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A SUSTAINABLE CROSS-EFFICIENCY DEA MODEL FOR INTERNATIONAL
MSW-TO-BIOFUEL SUPPLY CHAIN DESIGN

MAHSA GHADAMI, HADI SAHEBI*, MIRSAMAN PISHVAEE AND HANI GILANI

Abstract. Fossil fuels, as the primary source of the energy supply in today’s global society, are
being depleted much faster than expected and are raising serious environmental and social concerns for
contemporary societies. To deal with issues, a global movement towards the generation of sustainable
renewable energy is underway. One of the most promising sources of renewable energy alternatives is
the use of municipal solid waste, as a biomass source since it does not endanger food security and
considerably the biomass made by municipal solid waste will enable the appropriate management of
the waste and help cities to be sustainable. The supply chain of converting the municipal solid waste to
bioenergy is a challenging issue that have attracted the attention of academic and industrial research.
In this direction, a three-echelon mathematical model is developed to design MSW-to-biofuel supply
chain network. This supply network is a global network; hence, the international supply chain-related
issues and the disruption in the raw material supply have also been studied. Identifying appropriate
potential locations to site facilities is a challenge faced in the municipal solid waste-to-biofuel supply
chain models. To achieve goal, in this research, the use has been made of a proposed sustainable cross-
efficiency DEA model which is an effective ranking method, especially for finding potential points.
To deal with sustainability, the social and environmental indicators have also been presented in the
form of some criteria in this DEA method. In addition, effort has been made to improve the ecological
indicators of the supply chain design in line with the sustainable development as an objective function.
Finally, in order to validate the proposed model, a case study with real data is presented.
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1. INTRODUCTION

Nowadays, with the increased population and developed industry and technology, the human’s need for fossil
fuels has been so highly increasing that the global energy consumption experienced a sudden considerable rise
in 1975 and showed an increase of about 5.6% in 2010 [31]. Fossil fuels’ increased demands not only intensify
the risk of their exhaustion, but their consumption-caused environmental pollutions also challenge governments
and authorities. Therefore, the countries are trying to reduce their dependence on these nonrenewable fuels and
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are making efforts to increase the share of renewable and clean energies in their energy portfolio [13]. Shifting
to renewable energy sources is a promising alternative to improve ecological indicators.

Biomass, as renewable energy, includes a wide range of biological-origin materials such as starch base (wheat,
rice, etc.), sugar base (sugar beet, sugar cane, etc.), oil crop (soy, etc.), energy crops (switchgrass, Jatropha,
sorghum, etc.), and organic wastes (forest waste, agricultural waste such as rice/wheat straw, sugar cane
molasses, etc.) [15]. Initially, the first generation biomass (some materials used as food) was used to gener-
ate sustainable energy; during 2000-2011 the biofuel production from such materials as corn, sugar cane, and
starch increased in the world by almost 13.8%, most of which was related to the US and Brazil [31]. Because of
food security, after a while, the use of the first-generation biomass was banned, causing a considerable reduction
of the production of biofuels from it [26]. The second generation biomass includes agricultural wastes like corn
pods, Switchgrass, Miscanthus, and Jatropha which are largely found in the municipal waste. Another problem
faced today is properly managing the municipal solid wastes, especially in such metropolitans as Tehran. If the
municipal wastes are not managed appropriately, Methane (a greenhouse gas) will be emitted in the environ-
ment and will pollute the air; therefore, finding a way for appropriate waste management is on the agenda of
many countries to enhance their ecological indicators. Cellulosic municipal waste is a type of second-generation
biomass and generating energy from it is an excellent option for the authorities to sustainability manage the
municipal waste [12].

Bioethanol is a clean fuel that can be produced from the cellulosic part of the municipal solid wastes. Thus, the
production of bioethanol reduces the emission of greenhouse gases [24], produced by municipal solid wastes. As a
clean fuel, it also contributes for the environmental aspect of sustainable development. Accordingly, bioethanol
production from cellulosic municipal wastes to produce liquid biofuel for transportation will positively affect
the environmental aspect of sustainable development. As a result, this research has focused on the supply chain
(SC) of biofuels (bioethanol plus petrol) produced from municipal solid wastes.

To configure a supply chain, an initial set of potential points is usually defined for the construction of facilities,
and then the best moments are selected using the mathematical modeling. The definition of the initial set of
potential points of a supply chain is an important step which has to consider the eco-efficiency approach in
the decision process. Therefore, the use of a multi-criteria approach is indicated in this case, allowing to also
consider some ecological criteria in the initial step. Using this procedure, the problem solution space will get
smaller and the complexities caused by a large problem space will be reduced. In this research, the multi-criteria
approach used was the Data Envelopment Analysis (DEA), which is an important method that has attracted
the attention of many researchers in the last few decades [33].

This study has presented some environmental factors related to sustainable development in the form of some
indices of the new “Data Envelopment Analysis” model. Also developed model is to consider such ecological and
social aspects in the form of the criteria of the new DEA model. The results of this model present the potential
points in the network design supply chain. In other words, ranking the potential points are used to design a
sustainable supply network of facilities by the effects. The next contribution is to propose a new network design
global supply chain model based on customs regulations because it considered the model decision by the amount
of raw material import and final product export as an important issue [29].

This model considers the different forms of disruption in each layer of the proposed supply chain. Disruption
may affect the decision-making process by creating transportation risk and non-delivery of goods. The reasons
for occurrence can be different for instance road breakdown, lack of raw material, or political issues. The present
study implements political (sanctions) and transportation disruption by the scenario base model.

