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Abstract

Scarcity of fossil fuels and their emissions have led energy policymakers to look for alternative renewable and clean
energy sources. In line with this target, biomass is a promising alternative source for the generation of clean energy
and the development of a sustainable society. The use of animal and agricultural wastes is one of the very
promising renewable energy alternatives paving the way for a more sustainable energy network. Animal and
agricultural wastes as biomass sources do not endanger food security and mitigate environmental impacts and may
therefore considerably contribute to an appropriate waste management. As a result, converting animal and
agricultural wastes to energy is a challenging issue that has attracted the attention of academic and industrial
researchers. A multi-echelon multi-objective model is developed to design a sustainable supply chain for bioenergy
generation through the anaerobic digestion process. The model maximizes economic and social objective
functions, representing direct economic profits and positive social externalities such as job creation and economic
development, respectively. Factors affecting the international supply chain include imports of intermediate
production equipment, exports of a final product, international business terms applied, customs duties, and foreign
exchange rates. Bioenergy and fertilizers are outputs considered in this study; the former to be converted to
electricity in a biogas plant to meet domestic demands, and the latter to be exported. A case study for the
Golestan province is used to evaluate the efficiency of the proposed model. The results support the potential for
three biogas power plants in Gonbad-e-Kavoos, with an annual production capacity of about 1000 tons of fertilizer
and an electricity supply for 101,556 households per month. There is still a broad field of promising avenues for
future research. Studying uncertainty in different supply chain parameters and using robust optimization to deal
with uncertainties are recommended approaches.
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Background
Scarcity of fossil fuels, together with emission of fossil fuel
pollutants, such as carbon dioxide, into the atmosphere,
and the resulting consequences, have led energy policy-
makers and planners to look for alternative renewable and
clean energy sources. Bioenergy is a renewable energy
generated from biomass. In general, different types of bio-
mass may be categorized into three generations: the first
generation is mainly composed of feed materials such as
corn grain, sugar cane, soybeans, and oilseeds; the second
generation includes such materials as agricultural wastes
[1] such as corn pods, post-felling wastes, or non-edible
energy specific products like switchgrass, miscanthus, and
jatropha; and finally, the third generation described as
aquatic biomass, includes a diverse group of photosyn-
thetic algae and cyanobacteria, sized from microscopic
(microalgae and cyanobacteria) to large seaweeds [2]. The
importance of design, implementation, and management
of renewable energy supply chains has been rapidly grow-
ing in recent years. In order to efficiently transform bio-
mass into energy, all supply chain network steps and
activities should be designed in a way that guarantees the
efficient flow of materials, information, and finance. Such
activities include planting, harvesting, collecting, storing,
and transporting the biomass, as well as converting bio-
mass to energy, and finally, the distribution and consump-
tion of energy. To carry out these activities, there should
be a supply chain configuration along with an efficient
transportation network, an optimum spatial and capacity
formulation of power plants and warehouses, a supply and
management of resources, waste management, and oper-
ational scheduling.
For this purpose, a multi-objective and multi-period

mixed-integer linear programming approach is proposed
to design the biomass-to-bioenergy supply chain model
for the transformation of biomass into biogas using an an-
aerobic digestion process. The model utilizes a second-
generation biomass such as animal excreta and agricul-
tural wastes for producing biogas and fertilizer, the former
to be exported abroad, and the latter to be converted into
electricity in a biogas power plant that meets the domestic
demand needs. As the model considers an export of final
products and an import of capital equipment, inter-
national factors such as a foreign exchange rate and inter-
national business terms are included in the model. There
are also some factors that take social considerations into
account. The developed model designs a global supply
chain network for the transformation of waste biomass to
energy, indigenizing the necessary international supply
chain factors. Compared with the literature regarding the
existing biomass supply chain, the model provides policy-
makers with instruments to enhance environmental
health, deal with waste management difficulties, create a
decisive value-add out of biomass wastes, and a control

for social side effects of this supply chain network. A case
study for the Golestan province has been conducted,
which was a first attempt at designing a supply manage-
ment chain of second-generation biomass in Iran.
The “Literature of review” section of the paper reviews

the literature on a biomass supply chain network, followed
by the problem statement in the “Methods” section. A
mathematical programming model is developed to formu-
late the global sustainable biomass supply chain using an-
aerobic digestion. The “Methods” section describes the
methodology of dealing with this problem. In the “Results
and discussion” section, a model is implemented for a
real-world case using an epsilon constraint approach,
whereas the “Conclusion” section wraps up with conclud-
ing results and suggestions for future research.

Literature review
Energy is like a bloodstream in the growing body of to-
day’s industrial world. On the other hand, the supply and
distribution network of energy carriers is indivisible and
interconnected across different countries of the globe. A
change in the price of crude oil in the Persian Gulf, for in-
stance, will instantaneously result in changes in the price
of other energy sources such as aviation fuel around the
world. The supply chain of energy carriers must, therefore,
be considered as a global supply chain network on an
international scale.
Despite the international nature of the supply net-

work of energy carriers, there seems to be a lack in
theoretical and empirical literature with regard to
the energy supply chain. Heever et al. [3] developed
a long-term mathematical model for designing and
planning the infrastructure of offshore oil fields, tak-
ing into account such commercial terms as customs
tariff, tax, and property. Jiao et al. [4] presented an
optimization model to minimize the overall cost of
the Chinese oil supply chain. They include such
international factors as the import of petroleum and
the exchange rate in their model. As a clear result,
there is no study that investigates global factors that
impact the supply chain of the proposed biomass-to-
bioenergy network addressed in this paper.
Three generations of bioethanol can be defined: the

