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supply chain and supply chain management - economic, 
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sustainable supply chain management, and thus presents another 
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Chapter 1

Economic Performance, Greenhouse Gas Emissions,
Environmental Management, and Supply Chains in
India: A Comparison with Japan

Hitoshi Hayami, Masao Nakamura and
Kazushige Shimpo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/62535

Abstract

Using input–output tables and data on wastes from the Japanese industrial sectors, we
have provided empirical evidence that, in Japan environmental performance of their
upstream suppliers contributes positively to the performance of their final product
assembly firms or economic sectors. In this paper, we propose to investigate the same
hypothesis for firms and other establishments in manufacturing and other sectors in India.
Indian supplier firms that sell goods and services to their client assembler firms are not
generally structured in the form of efficient supply chains as in advanced economies. So,
the environmental performance of these suppliers may not have positive impacts on the
performance of their assembler firms or economic sectors, but this is yet to be verified
empirically.

In our study on Japan, we measured supply chains’ environmental performance using
various amounts of waste materials and also CO2-equivalent greenhouse gas emissions
generated  in  their  production  processes.  Unfortunately,  the  only  environmental
performance data we have for the Indian economic sectors is their CO2 emissions. So, we
investigate the impact of CO2 emissions by supplier firms on the economic performance
of their assembler firms in India.

Keywords: greenhouse gas emissions, supply chains, environmental management,
firm performance, India
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1. Introduction

Limiting the amounts of industrial wastes generated in firms’ manufacturing processes has
been of policy interest in recent years. A type of waste of our interest in this paper is greenhouse
gases (represented by the carbon dioxide equivalent below). Even though it is not harmful to
human health, CO2 is being regulated like toxic industrial wastes in many developed countries
including Japan. More recently, the importance of limiting CO2 emissions globally has been
recognized by both developed and developing nations, and an international treaty to strength‐
en the former Kyoto protocol was signed in Paris.1

One of the topics of research interest, which has not received much empirical attention, is the
extent to which CO2 emissions, as an industrial waste, are generated along firms’ supply chains.
Although we see large corporations (e.g., 3M, Sony) promoting green procurement policies
and claiming to use environment-friendly suppliers, we have little empirical evidence yet to
suggest how such environmental management methods based on supply chains might benefit
large downstream firms economically. We do not have much empirical evidence either about
the impacts on final products of environmental management policies conducted by firms in
their supply chains emerging in developing countries like India.

In this paper we present empirical estimates for the amounts of greenhouse gas (GHG)
emissions generated by Indian manufacturing and other economic sectors, and their supply
chains. (GHG emissions are measured in carbon dioxide (CO2) equivalent in this paper.) We
then estimate their contributions to firm performance measured in terms of value added.
Figures 1 and 2 show CO2 emissions per person and per income, respectively, in India and

Figure 1. CO2 emissions per capita: India and Japan, 1990–2011. Source: Prepared by the authors using figures in [2–5].

1 The 2015 United Nations Climate Change Conference, held in Paris, France, from November to December 2015 was the
21st yearly session of the Conference of the Parties (COP) to the 1992 United Nations Framework Convention on Climate
Change (UNFCCC) and the 11th session of the Meeting of the Parties to the 1997 Kyoto Protocol. The Paris Agreement,
a global agreement on the reduction of climate change, the text of which represented a consensus of the representatives
of the 196 parties attending it, was signed. It needs to be ratified to become a world treaty [1].
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Japan over time. We see from these figures that while Japan emits more CO2 than India per
capita, Japan generates less CO2 emissions per dollar than India does.

Figure 2. CO2 emissions per GNI (gross national income): India and Japan, 1990–2011. Source: Prepared by the authors
using figures in [2–5].

The rest of the paper is organized as follows. After a brief review of earlier studies in Section 2,
we discuss our method and approach toward the analysis of the generation of industrial waste
(CO2 emissions here) by supply chains in Section 3. Our data are briefly introduced in Section 4.
We show and analyze certain patterns that are found in the generation of CO2 emissions in
Indian and Japanese industries in Sections 5 and 6. Section 6 presents our empirical results that
relate the value added to the generation of wastes by downstream and upstream firms.
Section 7 concludes.

2. Literature

There are relatively few research studies that use nations’ input–output (I–O) tables as the data
source for analyzing the relationships between supply chains and firms’ environmental
performance. Hayami et al. [6] present a framework in which I–O tables can be used for
analyzing the effects, at the sector level, of the environmental management performance of
firms in supply chains on their downstream assembly firms’ performance. They present
references on the literature that discusses many aspects of environmental management at
upstream supply chains as related to their downstream customer firms [7,8]. Discussions on
supply chains in India are also found [9–11]. Details of I–O analysis and applications to the
Indian economy and environmental management are found in papers contained in [12].

3. Our approach to estimating output and waste along the stages of a
supply chain

As noted earlier, certain downstream producers in developed countries are beginning to
practice “green procurement,” by which upstream suppliers with greener production proc‐
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esses become the preferred suppliers of their downstream customer firms. For example, Cisco,
NEC, Sony, and Toshiba discuss their corporate green procurement guidelines in [13–16]. We
apply this notion to India and investigate empirically the extent to which the same notion holds
in India.

In order for the government to evaluate the potential benefits (i.e., the greening) of upstream
firm production processes resulting from promoting downstream instruments, it is essential
that we estimate relationships that describe the generation of waste materials at both upstream
and downstream firms in a national economy. However, to our knowledge, only Hayami et
al. present an empirical framework to achieve this objective using available data [6]. They also
present an empirical model that allows us to estimate downstream firms’ benefits of reduction
of their suppliers’ environmental wastes.

We apply the above model to India and derive some preliminary empirical estimates that
evaluate the relative importance of the waste materials generated along the supply chain. Our
findings in this chapter provide complementary evidence to the importance of environmental
management in supply chains reported, for example, for individual firms, obtained using
survey data and methodologies different from ours [8,17].2,3

3.1. Estimation of output along a supply chain

Our methodology is based on the input–output (I–O) analysis originally developed by Leontief
[19,20]. (Applications of the I–O analysis to waste management and other environmental issues
are found, for example, in [12,21–23]. Additional uses of input–output analysis in environ‐
mental management are found in [24]. We divide an economy into industrial and other
economic sectors where production of goods and services takes place. We define I–O technical
coefficients aij (i,j = 1,2,…,n) to be the amount of input from sector i per unit amount of output
from sector j. To ensure positive output values, it is customary to assume the Hawkins–Simon
condition [25] that aij lie between 0 and 1 and their column sums are less than 1.

Suppose xj denotes the output from sector j. Then aij are estimated as follows:

( ) / ,ij ij ja X x=

where Xij denotes the amount of input from sector i that is required for the production of xj.
Using supply chain terms, we say aij connect downstream output from sector j to its immediate
predecessor upstream input from sector i.

We denote by A an n × n matrix with elements aij, and by x an n × 1 vector in which each
component xj represents domestic production (output) of sector j (j = 1,2,..,n). We also denote

2 A questionnaire-based survey across 124 companies from eight industrial sectors in Taiwan was used [17] in one study,
while survey data on a sample of 122 firms drawn from electronics manufacturers listed on the database of the Taiwan
Stock Exchange Corporation (TWSE) market and the Gre Tai Securities Market (GTSM) in Taiwan was used in another
study [8].
3 See [18] where Indian manufacturers’ approaches to green supply chain management are explained.
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by fi the final downstream demand for sector i. We denote by f the corresponding n × 1 final
downstream demand vector. For example, fi = 1 means a unit final downstream demand for
output from sector i. (For simplicity, we ignore the impacts of international trade.)

In order to produce the final downstream demand f, the total amount of input required from
sector i in the immediate predecessor stage (denoted by k = 1) is given by

( )1 .kx Af= =

x(1) is also interpreted to be the indirect demand for the previous stage (k = 1) production
process, which is induced by final demand f, because without the production of x(1), the final
demand cannot be met. In order to produce x(1), the total amount of input required from sector
i in the immediate predecessor stage (denoted by k = 2) in the supply chain is given by the ith
element of the following vector:

( )2 1( ) 2 .x Ax A f= =

Generally, we can trace production activities along the supply chain backward, starting from
the final demand, and we get

( ) ( )1 ,  1,2,....k k kx Ax A f k-= = =

We call x(k) the kth stage indirect effect of final demand f (k = 1,2,…) in the supply chain.

In order to be able to produce final demand f, the following total indirect output must be
produced:

( ) ( ) 12 ......  .... – ,indirect kx Af A f A f A I A f-= + + + + =

where (I – A)-1 is the Leontief inverse matrix which exists provided that the aij satisfy the
Hawkins–Simon condition given above.

We have shown that our input–output analysis identifies the successive upstream production
processes that are followed by the average supply chain for the final demand vector f. This is
summarized as follows. The input–output analysis describes all economic activities of the
average supply chain in a national economy by following input–output transactions for all
goods and services. The analysis typically starts from the final stage of downstream demand
as shown above and moves backward by backtracking all predecessor upstream stages of
production.

In this paper, we consider CO2 (defined here to be the combined greenhouse gases measured
in CO2 equivalent) as a waste material associated with industrial production activities.

Economic Performance, Greenhouse Gas Emissions, Environmental Management, and Supply Chains in India: A
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3.2. Graphical representation of connectedness of I–O sectors

Different sectors tend to be more connected in modern developed economies than in
developing economies. This is because, in a modern economy, unproductive sectors will
become more productive, with inputs from more productive sectors to survive. In addition,
primary sectors and supplier sectors of manufacturing are connected to assembly sectors of
manufacturing in a functional and efficient manner in supply chains. These functional
connections are often missing in developing economies. Figures 3–5 show the degrees of 35 I–
O sectors’ connectedness to each other in India and Japan. These 35 sectors are as follows:

No. Name
1 Agriculture, Hunting, Forestry, and Fishing

2 Mining and Quarrying

3 Food, Beverages, and Tobacco

4 Textiles and Textile Products

5 Leather and Footwear

6 Wood, and Products of Wood and Cork

7 Pulp, Paper, Printing, and Publishing

8 Coke, Refined Petroleum, and Nuclear Fuel

9 Chemicals and Chemical Products

10 Rubber and Plastics

11 Other Nonmetallic Minerals

12 Basic Metals and Fabricated Metals

13 Machinery, NEC

14 Electrical and Optical Equipment

15 Transport Equipment

16 Manufacturing, NEC; Recycling

17 Electricity, Gas, and Water Supply

18 Construction

19 Sales, Maintenance, and Repair of Motor Vehicles and Motorcycles; Retail Sale of Fuel

20 Wholesale Trade and Commission Trade, Except of Motor Vehicles and Motorcycles

21 Retail Trade, Except of Motor Vehicles and Motorcycles; Repair of Household Goods

22 Hotels and Restaurants

23 Inland Transport

24 Water Transport

25 Air Transport

26 Other Supporting and Auxiliary Transport Activities; Activities of Travel Agencies

27 Posts and Telecommunications

28 Financial Intermediation

29 Real Estate Activities

30 Renting of m&eq and Other Business Activities

31 Public Administration and Defense; Compulsory Social Security

32 Education

33 Health and Social Work

34 Other Community, Social, and Personal Services

35 Private Households with Employed Persons

Source: [5,32].

List of 35 aggregate I–O sectors used in Figures 3–5

Sustainable Supply Chain Management8



Figure 3. Degrees of connectedness of 35 I–O sectors: India, 1995. Note: The size of each square represents the
amount of relevant input for the cell measured in terms of US $million dollars at current price. Numbers on vertical
and horizontal axes represent 35 I–O sectors for India and Japan defined in the text.

Figure 4. Degrees of connectedness of 35 I–O sectors: India, 2003. Note: The size of each square represents the
amount of relevant input for the cell measured in terms of US $million dollars at current price. Numbers on vertical
and horizontal axes represent 35 I–O sectors for India and Japan defined in the text.

Economic Performance, Greenhouse Gas Emissions, Environmental Management, and Supply Chains in India: A
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Figure 5. Degrees of connectedness of 35 I–O sectors: Japan, 2003. Note: The size of each square represents the
amount of relevant input for the cell measured in terms of US $million dollars at current price. Numbers on vertical
and horizontal axes represent 35 I–O sectors for India and Japan defined in the text.

Intuitively speaking, Figures 3–5 show the degrees of connectedness between sectors in terms
of economic transactions. For example, sectors whose transactions are mostly within them‐
selves are depicted as single dots. On the other hand, if two different sectors have more
transactions with each other, then those two sectors are connected by a box. Multiple sectors
with transactions, such as sectors that define supply chains, are shown with larger boxes
containing them. As expected, Figures 3 and 4 show that sectors of the Indian economy are
not much connected to each other, though there are considerably more connectedness
observed during 2003 than during 1995. This implies that there are increasingly more supply
chain type relationships emerging in the Indian economy in recent years. The Japanese
economy has developed well-defined supply chain based relationships among sectors in many
industries [6]. This is clearly observed in Figure 5. We speculate from these figures, for
example, that environmental management performance of upstream suppliers affect the
performance of downstream firms much more in Japan than in India.

3.3. Estimation of wastes along a supply chain4

In the I–O analysis presented in Section 3.1, it is customary to include output which has
economic value.5 It is also customary to assume that industrial waste has no economic value
in the form it is generated. For these reasons, industrial wastes are not included in our analysis

4 Waste here denotes CO2, but our formulation applies to other waste materials as well.
5 In reality, most waste materials have positive or negative economic value. For example, CO2 has economic value in the
GHG market currently [26].
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in Section 3.1.6 We treat waste materials separately here. Suppose we have estimated E1j , the
amount of waste generated per unit of output produced in sector j (j = 1,2,..,n). We denote by
E the corresponding n × n diagonal matrix with E1j in the jth diagonal position. Then the
amounts of waste produced by the output of sector j along the successive stages of a supply
chain are given as follows:

Denote by wj the amount of waste generated in sector j, and denote by w an n × 1 vector
consisting of wj (j = 1,2,..,n).

Then in the final stage, stage 0 (k = 0), of a supply chain, the demand is f, and the waste generated
is

w(0) = EA0f = Ef, which is the waste generated from assembly operations of final output f.

In the immediate predecessor upstream stage, stage 1 (k = 1), of the supply chain, the amount
of waste generated (called indirect output for stage 1) is

( )1 0( ) .w EAx EAf= =

Similarly, we can derive the amount of waste generated along the upstream stages (k = 2, 3,
…,) of the supply chain as follows:

( ) )1( ,  2,3,  ...k k kw EAx A f k-= = =

This is shown in the last row of Table 1.

Upstream Stages of a supply
chain (→ → → closer to
the final demand → → →)

Downstream: final stage of a
supply chain (final demand)

Total
indirect
output
and waste
in upstream
stages
(k = 1,2,…)

← ← ← Indirect
output for
the m-th
stage in
upstream
(k = m)

← ← ← Indirect
output for
the second
stage in
upstream
(k = 2)

Indirect
output for
the first
stage in
upstream
(k = 1)

Production output along the stages of a supply chain

x(indirect) =
Af + A2f +

← ← ← x(n) = Ax(n-1)

= Anf
← ← ← x(2) = Ax(1) = A2f x(1) = Af f (direct

output)

6 Actual statistical treatment of industrial waste materials depends on the nature of each waste material, which we will
not discuss here.

Economic Performance, Greenhouse Gas Emissions, Environmental Management, and Supply Chains in India: A
Comparison with Japan
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Upstream Stages of a supply
chain (→ → → closer to
the final demand → → →)

Downstream: final stage of a
supply chain (final demand)

… + Akf
+ … = A
(I – A)-1f

Waste output generated along the stages of a supply chain

w(indirect) =
AEf + A2Ef
+ .... + AkEf
+ … = A(I
− A)-1Ef

← ← ← w(n) =
AnE

← ← ← w(2) =
A2Ef

w(1) = AEf Ef (direct
waste
generated)

Table 1. Production and waste output along the stages of a supply chain.

3.4. Output along a firm-specific supply chain and statistically obtained average output
along the average supply chain

We do not have data on individual firm-specific supply chains that expand from downstream
to upstream stages of production. However, element aij of input–output matrix A = {aij, i, j =
1,2,..,n} is in fact the statistically estimated average fraction of output of sector i that goes to
sector j. This statistical method of obtaining matrix A (called the commodity flow method) thus
allocates input Xij from the data of total output xj [27], that is, aij connects downstream sector
j to its immediate upstream sector i statistically. We have used this property of matrix A to
obtain the average production and waste output along the stages of the average supply chain,
x(k) and w(k), k = 1,2,…, given downstream demand vector f. If we had data on production and
waste output for the stages of all firm-specific supply chains for given f, then our I–O based
estimates give the first-order approximation to the average output of the quantities for all such
firm-specific supply chains. (The first-order approximation arises because of the linearity of aij

which defines the I–O matrix A.)

4. Data

4.1. Input–output matrix

As we have noted in Section 3.1, our estimation methodology uses an n × n matrix A consisting
of

I–O technical coefficients aij (i,j = 1,2,…,n), where n is the number of economic sectors being
considered. Since 1973, estimated values for aij (i,j = 1,2,…,n) are published every 5 years as I–
O tables by the Government of India [9,28]. In this paper, we primarily use the Indian I–O
tables for the years 1998–1999 and 2003–2004, with 130 sectors (n = 130). The I–O sectors consist
of 37 primary sectors, 68 secondary (manufacturing) sectors, and 25 service sectors.

Sustainable Supply Chain Management12



In addition to the I–O matrix A = {aij (i,j = 1,2,…,n)}, the Indian I–O table includes additional
information on relevant economic quantities for each of the 130 sectors including final demand
f for the Indian economy (see Appendix A1).

4.2. Waste and y-products surveys, and I–O matrix A

The environmental input–output table that we use here, based on greenhouse gas emission
estimates (GOI, 2010), I–O table, material table, calorific table, combustion ratio table, and other
data, was constructed by [9,12,29,30].

4.3. Calculating the amounts of waste materials

Using application of the input-output analysis described above, we used the estimated
quantities of CO2 for each of the 130 Indian I–O sectors, which we use in our regression
analyses. We also used value-added estimations for each of these I–O sectors.

Using I–O analysis, we estimated the amounts of CO2 generated per unit output for each of
the 130 I–O sectors.

We are interested in studying the behavior of CO2 emissions in firms’ decision processes. In
this paper, we denote by CO2 emissions the total emissions in carbon dioxide equivalents of
all greenhouse gases. CO2 has certain characteristics in common in terms of their implications
for firms’ own economic incentives and government regulations.7 For example, CO2 emissions,
like some other nontoxic wastes, are harmless to human health. On the other hand, CO2

emissions, like some other waste materials, may also mean firms’ excessive use of costly inputs
(fossil fuels in case of CO2). (Note that CO2 emissions and fossil energy use are highly correlated
[32, 33].

5. Waste output along supply chains: example of an auto industry

One topic of research interest is to evaluate the relationships that might exist between down‐
stream and upstream firms in terms of their waste behavior. Input–output analysis identifies
statistically average economic relationships that exist between upstream and downstream
firms. It is then possible to use input–output analysis also to find the average amounts of wastes
that are generated by upstream firms in supply chains in response to production activities for
the final products of downstream firms.

5.1. Example of an auto industry example

Table 1 illustrates how our production of output and waste takes place along a supply chain
starting from the final downstream demand. By tracing backward, final assembly plant

7 In addition to direct regulations of various types pertinent to toxic wastes and CO2, indirect regulations often dictate
firms’ management of some of nontoxic wastes as well. For example, firms’ nontoxic wastes are sometimes indirectly
regulated in terms of the amounts of such waste materials that firms are allowed to bring to landfills and other waste
processing facilities. Some nontoxic wastes have commercial value as well.
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receives inputs from suppliers in upstream stage 1, who in turn receive their inputs from
suppliers in upstream stage 2. As we have shown, I–O analysis allows us to estimate inputs
between two successive stages of production along a supply chain.

5.2. A numerical example, India and Japan

This example illustrates the supply chain effects in the propagation of waste (CO2) generation
along supply chains in India and Japan.

Amounts generated (tons) Cumulative amounts (tons) Ratio to total

CO2

Direct 0.107625 0.107625 0.020439

Indirect (first stage) 0.706568 0.814193 0.15462

Indirect (second stage) 1.205888 2.020081 0.383625

Indirect (third stage) 1.151894 3.171974 0.602376

Indirect (fourth stage) 0.896974 4.068948 0.772717

Total (all stages) 5.26577 5.265770 1

Source: Authors’ calculations.

Table 2. Supply chain effects, auto industry in Japan: CO2 emissions generated by production of one passenger car
with a 2000 cc engine.

Amounts generated (tons) Cumulative amounts (tons) Ratio to total

CO2

Direct 0.1346605 0.1346605 0.03002061

Indirect (first stage) 1.919879 2.054539 0.4580298

Indirect (second stage) 1.238733 3.293272 0.7341874

Indirect (third stage) 0.6406156 3.933888 0.8770033

Indirect (fourth stage) 0.3034687 4.237357 0.9446573

Total (all stages) 4.485602 4.485602 1

Source: Authors’ calculations.

Table 3. Supply chain effects, auto industry in India: CO2 emissions generated by production of one passenger car with
a 2000 cc equivalent engine.

Tables 2 and 3 show how much CO2 emissions occur along the auto supply chains in producing
passenger cars with certain characteristics: median size cars in India and cars with 2000 cc
engines in Japan.

Sustainable Supply Chain Management14



We see from Table 2 that firms along the auto supply chain in Japan generate 5.26577 tons of
CO2 emissions, but only 2% of this amount is generated by the final assembler firms. The
remaining 98% of CO2 emissions are generated by suppliers and other upstream firms in the
supply chain. In comparison, the corresponding figures for India are: 4.485602 tons of total
CO2 emissions per car are generated in total, of which 3% is generated by the final assembler
firms and the rest (97%) of the emissions are generated by suppliers (Table 3). This similarity
in the patterns of CO2 emissions along auto supply chains between India and Japan suggests
that production technology of autos is reasonably standardized, perhaps due to the fact that
many auto plants in India are owned and operated to a large extent by Western automakers.
Another noteworthy point is that total CO2 emissions per car produced is somewhat lower in
India than in Japan. This difference occurs in part because of the sizes of passenger cars
considered here that are different between India and Japan, and also in part because of the
difference between India and Japan in the amounts of CO2 emissions induced by imported car
parts. The use of more imported parts implies lower levels of domestic CO2 emissions, which
is the case for India. For passenger car production, this ratio is 0.05846 for India and 0.02316
for Japan.

Based on the results given in Tables 2 and 3, we conclude that government environmental
regulations about greenhouse gas emissions need to include not only the final auto producers
but also many upstream suppliers, in order to be effective.

We noted that our results in Tables 2 and 3 are consistent with the possibility that downstream
firms might be able to upload the processing of CO2 in particular to their upstream suppliers,
while processing relatively large amounts of nonenergy-intensive tasks themselves in-house.
This could easily happen in practice, since processing energy-intensive tasks is generally
expensive.

We also note that this hierarchical structure of processing of the waste materials emitted by
firms in assembly-based industries is likely to be typical. This is because of the nature of the
types of assembly-based industries, which are most efficiently done by streamlining their
supply chains so that assembly operations come last. In addition, assembly firms are generally
more powerful than suppliers in their supply chains and hence have the most bargaining
power.

Detailed processes of generation of CO2 emissions by upstream and downstream firms are
presented in Tables 4 and 5.

Auto: CO2 Tons per passenger car (2000 cc equivalent)

Direct First indirect Second indirect 3rd indirect 4th indirect Total Generation

Passenger motor cars 0.1076 Electricity 0.1722 Electricity 0.5514 Electricity 0.3349 Pig iron 0.3230 Electricity 1.2982

Motor vehicle parts and accessories 0.1013 Cast and forged materials (iron) 0.1115 Pig iron 0.1840 Electricity 0.1315 Pig iron 1.0449

Internal combustion engines for motor vehicles and parts 0.0663 Road freight transport 0.0474 Private power generation 0.1040 Private power generation 0.1290 Private power generation 0.4804

Private power generation 0.0601 Miscellaneous ceramic, stone, and clay products 0.0372 Coal products 0.0927 Coal products 0.0831 Coal products 0.3476

Road freight transport 0.0599 Private power generation 0.0349 Self-transport by private cars (passengers) P 0.0393 Crude steel (converters) 0.0319 Road freight transport 0.1471

Sheet glass and safety glass 0.0598 Nonferrous metal castings and forgings 0.0345 Crude steel (converters) 0.0287 Self-transport by private cars (passengers) P 0.0185 Cast and forged materials (iron) 0.1211

Research and development (intra-enterprise) 0.0282 Self-transport by private cars (passengers) P 0.0268 Miscellaneous ceramic, stone and clay products 0.0268 Petroleum refinery products (inc. greases) 0.0162 Self-transport by private cars (passengers) P 0.1082

Motor vehicle bodies 0.0209 Research and development (intra-enterprise) 0.0260 Hot rolled steel 0.0244 Paper 0.0144 Motor vehicle parts and accessories 0.1080

Coastal and inland water transport 0.0165 Synthetic rubber 0.0225 Self-transport by private cars (freight) P 0.0225 Petrochemical basic products 0.0132 Passenger motor cars 0.1076

Tires and inner tubes 0.0158 Hot rolled steel 0.0212 Road freight transport 0.0209 Hot rolled steel 0.0120 Crude steel (converters) 0.0910

Plastic products 0.0114 Coated steel 0.0207 Cold-finished steel 0.0202 Self-transport by private cars (freight) P 0.0107 Miscellaneous ceramic, stone and clay products 0.0895

Waste management services (private) 0.0106 Thermoplastics resins 0.0190 Paper 0.0193 Road freight transport 0.0095 Petroleum refinery products (inc. greases) 0.0695

Self-transport by private cars (passengers) P 0.0093 Cold-finished steel 0.0158 Synthetic rubber 0.0166 Aliphatic intermediates 0.0089 Hot rolled steel 0.0689

Cold-finished steel 0.0093 Petroleumrefinery products (inc. greases) 0.0154 Thermoplastics resins 0.0161 Miscellaneous ceramic, stone and clay products 0.0087 Internal combustion engines for motor vehicles and parts 0.0687

Hot rolled steel 0.0076 Plastic products 0.0153 Petroleum refinery products (inc. greases) 0.0148 Coastal and inland water transport 0.0055 Research and development (intra-enterprise) 0.0638

Miscellaneous ceramic, stone, and clay products 0.0071 Other rubber products 0.0131 Aliphatic intermediates 0.0135 Pulp 0.0051 Sheet glass and safety glass 0.0605

Self-transport by private cars (freight) P 0.0049 Coastal and inland water transport 0.0129 Petrochemical basic products 0.0124 Cyclic intermediates 0.0048 Self-transport by private cars (freight) P 0.0597
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Auto: CO2 Tons per passenger car (2000 cc equivalent)
Direct First indirect Second indirect Third indirect Fourth indirect Total generation

Electrical equipment for internal
combustion engines

0.0046Self-transport by private cars (freight) P 0.0128Coastal and inland water transport 0.0091Paperboard 0.0042Paper 0.0537

Electric bulbs 0.0044Coal products 0.0124Cast and forged materials (iron) 0.0080Waste management services (private) 0.0041Cold-finished steel 0.0509

Petroleum refinery products (inc.
greases)

0.0037Cast and forged steel 0.0115Air transport 0.0071Cold-finished steel 0.0039Coastal and inland water transport 0.0499

Air transport 0.0032Other final chemical products 0.0104Waste management services (private) 0.0069Industrial soda chemicals 0.0036Synthetic rubber 0.0424

Abrasive 0.0030Wholesale trade 0.0100Research and development (intra-enterprise)0.0065Crude steel (electric furnaces) 0.0035Thermoplastics resins 0.0392

Advertising services 0.0029Crude steel (converters) 0.0099Cyclic intermediates 0.0063Air transport 0.0031Nonferrous metal castings and forgings0.0385

Other rubber products 0.0024Paper 0.0073Aluminum (inc. regenerated aluminum) 0.0062Ferro alloys 0.0031Petrochemical basic products 0.0327

Coated steel 0.0024Air transport 0.0066Other industrial organic chemicals 0.0050Cement 0.0029Aliphatic intermediates 0.0307

Wholesale trade 0.0023Motor vehicle parts and accessories 0.0061Other resins 0.0044Thermoplastics resins 0.0028Plastic products 0.0305

Harbor transport service 0.0023Steel pipes and tubes 0.0056Hired car and taxi transport 0.0038Petrochemical aromatic products (except
synthetic resin)

0.0024Waste management services (private) 0.0300

Sewage disposal 0.0020Inorganic pigment 0.0053Coated steel 0.0037Synthetic rubber 0.0022Coated steel 0.0282

Hired car and taxi transport 0.0019Waste management services (private) 0.0050Industrial soda chemicals 0.0037Research and development (intra-enterprise) 0.0019Air transport 0.0226

Coal products 0.0018Electrical equipment for internal combustion
engines

0.0050Crude steel (electric furnaces) 0.0036Other industrial organic chemicals 0.0018Motor vehicle bodies 0.0219

30 sectors Subtotal 0.6983 1.1338 1.1338 1.0656 0.8655 4.8061

Subtotal 0.1076 0.7066 1.2059 1.1519 0.8970 5.2658

Cumulative 0.1076 0.8142 2.0201 3.1720 4.0689 1.1968

Cumulative/Grand
total

0.0204 0.1546 0.3836 0.6024 0.7727 1.0000

Table 4. Generation of CO2 by supply chains per production of a passenger car with a 2000 cc engine: Japan.

