utilization of agricultural
residues as a feedstock for bioethanol production is limited to avoid
conflicts with other purposes (e.g., livestock feed) and for
ecosystem conservation [20]. The net availability of agricultural
residues for energy production was assumed to be 24.5% of the
gross residue amounts [32]. The detailed parameter used to
calculate the three demands are presented in Tables S2eS8 in of the
supplementary information.

The land and water availabilities considered in this study are
listed in Table 2. The available land size to cultivate the three crops
(i.e, rice, barley, and bean) is assumed to be the sum of the area used
in the current and 20% of the marginal land that is not currently
used for other purposes in residential, commercial, industrial and
public sectors [20,33]. For the water resource, the underground
water and tap water from the water supply system are considered
by the regional characteristic of Jeju. In Jeju, agricultural and resi-
dential water are supplied from these water resources. Particularly,
tapwater is mainly used to prevent seawater penetration by the use



Table 1
Technical and economic parameters of major technologies in the biorefinery and warehouse; full information are available in S1 of the supplementary information.

Input Output Yielda (kg/kg) Capacity (ton/yr) CAPEX (M$) OPEX ($/ton)

S L S L

PDA Feedstock Hydrolyzate 3.74 4.2 8.3 8.8 13.3 5.0
PHW Feedstock Hydrolyzate 4.91 4.2 8.3 3.7 5.6 3.8
PAF Feedstock Hydrolyzate 3.92 4.2 8.3 3.7 5.6 3.8
GS-D Feedstock Syngas 0.67e0.70 4.2 8.3 25.3 38.4 22.5
GS-ID Feedstock Syngas 0.47e0.49 4.2 8.3 11.3 17.1 8.0
SSF-A Hydrolyzate Broth 0.96e1.01 2.1 4.2 3.9 5.9 0.8
SSF-E Hydrolyzate Broth 1.03 2.1 4.2 3.8 5.8 14.6
DTL Broth Ethanol 0.02e0.08 2.3 4.5 1.0 1.5 75.7

Leftover 0.09e0.27 2.3 4.5 1.0 1.5 75.7
PVR Broth Ethanol 0.01e0.05 2.3 4.5 19.6 29.7 151.2

Leftover 0.10e0.26 2.3 4.5 19.6 29.7 151.2
CHP Leftover Electricity 0.24e0.65b 0.6 1.2 0.7 1.0 93.9
UP-FA Leftover Hydrocarbon 0.07e0.08 0.6 1.2 13.3 20.2 79.7
SMR CH4-rich Syngas 0.54e0.63 3.0 5.9 17.2 26.1 25.9
SYN-MA Syngas Mixed alcohol 0.56 0.4 0.8 3.0 4.6 100.0
SYN-ME Syngas Methanol 0.68 0.4 0.8 11.3 17.2 61.4
SPT Mixed alcohol Ethanol 0.32 0.3 0.5 1.3 2.0 77.0

High alcohol 0.8 0.3 0.5 1.3 2.0 77.0
MTE Methanol Ethanol 1.38 0.3 0.6 22.2 33.6 579.2
BWH Feedstock Feedstock 1.38 3.0 6.0 3.3 5.0 15.0

Food crops Food crops 1.38 3.0 6.0 3.3 5.0 15.0

a Some values are over 1 due to additional inputs such as makeup water, solvents, or enzymes.
b The unit is kWh/kg.

Fig. 2. Statistics of Jeju Island in 2014: (a) bioethanol demand in the road transport
sector and (b) food demand (rice/barely/bean).
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of a large amount of underground water. In this study, the usage
rate of the tap water is assumed to be 7% of the use rate of un-
derground water [22]. Based on a report on the water sources of
Jeju [34], we assumed that water availability is 60% of the current
usage for the sustainability of water sources. If the amount of water
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required in the nexus system exceeds the water availability, the
excess water is assumed to be supplied by a desalination process.