first generation of bioethanol is produced from sugary
raw materials such as beet and sugarcane molasses or
starch raw materials such as cereals, potatoes, and
cassava. Bioethanol from plants or plant waste and
lignocellulosic second-generation bioethanol and
bioethanol production plants or waste and municipal
solid wastes and industrial plant consisting of sugar
and starch and cellulose are called third-generation
bioethanol Gilani and Sahebi [5].. Today, the use of
first-generation biomass is a threat to the food supply,
and its use is limited.
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Besides the necessity of studying the components of glo-
bal trade to optimize economic performance, the environ-
mental and social aspects of energy supply network
management decisions are also a serious challenge to be
met. Osmani et al. [6] presented a multi-purpose design of
a bioethanol supply chain network based on different types
of cellulosic biomass, including the environmental debate
in terms of the amount of carbon dioxide entering the en-
vironment. There are a few articles that address all eco-
nomic, environmental, and social dimensions of sustainable
development. Fengqi You et al. [7] presented a definite
model for designing a network of biofuels from cellulosic
biomass, considering all aspects of sustainable development.
Their model includes three objective functions for minimiz-
ing costs, minimizing greenhouse gases, and maximizing
the number of jobs created in order to take care of eco-
nomic, environmental, and social developments, respect-
ively. Miret et al. [8] formulated a three-objective model to
deal with sustainable development objectives by minimizing
total annual costs through a life-cycle assessment and cost
estimation method and employing two social factors,
namely, the number of employment opportunities as well
as the competition between food and energy.
Most studies, with regard to a bioethanol supply chain,

have only considered cellulosic biomass as a source of
energy. Zhang et al. [9], for example, introduced an
optimization model for a bioethanol supply chain with
switchgrass as the raw material. Balaman et al. [10],
however, developed a deterministic model for an electri-
city production supply chain sourced from animal waste
and energy seeds in an anaerobic digestion process.
Ullah et al. [11] studied wheat straw and okra stalk to
evaluate their potential use for integrated lignocellulosic
biorefining. Arumugan et al. [12] assessed a non-edible
renewable resource, i.e., Calophyllum inophyllum oil, to
produce biodiesel. A kinetic analysis has been carried
out for biodiesel production to identify the rate equation
and to estimate the model kinetic parameters.
It is critically important to conduct a case study in order

to test for the accuracy of biomass supply chain models.
Huang et al. [13] applied a biofuel supply chain design in
California to examine the economic potential of the
model, the structure requirements, and the risk of
bioethanol production from waste. Sharma et al. [14] con-
sidered an uncertain model with several scenarios for the
design of a biomass supply chain system and implemented
their model in Kansas.

Literature shortcomings
When browsing for literature, it is evident that arti-
cles examining global trade factors in detail are
scarce. Therefore, the present article is an effort to
indigenize production equipment and final product
export within the model and to include such factors

as incoterms and foreign exchange rates as well as
various types of customs duties (to understand its
importance, interested readers are referred to [15]).
It also introduces a new approach for calculating the
export costs (see Eqs. 11 and 12) of this global
biomass-to-bioenergy supply chain. Moreover, social
decision-making factors have not been sufficiently
regarded in the existing literature. A limited number
of studies focus just on job creation as the sole so-
cial target [16, 17]. This study therefore examines a
number of social dimensions of the supply chain by
employing the Guidelines for the Social Life Cycle
Assessment of a Product (GSLCAP) approach [18],
which is one of the most comprehensive methods
widely used for evaluating such social impacts that
are based on life period concepts. Job creation and
economic development measures are chosen to
evaluate the social dimensions of the supply chain.
The most efficient way to generate energy in rural and

other remote areas, where both agriculture production
and animal husbandry are dominant activities, is the con-
version of agricultural and animal waste into energy [19,
20]. This study therefore formulates the supply chain of
energy production from both agricultural and animal
waste sources, alone. According to our studies, no prac-
tical study has been conducted for the management of the
second-generation biomass supply chain in Iran. From this
point of view, the Golestan province is selected to serve as
a case study in this article.
As a clear result, the existing literature suffers from a

number of essential shortcomings, including (a) designing
a bioenergy network for the conversion of second-
generation biomass to bioenergy through an anaerobic di-
gestion process, which is a very suitable method to de-
velop rural and other remote areas [21]; (b) providing the
required biomass feedstock from both animal and agricul-
tural wastes to obtain a more sustainable supply network;
(c) including the social dimensions of the supply chain in
terms of job creation and economic development attain-
ments by using GSLCAP technique; (d) globalizing this
supply chain network by studying the incoterms and for-
eign exchange rates; and (e) a practical examination of the
model by conducting a real-world case study.

Methods
Anaerobic digestion process
Biomass can be converted into various forms of bioe-
nergy such as ethanol, butanol, methane, hydrogen,
electricity, and biofuels through various processes
[22]. A process available to convert biomass to energy
is anaerobic digestion, which is in fact a microbial de-
composition of organic materials in the absence of
oxygen. Under favorable conditions, organic material
will become fermented and release biogas. Some
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important factors which affect the production of bio-
gas include the type, density, and compositions of raw
materials, pH, the absence of oxygen in the inter-
action environment, and the time required to stop
the fluid inside the reservoir [23–25]. Biogas can be
used to generate electricity and heat. For the conver-
sion of biogas to electricity, it is possible to use elec-
tricity and heat units simultaneously or use a
combined heat and power (CHP) unit.
The process of generating electricity through an an-

aerobic digestion at CHP biogas power plants is as
follows: first, the usable raw materials (organic waste
or animal waste and plant residues) are discharged in
an appropriate space, then crushed and mixed with li-
quid at a specific rate, and moved into the pre-
digestive reservoir. Then, it enters into the digestive
process, and the operation of biogas production be-
gins. About 50 to 70 percent of the biogas is me-
thane, to be used as a fuel for producing heat and
power in generators. By the end of biogas production,
the remaining fluid is transferred to the storage tanks,
capable of being used as a fertilizer in liquid or dry
forms. The produced biogas is transferred to the gas
purification system, and the resulting energy is di-
rected to generators in order to produce heat and
electricity. The electricity produced is connected to
the power distribution network [26].

The Bioenergy Supply Chain Network (BSCN)
Based on the production process described, Fig. 1 shows
the energy generation supply chain network diagram of

the model. The chain covers all activities required to
generate energy from supplying raw materials to deliver-
ing products to their final markets. It consists of the fol-
lowing layers:

Required raw materials
In general, the performance of the anaerobic diges-
tion process as a biological process depends on sev-
eral factors. One of the critical factors in the
production of biogas is the type and composition of
raw materials, and the density of materials in the di-
gester [27].