Auto: CO2 Tons per passenger car (2000 cc equivalent)
Direct First stage indirect Second stage indirect Third stage indirect Fourth stage indirect Total generation

Motor 0.1347 Electricity 0.8633 Electricity 0.7269 Electricity 0.4384 Electricity 0.2209 Electricity

Vehicles Iron steel and ferroalloys 0.8470 Iron steel and ferroalloys 0.2832 Iron steel and ferroalloys 0.0799 Iron steel and ferroalloys 0.0266 Iron steel and ferroalloys 1.2545

Iron and steel casting and forging 0.0405 Petroleum products 0.0456 Petroleum products 0.0296 Petroleum products 0.0152 Motor vehicles 0.1489

Land transport including pipelines 0.0388 Nonferrous basic metals 0.0384 Nonferrous basic metals 0.0152 Cement 0.0063 Petroleum products 0.1239

Petroleum products 0.0205 Iron and steel casting and forging 0.0305 Land transport including pipelines 0.0126 Land transport including pipelines 0.0057 Iron and steel casting and forging 0.0872

Synthetic fibers and resin 0.0146 Land transport including pipelines 0.0254 Cement 0.0113 Nonferrous basic metals 0.0051 Land transport including pipelines 0.0872

Nonferrous basic metals 0.0141 Synthetic fibers and resin 0.0174 Iron and steel casting and forging 0.0109 Iron and steel casting and forging 0.0034 Nonferrous basic metals 0.0759

Motor vehicles 0.0125 Coal and lignite 0.0090 Synthetic fibers and resin 0.0072 Synthetic fibers and resin 0.0029 Synthetic fibers and resin 0.0442

Air transport 0.0119 Cement 0.0077 Coal and lignite 0.0050 Paper, paper products, and newsprint 0.0022 Cement 0.0313

Other nonmetallic mineral products 0.0071 Paper, paper products, and newsprint 0.0060 Paper, paper products, and newsprint 0.0041 Coal and lignite 0.0021 Paper, paper products, and newsprint 0.0186

Trade 0.0055 Railway transport services 0.0055 Inorganic heavy chemicals 0.0031 Inorganic heavy chemicals 0.0016 Coal and lignite 0.0182

Insurance 0.0046 Other nonmetallic mineral products 0.0052 Railway transport services 0.0031 Railway transport services 0.0014 Air transport 0.0180

Paper, paper products, and newsprint 0.0043 Inorganic heavy chemicals 0.0049 Natural gas 0.0025 Other nonmetallic mineral products 0.0012 Other nonmetallic mineral products 0.0169

Hand tools and hardware 0.0041 Natural gas 0.0045 Other nonmetallic mineral products 0.0024 Natural gas 0.0012 Railway transport services 0.0150

Railway transport services 0.0040 Trade 0.0037 Trade 0.0018 Other chemicals 0.0009 Inorganic heavy chemicals 0.0128

Rubber products 0.0040 Air transport 0.0036 Other chemicals 0.0017 Trade 0.0008 Trade 0.0123

Plastic products 0.0038 Coal products 0.0023 Air transport 0.0015 Fertilizers 0.0007 Natural gas 0.0092

Other chemicals 0.0034 Other chemicals 0.0021 Coal products 0.0013 Crude oil 0.0006 Other chemicals 0.0087

Banking 0.0033 Plastic products 0.0019 Crude oil 0.0010 Air transport 0.0006 Plastic products 0.0070

Inorganic heavy chemicals 0.0020 Motor vehicles 0.0014 Fertilizers 0.0009 Coal products 0.0005 Insurance 0.0066

Other transport equipment 0.0018 Banking 0.0013 Plastic products 0.0008 Plastic products 0.0003 Banking 0.0057

Other nonelectrical machinery 0.0017 Insurance 0.0013 Construction 0.0006 Construction 0.0003 Rubber products 0.0053

Miscellaneous metal products 0.0007 Construction 0.0010 Banking 0.0006 Banking 0.0002 Hand tools and hardware 0.0048

Art silk and synthetic fiber textiles 0.0006 Iron ore 0.0009 Insurance 0.0004 Structural clay products 0.0002 Coal products 0.0045

Communication 0.0006 Rubber products 0.0008 Structural clay products 0.0004 Insurance 0.0002 Fertilizers 0.0028

Coal and lignite 0.0005 Communication 0.0007 Water transport 0.0004 Water transport 0.0002 Crude oil 0.0027

Construction 0.0004 Hand tools and hardware 0.0006 Iron ore 0.0003 Other oil seeds 0.0002 Construction 0.0025

Electronic equipments including TV 0.0004 Water transport 0.0006 Communication 0.0003 Communication 0.0001 Other nonelectrical machinery 0.0022

Jute hemp and mesta textiles 0.0004 Miscellaneous manufacturing 0.0006 Storage and warehousing 0.0003 Storage and warehousing 0.0001 Other transport equipment 0.0021

Community, social, and personal services 0.0003 Miscellaneous metal products 0.0005 Rubber products 0.0003 Jute hemp and mesta textiles 0.0001 Communication 0.0018

30 sectors subtotal 0.1347 1.9167 1.2333 0.6376 0.3020 4.4656

Subtotal 0.1347 1.9199 1.2387 0.6406 0.3035 4.4856

Cumulative 0.1347 2.0545 3.2933 3.9339 4.2374 4.4856

Cumulative/Grand total 0.0300 0.4580 0.7342 0.8770 0.9447 1.0000

Source: Authors’ calculations.

Table 5. Generation of CO2 by supply chains per production of a passenger car with a medium size engine: India.

Tables 4 and 5 show the amounts of CO2 emissions generated by the final auto producers, as
well as their suppliers and other upstream firms, in producing a passenger car with a 2000 cc
engine. These tables provide details on the amounts of waste materials generated by each of
the industrial sectors, based on which figures reported in Tables 2 and 3 were obtained.
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6. Estimating the contributions of direct and indirect CO2 emissions

6.1. Relative contributions of direct and indirect CO2 emissions to the total sectorial
emissions

It is intuitively clear that final output (called output from downstream sectors), whether
assembled manufactured products, or output from primary sectors such as mining and
agriculture, uses much output produced in their predecessor sectors including suppliers
(upstream sectors). It is then likely that the total emissions attributable to any final product
(e.g., a passenger car) consist of significant amounts of indirect emissions from upstream
sectors and direct emissions which are emitted from the final car assembly stage in the
downstream part of the supply chains. Figures 6 and 7 show the breakdown of direct and
indirect emissions for 16 sectors. Industries 9–13 with asterisks are thought to be assembly-
based manufacturing industries.

We see in these figures that CO2 emissions are skewed toward upstream firms in manufac‐
turing supply chains. This is particularly evident for Japan (Figure 7). Figure 7 also shows that
proportions of toxic wastes show a similar pattern.

Figure 6. CO2 emissions by industry: proportions of indirect emissions for India.
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Figure 7. CO2 emissions by industry: proportions of indirect emissions for Japan. Notes: In this graph for Japan, pro‐
portions of indirectly generated amounts of toxic waste (solid and liquid) materials other than CO2 are also shown.

1 Mining

2 Food production

3 Textiles

4 Pulp/paper

5 Chemicals

6 Petrol/Coal production

7 Basic metals

8 Nonferrous metals production

9* General machinery

10* Electric machinery

11* Auto

12* Transportation machinery

13* Precision machinery

14 Electric power

15 Public utility

16 Service

*Assembly-based manufacturing industries.

List of industries used in Figures 6 and 7
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Are the patterns of CO2 emissions across upstream and downstream economic sectors that we
observed in Figures 6 and 7 consistent with downstream firms’ profit maximization behavior?
We are interested in testing the following hypothesis:

H1: Downstream firms’ performance (measured by their value added) is affected by their
upstream firms’ CO2 emissions as well as their own.

In general, we expect upstream firms’ generation of toxic wastes such as CO2 to be a negative
factor in firms’ value added, but generation of nontoxic wastes may not be, since most nontoxic
wastes have commercial value. We first focus on the impacts of downstream firms’ immediate
predecessor upstream firms on downstream firm performance, because the impacts, if any, of
downstream firms’ environmental management policies such as green procurement can
extend most effectively to their immediate predecessor upstream suppliers.

A B C D

India Japan

Dependent variable Value added Value added Value added Value added

Constant 0.5213***

(0.0415)
0.6965***

(0.0578)
0.4640***

(0.0099)
0.5087***

(0.0204)

Direct CO2waste (downstream) −0.0043
(0.0034)

0.0649**

(0.0194)
−0.0018*

(0.0011)
−0.0016
(0.0011)

Indirect CO2waste (upstream total, all stages) – −0.1266***

(0.0347)
– −0.0150**

(0.0070)

Indirect CO2waste (upstream, first stage) −0.0107***

(0.0115)
– −0.0115***

(0.0030)
–

Adjusted R2 0.01846 0.27258 0.04373 0.12097

No. of observations 130 130 396 396

*Significance level at 10%.
**Significance level at 5%.
***Significance level 1%.
Notes: The dependent variable (value-added) is measured per sector output.
Neither Harisson-McCabe nor Breusch-Pagan tests for heteroskesdasticity detected statistically significant level in the
regressions reported above.
We have also run regressions with log of value-added as the dependent variable. We obtained estimation results
which are qualitatively the same. Further, we experienced considerable multicollinearity when indirect emissions from
both first and all stages entered regressions. Therefore, we only report regressions with either one of the indirect
emission variables here.
These regression results were calculated by the authors. Results for Japan in columns E and F are also reported in [6].

Table 6. Determinants of downstream firms’ value added: effects of direct and indirect CO2 emissions by upstream
firms, India and Japan.

We test this hypothesis empirically by estimating the following regressions using a sample of
economic sectors corresponding to Indian input–output sectors for which usable data are
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available. The data used includes value added and the amounts of CO2 emissions generated
during direct and indirect stages of production for each of the input–output sectors in the
sample. (Descriptive statistics for these variables for India and Japan are presented in Appen‐
dix 2.)

In our specification, we regress value added on the amounts of CO2 generated directly by
downstream firms as well as the amounts of CO2 generated indirectly by their upstream
producers. Our OLS regression results for India are given in columns A and B of Table 6.
Columns C and D show the corresponding results for Japan.8

Even though CO2 is not thought to be one of the industrial wastes in a traditional sense, the
amounts of CO2 emissions represent the levels of firms’ inputs of fossil fuels. As such, like
some other toxic wastes, firms have economic incentives, even without government regula‐
tions, to reduce such emissions of CO2, since the cost of energy can be a significant portion of
firms’ production costs. Furthermore, from policy perspectives, some policies introduced by
the governments of developed countries have been promoting energy-efficient production
processes for many years (e.g., beginning in the late 1970s, after the second oil crisis in Japan).
And also, in recent years, CO2 emission quota policies of various sorts are being introduced in
Japanese, EU, and other nations’ industries.

From Column C of Table 6, we see that 1 ton of direct waste output of CO2 contributes to
−0.0018 of firms’ value added per yen of firms’ output. On the other hand, contribution to
firms’ value added of the indirect waste output of CO2 from their immediate upstream
predecessor suppliers is −0.0115, which is numerically much larger and statistically more
significant than our direct waste output. We conclude that firms face significant financial
losses, measured by value added, when direct and indirect generation of CO2 occurs in their
own production processes. Generation of CO2 emissions by firms’ immediate upstream
predecessor suppliers seems to have much larger negative effects on their value added than
their own direct waste output. This suggests that downstream firms may have economic
incentives to reduce waste output by their immediate predecessor upstream suppliers.

Comparing columns A (India) and C (Japan), we see similar patterns on how CO2 emissions
along supply chains affect final sectors’ value added. As far as final sectors’ direct emissions
are concerned, direct CO2 emissions have no impact on value added for India, since its
coefficient (−0.0043) is statistically not significant. On the other hand, their immediate prede‐
cessor CO2 emissions negatively affect final sectors’ value added (with statistically significant
coefficient (−0.0107). But direct emission coefficients in Column B are positive and statistically
significant (0.0649), suggesting that the more fossil energy is used by the final sector, the more
productive (in terms of value added) final sectors become. This might indicate inefficient use
of fossil energy, but this is not clear, since the same coefficient in column A is statistically
insignificant.9 In all cases, indirect emissions from all supplier stages combined are statistically

8 Various tests of heteroskedasticity and specification tests that we have done, respectively, show little heteroskedasticity
and little specification errors.
9 We speculate that there are multiple channels through which downstream and upstream firms’ environmental policies
affect downstream firms’ value added.
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significant and negative. From these results, we tentatively conclude that, for India, environ‐
mental management policies encouraging suppliers in supply chains to reduce their CO2

emissions will likely improve final sector firms’ performance measured in terms of value
added. These results for India are consistent with but are not as strong as the policy conclusions
obtained for Japan [6].

7. Concluding remarks

Recent advances in supply chain based management methods have made it possible for many
firms to organize their production and other business activities as part of the supply chains
they belong to. Efficiency gains are realized in terms of reduced inventories, reduced lead times
for new product development, and shorter delivery lags, among many other benefits. Our
results suggest that including certain supply chain level environmental management schemes,
such as “how to manage toxic and nontoxic wastes, as well as CO2 emission for a supply chain
as a whole,” in such supply chain management methods might improve not only downstream
firms’ economic performance but also advanced economies’ environmental performance
significantly.

Consideration of such schemes may underlie some firms’ proposals for green procurement
policies. In many sectors of an advanced economy, as supply chain management becomes more
sophisticated in pursuing economic efficiency, larger downstream firms tend to become more
dominant as the primary driver of management decisions associated with their supply chains.
(Note, however, that this phenomenon is not limited to assembly-based manufacturing
industries. In retail industries, Walmart and the like have become the primary decision makers
for their entire global supply chains.) It is possible that, as a national economy develops and
increases its sophistication in logistic capabilities, organic connections between upstream and
downstream firms become more prevalent, as we see in Japan. This might make it easier for
some downstream firms to adopt green procurement policies.

Another factor that might be important to consider in supply chain based environmental
policies is firm ownership structures. Ownership structures of firms involved in supply chains
are complex but tend to share some systematic patterns. Dominant downstream firms
generally influence business decisions of their upstream suppliers via some forms of partial
ownership and/or certain guaranteed purchase agreements. Dominant firms do not necessarily
extend their partial ownership to all other firms in their supply chains, but, nevertheless,
dominant firms often have significant influence over smaller upstream firms through various
sorts of business relationships.

Current public policies on waste management in Japan focus on firms and/or establishments.
Because of the reasons stated above, this is not appropriate for an advanced economy in which
many firm decisions are made at their supply chain levels in interrelated ways. Our empirical
results present limited evidence, for both India and Japan, that downstream firms’ economic
performance is affected not only by their own environmental policies but also by the
environmental behavior of their upstream suppliers. Some profit-maximizing firms may see
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it to their advantage to implement green procurement policies. As we have shown, improving
suppliers’ environmental performance may lead to immediate improvements in downstream
firms’ economic performance. We suppose that government environmental policies need to
accommodate this supply chain effect as well. As of now, few environmental regulations for
downstream firms have serious implications for upstream firms’ environmental behavior.
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Appendix A1. 130 Sectors of the input–output Table: India, 2003

Code Name Code Name

1 Paddy 41 Edible
oils other
than vanaspati

2 Wheat 42 Tea and
coffee
processing

3 Jowar 43 Miscellaneous
food
products

4 Bajra 44 Beverages

5 Maize 45 Tobacco
products

6 Gram 46 Khadi
and cotton
textiles in
handlooms

7 Pulses 47 Cotton
textiles

8 Sugarcane 48 Woolen textiles

9 Groundnut 49 Silk textiles

10 Coconut 50 Art silk
and synthetic
fiber textiles
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11 Other oil seeds 51 Jute hemp
and mesta
textiles

12 Jute 52 Carpet weaving

13 Cotton 53 Ready-made
garments

14 Tea 54 Miscellaneous
textile products

15 Coffee 55 Furniture and
fixtures (wooden)

16 Rubber 56 Wood and
wood products

17 Tobacco 57 Paper, paper
products, and
newsprint

18 Fruits 58 Printing
and publishing

19 Vegetables 59 Leather footwear

20 Other crops 60 Leather and
leather products

21 Milk and
milk products

61 Rubber products

22 Animal
services
(agricultural)

62 Plastic products

23 Poultry and eggs 63 Petroleum products

24 Other
livestock
products

64 Coal products

25 Forestry
and logging

65 Inorganic
heavy
chemicals

26 Fishing 66 Organic
heavy
chemicals

27 Coal and
lignite

67 Fertilizers

28 Natural gas 68 Pesticides
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29 Crude oil 69 Paints,
varnishes, and lacquers

30 Iron ore 70 Drugs and
medicines

31 Manganese ore 71 Soaps,
cosmetics,
and
glycerin

32 Bauxite 72 Synthetic
fibers
and
resin

33 Copper ore 73 Other
chemicals

34 Other
metallic
minerals

74 Structural
clay
products

35 Limestone 75 Cement

36 Mica 76 Other nonmetallic
mineral products

37 Other
nonmetallic
minerals

77 Iron, steel,
and ferroalloys

38 Sugar 78 Iron and steel
casting and forging

39 Khandsari
and boora

79 Iron and steel
foundries

40 Hydrogenated
oil
(vanaspati)

80 Nonferrous
basic metals

Code Name Code Name

81 Hand
tools
and
hardware

116 Trade

82 Miscella
neous
metal
products

117 Hotels and
restaurants
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83 Tractors
and
agricul
tural
implements

118 Banking

84 Industrial
machinery
for
food
and
textiles

119 Insurance

85 Other
industrial
machinery

120 Ownership of dwellings

86 Machine
tools

121 Education and research

87 Other
nonel
ectrical
machinery

122 Medical and health

88 Electrical
industrial
machinery

123 Business services

89 Electrical
cables
and
wires

124 Computer-related
services

90 Batteries 125 Legal services

91 Electrical
appliances

126 Real estate

92 Communication
equipment

127 Renting of machinery
and equipment

93 Other
electrical
machinery

128 Community, social,
and personal services

94 Electronic
equipments
including
TV

129 Other services

95 Ships 130 Public administration
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and boats and defense

96 Rail
equipment

121 Education and research

97 Motor
vehicles

122 Medical and health

98 Motor
cycles
and
scooters

123 Business services

99 Bicycles
and
cycle-
rickshaw

124 Computer-related services

100 Other
transport
equipment

125 Legal services

101 Watches
and
clocks

126 Real estate

102 Medical
precision
and
optical
instruments

127 Renting of machinery
and equipment

103 Gems and
jewelry

128 Community, social, and
personal services

104 Aircraft
and
spacecrafts

129 Other services

105 Miscell
aneous
manufacturing

130 Public administration
and defense

106 Construction 121 Education and research

107 Electricity 122 Medical and health

108 Water supply 123 Business services

109 Railway
transport
services

124 Computer-related services

110 Land 125 Legal services
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tran
sport
including
pipelines

111 Water
transport

126 Real estate

112 Air
transport

127 Renting of machinery
and equipment

113 Supportive
and
auxiliary
transport
activities

128 Community, social, and
personal services

114 Storage
and
warehousing

129 Other services

115 Communication 130 Public administration
and defense

Final Demand

PFCE Private final
consumption
expenditure

GFCE Government
final
consumption
expenditure

GFCF Gross
fixed
capital
formation

CIS Changes
in stocks

EXP Exports

IMP Imports

COMOUT Domestic
output
(product)

VA Value added

NIT Net
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indirect
tax

GVA Gross
value
added

INDOUT Domestic
output
(industry)

Source: [28,31].

Appendix A2. Descriptive statistics for regression variables: India, 2003 and Japan, 2000

India

Variables Mean Std. dev. Median Minimum Maximum No. obs.

Value added (dep. variable) 0.47978 0.23504 0.38890 0.00908 1 130

GHG emissions (CO2equivalent): India, ton-CO2per million Rupees

Direct emissions (from current sector) 1.4699 5.4709 0.1885 0.0000 48.1495 130

Indirect emissions (emissions from
all previous sectors/stages combined)

2.4667 3.2255 1.9813 0.0000 27.4213 130

Indirect emissions (emissions from
immediate predecessor sector/stage)

3.2817 2.5990 2.9807 0.0000 18.5870 130

Japan

Variables Mean Std.dev. Median Minimum Maximum No. obs.

Value added (dep. var.) 0.444286 0.180905 0.408066 0 0.929868 396

GHG emissions (CO2equivalent): Japan, ton-CO2per million Yen

Direct emissions (from current sector) 1.81488 8.02313 0.24814 0 104.2946 396

Indirect emissions (emissions from
all previous sectors/stages combined)

2.99029 3.99268 1.98527 0 52.4515 396

Indirect emissions (emissions from
immediate predecessor sector/stage)

1.42372 2.99584 0.71593 0 44.9873 396

Source: India—The dataset is compiled by the authors using The Central Statistical Organisation, India at current million
Indian Rupees [28]. Japan—The dataset is compiled by the authors using data available from http://www.stat.go.jp/
english/data/io/index.htm and Ministry of Economy, Trade and Industry.
Notes. Value added and direct waste outputs are measured per sector output. Indirect waste output for each stage is
measured per total indirect output (all stages combined).
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Abstract

Green environmental performance increases the competitiveness of the supply chain.
However, the greening of the supply chain depends on the manufacturer who drives the
green initiative, as well as on all the members of the supply chain who take part in the
process. The manufacturer’s attention has been largely focused on the environmental
performance of the supplier and retailer, whereas logistics service providers have been
somehow neglected. It is, in fact, the case is that logistics service providers have begun to
play a critical role in supply chain management and could therefore significantly improve
environmental  sustainability.  They have already undertaken a green initiative that
unfortunately has rarely,  if  at  all,  been required by the manufacturer.  The lack of
requirements for logistics providers hinders the progress of a green initiative. To take a
step forward towards green supply chain management, this chapter aims to introduce all
the necessary criteria for the selection of a logistics service provider (LP), with an emphasis
on environmental criteria. The environmental selection criteria, with all related subcriteria,
were achieved on the basis of a systematic literature review. It has been found that buyers
of logistics services still strive to minimize costs, expect quality logistics services, a well-
positioned LP, all the while overlooking environmental issues. The most frequently
applied environmental  selection criteria  are  value-added reverse  logistics  services,
followed by environmental expenditures, pollutants released, energy consumption, clean
materials  and energy  use.  The  findings  presented  here  are  useful  particularly  for
researchers, as issues regarding sustainable LP selection and its limitations are highlight‐
ed, related to selection criteria identification. These findings may be of less use to managers.
However, future phases of this study, richer for the evaluation of logistics experts, will
be much more applicable to buyers and providers of logistics services.

Keywords: environmental logistics, environmental selection criteria, reverse logistics
service provider, green supply chain management, logistics outsourcing



1. Introduction

Green supply chain management has recently been of increased interest mainly because of
increased environmental awareness and significantly, economic motivation (corporate image,
higher profits, marketing exposure) [1], which affect the competitiveness and differentiation [2]
of the supply chain. Bacallan [3] even argued that some companies have become more compet‐
itive because of better environmental performance. An environmentally friendly supply chain
depends on the eco-efficiency and synergy of all partners in the supply chain [4], from suppli‐
er to manufacturer, distributor and retailer to the customer. Manufacturers are one of the main
drivers of the green initiative and play a crucial role in increasing the environmental perform‐
ance of the supply chain [5]. A greening of the supply chain, therefore, depends on the require‐
ments of the manufacturers who have consequently devoted considerable attention to green
purchasing over the past decades [6–10]. Green product design has also been frequently studied
in the literature by many researchers [1, 11], as well as green operations related to product
manufacturing. The only activity that has been somewhat neglected in this respect is logistics.
Most of the literature published on this topic has been directed towards transport, namely green
transportation  planning,  use  of  intermodal  solutions,  information  and  communication
technologies for managing green transport, etc. [12–14]. The number of publications on this
topic is not surprising as transportation is one of the most significant polluters of the environ‐
ment. Much more surprising is the fact that external providers of logistics services are rarely the
object of research. LPs actually provide transport and other logistics services for companies (so-
called logistics outsourcing).

Logistics outsourcing is not a new phenomenon. It has become a necessity and not just a fad.
Companies use logistics outsourcing for three reasons. The first reason is the importance of
logistics for supply chain efficiency [15], second is the inability of companies to provide the
high level of logistics services that is currently required and expected and the third reason is
the difficulties inherent in focusing on the core business when also taking care of logistics
services. Logistics outsourcing enables a higher quality of logistics services, lower flexibility
and a higher level of differentiation. In addition, companies can focus on their core business,
which is crucial to survive and contend in a global and competitive environment.

Accordingly, LPs are significant partners in the supply chain and who bear the same degree
of responsibility for protecting the environment as other supply chain partners (suppliers,
manufacturers, distributors, retailers, etc.). According to Cooper et al. [16], LPs have a very
significant impact on the overall sustainability of the supply chain. They should, therefore, be
subject to the green requirements of manufacturers. A brief literature review revealed the
following, contradictory facts. First, the studies on buying logistics services (which are, in fact,
quite limited) show that there is a lack of green demand on the part of companies buying
logistics services [11, 17, 18]. LPs are still selected based on a “traditional” selection criteria,
namely price, quality, provider status, while environmental criteria have received minimum
attention [19]. Second, the logistics industry itself is focused on environmental initiatives.
“Important commitments to environmental sustainability improvements have been made by
LPs during the past several years” [14]. And third, green logistics depends on the buyer’s
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requirements and expectations of LPs. In summary, it would seem that the first and quite
important step towards eco-efficiency has already been taken by LPs. Nevertheless, further
actions towards sustainability are needed by the buyers of logistics services as well. The next
challenge would, therefore, be to integrate environmental requirements into the manufacturer/
logistics provider partnership, starting with the identification of relevant environmental
criteria.

There is extensive literature that covers selection criteria in logistics outsourcing. Studies
mainly focus on general selection criteria such as costs, service level and the status of the
logistics service provider, while the environmental consideration is more or less neglected.
Few studies address environmental criteria and we assert that special attention must be paid
to this as well because of its important role in achieving a competitive business. The main
objective of the chapter is, therefore, to introduce all the criteria for the selection of logistics
service providers, focusing, in particular, on environmental criteria, which will be achieved
by a systematic literature review. The research questions are as follows: (1) How common are
articles on the selection of reverse LPs? How often are environmental issues taken into account
when selecting a LP? (2) Which are the most commonly used environmental criteria? (3) Are
they well-defined? (4) Do they cover all environmental aspects?

After the introduction, the rest of the chapter will be organized as follows: first, the logistics
outsourcing selection process will be introduced. In the second part, the methodology of the
literature review will be presented. Review results will be reported and critically analysed in
the third section, followed by the conclusion.

2. Evaluation and selection of outsourcing provider

When a company identifies the need to outsource one or more services, the next step is to
evaluate and select a suitable provider to meet its requirements. Outsourcing provider
selection is one of the most important steps of the outsourcing process [20]. It is composed of
a few different phases from determining selection criteria, making a list of possible providers
and evaluating all possible providers to making the final selection of the most appropriate
partner [21, 22]. The selection phase has a strong influence on the business performance of both
outsourcing partners. Its success depends on the company’s knowledge of outsourcing
methodology, appropriate communication between the buyer and outsourcing provider, a
comparable request for proposal [23], the selection of appropriate criteria as well as the right
decision-making method or methods [24].

Selection criteria (sometimes called attributes) are actually the requirements of the buyer from
the outsourcing provider, covering all skills, knowledge, staff requirements, infrastructure and
suprastructure requirements, etc. They represent a base for evaluating and selecting the best
outsourcing provider [25]. Each criterion and its weight are absolutely dependent upon the
buyer’s needs, the strategy and also the external environment [26–28]. There is no general
formula suitable for all cases. Criteria can also be further divided into various subcriteria.
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Additionally, there are also many decision-making methods important for determining the
optimal solution and their suitability changes from case to case. An individual approach is,
therefore, required in each instance of outsourcing implementation. Even if the company
chooses the correct decision-making method but has imprecise and inadequate criteria, the
selection process will not be successful. Outsourcing will consequently not meet the expecta‐
tions of either partner or could even be doomed to failure.

Criteria have been a frequently discussed topic in the relevant literature. Different authors use
very different criteria and subcriteria to select a provider. However, the two most frequently
mentioned selection criteria are cost savings and service quality, followed by operational
capability and provider status. Environmental criteria appear only in recent studies. There
have been periodic changes detected on the importance of criteria [26]. From 1994 to 1999,
quality was the most important criteria. By 2003, price took first place [29]. Selection criteria
could be classified into five main groups, namely (1) operational capability, (2) service level,
(3) costs, (4) provider status and (5) environmental capability. Operational capability could be
further divided into six subgroups (breadth of services, value-added services, technical and
technological capability, optimization capability and information technology), service level
into seven subgroups (quality, flexibility, responsiveness, network coverage, reliability,
information exchange and risk management), costs into two subgroups (fixed price and
variable price), provider status into six subgroups (culture recognition, financial stability,
degree of reputation, experience, staff quality and empathy) and last, environmental capability
into three subgroups (pollutants released, energy consumption, clean material and energy
used, environmental expenditures, etc.).

3. Research methodology

After determining the need for a review, the first step is to set the research target and discuss
some general facts related to the evaluation and selection process – which actually represents
the first phase of a systematic literature review approach – Planning the review, and the next step
is to explain its other two phases, namely Implementation of the review, representing the second
phase and Reporting the results, representing the last phase [30].