This paper has been so structured as to review the related literature in Section 2. The problem statement is
presented in Section 3, and a mathematical programming model for the municipal solid waste-to-biofuel supply
chain network (MSW2B-SCN) design is developed. Section 4, solution method, introduces the “Sustainable
Data Envelopment Analysis” model as a technique to order set of potential points for production centers, and
bi-objective programming model is also discussed. The case study is explained in Section 5, and Section 6
presents the numerical model results and sensitivity analysis. And, Section 7 provides the final conclusions and
suggests promising avenues for further future studies.
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2. LITERATURE REVIEW

In this section, some papers related to biomass (especially bio-wastes and biofuels, including bioethanol)
are reviewed for more acquaintance with the related literature. Then the existing gaps are discussed to better
introduce the present study. Since biomass-related issues lie in the group of new research subjects that have
received special attention in the past few decades, the mathematical models presented in this area address such
strategic issues as the design of SC, selection of the type of biomass and final product, selection of technology,
capacity of facilities, and so on. Next, we will introduce some papers that have addressed the SC design modeling
of the biomass.

Marvin et al. [17] developed a MILP model to determine bio facility locations and capacities. The corn ethanol
facilities are considered to produce biofuel by utilizing eight types of biomass. A detailed cash flow analysis is
employed to select biomass processing technologies and facility sites. Sharma et al. [32] presented a multi-period,
stochastic model for the SC design of different biomass types wherein they studied the climatic uncertainty in
the biomass accessibility. Balaman et al. [4] presented the mathematical model for the SC design of extracting
electricity from animal wastes. They also showed the reverse logistics and the return of the remaining waste in an
anaerobic digester to agricultural lands as fertilizers and accordingly presented an integrated, revers and forward)
mathematical model. Later in the same year, they added a second objective function with an environmental
theme and used the fuzzy goal programming to solve their bi-objective model [5]. Marufuzzaman et al. [16]
raised the issue of hubs in the biomass SC design, discussed the hub disruption occurrence in modeling, and
used Benders decomposition to solve their model. Using scenario-based programming, Shabani et al. [30] consider
uncertainty in the biomass SC and addressed, contrary to other models that focus most on the strategic level, to
decision making at the tactical level (e.g., planning and scheduling the production of electricity from biomass).
Azadeh et al. [2] concentrated on the transportation network in the biomass SC and studied the disruptions of
the communication paths between facilities. A differentiating point in their proposed model is the use of robust
programming. By presenting a bi-objective model that minimized cost and maximized the accessibility of the
communication routes, Poudel et al. [25] raised such issues as hubs, multi-modal transportation, and disruptions
in communication routes and used Benders method to solve their model. In the mentioned papers, the focus
has mostly been on other biomass resources, and the municipal waste, as a very attractive source of bioenergy
production, has been neglected. In addition, most of these papers have been interested in producing electrical
energy from the biomass. In the present paper, the municipal waste has been studied as a significant source in
the biomass SC and focus has been on a mixture of bioethanol and petrol to produce a biofuel that can be in
the road transportation.

To reduce our dependence on fossil fuels, the conversion of lignocellulosic biomass to fuels is an interesting
method. Providing an effective biomass SC network is essential to meet bioethanol demand. In this direction,
Ng and Maravelias [21] dealt with a mixed-integer non-linear program for biomass selection and allocation,
technology selection, capacity planning and inventory controlling at depots. An et al. [1] proposed a mathe-
matical model for the design of the 1 bioethanol supply chain from the lignocellulose biomass and study the
transportation network-related decisions in their model by defining the network in the form of graphs and arcs.
Corsano et al. [6] studied the bioethanol supply chain from sugarcane molasses and placed the main focus of
their work on production planning and scheduling. Next, in 2014, they added the interior design of the factory
layout to their model. Corsano et al. [7] and Xie et al. [35] proposed a model for the transportation network
and supplying bioethanol from the cellulosic biomass; seasonal biomass resource was an innovation in their
work. Although all the mentioned papers have been about bioethanol SC, none has specifically mentioned the
cellulosic part of the municipal solid waste as a potential source of producing bioethanol, whereas using the
solid cellulosic waste for the production of bioethanol has many advantages. Accordingly, the present research
has focused on the municipal solid wastes-to-bioethanol supply chain management.

Doggar et al. [8] studied the biomass power generation potential and utilization in Pakistan. The presented
that 38000 GWh electricity can be generated using crop residue and animal waste, annually, in Pakistan.
There is no research, to our knowledge, to study the potential of biomass energy from municipal solid waste
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in Iran. As a clear result, this paper focuses on biofuel supply chain design from municipal solid waste in
Iran.

A review of the related literature showed that there are a few papers that have addressed the technical, eco-
nomic, and environmental analyses of extracting bioethanol from solid wastes. After studying Brazil’s municipal
wastes, Wang et al. [34] concluded that the main part of the latter consists of paper, cardboard, etc. which have
good potentials to be turned into bioethanol. Moulod et al. [20] studied the economic and technical aspects of
solid oxide fuel cells (SOFCs). These fuel cells powered by biogas from municipal solid wastes, as a case study
in Tehran. Kesharwani et al. [14] concluded that producing liquid biofuel, especially bioethanol, from municipal
solid wastes is quite attractive and nature-friendly. As a clear result, there are no papers wherein bioethanol SC
design and, hence, production of biofuel from municipal solid wastes have been addressed through mathematical
modeling; therefore, this issue has been dealt with in the present paper.