Type and composition of raw materials The type and
composition of raw materials affect the quality and
quantity of biogas produced by anaerobic digestion pro-
cesses [27]. As mentioned earlier, organic materials can
be used as a feedstock for the process. There have been
many studies conducted with regard to this factor and
how it affects the outcome of the process. Part of the re-
search focused on increasing the quality and thus im-
proving the performance of biogas by changing the
type of substrate from a single to a hybrid biomass
type. Doagoee et al. [28] used mixed digestion by
combining rosewater wastes and cattle manure and
proved that in the combined digestibility of the bio-
gas, the production rate is higher and has a more
stable trend. Kollaee et al. [29] tested the composition
of rice straw and animal feces and concluded that the
quality of biogas increases by changing the kind of
bed type from single to a hybrid type. They also used

Fig. 1 Structure of the sustainable BSCN for bioenergy generation through anaerobic digestion process
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cow, poultry feces, and straw wastes to reach the
same result. However, as mentioned earlier, to work
effectively, the appropriate conditions for the diges-
tion process should be chosen for the respective di-
gestible organic materials to allow fermentation to be
carried out properly and to produce biogas. Ratio
procurement of carbon to nitrogen (C/N) which is
proper for the solution inside the digestives is among
the conditions of digestion. The C/N ratio of the raw
material is very important for the activity of anaerobic
bacteria, the speed of fermentation, and therefore the
production of methane gas. The ideal ratio for a solu-
tion inside the digestion is about 25 to 30. Hashimoto
[30] shows that poultry manure alone cannot be
digested because of the high ammonia levels. There-
fore, high-carbon waste should be used to boost di-
gestibility. For this reason, in order to provide a C/N
ratio, it should be co-digested with other high-carbon
and cellulose wastes such as vegetable and other agri-
cultural wastes. Hashimoto used straw as a carbon
source along with poultry waste. Having information
on the C/N ratio of available materials in the region,
a suitable mixture of wastes, can be selected to feed
the biogas plant [31]. According to the literature [28,
30, 31], the entry of the substances into the digestive
process would be a proportion of the poultry feces,
the straw, and the cow feces, which would allow the
C/N ratio in the digestive solution to be adjusted at
an ideal ratio.

The density of materials in the digestion system The
materials used in digestion systems should be soluble.
Two digestion systems are distinguished in terms of
the proportion of solid content: a wet digestion
process with a solid content of less than 15 percent
and a dry digestion process with a latter of more than
15 percent. While both freshwater and wastewater
may be used to supply water, there are some limita-
tions in using the wastewater. Therefore, the model
developed here considers a wet digestion process
using freshwater.

Warehouses
In order to store materials, a collection of potential sites
is allocated for the construction of three types of ware-
houses for agricultural wastes, liquid or semi-solid ani-
mal wastes, and solid animal wastes. High-solid wastes
(poultry feces) are considered as solid animal feces, and
low-solid ones (cow feces) are considered as liquid or
semi-solid feces.

Biogas power plants with different capacities
The required amounts of wastes stored are trans-
ferred from the warehouses to biogas plants in

appropriate time intervals. The model considers three
levels of capacity for the digestion process and CHP
power plants. The production equipment was pur-
chased in Germany and imported into the country
through seaports.

Product supply areas
The supply areas are located at the bottom line of
the supply chain. Due to the scarcity of electric power
in the northern cities of Iran, the electricity produced
is transferred to the national electricity grid to meet
domestic demands. The fertilizers produced are
exported, mainly due to higher international prices
compared with prices in domestic markets. Fertilizers
are exported through seaports.

Transportation
Roads are considered the only transportation mode
that connect the different supply chain layers. As road
transportation is heavily affected by climate conditions
and road quality, transportation costs are higher in
the second half of the year compared with the first
half.

Mathematical model for supply chain network design
Model symbols
The variables and parameters used in the model are
listed below:

Sets

p Candidate locations for power plant (p ∈ P)

d Candidate locations for warehouses (d ∈ D)

r Biosupply places (r ∈ R)

c Power plant capacity levels (c ∈ C)

o Export destination countries (o ∈ O)

s Available currency (s ∈ S)

t Time periods (t ∈ T)

Technical parameters

pcc Monthly loading capacity for the digestion process at the
capacity level c

pecc Power generation capacity for the co-production unit of
electricity and heat at the capacity level c

h Monthly working hours of a power plant

g/g′/g′′ Conversion rate of cow feces/poultry feces/straw to fertilizer

e/e′/e′′ Conversion rate of cow feces/poultry feces/straw to biogas

vbe Conversion rate of biogas to energy

ee Electricity efficiency of combined heat and power plants

ts/ts′/ts′′ Total solid cow feces/poultry feces/straw

ts Minimum density of biomass solution in the digestion
process
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Methods (Continued)

Technical parameters

�ts Maximum density of biomass solution in the digestion
process

ncr The number of cows producing feces in place r

nhr The number of laying hens producing feces in place r

wc The amount of feces per cow over a period of time

wh The amount of feces per laying hen in a period of time

tcar The cultivated area in the place r

pr Percentage of agricultural waste (straw) per metric tons
of crops

act The amount of agricultural crops per hectare at time period t

po Percentage annual investment allocated for operational costs

dot Demand for fertilizer in country o at time period t

dr Import rates

rst Free market exchange rate of foreign currency s against
local currency at time t

r′st Fixed exchange rate of foreign currency s against local
currency at time t

dp Road distance from Anzali (international port of
northern Iran) to power plant in place p

drd Road distance from supply district r to warehouse in place d

ddp Road distance from warehouse in place d to power plant
in location p

Economic parameters

tcct Transportation cost of cow feces at time t

tclt Transportation cost of poultry feces at time t

tcst Transportation cost of straws at time t

tcft Transportation cost of fertilizers at time t

tcp Local transportation cost of imported equipment from
seaport to selected location for the power plant

icc Purchasing cost of equipment for power plant with
capacity level c

ulcd Purchasing cost of land for construction of a warehouse
in place d for each ton of biomass

ulccp Purchasing cost of land for construction of a power
plant with capacity level c in power plant p site

ulfp Purchasing cost of land for construction of a warehouse at
location p per ton of surplus fertilizer on demand

ucc Construction cost of warehouses for cow feces

ucl Construction cost of warehouses for poultry feces

ucs Construction cost of warehouses for straws

ucf Construction cost of warehouses for surplus fertilizer on demand

flc Production costs of exported fertilizers (independent
of inventory stock)

vlc Production costs of exported fertilizers (dependent
on inventory stock)

ep Price of electricity sold

fp Price of fertilizers sold

Methods (Continued)