The implementation phase began with a systematic search in the leading electronic databases,
namely, Elsevier, Emerald, Taylor & Francis, Springer Wiley Online Library, and Inderscience
Publisher, covering comprehensive journals that very frequently publish studies from the field
of logistics, sustainable logistics, logistics outsourcing, supply chain management, etc. (e.g.,
The Journal of Multi-Criteria Decision Analysis, International Journal of Physical Distribution
& Logistics Management, International Journal of Logistics Research and Applications, Supply
Chain Management: An International Journal, International Journal of Logistics Research and
Application: A Leading Journal of Supply Chain and Management, International Journal of
Shipping and Transport Logistics, International Journal of Logistics Research and Applications
and Operations and Supply Chain Management, International Journal of Production Research,
Expert Systems with Applications, Journal of Applied Sciences, International Journal of Fuzzy

Sustainable Supply Chain Management36



Systems, Journal of Manufacturing Technology Management, Journal of Modelling and
Management, Management Decision, Journal of Intelligent Manufacturing, The International
Journal of Management Science, Journal of Applied Research and Technology and Interna‐
tional Advances in Economic Research). Non-peer-reviewed and non-international publica‐
tions were also included. Moreover, searches for conference proceedings, master’s theses,
books and book chapters as well as personal requests were also conducted. Seventy-six percent
of the articles related to the selection of LPs were published in journals, 13% in conference
proceedings, 4% in book chapters or books and 4% in master’s theses (Figure 1).

Figure 1. Distribution of publications over publication type.

The review was not limited by time frame for two reasons. Firstly, we wanted to demon‐
strate how the focus on selection criteria has increased over time and secondly, we wished
to see which significant changes have occurred over the years. The search therefore covers
articles published from 1999 to 2015. We have limited our review to studies written in Eng‐
lish only.

Figure 2 presents a distribution of the articles over time. The oldest paper was published in
1999. The distribution is more peaked than a Gaussian distribution, since kurtosis is positive
(0.47) and asymmetrical with a long tail to the left (lower values), since skew is negative (−0.78).
The value of mean and median is 2010 and the value of mode is 2013. The highest growth,
therefore, appeared between 2010 and 2015, when 63 articles were published. Moreover, 2013
is the year with the maximum number (17) of publications.
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Figure 2. Distribution of publications over time.

Defining the search terms signified the end of the implementation phase and started the
process of selecting articles for the systematic review. The selection of articles consisted of
two steps. First, we searched for the keywords “selection process” AND “selection criteria”
AND “logistics outsourcing” and “logistics service provider” in electronic databases (e.g.
Elsevier, Emerald, Taylor & Francis, Springer Wiley Online Library, Inderscience Publisher).
This process resulted in 25 articles; three of them were excluded following our exclusion cri‐
teria. To find more so-called “grey publications” [31], we first searched Google Scholar and
Web of Science, which added another 6 publications to the pool (N=31). Second, we traced
references from the pool of publications which resulted in a further 15 publications. In sum‐
mary, the first step generated 46 publications. As the defined search terms did not bring the
desired number of publications, we decided to take a new, second step. The whole above
written process was repeated, using additional search terms, namely “decision making
methods” AND “selection of third party logistics providers” OR “selection of LP” AND
“full name of method, acronym of method”. The reason for these keywords stems from the
fact that the selection criteria are very often listed in the articles which are related to the de‐
cision-making method and not directly to selection criteria. This additional search was in‐
deed very successful, if not time-consuming. Searching electronic databases led to an
additional 33 papers; a manual search on Google Scholar and Web of Science added an addi‐
tional 7 papers and tracing references gave us an additional 9 papers. Ultimately, our search
resulted in 95 articles which were further analysed in the third and last phase, Reporting the
result, presented in the next section.
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4. Descriptive analysis

Each article from our pool of publications was analysed with respect to the selection criteria,
in particular, to the environmental criteria, their classification, frequency of use, distribution
over time interval and the limitations of these criteria.

4.1. Distribution of articles on selection of reverse LPs

The LP selection process has received a great deal of attention from researchers since 1994,
when the first paper was published. Ninety-five publications directly or indirectly related to
selection criteria were identified. The reason for such a surge in popularity is globalization that
(1) increases the need to establish a more robust LP evaluation and selection process [21] and
also (2) increases service requirements (selection criteria) because of a higher demand for
logistics outsourcing, and consequently the complexity of the selection process. New ap‐
proaches that handle multiple, and in most cases also conflicting, criteria have emerged as a
result of this need.

In contrast, publications on the selection of LPs able to manage reverse logistics flow are rare.
Only 11 of the 95 articles were published on this topic [32–42]. Three were written by the same
author and co-author. All the articles mentioned have been published in recent years, from
2008 to 2015, which clearly indicates the growing importance of green logistics.

4.2. Selection criteria applied for the logistics industry, with an emphasis on
environmental criteria

LP selection is a multi-criteria problem that takes into consideration many qualitative and
quantitative, tangible and intangible [43] criteria that are often in conflict with one another [23].
Some of these criteria are client-based and depend on specific customer requirements, and
others are general and applicable in all cases [26, 43].

Our investigation revealed (1) the significantly diverse classification of selection criteria and
subcriteria; (2) that some authors use a very detailed and reasonable classification of criteria
and subcriteria, while the others are very unsystematic and in some cases superficial; (3) that
the number of criteria vary from six to more than twenty and (4) that environmental criteria
are very rarely used. The above-mentioned confusion caused us some difficulty in determining
the proper classification of criteria and subcriteria. Nevertheless, we believe that we were able
to devise a very useful classification of criteria and subcriteria for the logistics industry. We
have managed to capture the largest possible number of criteria in a systematic manner that
is neither too limited nor overly detailed. Criteria were, therefore, arranged in five groups,
further divided into several subgroups. Figure 3 presents a summary of all frequently cited
evaluation criteria and their subcriteria, followed by a detailed explanation of each.
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Figure 3. Various criteria and subcriteria for an LP selection.
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4.2.1. Operational capability

Transport services

Transport management includes fleet management, technical and technological capabilities
[42] and freight forwarding [41]. It refers to accurate or mistaken deliveries [44], frequency of
transport services, transportation costs, etc.

Distribution services

Distribution management refers to the delivery to the final customer and is characterized by
order cycle time, fill rate, response to customer inquiry, number of returns, back orders, etc.
[44].

Warehouse/storage services

Warehouse management is extremely important in the case of reverse logistics as many
activities (reassembly, repackaging, etc.) are executed at the warehouse [41]. Warehouse
management reverse logistics includes inventory management, infrastructure and suprastruc‐
ture ownership, customer order processing, warehouse efficiency [44], inventory carrying
costs [44], inventory turnover [44], cross docking possibility [42] and more.

The size and quality of the infrastructure (warehouses, distribution centres, etc.) and supra‐
structure (fleet, manipulation technology, etc.) increase delivery performance, which has a
positive impact on final customer satisfaction as well as the competitiveness of the buyer
looking to outsource [45, 46].

Value-added services and Innovation capability

Value-added services as well as innovation capability play a very important role. They
somehow improve the buyer’s services, which is absolutely necessary in this very competitive
environment. It should, therefore, be used as selection criteria; however, our literature review
revealed that this has not yet been put into practice [26, 28, 41, 42, 47–49].

Breadth of services

The range of services provided is currently a highly desirable characteristic, since enterprises
look for a single sourcing provider capable of offering the widest range of services (transpor‐
tation, warehousing, inventory management, freight forwarding, etc.) and not just a single
activity [50].

Information technology (IT) capability

IT capability became one of the key selection criteria in the LP selection process. IT ability
represents management related to information systems that control and support logistics
functions [34, 41, 42] having a significant positive impact on quality, operational performance
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[45], inventory level, lead time, etc. It also reduces the bullwhip effect and consequently the
cost [51, 52].

IT ability can be increased using a variety of sophisticated software such as Enterprise Resource
Planning (ERP), EDI networking, simulation software, Transport Management System (TMS),
Warehouse Management System (WMS), Customer and Supplier Relationship (CRM, SRM),
among others. Hardware such as servers, networking, internet/intranet connections, radio
frequency devices, bar code printers and scanners are an essential component of IT capability
[50].

4.2.2. Service level

Service level is a key selection criterion as well. Because of its positive impact on reputation
and consequently market share, the level of service provided plays a very important role on
the strength of the supply chain [26]. It integrates several subcriteria, which are described as
follows.

Reliability (accurate time, accurate place, accurate quality and quantity)

Reliability refers to accuracy and providing consistent quality [51, 53]. Delivery reliability,
therefore, consists of elements such as accurate time in providing logistics services, accuracy
in delivering to the correct location, accurate quality and quantity of shipments delivered, and
documents [54]. Time reliability describes the “number of shipments which respect the agreed
upon time-frame” [55, 56]. Place reliability is characterized by the number of deliveries that
conform to the agreed delivery location. Quality reliability describes the capability of LPs to
minimize any damage [25, 57], shipment losses or other problems that affect the customer [46,
55]. The quality of the services also has a positive impact on end-customer satisfaction [45].

A systematic review of the literature showed that in determining the selection criteria,
customers often choose specific sub-attributes such as accurate time and not the whole attribute
(delivery reliability). It, therefore, makes sense to split delivery reliability criteria into indi‐
vidual subcriteria, namely, accurate time, accurate place, accurate quality and quantity.
Subcriteria associated with discrepancies, lost or damaged goods [35] and loss rate [58] belong
to the reliability-related criteria.

Flexibility and responsiveness

Flexibility in delivery and performance is characterized by the ability to meet the customer’s
changing needs including specific and non-routine business requirements or personalized
customer needs [53, 59, 60]. Responsiveness is the ability of a LP to react quickly to unexpected
events and emergencies. This may include urgent deliveries because of a sudden rise in product
demand [27, 45].

Flexibility-related criteria as well as responsiveness-related criteria encourage and enhance
reliability-related criteria [26]. Flexibility-related criteria are, therefore, often treated as
reliability-related criteria [25]. We believe that this is not recommended as they have an
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important impact on the service level. If they are not required, competitiveness may be
threatened. It is, therefore, our position that flexibility-related and responsiveness-related
criteria should be included in the selection process.

Customer satisfaction

Customer satisfaction is a rarely used criterion [24, 34, 35, 38, 61–63]. It covers effective
communication, service improvement [25, 34, 47], cost savings, profitability [61], optimization
capabilities [47], the ability to meet or exceed promises [64], successful relationships, etc. [34].

Network coverage

Network or geographical coverage, market size and market share belong to the same criteria,
which indicate that the countries in which LPs are present with offices, branches, warehouses,
etc. [65]. This criterion is important for two reasons; first, buyers of logistics services look for
a single logistics provider able to cover as many logistics services in the larger area as possible
[53] and second, international LPs can help the buyer expand their business globally [52] and
also save money on product distribution and marketing [46]. A global presence-related
attribute, used by many authors [47, 49, 66, 67], could therefore be integrated into this attribute
as well. Network coverage-related attributes are an indication of the financial stability of the
LP [24], level of customer satisfaction, reputation [46] and create better access to the market [60].

Information exchange

Information sharing ability relates to providing high quality information between the buyer
and the LP. It indicates the maturity of both parties and consequently ensures healthy business
practices [53]. Such information sharing requires a high degree of confidence. Information
sharing as well as confidence is the foundation of long-term cooperation and the continuous
improvement of logistics services [24, 60].

Risk management

“Risk management is the capability of the provider to address any unforeseen problem. It is
needed to ensure the continuity of the services” [24, 46].

Service level-related criteria with all subcriteria (accurate quality, quantity, time and place, as
well as flexibility, responsiveness, reliability, order fill rate, inventory turnover, space utiliza‐
tion, document accuracy, system security, confidentiality of sensitive data and the other
subcriteria) as well as performance-monitoring capability (identifying key performance
indicators – KPI), implementing Six-Sigma, ISO standards, fault diagnosis capability, statistical
data reporting and many more [24, 45, 46, 50, 65] have also been integrated in just one criteria,
referred to as performance criteria by many authors [24, 66, 68]. Nevertheless, we believe that
this concept covers an excessive number of quite different elements that require individual
identification. Merging all these elements under the umbrella of a single criterion is simply not
appropriate.

Identification of Environmental Criteria for Selecting a Logistics Service Provider: A Step Forward towards Green
Supply Chain Management

http://dx.doi.org/10.5772/62533

43

www.ebook3000.com

http://www.ebook3000.org


Performance management

Performance monitoring capability refers to key performance indicators (KPI) identification
as well as quantitative and qualitative performance evaluation. The aim of such a measurement
is the evaluation of LP quality and identification of any problems [24, 46].

4.2.3. Price/Costs

The price of the service, sometimes referred to as service costs, is the total costs of logistics
outsourcing [24, 46, 51, 60, 69], consisting of transportation costs, warehousing costs, freight
forwarding, packaging costs, value-added costs, etc. [52]. Because of its role in ensuring a
competitive advantage, price is the most commonly used criterion; however, it is no longer the
most important [50].

Cost-related criteria could cover only the basic price or it could be divided into basic and
variable prices including discounts. This further division demonstrates the degree of LP
flexibility [25] and should therefore be treated as flexibility in billing and payment-related
subcriteria. This subcriterion that increases consideration between the LP and the buyer [24,
46, 51, 60] often appears in the literature. Credit terms, error-free bills [37], payment accuracy,
payment method and payment speed and open-book accounting [53] are part of this attribute
as well [37, 63].

4.2.4. Provider status

LP status, often referred to as strategic evaluation status, is the foundation of many strategic
subcriteria, namely, culture comparability, reputation, financial stability, quality of personnel
and empathy.

Culture recognition

Compatibility with the user’s culture and traditions refers to the similar values, size, compa‐
rable culture, business processes, technology capability, etc. of the LP and the buyer. It is the
basis for working together and achieving common goals [24, 45, 51]. Moreover, it is one of the
key elements for establishing a long-term and strategic relationship [26, 45, 50, 68].

Financial stability

Financial stability, often indicated as being an essential requirement for logistics providers [45],
shows that any given LP has a sound financial position that ensures continuity of services,
regular upgrading of infrastructure and suprastructure, the ability to respond to an ever-
changing environment [53, 60] and a low risk relationship as well [45].

Financial stability-related criteria could be determined by total annual revenue [52], indicated
by balance sheets and income statement, which demonstrate liquidity, operating, profitability
and other financial performance indicators [27, 65].
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Provider reputation

A provider’s reputation reflects the image of the LP in the market [53] (how good it is at
outsourcing, its position in the industry). Jharkharia and Shankar [24] in addition to Çakir [46]
consider this attribute to be of vital importance, especially in the initial evaluation of the
providers. Qureshi et al. [45] have put forward that reputation encourages the buyer of logistics
service to begin a long-term relationship.

Provider experience

A provider’s experience demonstrates that a LP has the knowledge of the specifics and critical
issues [53] of some industries or certain products. LPs with this characteristic have a significant
advantage over others [24]. This criterion ensures a smooth transition to logistics outsourcing
and a lower degree of risk associated with unsuccessful outsourcing.

Staff quality

Quality of personnel or staff quality represents the specialized, extensive knowledge of the
workforce [50], which consequently ensures a higher level of service [45] and enhances the
responsiveness and flexibility of the supply chain [53]. Quality management promotes a long-
term relationship and boosts information sharing and trust [24, 45, 46].

Empathy

Empathy is the term used to encompass employee courtesy [54], customer respect and care,
the goodwill of the LP [56], a readiness to provide dedicated services [53], the ability to
understand the buyer’s needs [53], the possibility of establishing a long-term strategic
relationship [24, 25, 45, 48, 53, 68] based on trust, risk and benefits sharing [40, 49, 53, 54, 62,
70], conflict resolution [61], controlling the opportunistic behaviour of providers [46], etc.

The willingness to use logistics manpower-related subcriteria [46, 71], which refers to the
willingness of the LP to hire those employees who would otherwise remain unemployed, could
also be classified in this group [24, 64].

Employee satisfaction

Employee satisfaction level was a rarely used criterion [72–74]. It refers to human resource
management [75, 76], human relationships and human resource policy [24, 46, 47, 49, 60, 71,
77]. It affects the quality and smooth execution of logistics services.

4.2.5. Environmental sustainability

Environmental sustainability is quite a broad term. It is best divided into a further two
subcriteria:

• so-called green logistics and

• reverse logistics services (Figure 4)
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Green logistics is characterized by the level of pollutant emissions or the pollutants released,
energy consumption [58], the use of clean materials and energy as well as environmental
expenditures [35, 36, 78].

Pollutant emissions or pollutants released refer to emissions generated from one of the logistics
services. Energy consumption refers to all energy used for one part of logistics services. The
use of clean materials and energy relates to the use of renewable energy resources (sun, wind,
etc.) and fuels (fossil fuels, etc.). Environmental expenditures describe the costs ensued to
ensure an eco-efficient logistics processes (costs for fleet optimizations, eco-efficient vehicles,
new network design, eco-efficient standard implementation, staff training, etc.) [40, 79].

Figure 4. Environmental criteria and subcriteria for an LP selection.
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Reverse logistics services related to criteria includes some criteria that are general in nature
and useful for broader purposes (not only for the purpose of sustainable development) as well
as some more specific criteria.

General criteria relate mainly to transportation services (reverse transportation costs [33, 40],
redelivery costs, etc. [40]), distribution services (number of returns, number of back orders
[44]), warehouse/storage services (infrastructure ownership, inventory carrying costs [44]),
reverse logistics costs (inspection, transportation, inventory, and packaging costs) [33, 42, 49,
80, 81].

Specific criteria refer mainly to value-added reverse logistics services and waste disposal
capabilities.

Value-added reverse logistics services include the reassembly (deconstruction of the product
for reuse or recycling) [33, 41, 42], repackaging (products are repacked before being resold)
[41], remanufacturing of a product before being resold, refurbishment or renovation of
products (making minor repairs on products) [34, 42, 82] and recycling [34]. Recycling
capability criteria refer to recycling costs [33, 40], recycling plant capacity and ownership [33,
36, 39, 83], satisfying the quality specifications for recycling [33], recycling equipment [38],
advanced technology level of recycling and disassembling, speed of the recycling centre [40],
etc.

Waste disposal activities include the screening, collecting, sorting, packaging and storage of
waste [32, 34, 40, 41].

Despite the complexity of the environmental sustainability-related criteria, some authors do
not find it reasonable to use subcriteria [28, 35, 49, 79, 84, 85]. We assert that by not using
subcriteria, they lose critical data on the competencies of LP and are not aware of what the
exact environmental competence of the LP actually is. We, therefore, consider the division into
subcategories both reasonable and necessary.

The most commonly used environmental criteria are value-added services, used by 11 authors,
followed by environmental expenditures, identified in 9 articles. Return order process
capability was detected in six cases, reverse logistics cost in five cases, pollutants released and
energy consumption in four cases and clean material and energy was used by just two authors
[Figure 5].

The most commonly used criteria of them all (not just environmental criteria) is price, used in
99 cases, followed by information technology application, used in 61 cases (Figure 6). Accurate
delivery time was used by 60 authors, accurate quality and quantity by 51 authors, technical
and technological ownership by 49 authors, staff quality by 47 authors, flexibility in operations
by 46 authors, network coverage by 45 authors and empathy and degree of reputation by 42
authors. All the other criteria were used less frequently, namely experience and culture
recognition in 39 cases, reliability in 36 cases, information exchange ability in 35 cases and
accurate delivery place in 31 cases. Environmental-related criteria are the least selected criteria,
used in less than 12 cases.

Identification of Environmental Criteria for Selecting a Logistics Service Provider: A Step Forward towards Green
Supply Chain Management

http://dx.doi.org/10.5772/62533

47



Figure 5. The frequency of the use of individual environmental criteria.

Figure 6. The frequency of the use of all (not just) environmental criteria.
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5. Critical analysis of the environmental criteria in terms of quality and
quantity

The buyers of logistics services mainly focus their attention on traditional logistical services
(the physical flows of products from the manufacturer to the consumer) [86], when defining
criteria for selecting an LP. Environmental logistics services are only very rarely applied.
Regarding the literature review, environmental criteria could be divided into two main groups.
The first is green logistics activities-related criteria and the second is reverse logistics activities-
related criteria. The most frequently mentioned green logistics activities were pollutants
released, energy consumption, clean materials and energy use and environmental expendi‐
tures. Value-added reverse logistics services and reverse logistics costs are the most frequently
used reverse logistics criteria. Value-added reverse logistics services are further divided into
the following activities: reassembly, remanufacturing of product before being resold, refur‐
bishment or renovation of products, recycling capability, recycling equipment, advanced
technology level of recycling and disassembling, speed of recycling centre, etc. Waste disposal
activities included screening, collecting, sorting, packaging, storages of wastes.

To make a critical analysis, in recent years there were few published articles on the topic of the
framework of reverse logistics services [87–89]. Environmental logistics activities are, accord‐
ing the published articles, very different in content and aim. Some are focused on resource
reduction, some on maximizing reuse, some on recycling and others on disposal activities [90].
It would, therefore, be best to classify reverse logistics services into three main groups, namely
reverse logistics processes, waste management and green logistics activities.

Reverse logistics processes refers to reverse physical flows, directed from the final consumer
to the manufacturer. They are further divided into four main groups, namely (1) collection; (2)
integrated function, which includes inspection, selection and sorting process; (3) direct
recovery and (4) redistribution [87]. Collection is the process of bringing products to the place
of recovery where they are first inspected. They are then selected and finally sorted as to the
type of recovery. The types of recovery are reuse, resale, redistribution and reprocessing,
further divided into repair (process used for products), refurbishing (process used for
modules), remanufacturing (process used for components), recycling (process used for
material), etc. [87, 88].

Green logistics refers to providing environmentally friendly methods of traditional or forward
logistics services, directed from the manufacturer to the final consumer [87]. It covers pack‐
aging reduction, recycling, remanufacturing, reusable packaging, air and noise emission
reduction, environmental impact of mode selection [91], measuring the environmental impact
and energy reduction [92].

There are differing opinions on the need to distinguish between green and reverse logistics.
Some authors believe that reverse logistics should be included in green logistics [92]; others
claim that they only share some common activities and are otherwise very different in nature
[91]. We believe they are different enough to be treated as independent selection criteria.
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Waste management refers to the management of waste generated during production, distri‐
bution, usage of final products, etc. It includes prevention, collecting, recycling or recovery,
any treatment of waste, the optimum final disposal of wastes and improved monitoring [93].

There were no significant differences between the results of a systematic review on the
selection criteria and the brief review of the literature on the framework of green and reverse
logistics. There were two detected differences that should be considered. First, the classification
of waste disposal activities as separate criteria, not integrated within value-added reverse
logistics services, and second, adding measuring the environmental impact as subcriteria of
green-related criteria. Moreover, further distribution of value-added reverse logistics activi‐
ties-related criteria into subcriteria is also recommended. All three suggestions will most
certainly improve the quality of selection criteria. Nevertheless, additional evaluation and
examination of the validity of selection criteria on the part of experts from the logistics industry
who have knowledge and expertise is also required.

6. Conclusion

This review has taken an extensive look at criteria and subcriteria for LP selection, focusing in
particular on environmental criteria. Ninety-five studies on LP selection have been systemat‐
ically analysed to identify the most frequently used general and environmental criteria, which
were critically analysed further in terms of quality and quantity.

The systematic literature review revealed how rare publications on this topic actually are as
only 11 papers were found. The situation was quite similar when the use of environmental
selection criteria were analysed. The frequency of the use of environmental selection criteria
was found to be far behind that of cost-related criteria, which held first place and followed by
service level and LP status.

Criteria that focused on environmental issues were found to be surprisingly very well defined,
covering the whole range of environmental logistics activities, namely green logistics activities,
reverse logistics activities and waste disposal activities. All three groups were further divided
into subcriteria. The additional evaluation of the defined selection criteria by the experts from
different fields will significantly improve the quality and quantity of criteria. We find this
survey very helpful for decision makers, logistics managers as well as researchers. It is our
contention that decision makers and logistics managers could apply the results of this paper
in practice, while researchers may find the results useful for further studies. We believe that a
step forward towards green logistics management has been made.
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Abstract

The present book chapter aims to (i) map the adoption of energy-saving technologies
(EST) in manufacturing and (ii) identify structural and operational characteristics that
are expected to correlate with EST implementation. The empirical evidence is collected
through the European Manufacturing Survey. The analysis presented corresponds to
the  Spanish  subsample  2012  edition.  Our  main  result  points  to  a  relatively  low
implementation  of  EST,  also  interpretable  as  a  still  unexploited  potential  these
technologies have for manufacturers. Other main findings show (i) a relatively still
modest  implementation of  most EST and (ii)  a  possible relationship between high
implementation of EST and perceived energy efficiency as a consequence of imple‐
mentation. The chapter draws implications for practice and research.

Keywords: energy-saving technology, energy efficiency, manufacturing, European
Manufacturing Survey, Spain

1. Introduction

Sustainable development, meaning meeting the needs of present generations without jeopard‐
ising the ability of the future generations to meet their own needs [1], implicitly calls for an
energy- and resource-efficient society, in which all pillars of the quadruple helix—academia,
industry, government and citizens—are challenged to move towards energy and resource
efficiency. Generating and enriching the current knowledge base by academia, implementing
energy-efficient solutions and producing goods/services by companies towards this end, setting
goals and promoting policy measures by local, regional, national and supranational bodies, as



well as making informed choices by users/consumers are some of the generic musts towards
sustainable societies.

Even some progress has already been made; new energy systems are gradually adapting, while
the scale of challenge increases. Industrial activity, in particular, is reputedly a primary cause
of pollution situating manufacturing firms in the centre of the focus. Nowadays, firms are
facing strong pressure from their stakeholders to implement environmental management
policies and practices. Moreover, the energy efficiency of the manufacturing processes is
gaining importance due to the rising energy costs and the effects of the gas emissions over
climate. From the perspective of manufacturers, the challenge is to improve the overall
environmental performance of products throughout their life cycle and to boost the demand
for better products and production technologies.

In one of the most recent studies on energy efficiency and saving potential in Europe-wide
industry [2], the authors make a comprehensive study of the topic, using a sectoral approach
as well as detecting barriers and policy measures towards further advances. Global results
point towards market competitiveness remaining the strongest driver for energy-efficiency
solutions, where the internal barriers to access energy-saving opportunities are not well
understood. Another valuable finding is the taxonomy provided by the authors, distinguishing
between a series of external and internal aspects that play an important hampering role in
implementing energy efficiency and energy-saving potential. The same report calls for
innovation as a catalyst towards more energy-efficient manufacturing.

Innovation is a key aspect and possible contributor towards novel solutions’ implementation
in order to achieve higher energy efficiency. Efforts should be deployed by the targeted
promotion and commercialisation of existing solutions, as well as R&D support for emerging
alternatives/technologies. The implementation of technologies in the production processes of
manufacturing firms falls under process innovation typology.

Defined by the Oslo Manual [3] process, innovation is understood as ‘the implementation of
a new or significantly improved production or delivery method. This includes significant
changes in techniques, equipment and/or software’ (p. 49). According to the same source, the
main effects that process innovation might cause are: reduced time to respond to customer
needs, improved quality of goods and services, improved flexibility of production or service
provision, increased capacity of production or service provision, reduced unit labour costs,
reduced consumption of materials and energy, reduced product design costs, reduced
production lead times, achievement of industry technical standards, reduced operating costs
for service provision, increased efficiency or speed of supplying and/or delivering goods or
services, improved IT capabilities, improved communication and interaction among different
business activities, increased sharing or transferring of knowledge with other organisations,
increase in the ability to adapt to different client demands, development of stronger relation‐
ships with customers , improved working conditions, reduced environmental impacts or
improved health and safety and meeting regulatory requirements (p. 108).

Monitoring particular, singular and specific energy efficiency technologies ultimately means
the disposing of firm-level data in all manufacturing areas and in more than one country.
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Regularly conducted large-scale surveys on innovation (see the Community Innovation
Survey) are often multipurpose and remain conceptually global. Having argued the impor‐
tance and possible benefits of energy-saving technologies (EST) as well as the lack of data on
detailed and multiple technologies in manufacturing, we detect a possible gap worth filling
with our contribution.

Therefore, the objective of this chapter is to map the implementation degree of energy-efficient
technologies in manufacturing firms, as well as to identify and understand the structural and
operational characteristics that are expected to introduce variations in adoption. The authors
also link energy-efficient technologies with perceived saving potential. Using data from the
European Manufacturing Survey, we argue the necessity to provide recent data on EST
implementation

The chapter is structured as follows. After the introduction, we present the research method‐
ology and methods used to analyse the characteristics of ESTs’ adoption and their adopters.
The results and findings are presented for the manufacturing firms with the use of descriptive
statistics and simple correlation tests. Finally, we discuss our results and present some
implications.

2. Methodology

Our research is based on data from the European Manufacturing Survey (EMS), 2012 edition
[4]. EMS is coordinated by the Fraunhofer Institute for Systems and Innovation Research—ISI,
which is the largest European survey in manufacturing activities conducted, to date.

The 2012 edition of the EMS was carried out in 19 countries, mainly the European ones
including Russia and Turkey, plus PR of China and Brazil, covering the 70% of firms within
the European manufacturing sector with at least 20 employees, NACE codes from 15 to 37 [5].

However, our study will only include data from EMS Spanish subsample, formed by 170
responses (Table 1). In this case, no other subsamples from additional countries have been
included in order to analyse the major number of different available EST, given that the rest
of the subsamples do not contain five of the ESTs kept in the Spanish one for the 2012 edition
of the EMS. These five excluded technologies were considered for the 2008 edition of the EMS,
but not for the 2012 one in the majority of the involved countries. This fact occurs because,
apart from the main body of questions inside the survey, each participant country’s partner
can include a limited number of particular questions of its interest.

Universe Spanish manufacturing firms with at least 20 employees CNAE 2009; codes from 10 to 32 16.183
companies

Target population 4000 firms

Sample 170 firms

Confidence margin 95%
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Variance Maximum indetermination p = q = 50%

Documentation Paper (8 pages questionnaire) + Return envelope + Presentation letter

Channel Postal

Period conducting
the survey

May–September 2012

Reference period 2009–2011; 2011

Fieldwork OGEDP Department, University of Girona – Girona (Spain)

Data base
recording and
creation

DAP GmbH—Passau (Germany)

Sample
distribution

By technological
sector

Low technology: 38; medium–low technology: 67; medium–high and high technology: 64 (59 + 5)

By relative energy
efficiency group

Less efficient: 16; equal efficient: 50; more efficient: 71

Table 1. Technical details for the Spanish subsample of the European Manufacturing Survey 2012 edition.