A very serious reason why biofuels are addressed in the related papers is to reduce the pollution caused by the
consumption of fossil fuels; therefore, considering the environmental aspect of the sustainable development in the
decisions of this area is quite important. However, papers that have addressed this issue in their models are quite
limited. Osmani and Zhang [22] tried to minimize the emission of polluting gases by entering the related factors
in the objective function of their bioethanol producing model. While presenting a mathematical model for the
design of the bioethanol SC using some constraint, Gonela et al. [11] added the environmental considerations
to their model. Sadhukhan and Ng [28] addressed the ecological sustainability criteria assessment of bio-oil-
based biofuel systems. Sustainability Indicators for Chemical Processes such as Biodiesel Case Study are also
studied by Ruiz-Mercado et al. [27]. Accordingly, the present paper has considered the ecological aspect of the
sustainable development in the SC design using the second objective function of a bi-objective mathematical
model, which is considered as one of its contribution [3].

To locate facilities in SC design models, usually, some potential points are first defined as a set of possible
solutions, and then the best one is selected through mathematical modeling. But, in many cases, papers do not
usually specify how the potential points have been selected because the work does not have a mathematical
basis and is usually based on the experts’ opinions. However, it is possible to use some mathematical methods
to rank and select different choices. In this regard, there are only two papers (introduced next) with such
features. In his SC design of extracting biodiesel from microalgae, Mohseni and coworkers [18,19] has used the
GIS to define appropriate places for planting algae. Babazadeh et al. [3] have used the “Data Envelopment
Analysis” model to rank Iran provinces to plant Jatrofa for biodiesel production. Sustainable development and
sustainability assessment have been of great interest to both academe and practitioners in the past decades.
Zhou et al. [36] have presented a review of the literature on data envelopment analysis (DEA) applications in
sustainability using citation-based approaches. They classify DEA methods used in sustainability research into
six main groups and categorized existing studies into them. As Figure 1 shows, the most frequently used DEA
methods in sustainability study are traditional DEA models (e.g., CCR and BCC models).

In the present study, too, use has been made of a powerful tool called “cross-efficiency data envelopment
analysis” to define and rank a set of potential bio-refinery. Cross efficiency approach: The idea of the Cross
efficiency approach that alleviates the weak discrimination of the basic DEA model could be explained in two
steps. Firstly, the basic DEA analysis is carried out and for each DMU, optimal weights of inputs and outputs
are calculated. In the next step so called cross-efficiency matrix C' has to be constructed. Matrix C' is the ratio of
outputs and inputs of the DMU}, weighted by the optimal weights of DMU;. This means that column j consists
of the efficiencies of the DMU; measured by optimal weights of DMU;. Doyle and green [9] in your study have
demonstrated how to drive simple efficiency and cross-efficiency, and identify each with the intuitive notions of
self-appraisal and peer-appraisal, respectively. In the present study, the weighted sum method is also used to
calculate efficiency.

Accordingly, it is possible to rank and select points by defining and using some indicators and, on their
bases, determine the candidate provinces for the construction of bio-refinery and reduce the number of input
points to the problem’s SC design model. In addition, many technical aspects that affect the SC design (e.g.,
environmental issues) and their considering in the network design sometimes causes the model complexity, can
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affect the decision making through this method and its related indices. Ferreira and Trierweiler [10] and Osmani
and Zhang [22, 23] have considered the social aspect of the sustainable development in their models proposed
for the bioethanol SC design; however, there gaps in this area of the sustainable development for the filling of
which effort has been made in this research to focus on it through presenting some ecological indicators and
using the DEA method.

Presently, the international SC design and export/import law consideration in the mathematical models of
the network design are research areas that have not received proper attention by researchers. Specifically, among
the bioethanol SC models, there is no one that has addressed the international logistics issue, whereas in some
cases importing raw materials from abroad is a necessity. Hence, a contribution in the model proposed in this
research is the inclusion of the export/import issues in the SC model based on Iranian laws and regulations.
Next, a bi-objective model has been proposed for the design of an international and sustainable SC for the
production of biofuels from the cellulosic part of the municipal wastes. Sanction-caused disruptions, which are
an inseparable part of importing raw materials in many countries, including Iran have also been considered in
the model. Meanwhile, to define a set of potential points to construct facilities, the use has been made of the
DEA.

In summary, the contributions of this study are: (1) Using municipal solid wastes to produce biofuel, and
formulating a mathematical programming model to design this MSW-to-biofuel supply network; (2) Taking
ecological indicators of the sustainable development into account by proposing a bi-objective model for MSW-
to-biofuel supply chain; (3) defining ecological and social indicators to be used by cross-efficiency DEA, in order
to identify sustainable potential points to configure this SC; (4) Studying the international logistics issue of raw
material exports/imports; and (5) Appling the real data of the case study to analyze the results of this model.

3. PROBLEM STATEMENT OF MSW2B-SCN

As mentioned before, in this paper, a MSW-to-Biofuel supply network (MSW2B-SCN) is considered. A typical
biofuel supply chain is presented in Figure 2. The MSW2B-SCN consists of three echelons of supply (collect
municipal cellulosic wastes), bio-refinery, and distribution centers, and biofuels are combinations of bioethanol
and petrol. For more details, assumptions of this SCN design model are presented, which are:

— The bio-refinery and internal distribution centers are to be located.
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FIGURE 2. A typical biofuel supply chain from MSW.

— There are different types of raw material.