We determined the total amount of crops produced in the
farmland from the parameters related to the production of each
crop per unit area and the regional production ratio of the crops
[35]. The food crop part of the crop is supplied to satisfy the food
demand, while the residue part is used to produce bioethanol as
biomass. To calculate the amounts of food crop and biomass ob-
tained from a crop, we considered the ratio of biomass to food crop
(B/G ratio) [14,36]. Of the total amount of biomass obtained from
each crop, some portion of biomass should be left on the farmland
to minimize soil erosion and nutrient losses (e.g., organic matter,
phosphorus, and magnesium) [37]. We assumed that only 95% of
biomass can be used and the other 5% should be left in the farmland
[37]. In addition, to determine the water consumption for crop
cultivation, we considered the parameters related to the amount of
water required to produce 1 kg of each crop. The detailed agricul-
tural parameters such as crop yield, B/G ratio, and water require-
ment for growing each crop are summarized in Table 3 [38].

5. Optimization results

5.1. Optimal configuration for biorefinery

We applied the proposed optimization model to the design
problem to identify the optimal configuration of biorefinery (e.g.,
the type of pretreatment technology, fermentation technology) and
supply chain (e.g., mass and energy transportation between each
regions). The selected technologies and their combination for the
optimal biorefinery configuration in two scenarios are shown in
Fig. 4. Both scenarios utilize three residues as feedstocks to produce
bioethanol using four technologies sequentially. Hydrolyzate in the
COPT scenario is synthesized by a hot water-based pretreatment
(PHW) technology, whereas that in the NOPT scenario is produced
by the PDA technology. While the COPT scenario considers only the
energy flows without water flow, the NOPT scenario includes the
water flow. The PHW technology is based on hot water; hence, it
requires a large amount of water to process biomass. Therefore, in
the NOPT scenario, the PDA technology, which does not use water



Fig. 3. Availability of agricultural residues for energy production from existing farm-
lands in Jeju Island.

Table 2
Land and water availabilities of six regions in Jeju Island.

R1 R2 R3 R4 R5 R6

Land availability [km2] 235 143 193 105 166 269
Land lease cost [$/km2] 559 577 557 557 561 558
Underground water [103 ton/y] 617 460 690 294 716 1095
Tap water [103 ton/y] 44 241 25 22 65 30

C. You, S. Han and J. Kim Energy 228 (2021) 120574
as a utility, is selected to minimize the water consumption. The
hydrolyzate produced by the PHW and PDA technologies in each
scenario is then fermented and distilled into bioethanol. In addi-
tion, the dried residue is burned by the CHP technology to generate
electricity as a byproduct.
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5.2. Optimal biomass and bioethanol supply chain

The optimal strategies for land use and crop cultivation in the
two scenarios are depicted in Fig. 5. For the COPT scenario, 129 km2

and 252 km2 of land areas are used in R3 and R6, respectively. Since
the COPT scenario considers only bioenergy demand, a small
amount of biomass is required and only two regions with the
lowest land cost are used. Between the two regions, the land area
used in R6 is more than twice of that used in R3 because of the
greater land availability of R6. In the two regions, 12,000 tons of
bean and 32,000 tons of rice are produced because of their rela-
tively high efficiency for bioethanol production.

On the other hand, in the NOPT scenario, all the six regions are
used to cultivate the crops. This is because the NOPT scenario in-
cludes food demand as well as bioenergy demand. Thus, large
quantities of crops should be produced in the farmland considering
the amount of food crop required to satisfy the food demand aswell
as the amount of biomass used to produce bioethanol. The total
crop production in the NOPT scenario is about three times higher
than that in the COPT scenario. Among the crops, since the food
demand for rice is very high, the production amount of rice is the
highest (107,206 tons). Among the six regions, R1 and R6 use the
largest area of land (i.e., 235 km2 in R1 and 269 km2 in R6) because
of the higher land availabilities of these regions.

The optimal supply network of the two scenarios is presented in
Fig. 6. The thickness of the arrow indicates the quantity of the
residues and bioethanol transported. The thicker the arrow, the
greater are the amounts of energy andmass transported. As already
seen in Fig. 5, in the COPT scenario, two types of residues (beanstalk
and rice straw) are obtained in the two regions (R3 and R6) that
have the lowest land cost. From these residues, bioethanol is pro-
duced in R3 and R6 and then transported to other regions to meet
the energy demand. This is possibly because the COPT scenario is
economically favorable over a centralized bioethanol production
due to the low transportation cost of bioethanol. The amount of
bioethanol produced in R3 from 11,655 tons of beanstalk is 4.4 ML/
year, 78% of which is used to satisfy the energy demand of R2. R6
uses 32,112 tons of rice straw as biomass, produces 12 ML of bio-
ethanol, and then transports most of it to R2. Most of the bioethanol
is transported to R2 because the region has the highest amount of
energy demand due to the largest population.