In summary, the EMS 2012 Spanish subsample considers nine ESTs, which are as follows:

– T0: Dry process/Minimum lubrication; N = 162

– T1: Control system for shutdown of machines in off-peak periods; N = 164

– T2: Electrical motors with speed regulation; N = 162

– T3: Compressed air contracting; N = 156

– T4: Highly efficient pumps; N = 158

– T5: Low-temperature joining processes; N = 157

– T6: Energy retrieval; N = 164

– T7: Bigeneration/Trigeneration; N = 167

– T8: Use of waste materials for energy generation; N = 157

T0, T1, T6 and T7 are the ESTs included in the main body of the 2012 survey for all the countries,
of which T0 was not included in the 2008 EMS edition. T2, T3, T4, T5 and T8 are only considered
in EMS 2008 and the Spanish subsample of the EMS 2012.

All these ESTs are evaluated for each firm in terms of use, yes or no, and their extent of use,
grouped in three categories: ‘low’ for initial attempts, ‘medium’, when partially utilised and
‘high’ for extensive use. This extent of use is represented with an ordinal variable containing
values 1, 2 or 3, for low, medium or high, and it is always relative, comparing the present to
the most reasonable potential use.
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In the present study, the EST for this sample of firms will be characterised through descriptive
and frequency analyses.

Another descriptive analysis will be presented for the companies inside the sample, including
parameters such as number of employees, turnover in 2008 and 2011, firm R&D expenditures,
exportation intensity, implementation of environmental management systems, such as ISO
14000 and ISO50001:200, and energy-saving potential according to the several elaborated
homogenous groups, based on their technological intensity or their energy efficiency level.
Averages for these descriptive parameters mentioned above were directly calculated from
variables obtained from the survey.

In particular, the parameter of energy-saving potential becomes a key factor for our study,
since it represents a measure of the energy efficiency degree resulting after different imple‐
mentation levels of EST in manufacturing firms. In this sample, the energy-saving potential is
represented by percent, and it corresponds to the relative amount of energy a company could
save if it is highly implemented in its production system and in all the available EST nowadays.

Characteristics of EST adopters will be presented according to OECD’s taxonomy of industries,
classified by their technological intensity [6]. In this regard, firms have been classified and also
presented in three groups: ‘Low technology’, for firms from NACE codes 15, 16, 17–19, 20–22,
36–37; ‘Medium technology’, with medium–low technology firms from NACE codes 23, 25,
26, 351, 27, 28; and ‘High technology’, with medium–high and high technology firms from
NACE codes 24, 31, 34, excluding 2423, 352+359, 29, and 353, 2423, 30, 32, 33.

As shown in Table 2, only five firms of this sample have NACE codes 353, 2423, 30, 32 and 33,
corresponding to a high technology industry. It is for this reason that medium–high and high
technology firms from the OECD’s taxonomy have been grouped together in a ‘High technol‐
ogy’ category (N = 64), in order to reduce the number of groups and maintain their significance.

Low
technology

Medium–low
technology 

Medium–high and
high technology 

Total

N 38 67 64 (59 + 5) 169

% 22% 40% 38% 100%

Number of employees in 2011, N = 37 + 66 + 63 97 (σ = 107) 112 (σ = 165) 276 (σ = 820) 171

Number of employees in 2009, N = 36 + 63 + 61 98 (σ = 113) 116 (σ = 173) 279 (σ = 875) 160

Turnover 2011 [M€], N = 34 + 59 + 57 44 (σ = 70) 188 (σ = 893) 183 (σ = 747) 154

Turnover 2009 [M€], N = 31 + 57 + 55 35 (σ = 58) 341 (σ = 2381) 224 (σ = 1099) 229

Firms with R&D expenditures, N = 38 + 67 + 62 53% 60% 61% 59%

High exportation intensity firms, N = 35 + 60 + 57 40% 48% 33% 41%

Firms with ISO 14000 implemented, N = 37 + 61 + 57 38% 36% 46% 40%

Firms with ISO50001:2001 implemented, N = 36 + 63 +
59 

3% 2% 2% 2%
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Low
technology

Medium–low
technology 

Medium–high and
high technology 

Total

Energy saving potential, N = 29 + 54 + 54 15% 13% 15% 14%

T0: dry process/minimum lubrication, N = 36 + 65 + 61 6% 15% 13% 12%

T1: control system for shut down of machines in
off-peak periods, N = 36 + 66 + 62 

14% 14% 23% 17%

T2: speed regulation, N = 38 + 64 + 60 76% 63% 72% 69%

T3: compressed air contracting, N = 37 + 62 + 57 38% 40% 44% 41%

T4: highly efficient pumps, N = 37 + 63 + 58 43% 30% 40% 37%

T5: low-temperature joining processes, N = 36 + 62 + 59 3% 15% 7% 9%

T6: energy retrieval, N = 36 + 66 + 62 14% 5% 18% 12%

T7: bigeneration/trigeneration, N = 38 + 66 + 63 24% 2% 10% 10%

T8: waste material for energy, N = 36 + 63 + 58 14% 5% 14% 10%

Table 2. Summary of descriptive features of the sample by technological intensity.

A discrete variable ‘TechLevel’, with value 1 for ‘Low technology’, value 2 for ‘Medium
technology’ and value 3 for ‘High technology’, following the previously explained criteria,
was calculated from the NACE code data for each firm in the survey. Corresponding dummy
variables ‘LowTech’, ‘MedTech’ and ‘HighTech’, with values 0–1, were also elaborated to
obtain three subsets of 38, 67 and 64 manufacturing companies, respectively, according to their
technological level.

In a similar way, a second classification of firms in the sample, according to their relative energy
efficiency level, was performed. To do that, a response in the survey regarding the potential
energy saving in the company was utilised. Firms answered to a question on what percent of
their current energy consumption could they save if they utilised all the available technical
possibilities in the present.

Those percentages are represented by a variable in the survey that was used to elaborate three
new dummy variables, ‘Low Efficient’, ‘Equal Efficient’ and ‘More Efficient’, with values 0–1.
The purpose was to use these dummy variables to obtain three separated groups according to
their relative energy efficiency level, comparing its present situation with a hypothetical stage
where the company highly used all the available EST today.

To build these categories and collapse the continuous variable with percentage data into three
approximately equal groups, a frequency analysis calculating percentiles at 33.33 and 66.66%
was performed [7]. The obtained cut-off points for the percentiles 33.33 and 66.66% were 10
and 20%, respectively. In consequence, firms with a relatively low percent of energy-saving
potential from 0 to 10% are considered in the ‘More Efficient’ group (N = 71). The reference
group ‘Equal Efficient’ (N = 50) includes companies with relative energy-saving potential
greater than 10% and lesser than 20%. The rest of the firms with relative energy-saving
potential greater than 20% are included in the ‘Less Efficient’ group (N = 16).
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Finally, in order to explore the possible relationships and their strength and direction (positive
or negative) between several continuous and dichotomous variables describing firms’
characteristics and the use or extent of use of ESTs, a simple bivariate Pearson correlation
analysis has been conducted. When a positive correlation between a pair of variables is
significant, it indicates that as one variable increases, so does the other. Analogously, a negative
significant correlation indicates that as one variable increases, the other decreases.

Given that the data corresponding to the size of the companies in the survey do not follow a
normal distribution, neither in the number of employees, nor in the case of the turnover, a
transformation of these variables is required to use parametric statistics [7]. As these data in
the histogram appear left-skewed, a recalculation, using the logarithm of the original values,
has reset the histogram into a normal bell-shaped distribution.

Other mapping analyses were performed on the EMS 2008 edition Spanish samples, as in the
case of [8], and from Spanish and Slovenian samples in [9]. Palcic et al. also mapped EST
implementation in manufacturing firms, following a similar methodology.

3. Results and findings

3.1. Descriptive analysis

Results about the typology of the manufacturing firms in our sample, with regard to their
technological intensity according to the OECD’s taxonomy, are shown in Table 2.

We can observe that companies with higher technological level have, on average, a consider‐
ably higher number of employees (276 vs. 112 and 97 in 2011), a strong use of environmental
management systems such as ISO 14000 [10], but a lower number of firms with a high
exportation intensity (more than 50% of sales abroad).

‘Medium–Low Technology’ and ‘High Technology’ groups have higher number of companies
with R&D expenditure compared with the low technology ones.

Firms in low technology industrial sectors also had an average turnover in 2009 and 2011, of
less than a quarter of each one of the other two technological groups (35 vs. 341 and 224 M€ in
2009, and 44 vs. 188 and 183 M€ in 2011).

No significant differences can be observed with regard to energy-saving potential according
to the firms’ technological intensity. These averages of energy-saving potential for each
technological group are represented by a percentage, with values between 13 and 15%.

With regard to the ESTs, according to each technological intensity group, we can stress that
low technology firms have a relatively lower use of T0 but a higher use of T7, compared with
other industrial sectors with higher technological intensity. ‘Medium–Low technology’ firms
have a higher percentage of use of T5, and a lower percentage for T2, T4, T6, T7 and T8.

Companies in high technology sectors have a considerably higher percentage of use of T1 and
a slightly higher one for T3. Percentage of use of T3 increases homogenously with the tech‐
nology intensity of the sector.
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In the case of MST (T9 and T10), their percentage of use decreases with the technology intensity
of the sector.

Results about the typology of the manufacturing firms in our sample and their relative energy
efficiency are shown in Table 3.

Less
efficient

Equally
efficient

More
efficient

Total

N 16 50 71 137

% 12% 36% 52% 100%

Number of employees in 2011, N = 15 + 49 + 71 83 (σ = 75)  136 (σ = 289) 236 (σ = 755)  171

Number of employees in 2009, N = 14 + 49 + 68 81 (σ = 73) 138 (σ = 295) 243 (σ = 809) 160

Turnover 2011 [M€], N = 14 + 44 + 65 19 (σ = 21) 41 (σ = 55) 137 (σ = 519) 154

Turnover 2009 [M€], N = 13 + 44 + 63 17 (σ = 16) 36 (σ = 49) 73 (σ = 244) 229

Firms with R&D expenditures, N = 16 + 49 + 70 63% 61% 58% 59%

High exportation intensity firms, N = 16 + 45 + 65 25% 33% 48% 41%

Firms with ISO 14000 implemented, N = 16 + 47 + 64 38% 47% 38% 40%

Firms with ISO50001:2001 implemented, N = 16 + 47 + 65 0% 2% 2% 2%

Energy saving potential, N = 16 + 50 + 71 32% 18% 7% 14%

Technology level (1–3 from low to high), N = 16 + 50 + 71 2.25 2.10 2.23 2.15

T0: dry process/minimum lubrication, N = 15 + 50 + 67 20% 6% 16% 12%

T1: control system for shutdown of machines in off-peak periods,
N = 16 + 50 + 67

19% 22% 15% 17%

T2: speed regulation, N = 16 + 49 + 71 81% 78% 61% 69%

T3: compressed air contracting, N = 16 + 47 + 67 50% 38% 46% 41%

T4: highly efficient pumps, N = 16 + 49 + 68 50% 41% 38% 37%

T5: low-temperature joining processes, N = 16 + 49 + 66 19% 4% 11% 9%

T6: energy retrieval, N = 16 + 50 + 68 13% 20% 7% 12%

T7: bigeneration/trigeneration, N = 16 + 50 + 69 6% 12% 9% 10%

T8: waste material for energy, N = 14 + 48 + 69 7% 10% 10% 10%

Table 3. Summary of descriptive features of the sample by relative energy efficiency in production.

As it is observable in Table 3, companies with higher relative energy efficiency have, on
average, a considerably higher number of employees (236 vs. 136 and 83 in 2011) and a
considerably higher average turnover in 2009 and 2011, compared with the other two relative
energy efficiency groups (73 vs. 36 and 17 M€ in 2009, and 137 vs. 41 and 19 M€ in 2011). Both,
the average number of employees and the average turnover, are directly proportional to the
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relative energy efficiency level. The same effect occurs with the average exportation intensity
(more than 50% of sales abroad) being significantly higher in the case of the more efficient
group than in the other two groups (48 vs. 33% and 25%, respectively). On the other hand, the
average of R&D expenditures is slightly higher in the lower relative energy efficiency groups.

The ‘Equally Efficient’ group has a higher percentage of firms with ISO14000 environmental
management system. A very low percentage of firms have implemented ISO 50001:2001 (2%).
The average relative energy saving is 7% for the group of ‘More Efficient’ firms, 18% for the
‘Equally Efficient’ group, and a 32% in the case of the ‘Less Efficient’ ones. On an average,
manufacturing companies in Spain could have declared a 14% of relative potential energy
saving.

In relation to the implemented ESTs according to each relative energy efficiency group, we can
stress that firms in ‘More Efficient’ group have a relatively lower use of T8 but a higher use of
T4, compared with other industrial companies in less relative energy efficiency groups. Firms
in the ‘Equally Efficient’ group have a higher percentage of use of T1 and T7 and a lower
percentage for T0, T3 and T5.

Companies in the ‘Less Efficient’ group have a considerably higher percentage of use of T4
and a slightly lower one for T8. Percentage of use of T4 decreases in groups with higher relative
energy efficiency.

3.2. EST use and extent of use

In Figure 1, we can observe the use of the different analysed EST. In the first place, T2 is the
most implemented EST with 69% of the companies in the sample; second comes T3 (with 41%
and in the third place T4 with 37%).

Figure 1. Use of EST for all manufacturing sectors.

The rest of the ESTs are implemented by a significantly lower percentage of the firms compared
with the top ranked ones.
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Furthermore, the most used EST, that is T2, has a considerably higher percentage of use than
the rest of the ESTs. This fact could be caused by a wide interpretation of the concept ‘electric
motors with speed regulation’, as almost any system producing movement or rotation
powered by an electric motor with a basic speed control could be included in such category.
The problem is that, sometimes, this is not an option for this system that could be considered
an EST, but a mere intrinsic characteristic of these particular machines.

An exploration of the extent of use of each of these ESTs according to their degree of imple‐
mentation, ranked from the highest to the lowest percentage for the ‘High degree’ group, is
shown in Figure 2. The first effect perceived when studying the extent of use of the ESTs is the
radical variation in the ranking for the group of firms that has an extensive use of ESTs and a
perceptible reduction of the variance between percentages of high use.

Figure 2. Degree of implementation of EST for all manufacturing sectors.

This effect also supports the idea stressed above, regarding a possible wide interpretation of
the concept of T2 that now is in seventh position for the group of companies with higher level
of implementation of ESTs. Only 14% of the companies declared an intensive use of this
technology of the 69% that had declared its use.

T0 is the first EST in the ranking of high implementation with 53% of the firms that use it,
followed by T1 with 52% and T7 with 47%.

Only 36% of the companies that use T8 declared an extensive use of it, representing the lowest
percentage for the ‘High degree’ group.

3.3. ESTs implementation by firms’ technology level

A classification of the companies that have implemented ESTs by technological sector is
presented in Figure 3. The ESTs are ranked in the graphic, according to percentages in the
‘High Tech’ group.
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Figure 3. Implementation percentage of EST by technological sector.

Companies using T5 are mainly 57.9% of firms within the High Tech group. Moreover, 50%
of the companies that have implemented T7 and T1 are the high technological ones.

T6 is implemented by 56.3% companies in the ‘Low Tech’ group. Only 7.1% and 10% of firms
using T4 and T0, respectively, belong to the ‘Low Tech’ group, while 64% and 50% of the
companies in the ‘Med Tech’ group, respectively, implemented these particular ESTs.

When the same classification is made, considering only an intensive use of the ESTs by
technological levels in Figure 4, and also ordered according to the percentages in the High
Tech’ group, a new ranking is established.

Figure 4. High implementation percentage of EST by technological sector.

About 63% and 60% of companies with an intensive use of T6 and T8, respectively, are firms
within the ‘High Tech’ group. On the other hand, only 17% within this group highly imple‐
mented T5.
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Otherwise, 71% of the companies that have an intensive use of T7 are the low technological
ones. However, only 11% of firms using T0 belong to the ‘Low Tech’ group, and there is not
any company in this group with a high implementation of T5.

T5 is implemented by 83% companies in the ‘Med Tech’ group; 56% of the intensive users of
T0 also belong to this group.

3.4. ESTs’ implementation by firms’ relative energy efficiency group

Figure 5. Implementation percentage of EST by level of efficiency relative to the energy-saving potential.

Results in Figure 5 are obtained by classifying companies according to their relative energy
efficiency level and ranking the percentages of the ESTs’ use from the ‘More Efficient’ group.

Figure 6. High implementation percentage of EST by level of efficiency relative to the energy-saving potential.

More than 50% of the companies implementing T0, T5, T3 and T8 belong to the ‘More Efficient’
group. Firms in the ‘Less Efficient’ group do not represent more than 25% of the companies
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using any of the analysed ESTs. These results point to a probable relation between the use of
ESTs and the relative energy efficiency of a company.

Results in Figure 6 are obtained by analysing the same relative energy efficiency groups,
considering only an intensive use of the ESTs.

Generally, the average percent in the intensive use of ESTs in the ‘More Efficient’ group is
higher than that when considering only their use, apart from the cases of T0, T1 and T5 that
are slightly lower, but quite close. In seven of the nine ESTs studied, the percentage of
companies belonging to the ‘More Efficient’ group that have highly implemented them,
represents more than 50% of the firms. Only companies in this group have highly implemented
T8.

These facts suggest that a high implementation of the ESTs also contributes to the relative
energy efficiency of manufacturing firms.

However, T6 and T1 are highly implemented at 57% and 54%, respectively, by companies in
the ‘Med Tech’ group.

Possible relationships between use or high use of ESTs in manufacturing companies and other
parameters such as technological level, size, environmental management systems implement‐
ed, export intensity, R&D expenditure and potential energy saving are presented in Table 4,
by means of a correlation test.

Number of
EST
implemented 

Number of
EST highly
implemented 

Technology 
level 

Firm size
log 10
(turnover) 

Firm size log
10
(employees) 

ISO14031
implemented 

ISO50001
implemented 

High
export
intensity
(>50% of
sales) 

R&D
expenditure 

Potential
energy
saving

Number of
EST
implemented 

Pearson
correlation

1 0.713 .013 0.210 0.157 0.131 0.178 0.073 0.027 0.098

Sig. (two-
tailed)

0.000 0.864 0.010 0.044 0.105 0.025 0.375 0.728 0.253

N 169 169 169 150 166 155 158 152 167 137

Number of
EST highly
implemented 

Pearson
correlation

1 0.001 0.208 0.14 0.049 0.05 0.027 0.099 –0.001

Sig. (two-
tailed)

0.985 0.011 0.070 0.541 0.530 0.743 0.205 0.987

N 169 169 150 166 155 158 152 167 137

Technology
level

Pearson
correlation

1 0.12 0.160 0.069 –0.027 –0.070 0.015 0.019

Sig. (two-
tailed)

0.151 0.039 0.396 0.740 0.394 0.851 0.825

N 169 150 166 155 158 152 167 137

Firm size
log 10
(turnover) 

Pearson
correlation

1 0.632 0.344 0.14 0.005 0.113 –0.171

Sig. (two-
tailed)

0.000 0.000 0.094 0.958 0.170 0.059

N 150 149 139 142 138 149 123

Firm size
log 10
(employees) 

Pearson
correlation

1 0.378 0.05 –0.047 0.121 –0.132

Sig. (two-
tailed)

0.000 0.540 0.568 0.124 0.127

N 166 153 155 150 164 135
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Number of
EST
implemented 

Number of
EST highly
implemented 

Technology 
level 

Firm size
log 10
(turnover) 

Firm size log
10
(employees) 

ISO14031
implemented 

ISO50001
implemented 

High
export
intensity
(>50% of
sales) 

R&D
expenditure 

Potential
energy
saving

ISO14031
implemented 

Pearson
correlation

1.000 0.180 –0.061 0.100 –0.001

Sig. (two-
tailed)

0.027 0.474 0.215 0.994

N 155 151 142 155 127

ISO50001
implemented 

Pearson
correlation

1 –0.024 –0.136 –0.077

Sig. (two-
tailed)

0.780 0.089 0.387

N 158 143 158 128

High export
intensity
(>50% of sales)

Pearson
correlation

1 0.084 –0.160

Sig. (two-
tailed)

0.307 0.074

N 152 150 126

R&D
expenditure

Pearson
correlation

1 0.035

Sig. (two-
tailed)

0.684

N 167 135

Potential
energy saving

Pearson
correlation

1

Sig. (two-
tailed)

N 137

**
Correlation is significant at the 0.01 level (two-tailed).
*
Correlation is significant at the 0.05 level (two-tailed).

Table 4. Correlation matrix between environmental management systems use, export intensity, R&D expenditure,
potential energy saving and the use and high use of EST.

We can find different author criteria for the determination of the strength of relationships from
the value of Pearson’s correlation coefficient (r); however, Cohen [11] suggests the following
guidelines that will be used in the present study: small strength for |r| = 0.10–0.29; medium
strength for |r| = 0.30–0.49 and large strength for |r| = 0.50–1.

The quantity of EST implemented in a company results in having a positive relationship with
the firm size, in terms of turnover as well as number of employees, and with ISO50001:2001
implementation. This relationship is more significant (at 0.01 level; two-tailed) with respect to
the company’s turnover.

When the extent of use of these ESTs is considered, only a significant relation with its turnover
remains at a medium level of strength.

Firms’ technology level in our sample has only a light significant relationship with companies’
size in terms of number of employees.
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Firms’ size, both in terms of turnover and in terms of number of employees, is also interrelated
in a medium level of significance.

With regard to the environmental management systems, in the case of ISO14000 implemen‐
tation, a medium level of strength relationship appears with the company size, both in terms
of turnover and number of employees.

For the case of ISO50001:2001, there are small strength relationships with ISO14000 imple‐
mentation and also with EST use.

High export intensity in companies and the existence of R&D expenditures are not linked with
any other studied firms’ characteristics according to this test.

Furthermore, and directly related to the main objectives of this study, no significant relation‐
ships are revealed between the relative potential energy saving and any other variable in the
correlation, especially with the use and high use of ESTs.

In a previous study [12], a relationship was determined between the use, and mainly a high
implementation level, of ESTs and energy efficiency in manufacturing firms.

For that reason, an additional Chi-square test is presented in Table 5. In this table, a crosstab
is shown between the number of ESTs highly implemented in a firm and the relative potential
energy saving, scaled according to the three energy efficiency groups: ‘More Efficient’ (value
= 3), ’Equal Efficient’ (value = 2) and ‘Less Efficient’ (value = 3). This test can be done between
two categorical variables as is the case, and it allows the exploring of their possible relationship.

Crosstab
Relative potential energy saving (scaled in three groups)
1
(Less efficient)

2
(Equal efficient)

3
(More efficient)

Total

Sum high use EST0 Count 7 29 33 69

Expected count 8.1 25.2 35.8 69.0

% within sum high use EST 10.1 42.0 47.8 100.0

% within potential saving scale 43.8 58.0 46.5 50.4

% of total 5.1 21.2 24.1 50.4

1 Count 2 14 15 31

Expected count 3.6 11.3 16.1 31.0

% within sum high T0 6.5 45.2 48.4 100.0

% within potential saving scale 12.5 28.0 21.1 22.6

% of total 1.5 10.2 10.9 22.6

2 Count 5 2 14 21

Expected count 2.5 7.7 10.9 21.0

% within sum high use EST 23.8 9.5 66.7 100.0

% within potential saving scale 31.3 4.0 19.7 15.3
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Crosstab
Relative potential energy saving (scaled in three groups)
1
(Less efficient)

2
(Equal efficient)

3
(More efficient)

Total

% of total 3.6 1.5 10.2 15.3

3 Count 0 2 7 9

Expected count 1.1 3.3 4.7 9.0

% within sum high use EST 0.0 22.2 77.8 100.0

% within potential saving scale 0.0% 4.0% 9.9% 6.6%

% of total 0.0 1.5 5.1 6.6

4 Count 2 1 0 3

Expected count 0.4 1.1 1.6 3.0

% within sum high use EST 66.7 33.3 0.0 100.0

% within potential saving scale 12.5 2.0 0.0 2.2

% of total 1.5 0.7 0.0 2.2

5 Count 0 2 2 4

Expected count 0.5 1.5 2.1 4.0

% within sum high use EST 0.0 50.0 50.0 100.0

% within potential saving scale 0.0 4.0 2.8 2.9

% of total 0.0 1.5 1.5 2.9

Total Count 16 50 71 137

Expected count 16.0 50.0 71.0 137.0

% within sum high use EST 11.7 36.5 51.8 100.0

% within potential saving scale 100.0 100.0 100.0 100.0

% of total 11.7 36.5 51.8 100.0

Chi-square tests
Value df Asymp. sig. (two-sided)

Pearson Chi-square 22.812 10 0.011

Likelihood ratio 22.850 10 0.011

Linear-by-linear association 0.010 1 0.921

N of valid cases 137

a.
11 cells (61.1%) have expected count less than 5. The minimum expected count is 0.35.

Table 5. Chi-square test crosstab between the number of highly used ESTs and the relative energy-efficiency group.
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However, despite this, there exists a low significance in the relationship between these
variables, as the Pearson Chi-square is 0.011 < 0.05, and the assumption required for this test
concerning the minimum expected cell frequency of 5 or more in the 80% of the cases is not
respected.

4. Conclusions

In the increasingly competitive and changing world, the use of EST has emerged as a strategic
imperative for most companies, especially for the manufacturing firms, due to the progres‐
sively stricter legislation. Therefore, it is important to have an overall awareness of the current
use of those technologies in order to establish future policies for encouraging a higher
adoption.

In order to map the current situation of the degree of use of these ESTs in the manufacturing
sector, this chapter provides evidences based on data from the 2012 European Manufacturing
Survey edition. The case of the Spanish survey is specifically exceptional, since it is a national
survey that includes the highest number of ESTs. In total, nine ESTs are included in the analysis.
Moreover, the technology intensity variable and the self-elaborated parameter energy
efficiency degree are also included in order to contrast their role in the energy-saving per‐
formance of the adopters. Finally, some control variables (number of employees, turnover in
2008 and 2011, firm R&D expenditures, high exportation intensity and implementation of
environmental management systems such as ISO 14000 and ISO50001:2001) are also included.
According to the results, five main conclusions can be formulated.

A general observation on the use of EST shows that their adoption in manufacturing firms is
still relatively low. Except for the case of speed regulation (T2, 69.1%), possibly due to a wide
interpretation of the term, the technology with the highest percentage of adoption is com‐
pressed air contracting (T3, 41%). However, it is interesting to point out how these results vary
according to the degree of implantation. Dry process/minimum lubrication (T0) and control
system for the shutdown of machines in off-peak periods (T1) are the technologies with the
highest degree of implementation, both over 50%.

Second, it has been observed that the more relative energy-efficient companies are, on average,
characterised as relatively bigger, both in terms of turnover and number of employees, than
the equal and less efficient ones. This group of companies also has a higher average of export
intensity (more than 50% of sales abroad). However, R&D expenditures are, on average, higher
in the less relative energy-efficient group of firms, and the equal relative energy-efficient group
is the one with a higher percentage of environmental management systems implemented.

Third, according to the technology intensity, six out of nine ESTs are implemented higher in
low and medium–low technology sectors. Only the control system for shutdown of machines
in off-peak periods (T1, 23%), compressed air contracting (T3, 44%) and energy retrieval (T6,
18%) are implemented higher in the group of high technology firms.
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Fourth, the results are more significant when the degree of adoption is contrasted with the
energy efficiency of the firm, since none of the ESTs are mostly adopted by firms that declare
being more efficient than the other firms of the sector. Five ESTs are mostly implemented in
less efficient group and four in the equally efficient group.

Fifth, in analysing ESTs, we focused on manufacturing firms that showed high implementation
of these technologies. We have analysed these technologies according to their use in different
technology-intensive sectors and based on the energy efficiency of the firms. We found that
the analysed ESTs are predominately highly implemented in low and medium–low technology
groups, except for two technologies, namely, waste material for energy (T8) and energy
retrieval (T6). However, we could discard the significance of these ESTs, since the number of
adopters is very low. Therefore, we could conclude that most of the highest implemented ESTs
are more usual in sectors of low technology, confirming the same conclusion obtained when
we generalised for all degrees of implementation. On the other hand, in seven out of nine ESTs
studied, a high implementation of these ESTs occurs in the majority of the cases inside the
more efficient group of companies. This fact could suggest a possible positive relationship
between the high use of ESTs and firms’ energy efficiency. However, this potential relationship
has not been demonstrated for this sample with the Pearson correlation and Chi-square
analysis.

Our research has two main limitations: the statistical analysis applied and the geographical
scope of the sample. The first is that only descriptive statistics and correlation tests were used
to map the characteristics of EST and their adopters. Therefore, the next step is to use several
advanced statistical methods to draw further conclusions. Related to the narrow geographical
coverage, the option to focus our analysis on the Spanish survey is explained by the fact of
having higher number of technologies. Practical and academic implications of having detailed,
single and high number of ESTs convert into a strong argument towards a shared list of such
ESTs, which remains further explorable in forthcoming EMS rounds.

In conclusion, this study contributes to disclose to practitioners that Spanish manufacturing
companies are recognised to have, on an average, 14% of relative energy-saving potential. It
has also been illustrated which ones of these ESTs are the most implemented for each firm
typology, in terms of use and extent of use. Moreover, firms have been characterised according
to the relative energy efficiency groups to facilitate policy makers to take the right decisions,
oriented to improve the energy efficiency in these sectors. Some clues have been pointed at for
further researches in order to explore the possible relationships between energy efficiency and
the implementation of ESTs, using more powerful statistical tools.
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Abstract

The aim of this chapter is to present an outlook about implementation of a range extender
system based on fuel cells for battery electric vehicles. Such a system is highly feasible to
be implemented in electric vehicles, in particular those used by beverage industry in city
centres. The tourism is another industry that uses electric vehicles, for instance in resorts,
hotels, airports, zoos, etc. As well, public transportation is another sector involved with
this vehicular technology. These sectors are all the time looking for high efficiency and
low costs; however, they also need to extend the range of the vehicles to fulfill some
logistics requirements in a route. This chapter presents a numerical example for illustrating
an implementation of fuel cell range extender system. Advantages, disadvantages, and
business opportunities in fuel cell technology are presented.