— Only one final product (biofuel) is assumed.

— Each Supplier provide different type of raw materials.

— Raw material imports are assumed because some supply centers are in other countries.

— The model is single-period and deterministic.

— In every bio-refinery, not only bioethanol is produced from cellulosic wastes, but it is also mixed with petrol
to produce liquid biofuel for transportation.

— The number of constructible bio-refinery is limited to the allocated budget.

— Every bio-refinery has a minimum and maximum capacity.

— Final product exports are assumed as some distribution centers are in other countries.

— Demands for biofuels are known.

— Demands are divisible at the level of both the production and distribution centers.

— According to the customs laws of Iran, import taxes are determined based on the incoterms CIF terms; export
laws ensure that the production value added tax and the customs import tax (for exporting products) should
be returned; bonuses are allotted to exporting products.

— The foreign-supplied raw material transportation is divided into domestic and foreign; the former is done
through roads and the latter by ship; therefore, mode selection is excluded.

— Clearance of the imported raw materials is assumed to be done at only one port for each country; therefore,
one-to-one communication between each foreign supply center and the related domestic port (and then from
that port to the production centers) is possible; route selection is, hence, not an issue.

— In supplying raw materials, full disruption is considered.

3.1. Mathematical programing model of MSW2B-SCN

To understand this model, better sets, parameters, and variables of this mathematical programming model
are addressed in Tables 1-3.



A SUSTAINABLE CROSS-EFFICIENCY DEA MODEL S2659

TABLE 1. Sets.

Notation  Description

i Set of supply centers.

11 Set of raw materials.

12 Set of internal supply centers.

m Set of external supply centers.

i Set of potential points of bio-refinery.

k Set of potential points of biofuel distribution.
ki1 Set of internal distribution centers.

ko Set of external distribution centers.

s Set of disruption (sanction) scenarios.

8.1.1. Model constraints
Capacity constraints
For each supply center, there is a predefined limited capacity meaning that its total outflow is not to exceed
its availability. Sanctions have also been considered through using in the disruption parameter.
Zzimjks < disr;s availyy, Vi, m, s. (3.1)
Jik

Each bio-refinery has minimum/maximum capacities beyond which the production is not allowed.

Z tiks > cap;»ninxj Vi, s (3.2)
k

thks < cap}™*w; Vg, s. (3.3)
k

Demand constraints
Constraints (3.4) and (3.5) ensure that for domestic/foreign distribution centers, their inflow may not exceed
their maximum demand.
thkls < Dratey, demy, y, Vki,s (3.4)
J
thkzs < Drateg,demy, Vko, s. (3.5)
J
Balance constraint

In each scenario, and in every bio-refinery, there should be an inflow-outflow balance for each material; this
is checked through the following relation:

Z Zimjks = comp,,tiks Vj, k,m,s. (3.6)
i
Budget and non-negativity constraint
Maximum budget allotted for the construction of biofuel production centers is known
Zinvcos trjz; < buger Vi, k,m,s (3.7)
J
TjyYky € {071} Vjakam78 (38)
tjksazimjks >0 Vj,k:,m,s.
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TABLE 2. Parameters.

Notation  Description

availim, Type m raw material available in supply center ¢

Capr;?“i“ Minimum capacity of bio-refinery j

capr;®* Maximum capacity of bio-refinery j

demy, Petrol demand at distribution center k

Dratey, Percent petrol demand to be covered by biofuels

idistr;, Distance from internal supply center i, or from corresponding port of foreign supply center
1, bio-refinery j (import of imported products is done via only one port)

edistr;, Distance from external supply center 4 to its corresponding port (imported products related
to each supplier enter/clear through only one port)

Erate Currency exchange rate of the desired foreign country (to the base currency unit)

itcostrm, internal transportation cost of raw material m from supply centers to bio-refinery per unit
distance and unit flow based on the desired foreign country’s currency unit

etcostr, external transportation cost of raw material m from supply centers to production centers
per unit distance and unit flow based on the desired foreign country’s currency unit

invcostr; Fixed investment cost of locating bio-refinery j based on the desired foreign country’s cur-
rency unit

pcost; Variable production cost at bio-refinery j based on the desired foreign country’s currency
unit

idistd g Distance between bio-refinery j and distribution center k for internal distribution centers
and exporting ports corresponding to external distribution centers

edistdy, Distance between exporting port corresponding to distribution center k2 in the country of
origin and distribution center k2 in the country of destination

itcostd internal transportation cost of unit biofuel per unit distance and unit flow based on the
desired foreign country’s currency unit

etcostd External transportation cost of unit biofuel per unit distance and unit flow based on the
desired foreign country’s currency unit

finvcosty, Fixed investment cost of internal distribution center k&

tax; VAT tariff rate at bio-refinery j

tarif,, Import tariff rate for raw material type m

g Rate of export bonus

bugr Budget ceiling for construction of bio-refinery based on the desired foreign country’s currency
unit

comp,,, Percent raw material m required to produce a unit biofuel

disr;s Disruption (Sanction) parameter for supplier 4 in scenario S (1, if a sanction is not imposed,
and 0, otherwise)

goaly, goal defined based on the country strategies to reduce CO2 emission caused by road trans-
portation

emitiony,  COgz emission caused by consuming petrol in road transportation

dec Reduction in CO2 emission if biofuel is used instead of petrol in road transportation

mswi, Percent (from country’s total) municipal cellulosic waste allotted to internal supply centers

pur,,, Purchasing Price of raw material m from supplier i based on the desired foreign country’s
currency unit

sely Selling Price of biofuels to distribution centers based on the desired foreign country’s currency
unit

w1 Weight of the first objective function (profit)

w2 Weight of the second objective function (environmental)

d; Efficiency of potential production center j obtained from DEA model output

prob, Occurrence probability of scenario S

Weight of internal demand center k; in achieving the air pollution reduction goal
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TABLE 3. Decision variables.