Unlike the COPT scenario, in the NOPT scenario, which addi-
tionally includes water and food demands, all the three types of
residues are used to produce bioethanol (see Fig. 6(b)). In particular,
the rice straw usage increased in the NOPT scenario to 59,101 tons,
which is approximately 1.8 times of that in the COPT scenario. This
is because the high food demand for rice increased the amount of
rice cultivated in the farmland and the large amount of rice straw
obtained from this is used to produce bioethanol as a feedstock.
Unlike the COPT scenario, the NOPT scenario has a typical distrib-
uted network to minimize the total transportation cost. The NOPT
scenario requires a significantly higher total transportation cost
than the COPT scenario because of additional costs for food crop
transportation and water supply. Thus, a biorefinery is installed in
all the six regions. The bioethanol produced in the biorefinery of
each region is first used to satisfy its own energy demand and then
the remaining bioethanol is transported to R2.

Fig. 7 shows the food crop supply network from the farmland to
food demand in scenario #2. For food crop storage, several food
crop warehouses are built in all the six regions. The NOPT scenario
requires a huge transportation cost due to water supply and
biomass transportation as well as food crop transportation. Thus,
the food cropwarehouses are dispersively installed tominimize the
food crop transportation between the regions. In the case of food
crop transportation, the transportation of rice occurs more actively



Table 3
Agricultural parameters for crop cultivation.

Production ratio (%) Production amount per land area (ton/km2) Biomass/Food crop ratio Water use (L/kg)

R1 R2 R3 R4 R5 R6

Rice 15 e 4 23 21 38 271 1.2 50
Barley 13 13 2 20 18 34 284 1.2 50
Bean 19 6 33 12 11 20 192 1.5 83

Fig. 4. Optimal technology configuration of the biorefinery in two scenarios.

Fig. 5. Land-use strategy for the production of three crops in two scenarios: (a) the
COPT, and (b) NOPT scenarios.
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than that of the other two food crops. This is because the food
demand for rice is overwhelmingly higher than that for the other
two types of food crops since rice is Korea’s staple food. Moreover,
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from the viewpoint of food crop distribution, most regions satisfy
their own food demand from the on-site food crop warehouses.
However, R2 meets its food demand by transporting the food crops
from other regions. This is because R2, a major city on Jeju Island,
has the highest food demand due to the largest population. How-
ever, since R2 has the highest land cost, it is more economical to
transport the food crops from other regions than to build many on-
site warehouses to store the food crops.
5.3. Effects of the WEFL nexus

The economics of the BPSC in two scenarios are compared in
Fig. 8; the detailed cost information can be found in S9 of the
supplementary information. Since the BPSC in the COPT scenario is
established for energy supply, the cost breakdown includes only
energy supply cost (green-colored components). On the other
hand, the NOPT scenario include the food (yellow-colored) and
water (blue-colored) supply costs as well as the energy cost.

It is first observed that the energy supply cost of the NOPT
scenario is approximately 25% higher than that of the COPT sce-
nario. Despite relatively high byproduct credits, the NOPT scenario
requires large costs for capital, operating and raw materials
compared to the COPT scenario, thereby resulting in high net en-
ergy supply cost ($684 M/year). Particularly, Fig. 8 shows a huge
difference of the feedstock cost for energy production between two
scenarios. Note that the feedstock cost for energy supply was
simply calculated with total feedstock cost ($684 M/year) and the
B/G ratio of the cultivated crops (see Table 3). For instance, the COPT
scenario selected three types of the crops for food (bean, rice and
barley) supply as shown in S10 of the supplementary information;
accordingly, the corresponding residues (beanstalk, rice straw and
barley straw) were used as a feedstock of energy production. Thus,
the feedstock cost for energy production ($3.04 M/year) was pro-
portionally calculated by B/G ratio of each crop over total cultiva-
tion cost ($5.51 M/year). And the rest ($2.47 M/year) were
attributed to the feedstock cost for food supply.