Keywords: fuel cells, range extender, electric vehicles, supply chains, utility cars, re‐
newable energies

1. Fuel cell overview

In the beginning of 2016, the Fuel Cell Technologies Office of the US Department of Energy
(DOE) released its 2015 recapitulation on the advances on fuel cells and related application
technologies.1 Fuel cells are electrochemical devices, similar to batteries, that convert the chemical
energy of a compound (i.e.) directly into electricity; therefore they are electricity generators. The

1 It is well recognized that DOE's technology and economic goals are taken as serious global reference for those involved
and interested in advanced technologies, such as fuel cells, that can bring promising alternatives for the transportation
sector. (Fuel Cell Technologies Office: 2015 Recap and the Year Ahead, email news service sent to authors and generated
on behalf of the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy).



main difference of a fuel cell, compared to a battery, is that the fuel is stored outside the fuel cell
and is continuously fed to the generator. As the fuel is physically stored in a tank, there is no
need to recharge the fuel cell but instead the fuel tank is refilled, which only takes a few minutes.
In spite of the cost needed to produce it and store it, the preferred fuel for transportation fuel
cells is compressed hydrogen gas. Hydrogen has almost three times more energy2 (33.33 kWh/kg)
than gasoline (≈12.0 kWh/kg) per unit mass and when fed to a fuel cell, the energy conversion
efficiency for electricity generation is much higher (up to 60%) compared to internal combus‐
tion engines. Besides, when using hydrogen as a fuel, the only emission is pure water and some
heat.

DOE's communication highlights several recent accomplishment but what stands out as the
“most notable” fact is the availability today of commercial personal vehicles by Toyota and
Honda using fuel cells technology. Using fuel cells in a car means electrical traction (electric
transportation) with zero emissions, similar or larger range compared to conventional gasoline
cars and the possibility of having a replacement for gasoline, i.e. hydrogen fuel. What is also
interesting about hydrogen is that although it does not exist freely in nature, it is contained in
several available compounds, notably in water. Besides, when combined with renewable
energy sources for its production, for example via electrolysis, hydrogen becomes a sustainable
and clean fuel for energy use.

The same way gasoline is an added value product, hydrogen is also seen as an energy carrier
once produced and stored, an important fact is that its availability can be seen as the other
attractive side of the fuel cells business.

Besides these two car companies, other international car manufacturers have fuel cell cars
programs with the intention of selling them in the near future. Beyond recognizing a car market
of more than 82 million cars sold annually according to consulting firm IHS Automotive [1],
is that the automotive industry will have to renew its infrastructure industry, including its
value and supply chains, as fuel cell cars are completely different from conventional cars in
its components. Instead of an internal combustion engine, FC cars have an electricity generator
which is coupled to an electric motor that provides power for traction. To properly operate,
the electric motor will require power electronics to condition the unregulated d.c. voltage
electricity coming from the fuel cell. Fuel cell devices are a completely different technology
from what we know now, they incorporate electrochemical engineering components like
electrodes, electrolytes, electric and structural pieces that give rise to a brand new industry.
Fuel cells as generators will need its own balance of plant (BOP), which will keep the fuel cell
operation at a level that ensures power delivery as specified. BOP components include gas
valves, fuel piping, sensors, and activated elements, supervised by an electronic control. Such
electronic control takes care of variables such as fuel pressure and flow, fuel cell temperature,
oxidant (typically air) flow into the fuel cell, and a very complex balance of water content inside
the system produced by the reaction and that is needed to lower electrolyte resistance but if
abundant it may lower power production.

2 Hydrogen lower heating value, taken as reference from HyWeb The Hydrogen and Fuel Cell Information System, managed by
Ludwig-Böw-Systemtechnik GmbH, Germany
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If the car industry is going to switch to electric cars as the main technology and where probably
fuel cells are the preferred choice, then car manufacturers will need to change their actual
production line based on mechanical and thermal components to a more chemical engineering
and electric/electronics‐like industry.

As the fuel cell industry has consistently grown in the last few years at a 30% rate and with
more than 50,000 fuel cells totaling over 180 MW capacity shipped in 2014, that amounts sales
of more than $2.2 billion that year, this technology is being reaching maturity with an unde‐
niable impact in energy markets, including transportation and definitely in our society.

While the latter is true, the economics still depend on the production volume to approach
competitive targets, at least in the transportation sector, particularly personal mobility
vehicles. An example of this is that state‐of‐the‐art fuel cell system technology is projected to
reach a cost of $55/kW at a volume of 500,000 units per annum (upa) or $270/kW at 20,000 upa.
On the fuel side of the story, high‐volume cost projections for 700 bar compressed hydrogen
storage systems based on composite materials are $15/kWh. This gives an idea of what the
retail costs can be when fuel cell‐based vehicles are introduced in the transportation market.

Another subsector in transportation is the utility vehicles market that covers a large proportion
of vehicles sold in the world. In this subsector, costs are a second priority against productivity.
An example of this is the possibility of extending the range or the number of hours of operation
of utility vehicles such as forklifts, auxiliary vehicles at airport operations. A similar situation
presents when we talk about backup systems that increase reliability to critical operations like
banks, hospitals, data handling centers, among other industries. It is important to mention that
the economic activities and investment opportunities go beyond the final sale of a fuel cell
system. The application of fuel cell technologies also represents the need for value chains,
especial technical services, new tools and instruments, as well as protocols during services,
new components specifically dedicated to the application. Examples are power electronics,
sensors, new fuel storage systems, their testing, etc. There is no doubt that the introduction or
now arrival of these technologies means a varied range of opportunities for new businesses.

2. Classification of electric vehicles

A typical classification of the electric vehicles is illustrated in Table 1, as well some main
features of each [2].

This chapter deals with the implementation of a range extender system in a BEV, which means
in practical terms that a BEV is converted to an FCEV. The typical powertrain of an FCEV is
shown in Figure 1.

The fuel cell is connected to the inverter (DC‐AC converter) through a DC‐DC converter;
meanwhile, the battery bank is directly connected to the inverter. The traction motor is driven
by both power sources to provide mechanical power to the tires.
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In the electrical vehicle classifications, BEV is one of the most supported by governments, in
particular in china [3], because this vehicle has not an internal combustion engine to its oper‐
ation. Therefore, there are no emissions in site. However, some important issues that limit
the use of the BEVs are charging time and range of the vehicle [4]. Especially, when these
vehicles are in a daily regimen of operation. A solution to overcome those issues is to install
a fuel cell pack as the main power source of the vehicle. Unlike batteries, fuel cell systems
can recharge the energy (hydrogen) in a few minutes. Fuel cell systems can reach a range
similar to the internal combustion engine car, because the range depends of the hydrogen
tank and as it was mentioned in Section 1, hydrogen has three times more energy than gaso‐
line.

Hybrid electric vehicles (HEVs)

HEV uses a battery‐powered electric motor to supplement its traditional combustion engine.
The electrical system acts as a generator when a driver applies the brakes, converting kinetic
energy into electrical energy. Combustion engine is still the primary motor. At low speed
the vehicle operates with zero emissions.
Plug‐in hybrid electric vehicles (PHEVs)

A PHEV operates similar to a HEV. However, it utilizes a larger battery bank that can be
recharged by plugging the vehicle into an electrical outlet or charging station. After the bat‐
tery energy is exhausted, the engine starts and the vehicle acts like a normal HEV.
Battery electric vehicles (BEVs)

The BEV operates a 100% with the battery bank. They do not include a combustion engine
and rely solely on their electric motor for propulsion.
Fuel cell electric vehicles (FCEVs)

The FCEV operates with a fuel cell as the main power source. The energy comes to the hy‐
drogen tank. The batteries are used to absorb high peaks of currents, while fuel cell provides
the principal energy requirement.

Table 1. Classification of electric vehicles
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Table 2 shows the range of some BEVs, PHEVs, and an HEV [5]. The range for a BEVs is
between 110 and 334 km. For PHEVs, the range is between 18 and 61 km, and the range for a
HEV is 2 km.

Figure 1. Typical powertrain for a FCEV.

Type EPA car
class

Battery
type

Energy
storage

All‐electric driving range Full charge

Tesla Model S BEV Large Li‐ion 60 kWh 334 km 1 hour

BMW i3 BEV Compact Li‐ion 18.8 kWh 128–160 km 3–6 hours

Chevrolet Spark BEV Compact Li‐ion 21 kWh 132 km 7 hours

Chevrolet Volt PHEV Mid‐size Li‐ion 16.5 kWh 61 km 4 hours

Nissan Leaf S BEV Mid‐size Li‐ion 24 kWh 135 km 4 hours

Toyota Prius Plug‐in PHEV Mid‐size Li‐ion 4.4 kWh 18 km 1.5 hours

Toyota Prius HEV Mid‐size Ni‐MH 1.3 kWh 2 km N/A

Ford Focus Electric BEV Large Li‐ion 23 kWh 122 km 3.6 hours

Honda Fit EV BEV Mid‐size Li‐ion 20 kWh 132 km 3 hours

Smart for Two Electric BEV Two‐seaters Li‐ion 17.6 kWh 110 km 6 hours

EPA car class: The United States Environmental Protection Agency (EPA) has developed a classification scheme used to
compare fuel economy among similar vehicles. Passenger vehicles are classified based on a vehicle's total interior
passenger and cargo volumes.

Table 2. Battery specifications of 2014 electric vehicles.

3. Electric vehicle fleets in sustainable supply chain

Since many years ago, there are companies taking advantage of features offered by electric
vehicles. Just to mention a few, they are zero emissions, low noise, and low maintenance. These
features make this kind of vehicle the most convenient to distribute products related with the
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beverage industry or any other in city centres. There are also other sectors like hotels, airports,
zoos, resort, etc., where this kind of vehicle is widely used.

Some advantages that make this kind of vehicle a good alternative are listed below:

• No emissions: Many times, this is the main reason why industries decide to include electric
vehicles in delivery process. Electric cars produce zero emissions on site, but emissions are
at energy productions sites, but if energy is obtained by renewable sources, in practical
terms, there aren't emissions.

• Low maintenance: An electric motor has lesser pieces in movement, in related with an internal
combustion engine. Therefore, electric motor needs less lubrication and maintenance.

• Lower noise production: Electric motors have the capability of providing smooth drive with
higher acceleration.

But also some disadvantages of electric vehicles are listed next:

• Power source replacement: It depends on the power source type, but in general terms, electric
power sources (batteries and fuel cells) must be changed every 3–10 years.

• Recharge points: Both electric and hydrogen fuelling stations are not still in everywhere.
Many efforts have to be done to install recharge points.

• Recharge time: Recharge time usually is an inconvenience in batteries because they need
about 4–6 hours. But hydrogen recharge in fuel cells takes only few minutes.

The automotive industry, as one of the largest industries worldwide, has a big influence in the
emission balance. The electric vehicles fleets for delivery goods purpose are a small portion of
automotive market. However, this market is still growing due the advantages described before
and many incentives like tax reduction, among others.

Several important companies in worldwide beverage industry, like Coca‐Cola and PepsiCo,
have electric vehicles fleets in their portfolio. It allows them, in addition to make more
sustainable their process, deliver its products avoiding some restriction for driving in down‐
town of several cities.

Sustainability for such companies’ represents not only an economic or environmental issue to
deal with but also a regulation issue, because even when emission is a problem in big cities,
not always they have constraints for movements of vehicles. When movement is a constraint,
the only way to carry out many commercial activities is using electric vehicles.

In Figure 2 is presented a general flowchart of supply chain delivery process used in the
beverage industry. The process starts with the production of the syrup or some other raw
material. Next, this raw material is used in the plant to filling the bottles. As is well known,
bottling plants are in specific zones to provide the product for several cities. The bottled
products are sent to distribution centers to conduct the supplying in the city. From distribution
centers, the product is sent to supermarkets and many other points of sale (groceries, restau‐
rants, etc.) in the city. Finally, the consumer goes to these places to buy the product.
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The stage that we study in this supply chain is where utility vehicles fleets are used. In
particular, we are going to evaluate the implementation of a fuel cell range extender system,
taking into account that electric cars are used in this stage. As we mention before, many
companies are using electric cars, among other things, to make sustainable their supply chain.
However, there are some downsides like recharge time and range that must be addressed to
overcome it. A highly efficient and friendly environmental solution is the implementation of
a range extender based on fuel cells.

3.1. Market for electric vehicles

There is a wide size range of electric vehicles. For example, there are golf cars from about 500
kg, cars of 1200 kg, or heavy utility trucks of 12,000 kg. Figure 3 illustrates those vehicles.

Figure 3. Electric vehicles.

An electric car type “Golf cars” is also usually used in places like airports or zoos. Cars are
mainly used for personal transportation. Utility cars are used by companies for commercial
purposes. The size of these cars depend on the specific application.

Figure 2. General supply chain in beverage industry.
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The next section presents a numerical example for a range extender system based in a fuel cell
for a BEV. Some economical and technical issues related with such a system are shown.

4. Case study for a range extender

4.1. Methodology

This section presents a case of study of a BEV, in which as a proposal, the power source is
modified to increase its range. For this purpose, a PEM fuel cell is dimensioned in such a way
that the car is turned from a BEV to an FCEV. The processes for estimating it is conducted
through a tool developed at Electrical Research Institute (IIE) and its flowchart is depicted in
Figure 4.

Figure 4. Flowchart to estimate a range extender based on fuel cell.
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To conduct the study, first it is necessary to define some characteristics of the vehicle, like
dimensions, weight, frictional coefficient, rolling resistance, etc. At the same time, the route is
defined to evaluate the vehicle’s performance. Next, the power and energy required in the
vehicle power plant is calculated. Then, the conversion efficiencies of electronic and mechan‐
ical elements are added, as well as the auxiliary loads. It is important to take into account the
foregoing to obtain a better estimation of the energy required for the power plant. After that,
the specifications of the power plant based on batteries are generated. As a result, useful
information such as weight, cost, volume,is shown The developed tool allows us also to
estimate the size of the range extender system. For this purpose, we use the percentage of
energy required from the battery bank and the fuel cells. We do it using both current and future
prices of fuel cells. In summary, three cases of study were conducted. Finally, some conclusions
are depicted to compare the performance of the vehicle using batteries and the range extender
(batteries + fuel cells).

4.2. Cases of study

4.2.1. Characteristic of vehicle

For starting, this study defined the vehicle's characteristics and the route. While more infor‐
mation is used, results will be closer to a real operation. For this study, the vehicle information
shown in Table 3 is used.

Data Value

Maximum height 1.82 m

Maximum width 1.2 m

Maximum length 3.0 m

Drag coefficient 0.80

Frontal area 2.18 m2

Overall weight 700 kg

Rolling resistance coefficient 0.015

Table 3. Vehicle information

The characteristics described in Table 3 are similar to the features of electric vehicles that are
usually used in beverage industry fleets for distributing their products in city centres.

4.2.2. Characteristic of the route

The main concern of this chapter is the evaluation of range extender system, as well its impacts
in supply chains; we used a simple route consisting of 32 km to be covered in 5.7 hours. This
route consists of a first trip of 4 km, then, there are 60 delivery points where the vehicle stays
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5 minutes in each. Finally, there is a trip of 4 km until the starting point. Figure 5 depicts the
characteristics along the route, in terms of distance and vehicle's speed.

Figure 5. Speed along the route.

It is important to highlight that many other issues could be included in this analysis, like
regeneration breaking system, as well a more specific route. However, it will depend on the
specific system to be evaluated. Therefore, results presented in next section correspond to a
scenario created to show the capabilities of the tool and issues related to the fuel cell range
extender, to fulfill logistic requirements in some electric vehicles that frequently are used in a
supply chain fleet.

4.2.3. Case studies description

Case Power plant Net energy delivered by source (%)

Batteries Fuel cells

1 Current 100 0

2 Current 7 93

3 Futurea 7 93

aOver a mass production rate of 20,000 units per year [6].

Table 4. Description of case studies

According to the information in Table 4, three case studies were conducted. Additional to this
information, a conversion efficiency of 95% for motor controller (DC/AC) and DC‐DC con‐
verter, 95% for electric motor, and 90% for mechanical differential were used, see Figure 1. In
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the first case, the vehicle travels 32 km according to the route. However, in cases 2 and 3, the
vehicle also travels 32 km but it has the availability for incrementing the delivery points from
60 to 120, according to the energy reserve in the battery bank.

4.2.4. Specification of power plants and results

Until now, there is enough information for sizing the power source in the vehicle. For this
purpose, we used the physical characteristic of the vehicle described in Table 2, the speed
illustrated in Figure 5, as well the efficiency values of electro‐mechanical elements in the
vehicle. As a result, Figure 6 shows the power demand along the route. The energy required
for the power plant for this specific route corresponds to 2.2 kWh (kilowatt hour).

Figure 6. Distance vs power.

4.2.4.1. Case 1: Power plant based on batteries

Lithium‐ion batteries

Energy 2.7 kWh

Voltage 48 V

Weight 14.6 kg

Volume 0.004 m3

Cost (USD) $ 3550

Vehicle range 32 km

Table 5. Specification of the power source (batteries).
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Table 5 illustrates the characteristics of the battery bank dimensioned for the vehicle. The
features of this power source are generated specifically to supply the power demand shown
in Figure 6.

The state of charge (SOC) of the battery bank is depicted in Figure 7. As it is shown, the energy
in the battery bank is gradually reduced along the route, until it covers all delivered points. It
is well known that battery banks always are dimensioned to keep some percentage of charge
at the end of the route; either for facing some extra energy required in the route or to increase
the useful life of the battery bank.

Figure 7. State of change of battery bank along the route.

4.2.4.2. Case 2: Power plant based on batteries and fuel cell (current prices)

What is important here is that the battery bank must provide main peaks of electric current,
because dynamic operation of fuel cells makes it more complicated. Fuel cells are good
providing big blocks of energy i.e. base load power instead of peak currents. For this case, the
fuel cell provides almost all the energy required by the vehicle in the route, in such a way that
at the end of the route, the battery bank will keep a SOC of over 92%.

Figure 8 shows the SOC in the battery bank, while the range extender based on fuel cells is
used. As it is shown, the SOC keeps values around 90%. The final value of the SOC is 93%,
which means that the vehicle has energy for traveling about 62 km. Therefore, if a fuel cell
range extender is implemented, we obtain almost double the range, with only a cost increment
of 43% in the power source. However, this price increment to the power source corresponds
to about 15%–20% of the vehicle cost. That means that the current fleets of electric vehicles
used by beverage industry or any other industry can increase the range without buying new
more expensive electric vehicle, but rather using the current fleet with a fuel cell range
extender.
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Figure 8. State of change of battery bank along the route: Case 2.

Another important issue related to the useful life in the battery bank is that its durability can
be increased if the SOC is kept, as high as possible [6]. Hence, the implementation of a fuel cell
range extender also helps to increase the useful life of batteries if the system is properly
designed.

4.2.4.3. Case 3: Power plant based on batteries and fuel cell (future prices)

The previous case was conducted using current fuel cell prices. Nowadays, fuel cells are
expensive due its low mass production. However, there are projections that indicate that future
prices of fuel cells will fall, for a specific mass production value. For example, if mass produc‐
tion of fuel cells reaches a value of 20,000 upa, the fuel cell price by kW falls to 270 USD/kW
[7]. In such a way, Table 6 should be rewritten as shown in Table 7.

Lithium‐ion batteries

Energy 2.7 kWh

Voltage 48 V

Weight 14.6 kg

Volume 0.004 m3

Cost (USD) $ 3550

PEM fuel cell

Type PEMFC (proton exchange membrane fuel cell)

Nominal power (kW) 0.35 kW

Cost (USD) fuel cell + tank $1550
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Lithium‐ion batteries

Tank capacity 0.18 kg of H2

Vehicle range: 62 km

Total cost (USD): $5100

Table 6. Specification of the power source (batteries + fuel cell)

Lithium‐ion batteries

Energy 2.7 kWh

Voltage 48 V

Weight 14.6 kg

Volume 0.004 m3

Cost (USD) $3550

PEM fuel cell

Type PEMFC (Proton Exchange Membrane Fuel Cell)

Nominal power (kW) 0.35 kW

Cost (USD), fuel cell + tank $595

Tank capacity 0.18 kg of H2

Vehicle range: 62 km

Total cost (USD): $4145

Table 7. Specification of the power source (batteries + fuel cell [future prices])

For this case, the increment of price of the power source corresponds to about 5–10% of the
vehicle cost. That means once the mass productions of fuel cells starts, they will be (definitely)
a feasible alternative in such systems.

The economic analysis in hydrogen production is not included in this chapter, but nowadays,
there are many works [8–14] where assessment of hydrogen production is made using
renewable energies. In this way, operation prices of electric vehicles driven by fuel cells are
highly competitive, compared to electric vehicles driven by batteries, but with the added value
of using a high efficiency and more environmental friendly technology.

5. Advantages, disadvantages, and business opportunities

Nowadays, fuel cell range extender systems are under study because the electric vehicle
industry is rising. Practically, every big company in the automotive industry has an electric
vehicle in their portfolio. In fact, there are companies, like Tesla Motors, that have as the main
product an electric vehicle.
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It is well known that fuel cell systems are environmentally friendly, as they present a high
well‐to‐tank efficiency. The capability to extend the range in such a systems depends mainly
of the tank capacity. For that reason, it is possible to have high‐energy density, reducing the
overall weight of the power plant.

Another important advantage is the fast energy charge rate, of a few minutes, for this system.
If we compare it with the time required to charge batteries, in order of hours, we can obtain
many logistics advantages, as well as more availability of the vehicles.

On the other hand, the main disadvantage of these systems is the high initial cost, because it
is an emerging technology with low mass production; nonetheless, once mass production
reaches a value of 20,000 units per year, initial costs falls to highly competitive costs. The lack
of infrastructure to dispatch H2, like gas stations, is another disadvantage to handle fleets of
electric vehicle. This can be overcome, using storage and deliver systems of H2 in the operation
base of each fleet (as with batteries), the current technology of hydrogen allow it. Another
disadvantage is the need for special consideration of power converters, because the output
voltage of a fuel cell presents important variations under normal operational conditions.
However, this issue has been addressed by experts in the last decade[15–23].

5.1. Business opportunities

The introduction of fuel cell technology in the operation of electric vehicles opens many
business opportunities, from new manufacture companies of fuel cells and hydrogen tanks to
new business in both hydrogen dispatching and production.

The renewable power sources are also another sector that can be included in the new business
opportunities, because feeding of electricity to electric cars, ideally, must be using renewable
energies in such a way that cars are going to be efficient and environmentally friendly.

Figure 9. Sectors involved in the new business opportunities.
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Figure 9 illustrates sectors involved in the new business opportunities with the mass produc‐
tion of fuel cell and the introduction of this technology in electric vehicles.

Companies that make electrolyzers are essential for developing the fuel cell car industry, due
to the fact that hydrogen production must be conducted through electrolyzers by means of
renewable energy power plants. If hydrogen is obtained using renewable energies, electric cars
will be highly sustainable. For that reason, power plants based on renewable energies (solar,
wind, etc.) will be involved in this new scheme, i.e. they will have a new potential user, either
interconnected to the electric grid or by means of isolated systems. If we take into account the
amount of energy consumed by cars, the size of the market is very high.

On the other hand, we can see (right side of Figure 9) that the fuel cell cars or automotive
industry will need not only the fuel cell technology but also the technology of gas storage
systems. Nowadays, fuel cell companies have several years operating but not at the production
rate of automotive companies. That is why business opportunities appear, because more fuel
cell manufacturers should be created. The same situation happens with hydrogen tanks
manufacturers. The hydrogen tank is the part in the fuel cell vehicles that constraints the range
of the vehicle and represents an important amount of the vehicle cost.

For sure, many other part supply companies can be created because for both mass production
of fuel cells as well as electrolyzers, millions of components like elastomer seals, bipolar plates,
membranes, gaskets etc, will be needed due to the fact that a fuel cell stack could need up to
thousands of components.

6. Conclusion

beyond the fact that fuel cells are now a real option as an alternative power source in electric
vehicles, they are an efficient and environmentally friendly technology. The use of this
technology is a good way for obtaining zero emissions in electric vehicles when hydrogen is
obtained from a renewable source, as we can avoid emitting CO2. In the particular situation of
the BEVs fleets, the fuel cells become an alternative to increase its range and to reduce
environmental impact. In fact, fuel cells can be an alternative to increase the lifecycle of a
battery bank, while fuel cells provide enough energy to keep the SOC at values where the aging
of batteries is lowered.

The economics can be a matter to justify the uses of fuel cells, mainly as a range extender
system. This happens because the hardware of existent BEVs can be used in such a way that
the overall price of the vehicle can be increased just between 5% and 20% while the range is
doubled.

New business opportunities are going to be opened not only in the automotive industry but
also in renewable energies companies and the manufacture industry. The growth of the fuel
cell industry will depend on adoption of this technology by electric vehicles, and also adoption
of electric vehicles technology by companies that usually need fleets as a supply chain system.
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Abstract

The sustainability of food supply chain management in a global market after the Economic
Crisis is increasingly relevant; the economic and environmental pillars have been closely
studied and examined, while the social pillar is considered only marginally and never
independently.  We  propose  a  literature  review  focused  on  28  articles  regarding
sustainability in the food supply chain. The proposed review (a) detects methods that
could be used to enhance sustainability, (b) highlights the most used methods and their
shortcomings, and with regard to social sustainability (c) highlights the fact that most of
the studies were found to be based on empirical approach. Moreover, we propose the use
of a fuzzy framework to evaluate sustainability (in particular, the social aspect), since
fuzzy variables could better explain phenomena and situations generally described
verbally.

Keywords: Sustainable Supply Chain Management (SSCM), Food, Information Tech‐
nology, Social Sustainability, Literature review

1. Introduction

Globalization and the establishment of a global market have transformed the process of
production, storage, transportation and the sale of perishable goods as well as the extension of
delivery times and the scattering of production and storage locations. It therefore follows that
the supply chain has become a complex process composed of many factors. Food as a perisha‐
ble good is most certainly freight, which requires careful attention during the various stages
and processes of the supply chain.



The sustainability of the supply chain is generally defined as a union of three dimensions:
economic aspects, environmental performance and social responsibility [1]. The economic
aspect is analysed in the majority of papers, while interactions with environmental perform‐
ance are also taken into consideration. Social responsibility is examined only marginally and
generally from the economic point of view.

In the case of food, the combined analysis of the three aspects could be hampered by the
particular characteristics of this freight which deteriorates over time. In this chapter, we review
approaches which enhance sustainability with a focus on social responsibility with regard to
food.

The appearance of food is vital, being that appearance is often linked to quality. Food quality
could be quantified according to its chemical, physical, microbiological or sensory character‐
istics. Factors which influence the kinetics of food deterioration are non-enzymatic browning,
vitamin loss, microbial death or growth, oxidative colour loss and texture loss [2].

The transportation and handling of food are certainly sensitive parts of the supply chain, since
it is during these phases that an increasing number of factors cause deterioration and quality
changes. In particular, it becomes difficult to ensure stable conditions to limit deterioration,
making it necessary to carefully monitor the entire process. It makes sense to include human
resources and also use sensors and detectors in the process of verifying quality to improve
performance. The proper use of suitable information technology (IT) allows one to maintain a
high level of quality and to make corrections in real time.

In this chapter, we present a detailed review of the procedures and methods used to manage
the supply chain of perishable goods, with a focus on food. The choice of literature database
and keywords were carefully made, taking into account that food (as a perishable good) could
be examined from very different angles (economic, biological, logistic, social, etc.), which are
all not necessarily directly connected with supply chain management.

The time period examined in the review also includes that of the Global Economic Crisis to
examine whether economic changes influence social responsibility (local production of food,
shortening of the supply chain and development of the local economy) and environmental
performance (reduction of waste––spoiled food and increase of recycling) with regard to food.

The chapter is composed of four sections and a conclusion. The relations between the sections
are presented in Figure 1.

In the introduction, we present the motives that led to writing about the methods used to
manage the supply chain of perishable goods with a focus on food.

Sustainability in the supply chain is defined in Section 1. A definition of sustainability related
to the food supply chain is also proposed, with a particular focus on social responsibility with
regard to food.

In Section 2, a step by step literature review of methods used to manage the food supply chain
is defined. The starting point is the classical Economic Order Quantity (EOQ) model for
perishable goods, with exponential inventory and deterioration function. The review is then

Sustainable Supply Chain Management100



extended to other differential and integral methods used to optimize the ordering period and
to the network optimization methods applied to the supply chain network.

In Section 3 are classified procedures and methods used to manage the food supply chain.
Detected critical factors (social, economic, technical, etc.) in the supply chain are highlighted,
and IT implementation is examined or suggested.

Figure 1. Structure and relations between the sections of the chapter.

The proposed classification is done to highlight:

a. Leading methods used to improve the sustainability of the supply chain,

b. Connectivity options between different approaches with a particular focus on the
appropriate use of IT to improve sustainability, and

c. Neglected aspects of sustainability with a particular focus on social responsibility.

2. Definition of sustainability in the food supply chain

The first and most commonly known definition of sustainable development is from the
Brundtland Report [3]:
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"Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs. It contains within
it two key concepts:

• the concept ofneeds, in particular the essential needs of the world's poor, to which
overriding priority should be given; and

• the ideaof limitationsimposed by the state of technology and social organization on
the environment's ability to meet present and future needs."