Economic parameters

wp Water cost

pcc Purchasing cost of cow feces

pcl Purchasing cost of poultry feces

pcs Purchasing cost of straws

ic Insurance cost for capacity level c

tcc Cost of abroad transportation for a power plant
with a capacity level c

Social parameters

jp Person-hour of job opportunities created due to the
construction of the power plant (with any capacity)

jd Person-hour of job opportunities created due to storage
of each ton of biomass

si j ¼ ð
X
p

X
c

jp∙ZpcÞ þ ðjd∙ð
X
r

X
t

X
d

ACrtd þ
X
r∙

X
t

X
d

ALrtd

þ
X
r

X
t

X
d

ASrtd þ
X
d

X
t

RSdt þ
X
p

X
t

X
o

ðFpto−dotÞÞÞ

The amount of social impacts in terms of local employment
and migration

sied ¼ ð
X
p

X
t

ep∙OEptÞ þ ð
X
p

X
t

X
o

fp∙rs¼1;t ∙FptoÞ

The amount of social impacts in terms of economic
development attainments

si jmax/si
j
min

Maximum/minimum possible amount of social impacts
in terms of local employment and migration

siedmax/si
ed
min

Maximum/minimum possible amount of social impacts
in terms of economic development attainments

wj The weight of social impacts in terms of local
employment and migration

we The weight of social impacts in terms of economic
development attainments

Decision variables

Zpc The number of factories with capacity level c to be built at
location p

ACrtd The amount of cow feces transferred from place r to the
warehouse at place d over time period t

ALrtd The amount of poultry feces transferred from place r to the
warehouse at place d over time period t

ASrtd The amount of straw transferred from place r to the
warehouse at place d over time period t

BCdtp The amount of cow feces transferred from warehouse at
place d to power plant in place p over the time period t

BLdtp The amount of poultry feces transferred from warehouse at
place d to power plant in place p over the time period t

BSdtp The amount of straw transferred from warehouse at place d
to power plant in place p over the time period t

CLd The storage capacity of liquid and semi-solid biofuels
(cow feces) at place d

CSd The storage capacity of solid biomass (poultry feces) at
place d
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Methods (Continued)

Decision variables

CSSd The storage capacity of straws at place d

CFp The storage capacity of fertilizer at place p

RSdt The amount of straw inventory stock in warehouse at place
d over time period t

Wpt The amount of water used at power plant at place p over
time period t

OBpt The amount of biogas produced by in the power plant at
place p over time period t

Fpto The amount of fertilizer produced in the power plant at
place p over time period t to be exported to destination
country o

OEpt The amount of electrical energy generated in the power
plant at place p over time period t

Objective functions
The first objective function that maximizes total profit
consists of two segments, namely, total revenue and
total cost. As potential places for the implementation of
the project in Golestan province are defined as deprived
areas, the project will be fully tax exempted for 10 years,
according to Article 132 of the Tax Law code.
Therefore, there is no parameter to take tax calculations
into account.

Total income Total income is made up of two parts as
well: income from fertilizer exports and income from
electricity sales. Note that fertilizer is sold in USD.

Income from electricity sales ¼ ep∙
X
p

X
t

OEpt

 !
ð1Þ

Income from fertilizer exports ¼ fp∙
X
p

X
t

X
o

rs¼1;t ∙Fpto

 !

ð2Þ

Total income ¼ ep∙
X
p

X
t

OEpt

 !

þ fp∙
X
p

X
t

X
o

rs¼1;t ∙Fpto

 !
ð3Þ

Capital cost The cost of capital is also composed of
two elements: capital cost for the power plant and
that of the warehouse. As cost, insurance, and
freight (CIF) is chosen as the basis for international
price bids, the cost of capital for the power plant
includes purchasing costs, the cost of equipment
import into the country, and the cost of transporting
the equipment from the seaport to the power plant.
It also includes the costs of purchasing land for the

construction of the power plant as well as the
warehouse. In addition to raw materials, warehouses
are also built for surplus fertilizer on demand.

The capital cost of a warehouse

¼
X
d

ucc∙CLdð Þ þ
X
d

ucl∙CSdð Þ þ
X
d

ucs∙CSSdð Þ

þ
X
d

ulcd ∙ CSd þ CLd þ CSSdð Þ þ
X
p

ucf ∙CFp
� �

þ
X
p

CFp∙ulf p
� �

ð4Þ

The capital cost of a power plant

¼
X
p

X
c

icc∙rs¼2;t¼0∙Zpc

 !

þ
X
p

X
c

1=005 icC þ tcc þ icð Þ∙dr∙r0s¼2;t¼0∙Zpc

 !

þ
X
p

X
c

0=09 icC þ tcc þ icð Þ∙ 1þ drð Þ∙r0s¼2;t¼0∙Zpc

 !

þ
X
p

X
c

tcp∙dp∙Zpc

 !
þ

X
p

X
c

ulccp∙Zpc

 !

ð5Þ

Operational costs It is also comprised of power plant
and warehouse components, both of which are assumed
to be a percentage (PO) of the total capital cost.
Equation (8) also takes the cost of water used in the
digestion process into account.