Notation  Description

T 0-1 variable of locating bio-refinery j (1, if located and 0, otherwise)

Yky 0-1 variable of locating distribution center k1 (1, if located and 0, oth-
erwise)

Zimjks Raw material m flow from supplier ¢ to bio-refinery j to produce to
meet the demand of distribution center k in scenario S

tiks Variable of rate of biofuel flow from production center j to distribution

center k in scenario S

8.1.2. First objective function: the economic performance of the model
Fixed investment costs

These consist of the fixed investment cost of the internal distribution center and bio-refinery. The point
worth mentioning is that, here, use is made of the DEA model output as an effective coefficient in locating
bio-refinery; a province with higher rank has more priority. Since this is multiplied by the cost-related term, the
final objective function (which is profit) is multiplied by the inverse of this index.

1
Z d—invcostrjErate X x; + Z finvcosty, Erate x yg, . (3.10)
i =

Purchasing costs of raw materials

Whole purchasing costs of all raw materials from all suppliers in all scenarios is as follows:
Z Z Z Z Z pur;,, Erate X prob, zimjks- (3.11)
m 4 k g s

Production costs at bio-refinery

The production volume is multiplied by the Production costs and also value added tax:

Z Z Z Erate (p cost; + selitax;) prob,t ;. (3.12)

j ks

Transportation costs

These items consist of four main parts: (1) transportation cost of raw materials from an external supplier. This
transportation is both internal and external, and to calculate the related costs the flow volume is multiplied by
the related unit transportation cost and the origin-destination distance (as mentioned before, foreign suppliers
send raw materials to only one port), (2) transportation cost of raw materials from an internal supplier which
are found through multiplying the flow volume by the unit transportation cost and distance between the two
nodes, (3) cost of exporting biofuels to other countries which are found as in (1), and (4) costs of delivering
biofuels to internal distribution center which are found as in (2).

Z Z Z Z ZErate (edistr;,et cos try, + idistr;,;it cos tr,,) prob,zi,m;jks
m ix k j s

+ Z Z Z Z Z Erate (idistr;, jit cos tr,,) probgzi,,, .
k J s

m i
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+ Z Z Z Erate (idistd, it cos td + edistdy,it cos td) X probt;x,s

Jj ko s
+ Z Z Z Erate x idistd,, it cos td X probt;g,s. (3.13)
Jj ki s

Imports customs costs

These are mandatory for raw materials imported from foreign countries and are calculated based on the
incoterm CIF term as a percent of the total costs of purchasing and shipment to the port of the destination
country; in the following relation, this term has been multiplied by the customs percent and fee.

Z Z Z Z Z Erate (pur,,,, + edistr;,et cos tr,,) tarif,, prob, zi,mjks. (3.14)
k J s

m ig
Income from selling biofuels

The total income is obtained through multiplying the total sale by the sale price; this also needs to be
multiplied by the scenario occurrence probability.

Erate x selxprobt;ks. (3.15)
7 s

Income from production VAT /customs duties refund and exports bonus

The first part of equation (3.16) deals with the income from the production VAT and export bonus. The
latter is some percent of the export price and the former, which is a percent of sale, is a refund for foreign sale
or export. The second part of equation (3.16) deals with the refund of the import customs fees. In this part,
the refund is only for cases where foreign suppliers are used to meet the foreign market’s demand (which is
considered as income in the model).

Z Z ZErate x sely, (g + tax;) probt;k,s + Z Z Z Z Z Erate (pur;, + edistr;,et cos tr,,)
S

7 k2 m iy ko j s

x tarif, probyzi,, .. . (3.16)

where finally, the first objective function is found from the algebraic sum of the above equations.

3.1.8. Second objective function: the ecological performance of the model

Considering profit, and according to Iran’s export-oriented laws, export has priority compared to consumption
in the domestic distribution centers. Since there are such incentives as tax refunds and export bonus, the model
performance is such that most of the produced biofuel is exported. If capacity allows, it is tried to meet the
demand of foreign distribution centers and then meet that of the domestic market. But, since the environmental
aspect of the sustainable development is also considered in this study, and the issue of air pollution reduction
is quite vital for Iran provinces, effort should be made to give priority to the satisfaction of the domestic needs
or, in other words, create a balance between profit and improvement of the domestic ecological indicators.

Therefore, the second objective function has been included in the model which has two major parts. Part
one is a response to the need mentioned above and its mechanism is such that a goal is considered to cover the
demand of the domestic distribution centers and it is desirable to minimize the distance from this goal as much
as possible. It is to be noted that the domestic distribution centers have different importance compared to one
another; therefore, they are given weights by applying a coefficient.