This definition is abstract and not balanced, because it is focused on the human factor. We
consider it more advantageous to adopt a more stable and complete definition based on the
three pillars: social, environmental and economic sustainability [1,4].

Economic sustainability has become increasingly important since the Global Economic Crisis;
a concerted effort has been made to reduce bribery, antitrust claims, tax evasion and to prevent
a new financial crisis [5].

In addition, the Climate Change Conference held in Paris at the end of 2015 confirmed that
environmental sustainability is also of great significance, since pollution, emission of green‐
house gases, ozone depletion, excessive or unnecessary packaging, water scarcity, heat-waves,
droughts and production of waste are deteriorating the planet and reducing quality of life.
The reduction of these phenomena is necessary, but it is often connected to economic sustain‐
ability, and unfortunately environmental and economic aspects are generally not proportion‐
ate [5].

Social sustainability is connected to the reduction of risks related to excessive hours of work,
unfair wages, child labour, discrimination, an unhealthy and unsafe work environment,
exploitative hiring policies, unethical treatment of animals and social instability. The achieve‐
ment of social sustainability is the most complex among the pillars of sustainability, since data
and research regarding these issues are often insufficient or altered, and the social aspect is
generally at odds with its other two counterparts [5].

On the basis of the data presented in the literature [1] one can note that in supply chain
management, the economic and environmental dimensions of sustainability are the most
analysed, while the social dimension is the less considered aspect. In addition, connections
between the social aspect and the economic and environmental aspects are poorly considered.
Hence, the social aspect of sustainability in supply chain management is the weakest aspect
and requires further analysis and integration with its counterparts.

The integration of all the three aspects plays a central role in improving sustainability, but from
the previously discussed findings it is possible to conclude that the social dimension needs
much better integration with economic and environmental issues [6].

The three-pillar definition of sustainability is presented in Figure 2.

The below-given definition of sustainability in the supply chain can also be used with reference
to food supply. In this case, the social aspect is connected with the production and consumption
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of food. The relationships between the economic, environmental and social aspects become
more complicated and at times conflictual in nature.

3. Literature review of methods used to manage the food supply chain

Over the last decade (from 2006), many literature review articles were written on the supply
chain, which reviewed methods needed to improve the economic and environmental aspects
of sustainability. The social aspect of sustainability was rarely considered and poorly exam‐
ined. Among these articles, no literature review dealt with the food supply chain which focused
on the social aspect of sustainability. Table 1 presents the supply chain review articles.
Highlighted are our findings and the sustainability aspects which were taken into considera‐
tion. Seventeen review articles were examined which were published in relevant journals
found on the web platform, Science Direct (SD).

On the basis of the data from Table 1, it is possible to see that:

i. Almost all the papers reviewed (94%), except that by Seuring and Zhang [6], took into
consideration the economic aspect of sustainability.

ii. In almost all the papers reviewed, two aspects of sustainability are dealt with––the
environmental and the economic. Also, only the economic aspect is considered
individually, except in the paper by Seuring and Zhang [6], where the environmental
aspect is considered individually.

Figure 2. Three-pillar definition of sustainability.
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iii. Only 19% of papers reviewed investigated the social aspect of sustainability.

iv. The social aspect of sustainability is always aggregated to the other two aspects of
sustainability.

v. In four review papers [12,13,15,16], sustainability in the food supply chain was
analysed, but the social pillar was not considered. Of all the papers considered, only
that by Beske et al. [12] dealt with the social aspect, and that too marginally.

The analysis of the data has shown a clear lack of research papers regarding the social aspect
of sustainability in the food supply chain. Next, a literature review which attempts to fill this
gap will be presented.

Authors and
publication
year

Title Sustainability
aspect

Article focus Findings

Grillo et al.,
2016 [7]

A review of mathemati
cal models for supporti
ng the order promising
process under Lack of
Homogeneity in Product
and other sources of
uncertainty

Economic
aspect

Review of
mathematical
programming
models

Support to the
order process

Mulyati, 2016
[4]

Sustainability in Supp
ly Chain Manageme
nt Casebook: Applica
tions in SCM:
a book review

Economic aspect,
environmental
aspect and social
aspect

Review of practi
cal examples

Handbook

Wang et al.,
2015 [8]

Service supply chain
management: A review
of operational models

Economic aspect Review of operatio
nal models in service
supply chain
management

Identification of the
research challenges

Eskandarpour
et al., 2015 [1]

Sustainable supply chain
network design: An
optimization-oriented
review

Economic aspect,
environmental
aspect

Review of network
design

Identification of
modelling, solution
techniques and fields
of application

Bazan et al.,
2015 [9]

A review of mathematical
inventory models for rever
se logistics and the future
of its modelling: An
environmental perspective

Economic aspect,
environmental
aspect

Review of
mathematical mode
ls for reverse logistics

Outline that an
environmental issue in
RL is not modelled.
Presentation of a new
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Authors and
publication
year

Title Sustainability
aspect

Article focus Findings

modelling approach for
green RL

Sternberg and
Andersson, 2014
[10]

Decentralized intelligence
in freight transport—A
critical review

Economic aspect Review of network
design

Overview of research on
decentralized freight
intelligence

Steadie Seifi et
al., 2014 [11]

Multimodal freight
transportation planning:
A literature review

Economic aspect Review of network
design

Identification of strategic,
tactical, and operational
levels of planning

Beske et al.,
2014 [12]

Sustainable supply chain
management practices and
dynamic capabilities in the
food industry: A critical
analysis of the literature

Economic aspect,
social aspect

Link Sustainable
Supply Chain
Management with
the Dynamic
Capabilities Theory

Identification of specific
Dynamic Capabilities for
managing sustainable
supply chains in the food
industry.

Dabbene et al.,
2014 [13]

Traceability issues in food
supply chain management:
A review

Economic aspect Review of network
design and
optimization

Involvement of traceability
issues in supply chain
design and optimisation.

Martínez-
Jurado and
Moyano-
Fuentes,
2014 [14]

Lean Management, Supply
Chain Management and
Sustainability: A Literatu
re Review

Economic aspect,
environmental
aspect

Evaluation of the
links between Lean
Management, Supply
Chain Management
and Sustainability

Identification of
contradictions and
inconsistencies

Yared Lemma
and Gatew,
2014 [15]

Loss in Perishable Food
Supply Chain: An
Optimization Approach
Literature Review

Economic aspect Review of literature Identification of the main
issues (production,
transportation and
inventory] of loss of food
in agricultural supply
chain

Dora et al.,
2013 [16]

Food quality management
system: Reviewing
assessment strategies and
a feasibility study for
European food small and
medium-sized enterprises

Economic aspect,
environmental
aspect

Review of quality
management models

Identification of benefits
from the implementation
of QM principles

Seuring, 2013
[6]

A review of modelling
approaches for sustainable
supply chain management

Economic aspect,
environmental
aspect, Social
aspect

Review of quality
modelling approach
es

Confirmation that the
social dimension needs
much better integration
with the economic and
environmental ones
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Authors and
publication
year

Title Sustainability
aspect

Article focus Findings

Govindan,
2013 [17,18]

Embedding Sustainability
Dynamics in Supply Chain
Relationship Management
and Governance Structures:
Introduction, Review
and opportunities

Economic aspect,
environmental
aspect

Review of data Adds governance and
relationship aspects to
agenda

Styles et al.,
2012 [18]

Environmental improvem
ent of product supply
chains: A review of Europ
ean retailers’ performance

Environmental
aspect

Review of data Identification of European
retailers’ environmental
improvement of supply
chains.

Awudu and
Zhang, 2012
[19]

Uncertainties and
sustainability concepts in
biofuel supply chain
management: A review

Environmental
aspect, social
aspect

Review of
mathematical
simulations and
programming

Summary of differences
and sustainability concepts
of the first, second, third
and fourth generation
biofuel

Gupta and
Palsule-Desai,
2011 [20]

Sustainable Supply Chain
Management: Review and
Research Opportunities

Economic aspect,
environmental
aspect

Review of strategic
considerations;
regulation and
government policies;
integrative models
and decision support
tools

Development of an
integrative framework to
summarise literature

Note: Highlighted articles are related to the food supply chain.

Table 1. Literature review articles on sustainability in the supply chain.

3.1. Methodology

The starting point of all research is certainly a detailed analysis and classification of the results
obtained by the researchers in this field. A methodical literature review could potentially bring
to light the results obtained till date. In this paper, systematic methods of review will be used
in order to summarize results presented by the authors of papers found in international
publications (journals).

The classical narrative method of review will be used only as a complement to the systematic
method of review, since a chronological list of articles and the accompanying results allow one
to have an overall evaluation, but not to highlight the peculiarities or deficiencies of the
searches.

Sustainable Supply Chain Management106



The systematic method of review permits one to aggregate similarities, identify topics that
have not yet been examined, classify results according to various criteria (country of origin,
method of analysis, obtained solutions, etc.) while still maintaining an overall view. Also, some
statistical methods typical for the meta-analysis of published data are adapted to the structure
of the analysed database [21–23].

The systematic literature review used in the next paragraph is composed of the following main
steps [24]:

I. Definition of the database

In this phase, the database is defined, and specifically, journals which are the basis
for the article search will be collected.

II. Literature selection

The criteria used in the search are carefully defined. It is very important to detect
proper keywords that entirely include the defined criteria and at the same time can
be neither too general nor too restrictive. The database is searched for titles, abstracts
and keywords which match the chosen search criteria.

III. Data collection and visualization of peculiarities

Articles are organized in a table which includes data regarding the authors, the name
of the journal which published the article, publication date, the data related to the
geographic region in question, methods used, results obtained and data regarding
the examined aspects of risk in food supply chain management.

3.2. Definition of the database

The dataset composed of articles and books is extracted from the web platform, Science Direct
(SD). This platform was chosen because access to all titles and abstracts of the articles is free
for the researchers of the University of Ljubljana, and also the text of most articles is free. Non-
academic users must subscribe to access the complete databases. In addition, articles from this
database are all peer-reviewed and are representative of a majority of the studies and results
in this field. All articles are in English; therefore, the same English keywords could be
employed.

3.3. Literature selection

The keyword search is defined hierarchically by the definition of an initial large dataset of
articles and other contributions through the use of keywords, which are not too specific, and
then subsequently narrowing the search by increasing the specificity of the keywords.

In the first step, the general terms supply chain management were used, and then the selection
was further restricted by using the term sustainability, and then by the term food. Keywords
were combined by the Boolean operators AND and OR. The search was conducted between
the Title words, Keywords and words in the Abstract. The term sustainability is also often used
in the adjectival form sustainable; so, the search was extended to both forms. Also, the term food
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is often replaced by the terms goods or perishable goods; so, the search was extended also to the
term goods. The replacement of the term food with terms goods or perishable goods did not
produce additional results, which suggests that researchers do not use the term goods with
regard to sustainability of food supply chain.

An additional condition used in the search was the publication year, as it is generally reason‐
able to avoid making use of literature which is more than 5 years old. However, for the
purposes of this paper, a greater time interval was used from the year 2006 to the present. This
allows one to measure the influence of the Global Economic Crisis and climate change on the
sustainability of the food supply chain by detecting the number of related articles published
during this period.

To verify the quality of the constructed dataset of articles, using the same keywords, Scopus
and Web of Science platforms were also inspected. The obtained results were the same, with
only a few different articles being found. Unfortunately, these articles are not freely accessible,
and therefore were not included in the dataset.

Furthermore, the snowball or reverse search technique which enables obtaining additional
articles by tracing citations from articles already included in the dataset was not used, since,
on the basis of the literature review analysis presented in Table 1, it is possible to conclude
that: (a) the contents of the cited articles are more general than the contents of the final set of
articles on sustainability in food supply chain management, (b) they are dated before the
articles already included in the dataset and (c) the results are abstracted in the original and
review articles already included in the dataset.

Finally, it was necessary to remove from the list of contributions any article that contained the
above-mentioned keywords, but which, upon closer inspection, was found to be not directly
connected with the topics analysed in this article. Two articles about the biofuel supply chain
management were removed. In Figure 3, the progress and results of the search are presented.

Figure 3. Search progress steps in the literature dataset definition.
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The final dataset is composed of only 28 articles, even if the singular use of the keywords
generated much larger sets. This would suggest that the aggregation of sustainability and food
to the supply chain management has not been sufficiently examined by researchers.

3.4. Data collection and visualization of peculiarities

In this phase, it is necessary to encode the acquired data; each record in the dataset contains
the following fields: (1) publication year, (2) author data, (3) title, (4) journal title, (5) considered
sustainable aspect, (6) definition of the analysed method used, (7) use of IT and (8) case study.
In Table 2, the original articles about sustainability in the food supply chain are presented.

Article data Sustainability Method used IT   Case study

Economic Environmental Social

Al-Busaidi
et al. [25]

∎ ∎ SWOT analysis ∎

Tidy
et al. [26]

∎ ∎ Data analysis ∎

Verdouw
et al. [27]

∎ Network design ∎ ∎

Saleh and
Roslin [28]

∎ Statistic approach/
Empirical test

∎

Fedrigotti and
Fischer [29]

∎ ∎ ∎ Statistic approach/
Empirical test

∎

Garrone
et al. [30]

∎ ∎ Availability Surplus
Recoverability Waste
(ASRW)

∎

Grekova
et al. [31]

∎ Empirical model ∎

Grimm
et al. [32]

∎ Qualitative analysis
of critical factors

∎

Papargyro
poulou et al. [33]

∎ ∎ ∎ Hierarchy method/
Statistic approach

Li
et al. [34]

∎ ∎ Game theory

Validi
et al. [35]

∎ ∎ Mathematical
optimization
model

∎

Turi
et al. [36]

∎ ∎ ∎ Mathematical
optimization
model
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Article data Sustainability Method used IT   Case study

Economic Environmental Social

Martikainen
et al. [37]

∎ Classification
methods

∎

Eksoz et al.
[38]

∎ Empirical
testing

∎

Chen et al.
[39]

∎ Analytical
optimization
model

∎

Bourlakis
et al. [40]

∎ Empirical model/
Statistic approach

Aung and
Chang [41]

∎ Clustering ∎

Ala-Harja
and Helo [42]

∎ ∎ Operation
Research
models

∎

Agustina et al.
[43]

∎ Mixed integer
programming

∎

Gold et al.
[45]

∎ ∎ Pyramidal method/
Qualitative
approach

Manzini and
Accorsi [46]

∎ Empirical testing

Wang et al.
[47]

∎ ∎ Mathematical
optimization
model

Zanoni and
Zavanella [48]

∎ ∎ Mathematical
optimization
model

∎

Lazaridesa [49] ∎ ∎ Empirical testing

Table 2. Original articles about sustainability in the food supply chain.

4. Classification of procedures and methods used to manage the supply
chain

In this section, the particularities of the original articles included in the dataset are explained.
We propose different classifications and have highlighted the differences with respect to the
results proposed in the review articles about the sustainable supply chain from Table 1.
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The original papers considered do not address all the three dimensions of sustainability, that
is, the economic, environmental and social aspects. In Figure 4, the distribution with respect
those dimensions is proposed.

Figure 4. Distribution of the original articles with respect to the sustainability dimensions.

It is possible to see that the researchers considered the economic aspect most significant, since
almost all the articles included this dimension in the analysis. The environmental aspect was
the second most frequently considered dimension and was generally combined with the
economic aspect, with the exceptions of the article by Garrone et al. [30], which did not consider
the economic aspect but analysed the environmental and social aspects, and the article by
Grekova et al. [31], which considered the environmental aspect individually in the case of
Dutch food and beverage firms.

There were no articles which examined the social or environmental aspect individually. The
social aspect is generally connected with the economic. The obtained results are in accordance
with the findings on general sustainable supply chain highlighted by Eskandarpour et al. [1].
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In Figure 5, the distribution of the papers (review and original) is presented during the time
period [2006–2016]. It is possible to note that sustainability in food supply chain management
becomes a topic of consideration after the 2008 Global Economic Crisis. Social aspect of
sustainability becomes relevant from 2014.

The number of articles increases and becomes relevant from 2010, while from the papers
reviewed in Table 1, it is possible to note that sustainability in the supply chain has been
consistently studied since the early 1990s.

The articles’ dataset could also be classified with respect to the procedures and methods used:

a. Differential methods and integral methods used to optimize costs,

b. Network optimization applied to the supply chain network,

c. Detection of critical factors (social, economic, technical, etc.) in the supply chain, and

d. IT implementation.

In Figure 6, the rate of methods used to optimize and analyse the food supply chain is
presented. It is possible to note that in accordance with the results of the general literature
review papers from Table 1, the cost optimization methods based on the EOQ model and on
mathematical optimization are the most commonly used (41% of the articles); SWOT analysis
and other methods used to detect critical factor are also frequently used (38% of the articles).

Figure 5. Distribution of the papers in the given time period.
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In the analysed dataset, IT is associated with the other methods in 17% of the articles. Only in
the article by Verdouw et al. [27] is the use of the Internet of Things proposed for use in
managing the food supply chain.

Articles that present case studies (25% of the original articles) generally considered practical
examples from European regions, with the exception of the article by Al-Busaidi et al. [25] that
examined the seafood supply chain in the Sultanate of Oman.

Figure 6. Distribution of the papers with respect to the investigation method used.

Studies which consider the social dimension in supply chain management are all generally
based on empirical case studies, and there are no generic models which include all three
dimensions of sustainability [1].

In the case of food supply chain management, there are studies which approach the social
aspect of sustainability with quantitative mathematical optimization models [30,33,36,44].
These models are not generic but could be a good starting point to improve the importance of
the social aspect of sustainability in a general model.

A limitation to all the analysed models is that the social aspect is subordinated to the economic
(or environmental) aspect of sustainability. In the articles considered, general solutions on how
to develop and improve sustainability as local production of food and shortening the supply
chain are not proposed [25–27,29,39].

In Table 3, the main aspects and research approaches to the three pillars of sustainability are
summarized.
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Sustainability in the food supply chain

Economic aspect Environmental aspect Social aspect

Costs optimization:
- production costs
- inventory costs
- transport costs

Waste management
Food quality

Food quality
Work conditions
Local production of food

Mathematical optimization models based on costs and IT implementation
[49]
[34]
[42]
[47]
[48]

Empirical models, statistic review of data, optimization models
[30]

Empirical models, statistic review of data, optimization models
[29]
[33]
[36]

Table 3. Main topics and aspects of sustainability in food supply chain.

On the basis of the results summarized in Table 3, it is possible to note that there are no
articles (detected with the keywords defined in Section 3.3) which use fuzzy reasoning to as‐
sess the three aspects of sustainability. The fuzzy approach is generally used to define pa‐
rameters that are not usually crisp constant, but have values that are defined as words
(small, medium, large) used by the experts to describe characteristics of the supply chain,
food quality, working conditions, etc. [50].

Fuzzy reasoning could be used to evaluate the social aspect, since this category includes aspects
that are usually evaluated descriptively; for this reason, empirical models are proposed to
analyse this aspect. The environmental aspect is described by empirical models, but optimi‐
zation models are also proposed. So, in this case, the introduction of fuzzy variables in a crisp
optimization model could be appropriate. The economic aspect is the most studied, and many
efficient crisp optimization models are detected in the review. An overall assessment of
sustainability, taking into account all three aspects and their particularities, could be defined
by a fuzzy logic reasoning model which analyses the economic, environmental and social
aspects of sustainability and defines a score as much as the human brain does.

The rules used in the fuzzy evaluation model are defined on the basis of the priorities and
particularities in the reviewed articles (see Table 3). In the model, fuzzy and crisp variables
could be used. Fuzzy variables could be defined using three fuzzy terms (bad, good, very good)
and triangular membership functions. In Figure 7, an example of the fuzzy model is proposed.
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Since the proposed framework is very close to neural networks and expert systems, it could
be expanded by the use of relevant IT in a smart tool to evaluate the sustainability level of the
food supply chain management.

Figure 7. Evaluation of the sustainability level of the food supply chain.

5. Conclusion

The aim of the proposed manuscript is to improve upon the already published reviews of
articles on the management of the food supply chain and to present a review of the methods
explained in the articles, which are used to improve the food supply chain with a focus on the
social aspect. There are many literature reviews regarding sustainable supply chain manage‐
ment (also dealing with perishable goods and food); however, social responsibility and the use
of IT to improve social sustainability have not yet been satisfactorily investigated.

From the proposed classification of articles about food supply chain management, it is possible
to highlight that:

I. the social aspect of sustainability is not sufficiently considered and is always com‐
bined with the economic or environmental aspect,

II. the proposed optimization models are local, and the social aspect of sustainability is
included in the models only marginally in the conditions,
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III. IT is used as a support to the mathematical or empirical models,

IV. sustainability has become a relevant issue after the Global Economic Crisis, and

V. there are no general models.

The articles listed in Table 3 could be used to define a general frame of sustainability with
regard to the food supply chain. The social aspect of sustainability requires further analysis to
define qualitative indicators that permit one to measure the level of implementation of social
responsibility in the food supply chain. For this purpose, a framework of a fuzzy evaluation
model was explained.

We hope that this encourages the food industry to take into consideration the social aspect as
a positive addition to the economic and environmental aspects. From the definition of
sustainability and the results obtained in the review, it is possible to conclude that only the
balanced implementation of the social, economic and environmental aspects of sustainability
can be acceptable for the food industry and the customers. For this reason, a framework to
define global assessment model of sustainability has been proposed.
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Abstract

The concern for products that meet the requirements of sustainability is a key factor that
drives consumers and can be the engine of a successful economy in the food businesses.
In the specific case of the fresh fruit and vegetables, more than ever, sustainability
understood as a greater focus on the social and environmental performance of the product
and of its supply chain, can be considered as a tool to counter the consumer's disaffec‐
tion. The communication of the product's sustainability can indeed represent a tool to
bring out the fruit and vegetable products from the anonymity, a strategy to will make it
‘remember', relying not only on the traditional values recognized to the segment, but also
on a set of the supply chain attributes that can differentiate it. However, how to get
effectively to the consumer by using a multidimensional and complex concept as the
product's sustainability of the product, how to make the sustainability attribute a factor
to be considered in the final purchasing choices, how to involve the different stakehold‐
ers in the building of a sustainable supply chain (regardless of its length) are still open
discussion topics. After presenting the main sustainability certification and communica‐
tion tools adopted till nowadays for the fresh fruit and vegetables supply chain, the chapter
investigates the relative potentialities and criticisms in order to turn them into a real
competitiveness’ asset.

Keywords: Sustainability, Fructicolture, Certification, Stakeholders, labels



1. Introduction

Even in one of the most important food categories—fresh fruit and vegetables—there is a
current trend whereby consumers are increasingly looking for a sustainable form of trade. The
agri‐food industry1—and the fruit and vegetable sector in particular—must meet require‐
ments that vary geographically and over time as a result of changing technology and consumer
behaviour.

Eating habits have always been an important element of culture [1]. Numerous models have
been adopted by different scientific disciplines to describe the choices and behaviour of food
buyers [2–6]. Whereas in the past food choices were largely dictated by the necessity of
satisfying a basic physiological need, nowadays the motivation is more social in nature [7],
suggesting that external factors can affect what we choose to eat [8]. Of these new requirements,
the ‘emotional’ aspects (security, love, esteem and self‐fulfilment) are undoubtedly among the
most interesting when it comes to understanding changes in food consumption [9,10].
Sociodemographic variables no longer seem sufficient to explain the behaviour of the modern
consumer, who instead must be viewed with a multidisciplinary approach that takes addi‐
tional aspects into consideration. This evolution has spawned the modern consumer of fruit
and vegetables, who is more conscious of environmental sustainability and socio‐economic
issues and relies on these factors to inform his or her choices. More specifically, factors such
as the type of product, its qualitative aspects, packaging [11] and distribution channel,
although very different from one another, have become fundamental in guiding the purchas‐
ing behaviour of consumers [12,13]. Now more informed consumers tend to buy products that
can be classed as sustainable, a definition that over time has become multidimensional [14].
This information is particularly relevant for the credence attributes of fruit and vegetables,
which cannot be ascertained even after the consumption experience. These include, for
example, aspects such as the local provenance of the product, how organic it is, producer
support and respect for workers’ rights [15]. In this case, the consumer's decision is based solely
on how much confidence he or she has in the information on the label, the brand or other
elements that help to build the product's reputation by sharing some of its extrinsic qualities.
As a result, the information asymmetry is reduced and the credence attribute becomes a search
attribute, which means that some information may be known to consumers before they buy,
regardless of the consumption experience.

The increased focus on social and environmental balance and how to convey these aspects
properly thus have considerable implications for the fruit and vegetable supply chain. To
differentiate or promote new products, consideration must be given to the use of natural
resources, as well as minimising the impact of farming on the environment and on the local
community, how and where the produce is grown, the characteristics and socio‐economic and
environmental impact of processing, the health benefits of the product, its distribution channel,
and finally waste recycling and management. Meeting these consumer expectations requires
an industry‐wide commitment to maintain, improve and promote the qualitative aspects of

1 Defined as a group of activities between companies and sectors linked by business relations designed to add value to
food on the journey from field to fork.
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the product and producer, which in turn becomes an incentive for corrective action and
improved performance by supply chain actors. The purpose of this paper is therefore to
describe those instruments that have been developed thus far within the fruit and vegetable
supply chain, discussing their main benefits, limitations and drawbacks.

2. An overview of certification schemes and communication tools for
F&V

To address this growing demand for sustainability in a way that is appropriate and commen‐
surate with the consumer's needs, a wide variety of schemes have been developed over the
past decade—both in the fruit and vegetable supply chain and elsewhere—that differ in terms
of their objectives, structure and operating methods. These consist of optional certification
tools (voluntary product certification and standards), as well as self‐declaration. The main
examples are listed in Table 1. These schemes are not intended to demonstrate compliance
with legal requirements. However, when used by operators to facilitate the transition with
other actors in the fruit and vegetable supply chain by indicating conformity with legal
requirements, it is clear that this type of tool cannot be used to differentiate products on the
market.

2.1. Certification and standards

With regard to F&V certification schemes, a special arrangement whereby a certificate is issued
by a third party guarantees compliance with a certain number of characteristics or attributes
of the product or its production method or system, as defined in a standard. These include a
wide range of initiatives at different points along the food chain (either before or after leaving
the farm, along the entire food chain or in part of it, in all sectors or in a particular market
segment).

Tipology Standard of
reference

Key features

Integrated production Voluntary third-party
certification

UNI 11233 Selection of agronomic preventive measures
and biological/physical/chemical methods are
carefully selected and balanced taking into
account the protection of health of both
farmers and consumers and of the
environment

Supply chain
traceability

Voluntary third-party
certification

ISO 22005 (2008) Traceability

Quality management
system

Voluntary third-party
certification

ISO 9001 Minimization of harmful effects on the
environment, conformity to applicable
regulatory requirements, achievement of
improvement of environmental performance
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Tipology Standard of
reference

Key features

Social responsibility Voluntary third-party
certification

SA 8000 Ethics

Food security
management system

Voluntary third-party
certification

ISO 22000 (2005),
HACCP (FAO/OMS
Codex Alimentarius)

Food security

Good Agricultural
Practices
(GLOBALGAP)

Voluntary third-party
standard

Chain of Custody
Standard

The certificate covers the process from farm
inputs like feed or seedlings and all the
farming activities until the product leaves the
farm

British Retail
Consortium (BRC)

Voluntary third-party
standard

BRC Global Standard
Food

Senior management commitment and
continuous improvement, hazard and risk
analysis, quality management system, site and
building standards, vehicle operating
standards, facility management, good
operating practices, personnel

International Food
Standard (IFS)

Voluntary third-party
standard

GFSI Global Food
Safety Standard

Senior management responsibility, quality and
food safety management systems, resource
management, production process,
measurements, analysis, improvements and
food defence

Eco management and
Audit Scheme (EMAS)

Voluntary third-party
certification

UNI EN ISO 14001 Environmental efficiency

Self-declared
environmental claims

Type II environmental
labelling

ISO 14021 Environmental: defined once for once, for
example recyclable

Environmental Product
Declaration (EPD®)

Type III environmental
labelling

UNI ISO 14025:2006 Environmental: quantified product life cycle
environmental performance information

Source: Re-elaboration with permission from Tecco et al. [16].

Table 1. Summary of the main certificates and other tools used in the fruit and vegetable supply chain.

Their use is particularly apt, given how complex the operator's commitments are, set out in
detailed standards that require periodic verification.

Among the voluntary standards certified by third parties, Global Gap (until 2007 EurepGap),
an initiative of the Euro‐Retailer Produce Working Group (EUREP), is currently one of the
initiatives with the most members in Europe and worldwide [17]. Certification is based on
compliance with Good Agriculture Practices (hence the acronym GAP) for agricultural
produce of plant origin. This addresses consumer expectations in terms of food safety,
traceability, the environment and health and safety of workers. The protocol can be adopted
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for individual phases or for the entire supply chain, with a module‐based certification system
in which option 1 is for farms, while option 2 includes quality system management by
commercial farms and F&V packaging, which take place downstream of agricultural produc‐
tion.

In addition to third‐party certification, certification schemes may use labels or logos (the latter
sometimes registered trademarks) as a communication tool. The labels used fall into the
following classifications and descriptions of the International Standards Organisation (ISO):

• Type I label (ISO 14024)—often referred to as an eco‐label2, this is awarded by third parties
in the public or private sector which operate independently of the producer. They involve
the use of a logo associated with the certified product. These are based on a multi‐criteria
system that analyses each stage of the product life cycle, identifying the threshold values to
be met;

• Type III label (ISO 14025)—in this case, an accredited third‐party certification body analyses
the entire product life cycle based on parameters previously established by a life cycle
analysis (LCA); this system can be used with any type of production. The aim was to inform
consumers by providing elements enabling them to compare functionally similar goods and
services.