Annual operational costs of a factory
¼ po∙ cost of the power plantð Þ ð6Þ

Annual operational costs of a warehouse
¼ po∙ capital cost of warehouseð Þ ð7Þ

Costs of the water ¼
X
P

X
t

wp∙wpt ð8Þ

Transportation costs Transportation costs include the
cost of transporting biomass from supply areas to the
warehouse and from the warehouse to the biogas plant.
Also, since Free on Board (FOB) is chosen as the
commercial term for the export of fertilizers, the cost of
carrying fertilizer from the power plant to the port is
assumed to be imposed on the seller.
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Transportation cost ¼
X
r

X
t

X
d

tcct ∙drd ∙ACrtd

 !

þ
X
r

X
t

X
d

tclt ∙drd ∙ALrtd

 !

þ
X
r

X
t

X
d

tcst ∙drd ∙ASrtd

 !

þ
X
d

X
t

X
p

tcct ∙ddp∙BCdtp

 !

þ
X
d

X
t

X
p

tclt ∙ddp∙BLdtp

 !

þ
X
d

X
t

X
p

tcst ∙ddp∙BSdtp

 !

þ
X
p

X
t

X
o

tcf t ∙dp∙Fpto

 !

ð9Þ

Purchase costs of biomass:

Purchasing cost of biomass

¼
X
r

X
t

X
d

pcc∙ACrtd

 !

þ
X
r

X
t

X
d

pcl∙ALrtd

 !

þ
X
r

X
t

X
d

pcs∙ASrtd

 !
ð10Þ

Procurement costs The costs of procurement include
the expenses with regard to all necessary actions for the
export of fertilizers, which are divided into those
independent of inventory and those dependent on the
amount of inventory. Since export deals are assumed to be
based on FOB terms, the cost of packing goods, landing
the cargo at the exporting port, loading it on board a ship,
and storage in destination customs, all depending on the
number of goods exported, is considered to be the seller’s
responsibility. Besides, the export of commodities results
in costs due to marketing, issuing pro forma invoice, price
negotiations, export permit grants from relevant
institutions, transferring goods to customs, issuing a final
purchase invoice, obtaining a certificate of origin, signing
transportation contracts, etc. All such costs are included
as the procurement cost that is independent of the
amount of inventory.

The procurement cost independent of the inventory amount

¼
X
p

X
t

X
o

vlc∙Fpto

ð11Þ

The procurement cost dependent on the inventory amount

¼
X
P

X
c

flc∙ZPc

ð12Þ

Second objective function
The second objective has optimized positive social
effects using the proposed model. Measuring social
responsibility is a complicated and multidimensional
problem due to the wide range and complex nature of
social issues. ISO has recently published the
International Standard of Social Responsibility (ISO
26000), which divides social responsibility into seven
main areas: (1) institutional domination, (2) human
rights, (3) labor affairs, (4) environment, (5) fair work,
(6) consumer rights, and (7) participation in local
development. Many researchers have developed methods
to simplify the measurement and use of social
responsibility. Among the existing methods, this article
employs the “Guidelines for Social Life Cycle
Assessment of Products” (GSLCAP), with the following
advantages over other proposed methods for assessing
social impacts:

(1) GSLCAP is product-oriented and based on the life-
cycle approach. Therefore, it is more consistent
with supply chain logic and environmental impact
assessment methods that account for life cycle of
the product. Thus, it helps to reduce the complexity
of designing and formulating the model.

(2) This method is one of the latest developed
approaches that takes advantage of most recent
social assessment knowledge [18].

The steps to implement GSLCAP method are as follows:
Step 1: Defining the goal and scope of the lifecycle

social assessment
Step 2: Setting up of the lifecycle steps and decisions

with respect to each phase of the lifecycle
Step 3: Clarifying the impact of decision variables on

the basis of the GSLCAP social performance categories
Step 4: Establishing an appropriate index to measure

the effectiveness of problem decision variables on the
social performance categories
Step 5: Normalizing the indices and weighting them to

calculate total social impact [18]
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Accordingly, local employment and economic
development factors have been used to study the social
effectiveness of the project. According to Pishvee et al.
[18], new job opportunities and the number of products
produced are among the best variables to measure social
and economic development. Two types of employment in

power plant activities and storage of waste and straw are
considered here. A panel of experts is identified, and by
using the Delphi method, all the employment information
is provided. The economic value of maximum capacity of
production is supposed to equal total revenue from export
of fertilizers as well as the value of electricity sales.

wj∙si jnor þ we∙siednor ¼ wj∙

X
p

X
c

jp∙ZpcÞ
 !

þ jd∙
X
r

X
t

X
d

ACrtd þ
X
r∙

X
t

X
d

ALrtd þ
X
r

X
t

X
d

ASrtd þ
X
d

X
t

RSdt þ
X
p

X
t

X
o

Fpto−dot
� � ! !

−si jmin

si jmax−si
j
min

þwe∙

ep∙
X
p

X
t

OEpt

 !
þ fp∙

X
p

X
t

X
o

rs¼1;t ∙Fpto

 !
−siedmin

siedmax−si
ed
min

ð13Þ

Constraints

Biomass supply Constraints (14) to (16) ensure that the amount of biomass collected from each area does not
exceed the total amount of biomass in that area.

X
d

ACrdt ≤ncr ∙wc∀r; t ð14Þ

X
d

ALrdt ≤nhr ∙wh∀r; t ð15Þ

X
d

ASrdt ≤ tcar ∙act ∙pr∀r; t ð16Þ

Flow material balancing Constraints (17) and (18) refer to animal wastes, while constraint (19) applies to agricultural
wastes. There is only one possibility for agricultural wastes to be stored and transferred into the next period.

X
r

ACrtd ¼
X
p

BCdtp∀d; t ð17Þ

X
r

ALrtd ¼
X
p

BLdtp∀d; t ð18Þ

X
r

ASrtd þ RSd t−1ð Þ ¼
X
p

BSdtp þ RSdt∀d; t ð19Þ

Capacity constraints Constraints (20) to (23) limit the storage capacity.