In both scenarios, the facility investment cost was identified as
themajor cost drivers by accounting for 56.8% and 48.3% of the total
energy supply cost, respectively. This is consistent with the general
characteristics of the implementation of energy supply systems,
which requires high investment costs.

Since the NOPT scenario, unlike the COPT scenario supplies not
only energy but food and water, direct comparison of the eco-
nomics of both scenarios is not instructive. Especially the synergy
between energy and food supply in the WEFL nexus framework,
such as decrease of occupied land and consumed water, was not
observed. Therefore, to analyze the effects of WEFL nexus on the
BPSC system, this study compares the water and energy con-
sumptions, and land occupation for satisfying the social demands
(i.e., water, bioethanol, and food). It was assumed that the land
occupation for cultivating crops to satisfy food demand in the COPT
scenario is calculated by the average of B/G ratio and production
ratio. Detailed land use information can be found in S11 of the
supplementary information.

Fig. 9 shows the water and primary energy consumptions, and



Fig. 6. Optimal configuration of energy supply network in two scenarios: (a) the COPT, and (b) NOPT scenarios.
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Fig. 7. Optimal configuration of food supply network in the NOPT scenario.

Fig. 8. Cost breakdown of the COPT and NOPT scenarios [100 M$/year].
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occupied land size of two scenarios. The water consumption of the
COPT scenario (18.1 GL/year) is approximately 30% more than the
NOPT scenario (46 GL/year) mainly due to water consumption in
the bioethanol production facility. The COPT scenario where the
water availability is not considered, selected the PHW technology
(biomass pretreatment using hot water) requiring huge amount of
fresh water for an economic purpose. On the other hand, the PDA
technology which pretreats biomass using a dilute acid was
selected in the NOPT scenario to reduce water consumption. Se-
lection of different pretreatment technologies yields different pri-
mary energy consumption rate in two scenarios. For instance, the
energy consumption in the COPT scenario (516 TWh/year) is
approximately 64% more than the NOPT scenario (315 TWh/year).
Fig. 9 shows that total occupied land size of the NOPT scenario is
less than the COPT scenario. In the COPT scenario, the optimal land
11
size was determined to supply the lignocellulosic biomass for
bioethanol production. On the other hand, the land occupation in
the NOPT scenario was determined for both bioethanol and food
supplies by identifying optimal crops types and quantities to suit-
ably satisfying the social bioethanol and food demands of different-
levels.
6. Conclusions

This study proposed a new optimization-based approach for the
integrative design of a bioethanol production and its supply chain
(BPSC) under the water-energy-food-land (WEFL) nexus frame-
work. The developed optimization model minimized the total
supply cost, which determines the supply network and allocation
to the underlying system and is restricted by various practical and



Fig. 9. Water and primary energy consumption, and land occupation to satisfy social
demand in (a) the COPT and (b) NOPT scenarios.
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logical constraints. In addition, we generated two design scenarios,
cost minimization for bioethanol supply (COPT) and nexus opti-
mization (NOPT), to illustrate the effect of the nexus system. The
optimization model was applied to solve the design problem of
bioethanol supply chain in Jeju Island, Korea, as a case study.

As a result, it was revealed that the optimal scheme of the
biorefinery and bioethanol supply chain differs according to the
design goal: cost vs. nexus perspectives. For instance, the hot water
12
pretreatment (PHW) was selected in the biorefinery of the COPT
scenario due to it low processing cost, whereas the NOPT scenario
used the pretreatment technology using a dilute acid (PDA), instead
of PHW, to reduce the use of fresh water. Accordingly, the BPSC in
the NOPT scenario required higher energy supply cost than the
COPT scenario to meet constant bioethanol demand. Furthermore,
it was revealed that food, water and energy supply to a society in
the WEFL nexus framework enables the BPSC to satisfy the society
demands, with relatively small occupied land, fresh water and
primary energy consumption.