In the case of the Type I label used in the fruit and vegetable supply chain, the majority of
organic production logos and the European environmental quality logo (Ecolabel) fall into this
category for the primary sector. The other label in this category is the carbon neutral label; this
is becoming increasingly widespread, especially among operators who produce and market
tropical fruit.

In the case of AgroFair, the first farming cooperative in the world to market tropical fruit such
as bananas and pineapple under the fair trade and welfare banner, the goal has been to extend
fair trade and welfare recognition through additional certification demonstrating zero‐
emissions production. A similar approach has been taken by Dole Costa Rica to comply with
environmental strategies defined according to the Costa Rica Carbon Neutral Strategy 2021
[18].

The EPD® (Environmental Product Declaration), a document that quantifies a product's
environmental performance through appropriate categories of parameters calculated with
LCA methodology, is considered Type III labelling. One example of the application to the F&V
supply chain is Italian apples, produced under the aegis of the Italian Association of Apple
Producers (Assomela). Here, an LCA was used to quantify the environmental impacts
associated with the life cycle of apples in relation to the 2012, 2013 and 2014 harvest [19].

2.2. Self‐declaration

Another scheme in the fruit and vegetable sector is self‐declaration. Membership of these
schemes is through self‐declaration or selection by the operator of the scheme. Self‐declaration

2 The use of the term ‘ecolabel’ for this category can be confusing, since the European Union also has an Ecolabel scheme.
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is generally regarded as suitable for relatively basic information concerning particular
environmental aspects of the product, such as the absence of substances that are harmful to
the environment, recycled content or biodegradability. It is also based on the use of a label or
logo, although no external bodies are involved.

The labels used for this scheme are again covered by the ISO classification and are described
as follows:

• Type II Label (ISO 14021)—Self‐declared environmental claims. This is effectively done by
the producers, importers and distributors of the products [20]. According to ISO 14021, self‐
certification must include clear information that is not misleading or open to misinterpre‐
tation, and which can be certified if necessary (for example, if asked to produce the
documentation certifying the label, these must be supplied).

There has been widespread uptake of this tool in the fruit and vegetable supply chain for the
self‐certification of organic production, in parallel with the development of Participatory
Guarantee Systems [21].

3. Benefits distribution of voluntary socially and environmentally
responsible behaviour along the fruit and vegetables supply chain

The use of such schemes offers potential across the fruit and vegetable supply chain in terms
of increased competitiveness, which benefits producers, intermediaries and end consumers.

Actors’ categories Benefits

Producers

• Increased market access, market share and profit margins for certified products

• Increased efficiency

• Reduction in transaction costs

• Enhanced reputation and image

• Emphasis on uniqueness and local provenance

• A guarantee that supports the continuity of distribution agreements

• Enable premium price obtaining

Intermediaries/retailers

• IGuarantee of compliance with certain standards

• Protection in terms of product liability and reputation

• Reduced civil liability risk

• Enhanced reputation and image

• A closer partner (supplier) relationship
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Actors’ categories Benefits

Consumers

• Obtain reliable and trustworthy information on product characteristics and processing

• Reduction of information asymmetry

Source: Authors’ elaboration.

Table 2. Benefits of regimes according to the actors’ categories.

However, the distribution of these benefits within the fruit and vegetable supply chain is linked
to the methods and frequency with which such tools are used by operators, as well as their
visibility.

For this purpose, it is worth considering a further distinction, which allows the tools to be
classified according to the type of relationship created: Business to Business (B2B), in the case
of business‐to‐business relationships where the final recipient of the information is internal to
the supply chain, or Business to Consumer (B2C), for relationships between distributors and
consumers (Table 3).

Audience B2B B2C

Type of
attestation:

Certification (third-party attestation) Self-declaration

Objects of
specific
requirements

Mostly management
systems

Mostly products (including
services) and processes

Product and processes

Content of
require
ments

Baseline and above
baseline

Mostly above baseline Mostly above baseline

Source: Authors re-elaboration with permission from European Commission [22].

Table 3. Classifications of schemes according the kind of audience.

B2B tools are not shared with end consumers, who are often unaware of their existence.
GlobalGAP, International Food Standard and ISO 22000 certification are all B2B standards
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whose goal in the fruit and vegetable supply chain, as well as in the food industry as a whole,
is to facilitate trade between industry operators by offering assurances to buyers based on
certifiable standards that form the basis of a common language on which to build trade
relations.

B2C certification is a useful tool to show the market (customers, consumers, public opinion in
general) that the products meet the stated requirements. The choice of requirements is
therefore strategic for the success of the product and the certification, as the product takes on
associations and becomes recognisable depending on the information conveyed.

Supermarket distribution, as the most important retail channel for fruit and vegetable produce
with a market share of between 60 and 90%, depending on the Member State3 [23], is the party
that relies the most on the use of such schemes, both as a recipient of information via B2B
certification, and as a provider of information to its own customers with B2C tools. By
consulting the database of best practices in environmental and social sustainability, developed
as part of the Retailers’ Environmental Action Plan (REAP)4 and adopted by leading European
retailers, we can see how the initiatives taken by Delhaize Group, Eurocoop, Mercador,
Kaufland and Rewe Group in the F&V supply chain signal an approach designed to support
and communicate improvements in production and consumption systems, using certification
as a dual means of assurance and communication. The intention of minimising the impacts of
direct activities throughout the F&V supply chain is apparent, for example in the preference
for products that wherever possible satisfy the requirements of the green economy, in the
priority given to products that meet certain production standards, and in the optimisation of
transport efficiency.

The use of B2C tools currently prevails in Europe [24]. The use of certification schemes that
cover both applications using trademarks is also growing. The label used by Coop Italia for its
own‐brand fresh produce (Figure 1) is a good example of this combined approach. Quality
assurance and product safety are certified by third‐party controls that focus on four comple‐
mentary aspects:

1. the provenance of products from integrated farming;

2. chemical residues 70% below the legal limits;

3. the absence of post‐harvest chemical treatment;

4. strict control from field to point of sale.

In the F&V supply chain, therefore, it seems fairly obvious that environmental and social
sustainability has now become an asset for competitiveness, especially in supermarket
distribution, due both to its role as a hub or bottleneck [24] within the F&V supply chain, and
for its ability to respond more quickly to this challenge, seizing the advantages [25] through
third‐party certification and the private label.

3 More so in northern Europe than in the south.
4 The outcome of this project, launched by the European Commission in 2009, was the construction of a multi-stakeholder
platform to facilitate the virtual exchange of such actions among European supermarket operators. http://ec.europa.eu/
environment/industry/retail/reap/browse-by-category_en.html
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4. Drawbacks of the status Quo across the fruit and vegetables supply chain

Looking then at the distribution of benefits among stakeholders and the relationships between
them along the F&V supply chain, it is possible to present this synthetically, as proposed in
Figure 2.

As well as demonstrating the dominant position of the retailer as a major beneficiary of the
voluntary adoption of socio‐environmental responsibility behaviours, the diagram shows the
subordinate position both of producers and consumers in relation to the retailer.

As confirmation of the general trend observed in the spread and effectiveness of corporate
sustainability strategies [26], even in the fruit and vegetable supply chain, the competitive
outcome appears to be closely related to the mechanisms that link the various stakeholders
and their sustainability enhancement actions.

Despite the predominance of B2C tools and the development of multi‐information labels
(Figure 1), a segmented communication strategy is emerging within the sector, as well as a
lack of multidimensional cross‐cutting tools with a 360° approach to sustainability.

The diversity and fragmentation of the fruit and vegetable production system, coupled with
inconspicuous own‐brand policies, lead to a situation in which the adoption of responsibility
behaviours in terms of sustainability, and the resulting product differentiation is mostly
dictated by the demands of supermarket chains [27], instead of being designed from the
ground up to showcase the unique aspects and local nature of the production system. While
this ensures that producers meet high standards and encourages the renewal of retailer
distribution agreements, at times even securing a premium price (net of expenses and
additional costs), the level of visibility and recognition of producers among final consumers

Figure 1. Coop logo on fresh produce.
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remains low. The situation is even more complicated for producers who must join several
schemes to fulfil their buyers’ requirements. Producers who do not participate in the main
certification schemes (through choice or due to difficulties inherent in the country of origin, in
the case of the tropical fruit sector) face the risk of exclusion from the market. Non‐adoption
can therefore translate as a market barrier.

Even the act of purchasing ‘sustainable’ produce is beset by a series of difficulties linked to
effective communication, from consumer motivation/education to the knowledge‐action gap
and behaviour‐impact gap problems [28].

Strict communication rules require information to be presented clearly and concisely, given
the limited space on the label. This physical limitation can lead to distortions, misleading
consumers in a context where the meaning of sustainability attributes could be ambiguous for
the end user [29]. On the one hand, the complexity of sustainability risks being reduced to a
few synthetic messages/actions with purely cosmetic content [30]. In cases where compliance
is certified with minimum requirements or by self‐declaration, doubts may arise over the
credibility of the information or the transparency of the requirements envisaged.

On the other hand, more information in a single label can be confusing, given the consumer's
gaps, thus defeating the very purpose of the label [20,31]. Where the consumer is more socially
and environmentally motivated, the buying decision will be more informed and the buyer
more likely to use the information on the label correctly. In other words, the communicative
effect of the label does not influence the ‘average’ consumer, but tends to work mainly with
consumers who are already motivated [29]. Behavioural change is difficult when the infor‐
mation given is too complex to decipher or is based on conflicting values: in these situations,
consumers have a tendency to seek refuge in their usual buying habits [28].

Furthermore, it is now known that discrepancies exist between the expected (stated) behaviour
and the observed (actual) behaviour of consumers when making a purchase, fostering the
creation of a gap between knowledge and action (the ‘knowledge‐to‐action gap'). This
inconsistency is linked to the fact that the judgement and selection criterion for a sustainable

Figure 2. Illustration of the benefits distribution resulting from the voluntary adoption of socio‐environmental respon‐
sibility behaviours and the reciprocal position within the F&V supply chain. Source: authors’ elaboration.
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product have to compete with contingent factors influencing the intrinsic and extrinsic opinion
of the product, such as sensory quality, nutritional value, price, brand and quantity, in which
the sustainability of the product and/or the production process is merely seen as one of many
final characteristics of the product category. A choice seen as sustainable does not always have
the desired effect, leading to a gap this time between behaviour and impact (the ‘behaviour‐
impact gap') [32]. In this case, information and cognitive barriers prevail alongside rebound
effects [33] attributable to the presence of negative external factors within the supply chain or
its interaction with the outside world. This risks having a marginal or zero effect on the
commitment of parties who have adopted environmentally and socially responsible behav‐
iours [32] and those who support them by buying their products.

5. Future challenges

Although in recent years certification schemes, as a means of private regulation and commu‐
nication of the corporate sustainability commitment, have diverged enormously to increase
the transparency of results and the disclosure of actions taken by producers in terms of their
operating processes, significant efforts still need to be made before these become a win–win
strategy for stakeholders in the fruit and vegetable supply chain. The greatest obstacle is
fragmentation, in the sense of a compartmentalized and linear vision of the supply chain and
an interpretation of sustainability based on size and components.

The predominance of a vertical approach represents a drag on the harmonisation process. The
lack of horizontal relationships leads to unfair competition and undermines the effectiveness
of these tools, especially for the end user.

While the general objective is to improve the sustainability of the fruit and vegetable supply
chain, a systemic approach is needed in which—according to Nash's game theory—the best
result is achieved when each stakeholder in the supply chain does what is best for itself and
for the group at the same time. These represent the preconditions for a transition from the
social responsibility of individual enterprises to that of an integrated supply chain or territory
(depending on our point of view), in keeping with a social responsibility approach in which
competitiveness derives not only from the ability to respond to the market, but also from a
commitment to achieve adequate levels of sustainability guaranteed throughout the supply
chain and to contribute to the economic development of the local area. In this sense, the supply
chain builds and adds value, providing content and relational continuity for market transac‐
tions.

In this respect, power should be redistributed along the value chain and more consideration
given to each end of the supply chain—that is producers upstream and consumers downstream
—to respond to the needs of the fruit and vegetable sector by anticipating its needs.

The challenge is therefore to embrace and increasingly involve in this education and commu‐
nication process the ‘custodians’ of sustainability, in other words operators engaged in day‐
to‐day farming, who manage agricultural production inputs and control more or less
consciously the impacts for the end consumer.
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It is essential therefore that producers, individually or—better still—through producer
organisations, as stakeholders with direct experience of the product on the ground, succeed
in having a more active and visible role, so that socio‐environmental responsibility behaviours
are targeted as a worthwhile and strategic competitive advantage. The potential in terms of
the reservoir of capital that can be tapped is considerable, ranging from human and organi‐
sational to relational and symbolic capital [26].

To communicate the potential for innovation and the creation of added value for the final
market—and so for products that meet the ‘green and social requirements'—the consumer
must also be fully equipped to decipher the information contained in the label and to recognise
its objectivity and verifiability.

This approach means adopting new mechanisms for coordination between stakeholders, with
appropriate forms of control such as industry codes of conduct [34,35], collaborative practices
such as participatory certification systems aimed at building trust, cross‐cutting assessments
and analysis tools for the sector, using F&V life cycle analysis not only to assess the environ‐
mental impacts, but to consider their social [16] and economic implications. The life cycle
thinking approach is part of the broader theoretical framework of life cycle sustainability
analysis (LCSA) [36–38]. It paves the way for the construction of an interdisciplinary method‐
ology aimed at combining and integrating the assessment of sustainability issues.

All of these developments are desirable, even when examined as part of the transition towards
an increasingly circular economy within agri‐food systems [39].

6. A meaningful case study: Delizie di Bosco del Piemonte

In the light of these initial points and considerations, below is a summary of a green marketing
initiative [25], that we consider significant, both because it is promoted directly by a group of
small producers in an upland area in the Province of Cuneo (in the Piedmont region of
northwest Italy), and because the marketing content is designed to convey to the end consumer
the multidimensional nature of sustainability practices and responsibility (both environmental
and social). The Agrifrutta cooperative, a member of the Ortofruitalia producer organisation
(PO), in a bid to bolster its image and promote its small‐fruit production, decided to reduce
the environmental impact of its cultivation techniques, simultaneously quantifying the actions
taken so that compensatory measures could be adopted if necessary. First and foremost, the
production processes and practices related to cultivation and post‐harvest management of
strawberries [40] and small fruits [41] were analysed and evaluated using the life cycle
assessment (LCA) tool. The relevance of this technique consisted of the possibility of evaluating
all phases of the strawberry and small‐fruit production process as interrelated and interde‐
pendent, and of having an objective evaluation and quantification method to analyse the
different components of the impacts associated with strawberry and small‐fruit production.

This has effectively meant a renewed approach to the existing production/commercial system,
resulting in the adoption of new practices more suited to reducing the environmental/social
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impact (such as reducing the volumes of substrate used in the nursery, and using biodegrad‐
able and compostable films for mulching and packaging), communicated to consumers by
creating the ‘Delizie di Bosco di Piemonte’ brand (Figure 3).

Figure 3. Agrifrutta cooperative logo for strawberries and small fruit.

Following the impact assessment of production supply chains, a form of carbon offsetting was
proposed through the development of silvicultural systems properly managed by the same
small‐fruit producers (Figure 4).

Figure 4. Offsetting scheme for the strawberry and small‐fruit industry adopted by the Agrifrutta cooperative.

Indeed, unlike other primary sectors, agriculture is not only a source of carbon dioxide
emissions, but has the undeniable advantage of being able to perform CO2 sequestration, thus
enabling internal carbon offsetting. The differentiated production model of the farms consid‐
ered, which rotate different crops each season and comprise areas of woodland, pasture or
meadow, makes them natural holders of a ‘green credit’ and thus able to offset fully the carbon
dioxide generated in their production cycle. This allows them to create an environmental
business plan which forms the basis for the conservation of the characteristic landscape and
agro‐biodiversity of the production area. The approach taken has prepared the ground for
producer members and various industry stakeholders to forge stronger ties with the local area,
and to leverage this to build a reputation capable of establishing new and lasting agreements
with communities, distribution channels (supermarkets) and end consumers. The brand has
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strengthened the image of the product and the producer community. Creating a brand
addressed the requirements imposed by a new market structure that requires ever greater
product differentiation. It has also raised its profile in national and international markets,
emphasising its close links with the surrounding area; even in national and international
supermarket distribution, the cooperative's products can be identified and recognised, and
thus distinguished from similar products.

The decision to offset emissions through management of existing local areas, as well as
contributing to climate change mitigation, is also an opportunity to improve woodland
management, environmental protection and the development of rural and mountain areas.
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Abstract

Supply chain SC activities transform natural resources, raw materials,  and compo‐
nents into various finished products that are delivered to end customers. A high efficient
SC would bring great benefits to an enterprise such as integrated resources, reduced
logistics costs, improved logistics efficiency, and high quality of overall level of services.
In  contrast,  an  inefficient  SC  will  bring  additional  transaction  costs,  information
management costs, and resource waste, reduce the production capacity of all enterpris‐
es on the chain, and unsatisfactory customer relationships. So the evaluation of a SC is
important for an enterprise to survive in a competitive market in a globalized business
environment. Therefore, it is important to research the various methods, performance
indicator  systems,  and  technology  for  evaluating,  monitoring,  predicting,  and
optimizing the performance of a SC. A typical procedure of the performance evalua‐
tion (PE) of a SC is to use the established evaluation performance indicators, employ an
analytical method, follow a given procedure, to carry out quantitatively or qualitative‐
ly  comparative  analysis  to  provide  the  objective  and accurate  evaluation  of  a  SC
performance in a selected operation period. Various research works have been carried
out in proposing the performance indicator systems and methods for SC performance
evaluations. But there are no widely accepted indicator systems that can be applied in
practical SC performance evaluations due to the fact that the indicators in different
systems have been defined without a common understanding of the meanings and the
relationships between them, and they are nonlinear and very complicated.

In this  chapter,  the conception of  SC performance is  first  presented,  then relevant
theories about supply chain performance evaluation are discussed and several common
methods of supply chain performance evaluation are discussed. Finally, an evaluation
model  is  presented  for  SC  performance  evaluation  using  5  dimensional  balanced
scorecard  (5DBSC)  and  Levenberg–Marquardt  Back‐propagation  (LM‐BP)  neural
network algorithm.

Keywords: SCM, sustainability, performance evaluation, KPI, neural network,
5DBSC, LM‐BP



1. Introduction

Served as one of the three major US automobile companies, Chrysler Corporation was founded
in 1912. After establishment, the company made a rapid growth due to the constant new car
model strategies and shrewd management decisions. Without losing opportunities, a series of
cars that can keep pace with the time were designed, developed, and launched. All those efforts
demonstrated the courage of the company and have greatly enhanced the company's reputa‐
tion. As a result, Chrysler was hailed as the designing leader of automobile industry. However,
on 30 April 2009, as the company was in crisis, Chrysler Corporation filed for bankruptcy
protection. Since then, Chrysler entered bankruptcy proceedings.

In fact, the term “bankruptcy” was not new for this century‐old enterprise. In the company's
history, there were several times that it was on the verge of bankruptcy, but it had always
survived. The economic crisis in 1930s and recession in 2000 had seriously undermined
development of the company. The financial deficit forced Chrysler to have massive layoffs,
cut back production, and close factories. Rumors about bankruptcy of Chrysler were spread
out every now and then. But by taking product diversification strategies and optimizing
promotion channels, Chrysler overcame difficulties again and again.

People may ask, what is the exact reason of Chrysler going nearly into bankruptcy frequently?

General view of the US automobile industry is that even if not influenced by financial crisis,
the problems that Chrysler accumulated over the years cannot be resolved overnight. The
statistical figure shows that compared with BMW, Toyota, and some other automobile
companies, extra cost of a single vehicle produced by Chrysler was more than 2000 dollars. In
addition to the recognized “high labour costs,” Chrysler was also overwhelmed by excessive
welfare and retirement policy adopted in 20th century. The most unacceptable problem to the
US customers is that Chrysler was never bored with launching high‐emission cars Jeep, which
was contrary to the historical trend of saving oil and reducing emission. In short, the unsatis‐
factory performance of the supply chain (SC) made Americans believe that Chrysler will not
recover again.

From the above discussion, it can be seen that SC performance evaluation and management
are essential for an enterprise if it wants to develop in a long‐term stable way. In this chapter,
the conception of SC performance is first presented, then relevant theories about SC perform‐
ance evaluation are discussed, and several common methods of SC performance evaluation
are discussed. Finally, an evaluation model is presented for SC performance evaluation using
5 dimensional balanced scorecard (5DBSC) and Levenberg–Marquardt Back‐propagation
(LM‐BP) neural network algorithm.

2. Discussion of performance evaluation of SCM

The biological law—natural selection and survival of the fittest—proposed by Darwin can also
be applied to today's fierce business competition environment. Whether an enterprise has the
ability to adapt rapid market demand change or not and whether it can deal with the increasing
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competition pressure depend on if the enterprise has an effective way of SC management. In
order to achieve an effective SC management, SC performance should be evaluated first. Only
if SC performance is evaluated accurately and objectively, can existing problems of this SC be
identified, and hence, corresponding solutions be found and SC competitiveness be improved
ultimately.

2.1. Concept of SC performance evaluation

Nowadays, individual competition among enterprises has turned into group competition
among different SCs. During the implementation process of SC management, a great deal of
manpower, materials, and financial resources will be consumed and both internal and external
pressure from SC partners will have to be dealt with. Hence, a strict SC performance evaluation
must be conducted so that shortcomings can be found and corrected. By doing so, SC will be
competitive. Serving as a significant part of supply strategy management, performance
evaluation will help the enterprise or the organization to understand the daily activity
performance of the SC, based on which, a long‐term development strategy can be made.

Therefore, it is not difficult to understand the definition of SC performance evaluation:
adopting certain SC performance evaluation indices, compared with a unified evaluation
standard, using quantitative methods of statistics and operations research to comprehensively
evaluate SC performance and costs in a period of time in accordance with regulated procedures
in an objective, just and accurate way[1].

SC performance evaluation should serve the goal of the SC. Evaluation objects should cover
the whole SC as well as each member of SC. Also, interior and exterior performance of an
enterprise and comprehensive SC performance are involved in the performance evaluation
which are revealed by all kinds of indicators relating to operation and relationships. From the
time point of view, evaluation can be classified as prior, middle, and afterwards evaluation [1].

2.2. Principles and function of SC performance evaluation

Operation performance of the whole SC and members of the SC can be revealed by a good SC
performance evaluation system: if logistics processes among the enterprises are reasonable,
whether the quality and costs of the SC products are ideal or not. For example, if one supplier
on the SC is individually evaluated, then the lower the product price is the better. However,
considering such a low‐priced raw material will jeopardize final product quality, increase
production costs, and overall profit of the whole SC will be damaged, choosing this supplier
will not be an appropriate decision.

In order to evaluate operation performance of logistics system objectively and accurately, some
following principles must be complied with [2]:

1. Main point of performance evaluation should emphasize on the key performance
indicators. To analyze these indicators, mathematical or information tools should be used.

2. Indicators that can reflect SC business processes should be used.
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3. Indicators should not only reflect the performance of an individual enterprise but also the
subsystem and the whole SC. This is important to achieve the sustainable SC management
(SSCM).

4. Immediate evaluation methods should be used as much as possible, for doing so is more
meaningful than analyzing afterward.

5. Make sure that goal of SC performance evaluation and goal of the overall SC strategy are
consistent, otherwise, SC performance will not make considerable contributions to the
strategic goal.

6. Indicators that support the strategic goal should be chosen.

7. One of the final targets of each SC is to make customers satisfied. In order to fulfill the real
demand of customer, it is necessary for managers to understand what the demands are;
meanwhile, they should also have a clear understanding about the SC performance from
the customer point of view. Effective SC performance evaluation can play the following
roles in the SC management process [2]:

1. Deficiencies and shortcomings can be found and relevant improving measures can be
identified.

2. Serve as evaluation indicators of SC business processes reengineering, setting up time,
cost, and performance‐based SC optimized system will provide decision basis for
sustainable SC management.

3. By evaluating the member enterprise of a SC, excellent enterprises will be motivated,
troubled enterprises will be removed, and new partners will be attracted. Meanwhile,
partnerships will be evaluated too during SC performance evaluation.

3. Performance evaluation indicators

Companies not only have to concern themselves about environment issues but also have to
deal with social performance pressures such as social reputation and social responsibility. As
a result, although SSCM is a relatively new concept, it developed rapidly in the recent years.

Concept of sustainable SC should be understood before conducting management. There is not
a unified definition about sustainable SC yet, but some of the definitions are recognized by
most scholars, which are shown as follows.

Seuring and Müller defined SSCM as the management of material, information, and capital
flows as well as cooperation among companies along the SC while taking goals from all three
dimensions of sustainable development, that is, economic, environmental, and social, into
account which are derived from customer's and stakeholder's requirements [3].

Carter and Rogers believed that SSCM can be defined as the strategic, transparent integration,
and achievement of an organization's social, environmental, and economic goals in the
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systemic coordination of key interorganizational business processes for improving the long‐
term economic performance of the individual company and its SCs [4].

Based on conceptions mentioned above, it is not difficult to find out that the inclusion of
sustainability into the theory of SCM is most often based on the triple bottom line approach
[5] that calls for equal consideration of all three pillars of sustainability, namely, environment
performance, economic performance, and social performance. This means evaluation indica‐
tors can be chosen accordingly.

3.1. Environment indicators

In the area of SSCM, environment performance has been given a lot of attention. Sometimes,
there are tradeoffs between environment performance and economic performance. For
instance, ecofriendly materials may cost more so that it will have impact on economic per‐
formance. However, environment performance can positively influence economic perform‐
ance. For example, waste products or some certain emissions can be recycled as raw materials
for other products, and minimizing waste can also help to saving cost. In addition, an eco‐
friendly production method will save companies from a large amount of pollution control costs
or environmental penalty. Therefore, in order to achieve a win‐win target rather than tradeoffs,
managers should evaluate SSC from an integration point of view and achieve balance between
environment investment and cost efficiency. Here are some possible indicators for the
environment performance evaluation: greenhouse gas emission, water usage, energy con‐
sumption, waste generation, the use of hazardous and toxic substance, waste recycle etc [6].

3.2. Economic indicators

Whether in SSCM or in SCM, economic performance has been paid a lot of attention. One final
goal of a SC management is to make profit. Otherwise, it will be eliminated from the market.
When considering sustainability of a SC, focal companies might be able to justify the long‐term
economic benefits of designing environmental and social initiatives at the supply‐chain level
and present a business case for sustainability, where firms benefitted financially from engaging
in sustainability practices [7]. Various studies using SC modelling have traditionally focused
on the economic aspects of the SC with cost minimization (or profit maximization) and service
level maximization as the most predominant objectives. Here are some possible indicators for
economic performance evaluation: SC cost (SC costs may include the cost of procurement,
production, opening, and operating facilities as well as transportation and storage costs), cost
reduction, service level (service level may include customer satisfactory, product/quantity
flexibility, and backorders), SC revenue, SC profit, etc [8].

3.3. Social indicators

Among all the three aspects in SSCM, social performance is the most difficult one to assess,
the indicators of which are not easy to be quantified and are often prone to subjectivity.
However, social performance evaluation is indispensable. Not only can social issues threaten
the company's brand image but they also impact the economic viability of the entire SC [8].
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Several instances of this nature have been frequently reported in the past, jeopardizing the
reputation of large multinational corporations such as Wal‐Mart, Nike, Gap, and H&M
through the violation of union rights and the use of underaged workers [9]. In the other way
round, a well‐performed social practice is capable of enhancing a company's image and
reputation, which serves as a significant resource in the SC, and helps to increase market
adaptability of products and services. Here are some possible indicators for social performance
evaluation: labour practice and decent work, gender diversity and harassment, human rights,
occupational health and safety, fair trade, fair labor metrics, etc [10].

SC performance evaluation has traditionally been dominated by indicators such as cost,
quality, delivery, and flexibility. In the circumstances of considering sustainability, these
indicators are still very important but not necessarily in a dominant role. Also, indicators
introduced in this section are relatively rough and only give a general idea of SSC performance
evaluation. Detailed indicators are explicated according to different performance evaluation
theories in Section 4.

4. Performance evaluation theory and method

Due to the fact that SC combines suppliers, manufacturers, distributors, dealers, and customers
with information flow feed forward and material flow feedback, it is largely different from the
current enterprise management model as from enterprise operation performance evaluation
and analysis.

Based on the basic features and goal of SC management, SC performance evaluation is capable
of properly reflecting the overall SC performance as well as of each member enterprise on the
SC rather than a single supplier. During the evaluation process, not only performance of a
certain member enterprise of SC should be evaluated but also the influences that the certain
member enterprise has on the upper or lower SC member enterprises should be evaluated. SC
performance evaluation normally includes the following aspects: the overall SC performance,
each member enterprise performance, partnership among member enterprises of the SC, and
incentive level toward member enterprises.

To fulfill above targets, ordinary enterprise performance evaluation theories are not fully
applicable; this section will mainly illustrate several common SC performance theories, and
they are using driving factors to evaluate SC performance, key performance indicator, SC
balanced scorecard, and SC operations reference model.

4.1. Using driving factors to evaluate SC performance

Sunil Chopra from Northwestern University of America and Peter Meindl from Stanford
University proposed the following idea: by deeply studying the cross function driving factors
that influence SC performance (facilities, inventory, transportation, information, purchasing,
and pricing), SC performance can be improved through responsiveness and efficiency of the
SC logistics [11].
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4.1.1. Facilities

Facilities refer to the actual location of the SC, storage sites, assembly, or processing sites.
Production sites and storage sites are the main two facilities. Decisions about facilities role,
location, production capacity, and flexibility have a significant influence on SC performance.
For instance, to improve responsiveness, an automotive parts distributor will locate their
warehouse close to their customer, although it may lower their efficiency. Or a distributor with
high efficiency will decrease their warehouses to maintain efficiency despite that it will
influence responsiveness.