X
r

ACrdt ≤CLd∀d; t ð20Þ

X
r

ALrdt ≤CSd∀d; t ð21Þ

X
r

ASrtd þ RSd t−1ð Þ≤CSSd∀d; t ð22Þ
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X
p

Fptk−dkt
� �

≤CFd∀p; t ð23Þ

Feedstock of digestion Constraints (24) and (25)
illustrate the appropriate proportion of the materials
combined in digestion process.X

d

BCdtp ¼ 3
X
d

BLdtp∀p; t ð24Þ

X
d

BLdtp ¼
X
d

BSdtp∀p; t ð25Þ

Constraint (26) ensures that the total amount of
monthly waste supply to power plants in location p
does not exceed the maximum capacity of that
location for loading.X

d

BLdtp þ
X
d

BCdtp

þ
X
d

BSdtp≤30
X
c

pcc∙Zpc

 !
∀P; t ð26Þ

Production limitations Constraint (27) determines the
amount of biogas production, while constraint (28)
limits the quantity of biogas converted to electricity.
Constraint (29) guarantees that total electricity
production per month at power plant location p does
not exceed the monthly capacity of electricity
generation at the plant. Also, constraint (30) states
that the total electricity produced per plant and per
month should be at least 60 percent of the monthly
electricity generation capacity of the plant. Constraint
(31) deals with the amount of fertilizer production
over each period of time and at each location of the
plant p.X

d

e∙BCdtp þ
X
d

e0∙BLdtp þ
X
d

e00∙BSdtp
¼ OBpt∀P; t ð27Þ

vbe∙ee∙OBpt ¼ OEpt∀P; t ð28Þ

OEpt ≤h∙
X
c

pecc∙Zpc

 !
∀P; t ð29Þ

OEpt ≥0:6∙h∙
X
c

pecc∙Zpc

 !
∀P; t ð30Þ

X
d

g ∙BCdtp þ
X
d

g 0∙BLdtp þ
X
d

g 00∙BSdtp
¼ Fpto∀P; t ð31Þ

Constraint (32) refers to the density of aqueous
solution in the digestion. It also determines the amount
of water required to create a proper density.

ts≤

X
d

ts∙BCdtp þ
X
d

ts
0
∙BLdtp þ

X
d

ts
0 0∙BSdtpX

d

BCdtp þ
X
d

BLdtp þ
X
d

BSdtp þ wpt

≤ �ts∀P; t

ð32Þ

Distribution Finally, according to constraint (33),
the quantity of fertilizers produced per period
should be at least as much as the destination
country demand.

X
p

Fpto≥dot∀t; o ð33Þ

Solution method
In general, the literature on multi-objective optimization
includes three types of “priori,” “interactive,” and “pos-
terior” methods. The main advantage of a priori method
is that it draws a general picture of a set of optimal solu-
tions and provides decision makers with more handy
and reliable information on how to choose an optimal
solution from such a set. An “Epsilon Constraint” ap-
proach, which is a specific type of a priori method, is ap-
plied in this article. While the weighting approach, a
specific type of an interactive method, converts the ob-
jective functions of a multi-objective problem by weight-
ing to a single objective function, the epsilon constraint
approach enjoys the following advantages:

(1) The weighting method produces only very strict
efficient responses, while the epsilon constraint
method can also produce non-strict efficient re-
sponses. As there may be different weight combi-
nations that result in the same efficient identical
solutions, there will be some redundant and de-
rivative solutions. By using the epsilon constraint
method, however, different solutions are obtained
at any time, the model is solved. As a result, it is
capable of providing a better image of the effi-
cient response set [32].

(2) The epsilon constraint method controls the number
of efficiently generated responses by determining
the number of milestones per interval of each of the
target functions, while this is not easily possible in
the weighting method [33].
The following multi-objective problem is used:
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Min f 1 xð Þ: f 2 xð Þ:…: f p xð Þ
n o

s∙t :

x∈S

where x is the vector of decision variables and fi(x)
represents the ith objective function. p denotes the number
of objective functions and s represents the space of response
to the problem. x is an efficient solution, the corresponding
function of which is called non-dominated, if and only if
there is no solution such as x′ that fi(x′) ≤ fi(x) ∀ i = 1, 2, …,
p. In the epsilon constraint method, we first select one of
the target functions as the main objective function and then
limit the rest of the target functions as follows:

Minf 1 xð Þ
s∙t :

f 2 xð Þ≤ε2
f 3 xð Þ≤ε3
⋯

f p xð Þ≤εp
x∈S

εi denotes the level of satisfaction of the objective function
and i denotes the different systematic changes which result
in different solutions. If some of the objective functions are
of maximizing types, the associated constraints are written
as fi(x) ≥ εi
Different steps to implement the epsilon constraint

method are [34]:
Step one: Solve the single-objective problem like the

following problem (SOPi) P-1 times and find the
optimum solution and the value of the corresponding
objective function for each single solution.

SOPi : M inf i xð Þ

x∈X

Step two: Create an equilibrium table, any ith row of
which representing the value of other objective functions
given the ith equation’s solution as derived in step 1 above.
Then, determine the maximum and minimum values of
each target function at any column (for instance, ymin

i and
ymax
i for the objective function). Table 1 depicts the struc-
ture of the equilibrium table.

Step three: The value of any ε lies in a range of the
values of the corresponding target function in the equi-
librium table:

ymin
i ≤εi≤ymax

i

The resulting intervals are usually divided into equal
parts, and the recursive points are used as values for ε.
Step four: Stop solving the problem if the desired solu-

tion is achieved from one of the optimal points; other-
wise, divide the range of ε into more intervals and
change ε values in new ranges to achieve the final Pareto
optimum.