The integrative approach to simultaneously design of bio-
refinery and supply chain in this study is useful to provide a
comprehensive solution for planning of a sustainable bioethanol
economy. Furthermore, this proposed approach can be further
improved by securing detailed and precise parameters (e.g.,
resource availability, demand profiles and governmental policies),
and considering different strategies such as dedicated energy crops,
resource outsourcing and integration with existing energy in-
dustries. Furthermore, future research will include the following
systematic techniques: the life cycle analysis (LCA) study climate
change simulation to in detail assess the environmental impacts,
multi-objective optimization to identify the tradeoff between core
elements in the nexus system, and industrial ecology study for a
wide range of applications (e.g., hydrogen economy or carbon di-
oxide (CO2) utilization system) of the proposed approach.
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Nomenclature
Abbreviations
PDA dilute acid-based pretreatment
PHW hot water-based pretreatment
PAF ammonia fiber expansion-based pretreatment
GS-D: direct gasification
GS-ID indirect gasification
SSF simultaneous saccharification and fermentation
SSF-A: acidic simultaneous saccharification and fermentation
SSF-E: enzymatic simultaneous saccharification and

fermentation
DTL: distillation
PVR pervaporation
CHP combined heat and power generation
UPG upgrading
SMR steam methane reforming
S-MA mixed alcohols synthesis
S-MM mixed methanol synthesis
SPT separation
MTE methanol to ethanol
B/G ratio ratio of biomass for energy to crop for food
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WHS warehouse

Sets
I material
J facilities
R regions

Subsets
IF biomass
IG food crops
II intermediates
IB by-products
JW warehouse
JP biorefinery

Parameters
ε
F
ir amount of biomass i2IF cultivated from unit land area

at region r2R
ε
G
ir amount of food crop i2IG cultivated from unit area at

region r2R
h�ij coefficient of facility j2JP consuming biomass i2 IF

hþii0j conversion efficiency of facility j2JP which produces

material i2I from material i02I
6r land availability of region r2R

lUr availability of underground water in region r2 R

lTr availability of tap water in region r2R
wir amount of water required to cultivate 1 kg of each crop

in region r2R
fjr amount of water required to convert biomass through

biorefinery j2JP in region r2R

dGir demand of food crop i2IG in region r2 R

dEr energy demand in region r2R

dWr water demand for living in region r2R
cmax
j maximum capacity of facility j2J

4j unit investment cost of facility j2J
4r unit land cost in region r2R
pj unit operating cost of facility j2J

mFr unit operating cost for biomass in region r2 R
mGr unit operating cost for food crop in region r2 R
aj capital charge factor of facility j2J

nfixi unit distance fixed cost of material i2 I
nvari unit distance variable cost of material i2 I
2rr0 distance between region r2R and region r02 R
ji selling price of byproduct i2IB

kU supply cost of underwater
kD supply cost of desalinated water
kK supply cost of topwater

Variables
Ar total land area utilized in region r2R
Bi0r amount of by-product i2IB produced by all facilities in

region r2R
Fir total amount of biomass i2IFcultivated at region r2 R
Gir total amount of food crop i2IGcultivated at region r2 R
Njr required number of facility j2J in region r2 R
Pr amount of final product produced by all facilities in

region r2R
PGir amount of produced food crop i2IG in region r
13
QFW
irr0 flow rate of biomass i2IF transported from region r2R

to warehouse in region r02R
QWP
irr0 flow rate of biomass i2IF transported from warehouse

in region r2R to biorefinery in region r02R
QGW
irr0 flow rate of food crop i2IGtransported from region r2R

to warehouse in region r02R
QPD
rr0 amount of final product transported from region r2R to

region r02R
QWD
irr0 flow rate of food crop i2IGtransported fromwarehouse

in region r2R to food crop demand in region r02R
TAC total annual cost
TFC total facility cost
TTC total transportation cost
TSC total biomass cost
TBC total byproduct credits
WD

r0r amount of desalinated water supplied from region r2R
to region r02R

WFA
r amount of water supplied to cultivate crop in

agricultural land at region r2R
WFD

r amount of water supplied to satisfy water demand in
region r2R

WFP
r amount of water supplied to operate a biorefinery in

region r2R
WT

r amount of tap water consumed in region r2R

WU
r amount of underground water consumed in region r2R

Xijr amount of biomass i2IFprocessed by a facility j2JP in
region r2R

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.energy.2021.120574.
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