Since one main objective of this study is to extract fuel from municipal solid waste to properly manage them,
the second part deals with the maximum use of such wastes. Accordingly, by including this part in the second
objective function an obligation is created that requires the maximum use of these wastes. This is true only
for domestic suppliers and only for waste raw material (not for other types). In this regard, metropolitans with
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more waste production are ranked higher, and waste allocation for them from the total waste in the country is
based on the weight they obtain. The equation is as follows:

min Z PIj, | emisiong, goal, dec — Z Z probtix, s
k1 Jj s

+ Z avail;, , — Z Z Z prob, zi, mjks | msw;, | . (3.17)
s k 7

il,mzl

4. SOLUTION METHOD

As discussed before, at the first stage to identify sustainable potential points as the candidates of locations
to design this SCN, the sustainable DEA method is employed. Then, the developed bi-objective programming
model can be solved to configure the MSW2B supply chain network.

4.1. Using cross-efficiency DEA to identify the potential sustainable set of bio-refinery

As mentioned earlier, it is possible to use a powerful method called the DEA to limit the problem-solution
space and also present a scientific method of defining a set of potential solutions for facility locating. Additionally,
some indices (economic, social, ecological, etc.) that affect facility locating in the framework of the model criteria,
are defined. Accordingly, after defining the related indices, all the possible options are ranked and then some of
them with the highest ranks are selected to enter the set of the potential solutions and the model as inputs. In
this case the basic model is the DEA-CCR, which is explained in the following.

Where:

Sets

1 Inputs.
j Alternative.
r Outputs.

Parameters

x;; Amount of ith input utilized by jth alternative.
yr; Amount of rth output produced by jth alternative.

Variables

v, Weight of the rth output.
u; Weight of the ith input.
0; Efficiency of the jth alternative.

E UrYrj .
0, = =r "1 v 4.1
J Zz Ui J ( )
max g = 2 Urr0 (4.2)
Zi U5 T40
2r Ui g v (4.3)

Zi Ui Ty
U, u; > 0 Vi, r. (4.4)
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TABLE 4. Cross-efficiency DEA.

1 2 ... N
Elj FEi1 FEio . F1in
Ey; FEa  Ea ... Eoy
Enj E:nl EnQ e Enn
Average of the efficiency in each columns E; FEs . By

As shown in the above relation, in input-based models, the objective is to maximize output (or efficiency), but
since the above model is nonlinear, changes in the following variables are used to linearize it:

1
= ——— (4.5)
D Uil
tu, = L. (4.7
After substituting the variable changes, the final DEA-CCR model will be as follows:
max Z L Yro (4.8)

Z HrYri — Z ﬂizij < 0 VJ (410)
fry¥; >0 Vi, 7. (4.11)

The criticism applicable to the DEA-CCR method is that if the efficiency of each option is calculated based on
its own weight, the efficiency comparison and alternative ranking among them will not sound logical. To solve
this problem, the cross-efficiency DEA method can be use according to which first each option’s efficiency is
calculated by the equation (4.12), based on other options’ weights and then Table 4 is formed and after that
final efficiency for each alternative is calculated.

> iy
By = &t Vr, d* 4.12
v (412
where Ey; is the efficiency of the ith option based on the weights found from the model solved for option d.

4.2. Bi-objective programming

If f1(X) and f2(X) are assumed to be two contradicting objective functions (first of them maximizing and
second one minimizing), the general form of the model will be as follows:

min fo, max fi (4.13)
s.t.

AX <B

X >0.
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Under these conditions, first the ideal and anti-ideal values of each objective function should be found alone
through relation (4.14), and then, using this definition, relation (4.13) is changed to relation (4.15). Accordingly,
the bi-objective model will change to a single objective one through entering each function weight and also
descaling.

max __ fmax
y =N

nin _ gmin (4.14)
fi— e f§nax—f2>
max { wi max min +ws max min (415)
( = A 2= 13
s.t.
AX <B
X >0.

In the model proposed in this study, the first objective function is related to profit, so it should be maximized,
and the second deals with the distance from the set goal, so it should be minimized; this bi-objective model can
be made single objective using relation (4.15).

5. CASE STUDY

As mentioned before, to validate the proposed model, the use was made of Iran’s real data. Next, some details
will be provided regarding the numerical values of the parameters used in the model.

5.1. Sustainable cross efficiency DEA model

In using any DEA method, it is necessary to first define the indicators and options and then rank the latter
accordingly. Since the population affects many parameters (waste volume, fuel demand and hence environmental
pollution, etc.), it has been defined as a non-compensatory indicator; provinces with a higher population are
ranked higher. Accordingly, and based on the data of Iran Statistics Center, 15 Iranian provinces with higher
populations have been defined as the problem options. Next, using experts’ opinions and library sources, some
indicators that can be effective in the selection and ranking of these 15 provinces have been defined as follows:
Economic indicators:

— Land price.
— Production VAT.

Ecological indicators:

— Weight of the municipal cellulosic wastes (paper, cardboard, newspaper, etc.).
— Accessible land for facility construction.

— Road transportation fuel consumption.

Air pollution.

Social indicators:

— Human development index.
— Unemployment rate.
— Economic welfare level.

In the first step to use the data envelopment analysis method, the criteria and indicators should be divided into
inputs and outputs category. In some cases, this type of classification is possible on criteria, and the output
and input concept can be separated. In other cases, it is not possible to separated criteria into the input and
output category. The common approach used is to consider any index that is desirable to minimize input and
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any index that is desirable to maximize output. Table 5 shows the options (provinces) in different indices (data
in this table have been gathered from the sites of Iran Statistics Center and Department of Environment, and
also the Energy Balance Sheet). This sustainable DEA method can easily be employed in other industries by
identifying new suitable indicators.