Results and discussion
In this section, the performance of the proposed model is
evaluated and analyzed using a case study to design a trans-
formation supply chain network of biomass to energy. For
this purpose, the Golestan province has been selected for
the following reasons: (1) according to the reports, a high
potential capacity of biogas production from biomass en-
ergy sources (animal wastes) in Golestan is proven; (2) agri-
culture is the dominant economic sector in Golestan, a
province that is home to production of many important
and strategic products as well as animal husbandry prod-
ucts, due to the existence of susceptible agricultural waste;
(3) due to the lack of enough infrastructures for transmis-
sion of electricity to the northern cities of the country and
electricity imports from neighboring countries currently
meet the power demand; (4) The Golestan province is geo-
graphically close to the international ports of northern Iran,
paving the way for quick and easy equipment import and
product export. The port of Anzali, among the most inter-
national ports of northern Iran, has been selected here; (5)
According to Article 132 of the Direct Tax Law, production
in deprived areas (such as those in Golestan province) are
exempted from tax for 10 years, resulting in greater profit-
ability of the supply chain; and (6) implementation of such
a project helps the creation of more jobs and enhancement
of economic development, in which Golestan has unfortu-
nately no proper records.
Figure 2 represents the map of Golestan province and

its districts, with proposed project sites marked with a

Table 1 The structure of the equilibrium table in the epsilon
constraint method

SOPi f2(xi) ⋯ fp(xi)

x�2 f 2ðx�2Þ ⋯ f pðx�2Þ
⋮ ⋮ ⋮

x�P f 2ðx�pÞ ⋯ f pðx�pÞ
ymin
i f 2ðx�2Þ ⋯ f pðx�pÞ
ymax
i max(f2(xi)) ⋯ max(fp(xi))
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cursor. The statistical database at Arya Parto Pars Com-
pany is the primary reference to access the required data
with regard to critical parameters of the model, such as
the rate of conversion of biomass to biogas, the rate of
conversion of biomass to fertilizer, and the rate of con-
version of biogas to energy.

Case study assumptions
The following assumptions and data are applied in this
study:

(1) The time horizon is 1 year, divided into 30-day time
spans.

(2) The straw used is the residue of wheat. According to
expert views, on average, each hectare of land yields
about 2.5 tons of wheat, and 0.25 of it convert to
straw. Based on the seasonal timing of wheat
cultivation, the required amount of straw is
purchased during summer and stored for the whole
year. A number of animal husbandries, poultry
houses, and agricultural lands in four cities of
Gonbad-Kavoos, Agh-ghala, Ramayan, and Minoo-
dasht are considered as the supply points of required
biomass. In order to implement the model, four re-
mote areas were selected in four districts of Golestan
province. All of these four areas are considered as po-
tential points for the supply of biomass, the location
of power plant x, and construction of the reservoir.

(3) The total solid content of a biomass slurry in the
digester should vary between 10% and 12%.

The conversion rate of biogas to energy is 5.5 kWh
per cubic meter, and the electrical efficiency of com-
bined heat and power generation units is 41%. Three
levels of capacity are considered for digestion. These
capacities, together with the amounts of electricity pro-
duced in respective combined heat and power gener-
ation units, is depicted in Table 2.

(4) There is no limit with regard to the electricity
power production capacity due to the national
priorities to develop renewable energies. The
guaranteed purchasing price of electricity was 0.1 $
per kilowatt-hour in the year 2016. The annual op-
erating cost of a biogas plant and the repositories
are a proportionate of 10 percent of total invest-
ment expenditures.

(5) The fertilizers produced are exported through the
Anzali seaport to Azerbaijan and Russia for a price
of $1000 per ton. The demand for fertilizer is
expected to be 550 tons by the Republic of
Azerbaijan and 500 tons by Russia for each period
of time. Besides, the combined heat and power

Fig. 2 The map of the case study (Golestan) to design a sustainable bioenergy supply chain by using an anaerobic digestion technology

Table 2 Power plant capacities

Power of
CHP (kW)

Digestion capacity
(tons/day)

Loading capacity
(tons/day)

Capacity
levels

1000 1625 1950 1

1250 2000 2400 2

1500 2375 2850 3
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generation unit is purchased under “CIF-Anzali
Port” from a German company.

(6) Job opportunities, measured in person-hours, are
created through biomass storage in warehouses and
power generation in power plants. As biogas power
plants are generally not labor-intensive, the number
of people employed does not differ significantly
from the production capacity. According to experts,
each power plant is assumed to employ up to 10
people, while the number of people employed in
warehouses is 0.04 person-hour per ton of materials
stored.

Model results
As mentioned earlier, the epsilon constraint approach
has been used to solve the model.
Therefore, by using this method, the first result is a set

of efficient answers and the Pareto graph, a second result
represents an efficient solution, equally important. It
should be noted that the model is solved by the GAMS
24.1.2 optimization software CPLEX solver.
First, the objective function of profit has been consid-

ered as the main objective function.

max OF1

OF2≥ε2

X∈S

S shows the feasible area of the problem and, in fact,
includes constraints (14) to (33) of the model. Now to

find ε2, we need to obtain the values of the balance table
(see Table 3). To find the upper limit of ε2, solve:

max OF2

X∈S

and to find its lower limit, solve:

max OF1

X∈S

The resulting values of variables are then used in the
second objective function equation to determine OF2.
This way, the balance table will be completed as follows:
The ε2 range from the table is then divided into four

parts to obtain four values for ε2. Table 4 shows the re-
sult of calculations and respective solutions for different
time spans. As shown in the table values, the profit ob-
jective function varies from-− 2198144 dollars to −
26424731 dollars, and the social objective ranges from
0.44 to 0.99. When moving down from solution (1) to
(5) in Table 4, the first objective function reduces its sig-
nificance and increases the significance of the second so-
lution; i.e., in other words, a reduction of the
significance of the first objective function increases that
of the second function. A Pareto optimal diagram may
be approximated by values obtained for the first and sec-
ond objective functions in Table 4. It is obvious from
the above explanations that all points along this diagram
represent a balance between the economic and social ob-
jective functions. The Pareto diagram (Fig. 3) demon-
strates that when the social effects function lies in a
range of 0.44 to 0.57, the profit function varies between
2198144 and − 4224656; in other words, compared with
other ranges, the above range shows not only the lowest
rate of reduction in profit, but also positive profits at
least for some parts of the range. It can, therefore, be
concluded that a high range is suitable for choosing a

Table 3 Balance table for the second objective function

SOPi OF2

x�2 0.99

ymin
i 0.44

ymax
i 0.99

Table 4 Computational results of solving the model by considering different ε2
Solution ε2 range First

objective
function

Second
objective
function

Total number of power plants

Dashli borun Voshmgir Fenderesk Central

Level
1

Level
2

Level
3

Level
1

Level
2

Level
3

Level
1

Level
2

Level
3

Level
1

Level
2

Level
3

1 OF2 ≥ 0.44 2198144 0.442 3 1

2 OF2 ≥
0.5775

− 4224656 0.599 3 1

3 OF2 ≥ 0.715 −
11283476

0.715 3 1

4 OF2 ≥
0.8525

−
18648814

0.853 3 1

5 OF2 ≥ 0.99 −
26424731

0.99 3 1
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solution from it, as it is accompanied by low profit re-
ductions and significant increases in social objective
functions.
Now, the results for ε2 = 0.599 are shown in Fig. 4.