5.2. MSW2B SCN: economic objective function

The raw materials considered in this study are petrol and municipal solid waste (assumed to be supplied from
only foreign and only domestic suppliers respectively); the only output product is biofuel which is 80% petrol
and 20% bioethanol 300 liters of which are produced from 1 ton of cellulosic waste on average. It is necessary
to first specify the location sets of the supply, production, and distribution centers. Based on the statistics of
the “Waste Management Organization” in each province and the outputs of the DEA model discussed earlier,
5 provinces with the highest cellulosic waste have been defined as the supply centers, 5 with the highest efficiency
have been introduced as the potential production centers, and finally 5 with the highest petrol consumption in
the road transportation have been considered as the distribution centers (Tab. 6).

Three scenarios have been defined for sanctions; in the first, sanctions are none, and suppliers are all accessible,
in the second, France and Netherland are eliminated from the suppliers’ list, and in the third, in addition to
France, the UAE too, as the greatest supplier of Iran petrol, is faced with disruptions; the occurrence probability
for the three scenarios is similar and equal to 0.333.

Table 7 shows the maximum raw material supply based on the statistics of each province “Waste Management
Organization” and the Balance Sheet published by the “Ministry of Petroleum of Iran”.

The cost of purchasing waste (raw material) is 0.0625 $/1000 tons (equal for all suppliers), and that of petrol
is 1.8 m$/1 million liters. Calculating raw material/biofuel transportation costs necessitates knowing distances
between facilities which are provided in Tables 8-11. As mentioned earlier, only one import/export port is
assumed for every supply/distribution center; the raw material/final product flow is first carried to this port
and then sent to the final destination.

The assumption is that foreign transport is through the sea and the domestic transport is via road. The
related petrol/biofuel transportation costs, based on the Iran Energy Balance Sheet, are given in Table 12.
It has also been assumed that 20% of the fuel needed for road transportation is provided by biofuels. Their
related costs are given in Table 13 (based on the same reference).

5.3. MSW2B SCN: environmental objective function

In the second part of the second objective function, to give priority to provinces with higher waste production
rates, use has been made of a weight coefficient found from the ratio of that province’s cellulosic waste to the
total value for the country (Tab. 14).

In the first part of the environmental objective function, to give priority (for biofuel allocation) to provinces
with higher pollution rates, use has been made of a weight coefficient which is the ratio of the CO5 emitted
due to petrol consumption in road transportation of each distribution center to the total value for the country;
the related data has been found using the values presented in the 2013 report of Iran Energy Balance Sheet
(Tab. 15). Finally, to define some objectives for allocating biofuels to domestic distribution centers, use has been
made of Iran’s commitments in the “Treaty of Paris”.

6. NUMERICAL RESULTS AND SENSITIVITY ANALYSES

All the results addressed in the following lines have been obtained using the CPLEX and GAMS 24.1.2 on a
4-core, 2.2 GH pc with 6 GBRAM.
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TABLE 6. The supply, production, and distribution centers of the SC design model.

Facility Foreign Domestic

Supply Netherland France India UAE  Khoozastan Esfahan Mazandaran  Tehran Fars

Bio Sistan & Khoozastan  Fars Esfahan  Tehran

refinery Baloochestan

DC Saudi India China Mazandaran Fars Khorasan Esfahan  Tehran
Arabia

TABLE 7. Maximum allowable flow from each supplier (avail;, ).

Gasoline (Million liters.

Municipal solid waste

Annually) (Thousand tons. Annually)
Fars 0 417
Tehran 0 264
Mazandaran 0 100
Isfahan 0 73
Khuzestan 0 68
United Arab Emirates 3154 0
India 310 0
France 40 0
Netherlands 20 0

TABLE 8. Distance between a foreign supply center and Bandar Abbas as the petrol import
terminal.

Kilometer
United Arab Emirates 250
India 1937
France 9174
Netherlands 20592

TABLE 9. Distance between each domestic supply center or corresponding port of the foreign
supply center and each production center (idistr;;).

Bandar Abbas Khuzestan Isfahan Mazandaran Tehran Fars

(Equivalent to five

external supply center)
Tehran 1501 881 414 250 0 895
Isfahan 1082 765 0 664 414 132
Fars 601 568 481 1145 895 0
Khuzestan 1169 0 765 1131 881 568
Sistan and
Baluchestan 1039 1906 1244 1694 1605 1338
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TABLE 10. Distance between a foreign distribution center and Bandar Abbas as the petrol
export terminal.

Kilometer
China 8969
India 1937

Saudi Arabia 711

TABLE 11. Distance between each domestic distribution center or corresponding port of the
foreign distribution center and each production center.

Bandar Abbas Mazandaran Fars Khorasan Isfahan Tehran

Tehran 1501 250 895 924 414 0
Isfahan 1082 664 481 1238 0 414
Fars 601 1145 0 1819 481 895
Khuzestan 1169 1131 568 1805 765 881
Sistan and Baluchestan 1039 1694 1338 1001 1244 1605

TABLE 12. Raw material/biofuel transportation costs.

External (Sea) Internal (Road)

Municipal solid waste (Millions dollars. Thousand ton kilometer)  0.00004 0.00007
Gasoline (Millionsdollars.million liters kilometer) 0.000011 0.000019
Biofuel (Millions dollars. million liters kilometer) 0.000015 0.000025

TABLE 13. Distribution centers’ demands for biofuels.

Distribution Saudi Arabia India China Mazandaran Fars Khorasan Isfahan Tehran
centers

Demand 800 800 800 264 324 351 363 991

TABLE 14. Rate of each province cellulosic waste compared with that of the whole country.