Sensitivity analysis
The effects of biogas plant investment expenditures on
the total profitability of the whole project are analyzed
in this section, where biogas power plant costs represent

most of the total costs. The former, in real world, mostly
depends on the brand, technology, and production pro-
cedures of the capital equipment manufacturer. Since,
according to “Iran Renewable Energy and Energy Effi-
ciency Organization”, the investment cost of biomass
power plants with anaerobic digestion technology ranges
from 6104 to $2574 per kilowatt (41), and the model
here assumes a cost value of €2400, inclusive of all
charges from purchase origin point to delivery

Fig. 3 Pareto solutions the trade-offs between economic objective and social objective

Fig. 4 Optimal designs of a biomass-bioenergy supply chain, obtained from the model for ε2 = 0.599
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destination (i.e., customs duties, and transportation
costs). Even though recent increases in the foreign ex-
change rate in our case study might increase the invest-
ment and customs costs of the model, it could be offset
or significantly compensated by higher export revenues
accordingly. Figure 5 presents the investment costs and
the resulting profits for the abovementioned range. As
it can be seen, for instance, a 16-percent increase of
costs from 2574 to $ 3000 per kilowatt results in a con-
siderable 233 percent decline in total profit. This, in
fact, calls for paying enough attention to finding appro-
priate sources and prices of power plant capital equip-
ment. The project eventually reaches a break-even
point at costs above $3250.
It is also necessary to examine the effect of a change

in other costs, such as purchasing biomass, on profits.
Animal wastes and straws are sold in different parts of
the country, and their price varies according to different
factors such as abundance of the materials in the region,
the production of agriculture, and animal husbandry
products in that region. Table 5 lists the respective pa-
rameters and their ranges. Now, based on the range of
parameters, an increase in the cost of purchasing mate-
rials by 20% and then a decrease of 20% show its effect
on the Pareto chart (Fig. 6).
According to the above discussions, the following

management decisions are concluded:

� Due to high foreign exchange rates, imports do not
seem to be profitable. As there are a variety of local
companies manufacturing digestion equipment, with
significant differences in operating approaches that
result in different equipment prices, it is necessary
to choose capable exporters with due care.

� In spite of difficulties in the imports of capital
equipment due to high exchange rates, there is still
a significant advantage for domestic production
using anaerobic processes. While the price of
domestic fertilizer is 0.075$ per kilo on local
markets, it is sold for $1 on world markets, namely,
12 times more expensive. Therefore, exporting
fertilizers results in significant profits.

Conclusions
A definite supply chain model to convert biomass to en-
ergy though an anaerobic digestion process is developed,
with the following implications:
In today’s global economy, the environmental consider-

ations of greenhouse gas emission have become a challen-
ging issue in energy supply chains. That is why renewable
energies are the focus of attention for industry and re-
search centers as an appropriate energy source to secure
green supply chains. Besides, due to fast population
growth and high urbanization rates, waste management is
recognized as a major environmental challenge as well. It
is therefore necessary to design an appropriate network
for waste management systems, both in urban and rural
areas. By using anaerobic digestion, in addition to environ-
mental protection from contaminated wastes, it can pro-
duce biogas and richer fertilizers.
Therefore, in this study, a deterministic design model

of the biomass to bioenergy supply chain is presented
using the anaerobic digestion process. The important

Fig. 5 Sensitivity analysis of investment cost

Table 5 Fluctuation range of biomass purchasing costs

Extent Cost per ton (− $) Parameter

− 10–18 14 Cow feces

− 21–30 28 poultry feces

− 66–100 93 Straw
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point in this study is the supply of all primary sources of
the bioenergy supply chain from only biowaste sources.
Due to the rapid growth of globalization, recognition of
the international commercial terms and consideration of
them in international logistics models are essential for
further profits. This renewable energy source is one of
the most suitable options for cutting or reducing energy
dependence on fossil fuels, which has been developed
and implemented economically. In addition, the con-
struction of these power plants from a social perspective
can also have many benefits, such as job creation and
aid for economic development and desertification.
In a nutshell, the main contributions of this work are

(1) designing a bioenergy network for conversion of the
second generation of biomass to bioenergy through an
anaerobic digestion process, which is the very most effi-
cient and sustainable method to develop rural and other
remote areas. (2) Studying the social aspects of a sustain-
able supply chain design by means of defining sustain-
able criteria according to the GSLCAP technique. (3)
Elaborating a mathematical model for an animal and
agricultural waste-to-biofuel supply chain design. (4) Ap-
plying incoterms and foreign exchange rates to deal with
an international supply chain which consists of import-
ing anaerobic digestion technologies from external sup-
pliers and exporting the final product, fertilizer, to
external distribution centers. (5) Validating the devel-
oped model through a real case study.
For further research, considering the continued growth

of the population and the rise in consumerism and the
consequent increasing production of solid municipal
waste, the use of these wastes as a source of energy sup-
ply requires a more serious study. In addition, the ana-
lysis of other environmental, technical, and social

dimensions of similar models might help to render bet-
ter decisions in this regard. Uncertainty is inevitable in
many of the parameters of the model [35], which is also
recommended. Upscaling of biogas plants is not a linear
function and, on the other hand, in reliable reports, usu-
ally, the generation cost per kilowatt of electricity is
given. Due to confidentiality issues, more detailed infor-
mation is not possible to be presented, which is hence
the main challenging limitation of this work.
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