Province Fars Tehran Mazandaran Esfahan Khoozestan

Rate 0.2977 0.1889  0.0714 0.0519 0.0482

TABLE 15. Other parameter.

Province Mazandaran Fars Khorasan Isfahan Tehran

goaly 59 73 78 81 221
Pl 0.053 0.065 0.070 0.0749 0.198

52669



S2670 M. GHADAMI ET AL.
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FIGURE 3. Pareto graph of the bi-objective (economic-environmental) model.

6.1. Numerical results of the cross-efficiency DEA model

First, an efficiency value is found for each option (province) by solving the input-based DEA-CCR model,
and the weights of the indices are specified as the model variables. Table 16 shows the results found from each
model solution for each option.

A criterion through which DEA models can be evaluated and validated is efficiency the value of which is not
to exceed 1; results in Table 16 also approve this point.

The DEA-CCR models do not usually automatically provide the decision-maker with the ability to prioritize
and select the option; use is usually made of the cross-efficiency method to solve this problem. Table 17 has
presented cross efficiency while the bottom line of this table, which is the arithmetic mean of each column,
indicates the final efficiency or the ranking of each option or province. Finally, the numbers in the bottom row
of Table 18, which is the same rank of each province, are shown in descending order and in Table 17, which
are prioritized by the different provinces according to their rank; the conditions governing the issue selected a
number of them.

6.2. Pareto solutions

First, the bi-objective model proposed in this study is changed to a single-objective model considering the
issues in Section 4 entitled “Bi-objective Programming”, and then its Pareto graph is drawn by allotting different
weights to the first objective function.

A point important in multi-objective programming is the contradiction among different objective functions
meaning that improvement in one worsens the other; this should be observed in the Pareto graph; in Figure 3,
the Pareto graph of the first objective function (or the economic aspect) has been drawn by changing its weight.
As shown, the more the weight becomes, the more will be the chain profit, but with this increase, the effects of
the second (environmental) objective function weaken, and its situation becomes worse.

6.3. Sensitivity analysis

Figure 4 shows the first objective function’s weight increase effects on air pollution reduction. Since the
generation of 1 megajoule energy, if biofuel is substituted for ordinary petrol, will averagely cause about 88 gr
reduction in the COy emission, this figure and also the total flow of biofuel used in domestic distribution centers
for changes in the first objective function have been used to draw Figure 3. In scenarios 1 and 2, first, the
environmental aspect will dominate with an increase in the weight of the first objective function, because the
weight of the second objective function is large, and the whole produced biofuel is consumed domestically; the
figure is horizontal in this case. Then, the model reacts to the weight increase, and part of the production is
exported; hence, the domestic consumption and the resulting CO5 emission are reduced. After a certain point,
the export-oriented term will dominate, and all the produced biofuel is exported; the domestic consumption
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TABLE 18. Options’ cross-efficiency values.

Province Efficiency
1 Tehran 1.3545103
1 Isfahan 1.1859023
2 Fars 1.0340397
3 Khoozestan 0.9102202
4 Systan 0.8985983
5 Gilan 0.8441603
6 Alborz 0.8422707
7 Khorasan Razavi 0.8208692
8 Lorestan 0.7662513
9 Mazandaran 0.7577174
10 Azarbaijan Gharbi  0.7008977
11 Hamedan 0.6730419
12  Golestan 0.6293066
13 Kerman 0.5969616
14 Azarbaijan Sharghi 0.4282463

scenario 1 & 2

amount of reduction carbon
dioxide for replacing biofules
instead carbon (gr)

Wi

FI1GURE 4. COs reduction variations instead of substituting biofuel for ordinary petrol for
weight variations of the first objective function in all 3 scenarios.

and the resulting CO9 emission will considerably drop. The behavior of this figure is easily justifiable with the
Pareto graph.

7. CONCLUSION

This paper presented a two-phase approach based on DEA and an SC design model of extracting second-
generation ethanol from municipal cellulosic solid wastes as an additive to ordinary petrol and production of
road transportation liquid biofuel to have an eco-friendly energy resource.

In the proposed model, first the economic, ecological, and social indicators are identified as the main criteria of
sustainable cross-efficiency DEA model. The use has been made of this DEA model to give priority of candidate
locations of facilities in this supply network. Optimization of cultivation locations of municipal solid waste plays
a vital role in the success of municipal solid waste projects. This paper addresses the location optimization
problem of MSW, considering the most important drivers of sustainable development. Computational results
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show that the proposed approach can be used a powerful tool for location optimization of MSW. Obtained
results are verified and validated by the MSW belt areas. Also, it is concluded that Iran has a great ecological
conditions for MSW utilization.

Finally, a bi-objective (economic-environmental) model has been proposed that can create a balance, based on
the government decisions and strategies, between the export-oriented profit and environmental interests earned
through the municipal solid waste-to-biofuel supply chain network (MSW2B-SCN) design. The results revealed
that since the generation of 1-megajoule energy, if biofuel is substituted for ordinary petrol, it will averagely
cause about 88 gr reduction in the COs emission. Also, in solving the two-objective model, the first-objective
function is more sensitive to weight than the second one.

To the best of our knowledge, this paper is one of the primary efforts on the MSWSCND problem, and
its literature is still in infancy. Therefore, to contribute the proposed approach, there is still a broad field
of promising avenues for researchers. Studying more SC design levels to include different municipal waste
management levels, considering uncertainty in different SC parameters (demand, accessible raw material, etc.)
and using robust programming to face uncertainties are recommended.
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