Here are some indicators to evaluate facilities performance [11]:

1. Production capacity—the maximum production quantity of a facility.

2. Utilization—the ratio between currently being used production capacity and total
production capacity of a facility. Utilization has an impact on unit cost of production and
a variety of delay. When utilization is improved, unit cost will be reduced but delay will
be more.

3. Theoretical production process time/cycle—production time required for one unit with
the circumstances of no delay.

4. Actual average production process time/cycle—the actual average production time for all
products in a certain period of time such as a week or a month. Actual production process
time/cycle including theoretical time and all the delays.

5. Process time efficiency—the ratio between theoretical time and average production
process time.

6. Product variety—the number of products or product series in a production facility. The
bigger number, the higher possibility of increasing production cost, and production
process time.

7. The top 20% stock keeping unit (SKU) and customer contribution toward production—
the value of the top 20% SKU and customer consumption volume should be measured,
the result of 80/20 principle (top 20% factors contribute to 80% of the capacity) shows that
profit may come from using the top 20% specific procedures to process the top 20% and
the other 80% of the products.

8. Processing/adjustment/shutdown/idle time—processing time of a facility/prepare and
adjustment time of a facility/time that facilities cannot operate due to damage/idle time
because of no product demand.

9. Average production volume—the average yield of each batch of product. A large volume
usually comes with a low production cost and high SC inventory.

10. Production service level: ratio between punctually completed orders and the total orders.
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4.1.2. Inventory

Inventory consists of raw material inventory, work in progress (WIP), and finished goods.
Changing inventory strategy will greatly influence SC efficiency and responsiveness. For
example, clothing retailers may own a large amount of stock to quickly respond and satisfy
customer demands. However, enormous stock will increase retailer's cost so that efficiency
will be decreased, which will have an undesirable influence of responsiveness in return.

Increasing inventory helps SC to improve responsiveness toward customers. A high level of
inventory makes an enterprise easier to take advantage of economies of scale, lower cost of
production, and transportation, yet by doing so inventory carrying costs will be increased.
Managers should review the following inventory indicators that influence SC performance
[11].

1. Average inventory—average volume of carrying inventory during a period of time.
Average inventory should be measured according to unit, demand days, and monetary
value.

2. Overdue inventory products—a great number of stocks owned by an enterprise. This
indicator may be used to identify oversupplied products or the reason for high level of
inventory (price discount or a low delivery speed).

3. Average replenishment quantities—average quantities of each supplement orders.

4. Average safety inventory—the average quantities of stocks when replenishment arrives.
Average replenishment quantities were measured by SKU. Cargo unit and demand days
should also be known. Average replenishment quantities were measured by SKU. Cargo
unit and demand days should also be known.

5. Seasonal inventory—cycle stocks and safety stocks carried by an enterprise to meet the
seasonally changing demand.

6. Fulfillment ratio—ratio between orders were fulfilled on time by inventory and total
orders. Fulfillment ratio is determined by the average demands units (per thousand,
million) rather than average time to fulfill the order.

7. Out of stock time ratio—ratio between time of a certain product which has no stock and
time it has inventory. This ratio can be used to estimate the demand during the period of
out of stock.

4.1.3. Transportation

Using a rapid mode of transport will increase responsiveness and transportation cost, but the
advantage is stock carrying cost can be decreased. Managers should review the following
transportation indicators that influence SC performance [11].

1. Average inbound transportation costs—certain percentage of product sales or sales costs
that are put into manufacturing facilities. It is ideal but very difficult to measure this
indicator by units that are invested in. Average inbound transportation costs are often
included in sales costs. It is beneficial to allocate these costs by a supplier.
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2. Average scale of loading stocks to storage—average units or price that finished product
put into a storage.

3. Loading costs of inbound transportation of each time—average transportation costs of
each purchasing. Together with average scale of loading stocks to storage, larger econo‐
mies of scale can be created by inbound transportation.

4. Average outbound transportation costs—delivery costs of product sent from manufac‐
turing facilities to customers. This indicator is usually measured by proportion of sales.
It is beneficial to allocate these costs by a customer.

5. Average loading scale of outbound transportation—average units or price of each delivery
from the manufacturing facilities.

6. Loading costs of outbound transportation of each time—average transportation costs of
each delivery. Together with average loading scale of outbound transportation, larger
economies of scale can be created by outbound transportation.

7. Transportation mode ratio—ratio between a certain transportation mode and all kinds of
transportation mode (per unit, US dollar or RMB). This indicator can be used to estimate
excessive use or inadequate use of a certain transportation mode.

4.1.4. Information

Effective information is capable of helping an enterprise improve its responsiveness and
efficiency. Information factor may optimize performance of other factors. Usage of information
was based on a strategy orientation supported by other factors. Accurate information not only
helps an enterprise improve their efficiency by decreasing inventory and transportation costs
but also optimizes responsiveness by adjusting supply and demand on the SC. Managers
should review the following information indicators that influence SC performance [11].

1. Forecasting period—it refers to a period of future time that the prediction is against.
Forecasting period must equal to the lead time of decision‐making triggered by forecast.

2. Update frequency—update frequency of each forecast. Forecast updating should be more
frequent than decision amendment so that influence toward decision brought up by big
changes can be weakened and corrective action can be adopted.

3. Prediction error—deviation between actual demand and forecast value. Prediction error
is a measurement and an action toward uncertainty (safety inventory or excessive
production capacity).

4. Seasonal factor—the degree to which actual demand is higher or lower than average
demand in a season.

5. Planning fluctuation—difference between planning product volume or inventory and the
actual ones. These fluctuations can be used to identify shortages and surpluses.
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6. Ratio between demand changing and order changing—standard deviation of coming
demand and supply orders. If the standard deviation is less than 1, it suggests “bullwhip
effect” may exist.

4.1.5. Purchasing

The target of making a decision to purchase is to increase the total profit that is shared by the
SC. Purchasing has an influence on sales, service, production cost, transportation cost, and
total profit. If a third‐party logistics can make more profit than first and second logistics,
outsourcing logistics is meaningful. In comparison, if third‐party logistics is not able to increase
SC profit or it is very risky to outsource logistics, the enterprise should remain the function of
SC. Managers should review the following purchasing indicators that influence SC perform‐
ance [11].

1. Due days—days from which the supplier finished their tasks until they get paid.

2. Average purchasing price—the average price of purchasing a certain product or a service.
When calculating average purchasing price, final result should be based on quantity‐
weighted of each price.

3. Range of purchasing price—it refers to price fluctuation during a period of time. This
indicator is used to make sure if purchasing price is related to purchasing quantity.

4. Average purchasing quantity—average quantity of each purchasing. This indicator is
used to make sure if the total quantities of purchasing from each region are adequate.

5. Due deliver ratio—ratio between due deliver time and total deliver time.

6. Supply quality—product quality provided by the suppliers.

7. Supply lead time—days from ordering until successful delivery.

4.1.6. Pricing

All the target of pricing decision should be focused on increasing profit for the enterprise. To
achieve the target, it is necessary to understand the cost structure of SC activities and values
that are created by those activities. For instance, daily low‐cost strategy is able to stabilize
demand and result in an efficient SC. Some other pricing strategy may reduce SC costs and
maintain an even earn market share. Price discrimination is able to attract different customers
with different demands. As long as these strategies are conducive to increasing revenue or
reducing costs, enterprises should adopt a bit of both.

Managers should review the following pricing indicators. For menu pricing, each indicator
should be reviewed respectively according to each section of the menu [11].

1. Profit margin—profit percentage of revenues. Enterprises need to look at various profit
margin indicators in order to optimize pricing. Specific indicator dimension including
type of profit margin (gross profit margin, net profit margin, etc.), profit scope (cargo unit,
product series, department, enterprise, etc.), and type of customers.

Sustainable Supply Chain Management150



2. Sales unpaid days—average time to receive cash after sales.

3. Increment of fixed cost of each ordering—the increment is independent of ordering scale.
The increment consists of cost of transformation methods in plant, ordering processes,
and transportation costs of delivery scale which is independent of purchasing company.

4. Increment of variable costs per unit—the costs will increase as the ordering scale changes.
Costs including cargo pickup costs and variable production costs in manufacturer's plant.

5. Average selling price—the average price of a completed task of SC in a period of time.
When calculating average sales price, final result should be based on quantity‐weighted
of each price.

6. Average ordering quantities—average quantities of each ordering. Average ordering
quantities, ordering scale, increment of fixed cost of each ordering, as well as increment
of variable costs per unit can help to estimate contribution of a certain completed task of
SC.

7. Selling price range—the variation range of the highest and lowest selling price per unit
of product within a specific period.

8. Range of sales volume in a period of time—the variation range of the highest and lowest
sales volume within a specific period (day/week/month).The purpose of reviewing this
indicator is to understand the correlation between sales volume, selling price, and
potential chance to adjusting selling price to change in sales volume as time pass.

Driving factors and indicators are summarized in the following Table 1

Driving factors of SC Indicators

Facilities Production capacity
Utilization
Theoretical production process time/cycle
Actual average production process time/cycle
Process time efficiency
Product variety
The top 20% SKU and customer contribution toward production
Processing/adjustment/shutdown/idle time
Average production volume
Production service level

Inventory Average inventory
Overdue inventory products
Average replenishment quantities
Average safety inventory
Seasonal inventory
Fulfillment ratio
Out of stock time ratio
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Driving factors of SC Indicators

Transportation Average inbound transportation costs
Average scale of loading stocks to storage
Loading costs of inbound transportation of each time
Average outbound transportation costs
Average loading scale of outbound transportation
Loading costs of outbound transportation of each time
Transportation mode ratio

Information Forecasting period
Update frequency
Prediction error
Seasonal factor
Planning fluctuation
Ratio between demand changing and order changing

Purchasing Due days
Average purchasing price
Range of purchasing price
Average purchasing quantity
Due deliver ratio
Supply quality
Supply lead time

Pricing Profit margin
Sales unpaid days
Increment of fixed cost of each ordering
Increment of variable costs per unit
Average selling price
Average ordering quantities
Selling price range
Range of sales volume in a period of time

Table 1. Driving factors and indicators of a SC€.

4.2. Key performance indicator

Serve as a monitor of the macro strategy implementation result, key performance indicators
(KPI) refer to operational tactical target that are decomposed from macro strategy of an
enterprise and have impact on strategy development as well as overall performance of a
company [12]. KPI is a popular international tool of measuring company operation perform‐
ance and managing strategic target, the establishment of which will form a responsibility
oriented system management mode. In addition, KPI is quantifiable and is agreed in advance,
meanwhile, it is also a significant indicator system that is used to reflect the degree of organ‐
ization target accomplishment. Briefly, KPI is an effective management tool which can
motivate a company to create more value. The specific functions of KPI are as follows [12]:
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1. As company strategy target decomposed, senior managers are able to have a clear
understanding about the business operating conditions of company's most critical value
creation.

2. Changing degree of key performance driving factors can be reflected effectively so that
managers can timely diagnose operation problems and take relevant actions.

3. Qualitative and quantitative indicators can be distinguished. A strong impetus will be
given to implementing company strategy.

4. Key, important operation behavior can be revealed so that managers can focus on those
business that have the greatest driving force toward company performance.

5. Determined by senior managers and agreed by participants who will go through the exam,
as a result, an objective foundation for performance management and communication
between leader and member is provided.

To fulfill the above functions, choosing KPI should be in line with the following principles:
indicators should be easy to understand, explain, and convey. They should be clear rather than
ambiguous, instead of random ones. Meanwhile, it is necessary that indicators should be able
to control and enforce, not just some decorations. Finally, they should be quantifiable and
trustworthy [12].

To deal with the fierce competition, a lot of manufacturing enterprise outsource their logistics
operation. As a result, evaluating performance of a logistics service provider is particularly
important, which is also a basis of supplier selection. In an organization system, the majority
of large manufacturing enterprises have set up SC management department or logistics
operation department to be in charge of logistics‐related business. In large manufacturing
enterprises, line transportation, warehouse management, and regional distribution are the
three relatively independent logistics segments. Hence, to evaluate SC performance, KPI can
be chosen from the three segments. Summarization of indicators is in Table 2.

Category Indicators

KPI of line transportation Plan execution rate P

Plan remaining rate R

Delivery delay rate D

Accidental freight A

Timely transfer document rate T

Document accuracy E

Service quality S

KPI of warehouse Correctness of cargo receiving and sending out C

Document accuracy E

Timely transfer document rate T
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Category Indicators

Stock damaged ratio Q

Warehouse quality W

Customer satisfaction M

KPI of regional distribution Fulfilled orders on time rate F

Accidental freight A

Document accuracy E

Timely transfer document rate T

Customer satisfaction M

Table 2. Indicators of logistics operation performance.

4.2.1. KPI of line transportation

Focused on the two eternal themes of logistics service security and punctuality, following
indicators of line transportation are chosen [12–15].

(1) Plan execution rate P (Vehicle arrival rate)—This indicator refers to ratio between program
execution time of logistics service provider within response time and program number
(Vehicles arrive on time and comply with loading requirement). Response time means the time
that vehicles of logistics service provider or company's own supply department need to arrive
assigned location and loading cargo after delivery plans were issued by logistics department.
Response time of a forwarding station in a whole nation is two days. Program execution rate
P1 on the first day must reach 85%, the rest must all be finished on the second day which means
accumulated program execution rate on the second day must be 100%. Plans cannot be finished
on the day must be recorded in remaining plan table. Plans that cannot be finished in two days
must be otherwise recorded and make a special (urgent) plan.

(2) Plan remaining rate R

This indicator mainly assesses the plans remaining time of logistics service provider or SC
department when they carry out plans. Plans that cannot be finished on the first day can be
seen through plan execution rate of the second day, but plans that also cannot be finished on
the second day cannot be shown. So plan remaining rate is used for reviewing time and days
of remaining plan.

(3) Delivery delay rate D

Since the moment cargo has been loaded on the vehicle, logistics service provider or SC
department will urge driver to deliver cargo to the destination safety, timely, and completely
except for the force majeure (war, earthquake, large collapsed pavements, and mountains
covered by snow). Other reasons (traffic jam, broken vehicles, and traffic accidents) cannot be
served as exceptions. Ratio between delayed deliver plans and the total plans of a certain
month is called delivery delay rate D. Punctual delivery ratio will be 1‐D.
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(4) Accidental freight A

It can be divided into accident loss ratio and freight accident ratio. Ratio between accident lost
value and cargo total value is called accident loss ratio. Freight accident ratio refers to the ratio
between accident times and total delivery times.

(5) Timely transfer document rate T

This indicator mainly assesses if the following documents are transferred timely by the
forwarding station—statistic document, daily plan remaining document, overdue vehicle
statistic document, reimbursement, and statistic document of delivery list.

(6) Document accuracy E

Documents must be filled in according to required format and should be kept clear and tidy.
For those hand‐filled documents, handwriting should be clear, neat, and without alterations.
After documents are filled in, they should be strictly and carefully checked to eliminate
mistakes.

(7) Service quality S

This indicator is mainly used to review service awareness and service attitude of logistics
service provider or SC department.

4.2.2. KPI of warehouse (transit warehouse)

Warehouse management focuses on customer service, which is mainly about customer
satisfaction and warehouse management quality. Six indicators and relevant daily used
documents are determined [12‐15].

(1) Correctness of cargo receiving and sending out C

Total amount of receiving and sending out cargo minus wrong receiving and sending out cargo
amount, than compared to the total amount, the proportion of which will be correctness of
cargo receiving and sending out.

(2) Document accuracy E

This indicator has the same meaning with “Document accuracy E” in transportation indicators.

(3) Timely transfer document rate T

This indicator mainly assesses if the following documents are timely transferred by transit
warehouse: receiving list, product inventory daily report, transit warehouse shipments
feedback form, spare and ware out parts daily form, damaged cargo maintenance monthly
form, finished product age analysis monthly form, spare and ware out parts monthly form,
inventory of advertising materials monthly report, defective products processed monthly
report, etc.
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(4) Stock damaged ratio Q

Ratio between amount of goods damaged in warehouse and total amount of goods. Because
damage occurred in warehouse, warehouse manager should take responsibility for the loss.

(5) Warehouse quality W

It is expressed as the storage environment, fire safety, cargo stacking, and goods identification
should comply with certain provisions of the transit warehouse management. Performance of
this indicator can be evaluated through onsite inspection. Storage environment refers to inside
and outside hygiene of a warehouse, pest control, storage temperature and humidity control,
and cargo maintenance in warehouse. Fire safety is determined by whether the firefighting
facilities are complete and useful and whether the firefighting measures can be implemented
without any potential risks. Cargo stacking and goods identification should be in line with
warehouse management rules.

(6) Customer satisfaction M

Customer satisfaction is quantified by number of effective customer complaints. In reality,
customer satisfaction consist of four aspects: loading waiting time, service attitude of ware‐
house management (including guards, warehouse keeper, billing staff, and porters), ability to
deal with abnormal situations, and time of repeated complaints.

4.2.3. KPI of regional distribution

Indicators of regional distribution focus on distribution network, promptness of delivery is
considered, and five indicators and related documents are determined [12–15].

(1) Fulfilled orders on time rate

On time refers to cargo that were delivered to the destination within the requested time (e.g.,
24 hours) after orders were received. Fulfillment refers to the delivered cargo that can meet
the requirement of the order in respect to SKU standard and quantity. Delivery time will be
counted after logistics supervisor issues delivery list. Cargo must be delivered within request‐
ed time (e.g., 200 km within 12 hours, 200 km–400 km within 24 hours, more than 400 km
within 36 hours ) to the specific department or the customer.

(2) Accidental freight A

This indicator has the same meaning with “Accidental freight A” in transportation indicators.

(3) Document accuracy E

This indicator has the same meaning with “Document accuracy E” in transportation indicators.

(4) Timely transfer document rate T
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This indicator mainly assesses if the following documents are transferred on time: second
distribution process control report, second distribution daily report, and second distribution
summarization report.

(5) Customer satisfaction M

Customer satisfaction is quantified by a number of effective customer complaints. Service
awareness and service attitude of carrier are the main concerns.

4.3. SC balanced scorecard

The conception of balanced score card (BSC) was first proposed by Robert S Kaplan and David
P Norton in 1992. BSC clearly stress on enterprise vision and motivator to accomplish
enterprise strategy. Then, strategy motivators are transferred into specific target and
measureable indicators which include external and internal measurement as well as objective
and subjective factors. BSC consist of four distinctive aspects: financial aspect, customer aspect,
internal business aspect, innovation, and learning aspect (Figure 1) [16]. Meanwhile, BSC can
be used to decompose target of the whole enterprise into targets of each level of the enterprise.

Figure 1. Balanced Scorecard.

BSC can be used not only as a tool of behavior controlling and historical performance
estimation but also for clarifying and spreading corporate strategy and individual plan,
department plan, and organization plan. These plans can be linked together so that their
common goal can be accomplished. BSC emphasizes on integration of financial and
nonfinancial measurement, and these indicators must be blended into every management level
so that managers can understand their factors that lead to decisions and behaviors. A
propagating, communicating, and learning system is constructed rather than a simple
traditional controlling system to keep the goals in consistency due to the fact that performance
indicators are shared in the management system. Hence, BSC has become a foundation of new
strategic management system and become a bridge which correlate long‐term strategy and
short‐term behavior (Figure 2) [16].
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Since 1998, with the condition of new economics which was represented by information
technology, BSC has the ability to promote enterprises to expand and grow and has been
vigorously applied in strategy management. Before BSC was invented, there was no standard
framework or systematic theory about SC performance evaluation methods. Application of
BSC exactly covered this shortage. Brewer and Speh were the first ones to explore how to apply
BSC in SC performance and proposed a new tool to evaluate SC performance, SC balanced
scorecard (SCBSC). Based on SC business processes, SCBSC start from enterprise strategy and
can be used to evaluate enterprise operation performance comprehensively by linking
performance indicators and enterprise strategy together. As a result, core competitiveness of
the enterprise is fostered. Framework of SC performance was connected to the four dimensions
of BSC by Brewer and Speh so that basic structure of SCBSC was defined (Figure 3) [17].

Figure 3 shows that, Brewer and Speh set up a connection framework between SCM and BSC.
SC performance management including four aspects: (1) goal of SC management, (2) customer
profit, (3) financial benefits, (4)SC improvement. There is a one‐to‐one correspondence
between chain performance management and 4 aspects of BSC [17]. For example, the ability
of a SC to fulfill its goal can be revealed from its inner operation. Emergence of SCBSC is a
breakthrough in SC performance evaluation. Beforehand, BSC and SCM were seen as two
separate management tool. Employees are incented to work correctly under the background
of SC concept when managers aware that evaluation process of BSC can be adopted into SC
performance evaluation [17].

Thus, advantages of SCBSC can be further indicated as follows [17]:

1. SC itself is a combination of multi departments or multi organizations. Its executive
performance must be reached by the members working together from inside and outside
of an organization. The causal relationship of 4 aspects of BSC makes a clear description
about how an effective cooperation can be reached by members from different organiza‐
tions and how multi‐functional operations can be coordinate to achieve their mutual goal.

Figure 2. Relations of Balanced Scorecard and Enterprise Vision.
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2. The “balanced” conception of BSC advocates that performance evaluation of an enterprise
and its partners on SC should be conducted simultaneously, which is the same from
management goal of SC performance evaluation.

3. Indicators and final goal of BSC can be special designed to fit different SCs which can still
connect with enterprise strategy, so BSC can be used in a very flexible way.

4. Different member from different management level such as supervisors and staff can have
a clearly understand about their operation goal from BSC rather than consider it as a
reward or punishment tool.

Some indicators of the 4 aspects were proposed to reflect goals and tasks of different SCBSC
angles. These indicators are not comprehensive even deficient for some specific SCs. Most of
the indicators are rarely used in BSC, instead, they are more maneuverability in the diagnosis
level.

4.3.1. Internal business aspect

An outstanding process decision of an organization will generate outstanding customer
performance, which means optimizing internal business process is very crucial for an enter‐
prise. Combining internal business process, finance, and customer goal, SC should focus on

Figure 3. Connection between SC Management and BSC.
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two kinds of brand new internal business process operation [17]:(1) to rationalize existing
relationship of each member in each process and shorten operation process cycle while
reducing cost. α(12)Forecast and respond to customer demand. SC operation should not be
confined to a short‐term point of view but should develop market and make product innova‐
tion so that customers can be attracted.

(1) Product improvement and innovation process evaluation [16–19]

In a traditional SC, R&D is considered to be some kind of a subsidiary or a support to a business
rather than a fundamental factor to determine pricing. The existing problem is that, on the one
hand, the input–output relationship is ambiguous, on the other hand, there is insufficient
attention paid to product innovation and product development and design are neglected.
However, serving as a long‐term influence factor to SC value, R&D is necessarily to be
evaluated. Indicators including ratio between new product sales and total sales, time that need
to develop new product and percentage of first time designed product that can meet all the
requirements of customers.

(2) Operation process evaluation [16–19]

Operation process is a short‐cycle process, which contains all the contents starting from
receiving customer orders and ending at putting the product on sale or offering service.
Detailed evaluation indicators consist of efficiency of SC effective leading time, flexibility of
SC production time, target cost reaching rate, SC operation quality, and perfect order com‐
pletion rate.

4.3.2. Customer aspect

One of the main goals of SC management is to provide its customer persistent and stable profit.
Therefore, one core of SC management is customer management, which means fully under‐
standing customer demand and evaluating to what extent the customer demand has been
satisfied. Customers are mainly concerned with four aspects [17]: time, quality, function, and
service cost. The total circulation time of SC order fulfillment can measure the time that SC
needs to meet the customer demand. Quality has always been a critical competition mean;
however it is no longer a necessary strategic competition advantage but a compulsive exis‐
tence. Function and service costs are significant factors to maintain customers and attract new
customers. In addition to these aspects, customers are very sensitive to their product cost.
During transaction process, product price is only part of cost, transaction cost that happened
when dealing with suppliers is also part of cost. When chosen, these indicators mainly reflect
customer demand. Indicators are not only those that reveal customer value or customer
feedback but also can be those that reveal some specific aspects such as service quality,
flexibility, and cost.

(1) Total circulation time of SC order fulfillment [16–19]

This indicator evaluates overall respond time to customer orders of a SC, which includes
ordering and receiving time, time of placing material to production, time of goods from
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production until ready to be delivered, time of goods delivered and customer signing receipts,
and time of customer confirming that goods have been received.

(2) Customer maintenance rate [16–19]

Persistent profit of a SC comes from the core customer. If a SC wants to remain or increase
market share, the most convenient thing to do is to maintain existing customers, try to manage
relationship with customers and satisfy customers as much as possible. Customers should be
allowed to participate in production design and development so that they will become a lasting
profit source. In addition to keeping existing customers, customer loyalty should be analyzed
during SC management. Of course, if an enterprise wants to gain more profit, constantly
strategy of expanding customer scope should be made on the basis of existing customers.

(3) Customer acceptance to SC respond flexibility [19]

This indicator is used to evaluate the acceptance degree of SC customization and respond
flexibility.

(4) Customer sales growth and profit [16–19]

It is shown as SC product annual customer sales increment and profit rate. These kind of
indicators mainly reflect performance of three aspects of downstream of the SC: (1)annual sales
growth year by year, (2)if profit of service provided to special customer will increase as
partnership enhanced, (3)if service accepted base is increasing. Expanding sales and attracting
new customers are both new profit increase points.

4.3.3. Financial Aspect

Although SC evaluation is process‐oriented and focus on nonfinancial indicators, financial still
is the center of SCBSC, which means final success of a SC should also be a financial one.
Achieving operation goal by greatly lower cost and increase marginal income ratio so that cash
flow is optimized and more profit will be gained, at the same time, a higher capital recovery
ratio will be gained. Improved performance in the other three aspects can guarantee a long‐
term benefit in the financial aspect, hence, optimizing this aspect of a SC is still a priority.

(1) Capital return rate of a SC

Divide customer profit by the average used assets of the SC during a period of time, and capital
return rate can be calculated, which reflects degree of value‐added of the asset.

(2) SC profitability

This indicator shows profitability of a SC and is an important indicator in evaluating financial
performance. By measuring the ratio between net profit and total income, SC profit can be
effectively calculated so that overall performance of a SC will be promoted to improve.
Therefore, evaluating this indicator will help an enterprise to have a clear understanding about
finance contribution rate of the SC.

(3) Cash turnover ratio
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Cash turnover ratio is a key indicator which links all the processes of a SC. It mainly evaluates
cash flow condition of all the processes including raw material, labor, WIP, finished goods,
and profit gained of the SC.

(4) SC total inventory cost

In a SC, inventory cost includes raw material cost, WIP cost, finished product cost as well as
in‐transit inventory cost [2]. Nowadays, due to the more and more demanding customer
requirements, inventory management becomes more and more important to lower SC cost.

(5) SC inventory days

SC inventory days indicate the days that capital are occupied as inventory in SC operation.

4.3.4. Innovation and learning aspect

There are mainly three sources for innovation and growth: talents, system, and organization
procedure [2]. In these three aspects, the goal of BSC is to reveal the gap between existing
talents, systems, procedures, and the required ability to accomplish breaking performance [2].
SC's sustainable competitiveness is directly correlated with SC's future development ability.
In the evaluation model, finance evaluation, customer evaluation, and inner business process
evaluation are mainly to analyze current competitiveness of the SC, but the goal of success is
changing constantly, and SC performance must be capable of indicating sustainable compet‐
itiveness. A SC has to make continuous improvement and innovation, explore and integrate
internal and external resources of the SC while improving existing procedures, product/service
quality, and new product develop ability due to the increasingly tough global competition. SC
improvement and innovation are a dynamic process. Each SC needs to pay attention to
potential threats and opportunities in external market at any time and redefine core value. This
includes redesigning products and its processes through SC integration, effective regulation
on interorganizational activities as well as continuous improvement in SC information process
management, and SC partners can all share precise information that are needed for decision‐
making. The following indicators are chosen.

(1) Profit growth rate

Profit growth rate indicates development potential of an enterprise. Difference between profit
of current period and previous period divided by profit of previous period is profit growth
rate.

(2) Information sharing degree

It is believed by most scholars that “bullwhip effect” can be avoided by information sharing
from upstream and downstream so that SC performance can be improved [2, 11–12]. Sales,
forecast data, and technology data are shared by members of dynamic alliance to prevent
information distortion, improve customer feedback efficiency so that supply and demand can
be connected, coordinated, and be quickly responded.

(3) New product research and development cycle
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This indicator consists of two aspects, one is the ability of replacing product and the other one
is the ability of innovating processes. The ability of replacing product includes new product
quantity, product technology reservation, and patent application. The ability of innovating
processes is understanding about individual demand tendency of customer of the SC and on
the basis of which to adjust processes. This innovation include not only restructuring process
but also selecting the superior member and eliminating the inferior member.

4.4. The SC operations reference model

In 1996, in order to help enterprises to implement a more effective SC and to transit from
function management to process management, two consulting companies from Boston,
America, Pittiglio Rabin Todd & McGrath (PRTM) and AMR Research (AMR) led to the
establishment of SC Council (SCC), and illustrated the SC operations reference model (SCOR)
in the very year. This model integrated well‐known business process reengineering (BPR),
benchmarking and process measurement, and a multifunctional SC performance evaluation
system was constructed. Currently, SCOR model has been released in eight editions, which
are the first standard SC operation reference models that can served as diagnose tool of SC
and covers all the industries.

Figure 4. SC Operations Reference‐Model.

SCOR has the ability to help a SC enterprise to understand current situation and future
anticipation, quantify operational performance among peers, and set up internal goal. There
are mainly four indicators in SCOR [20]: (1)reliability of SC, (2)flexibility and reaction, (3)cost,
(4)capital. The first two indicators evaluate performance in customer service and the last two
evaluate inner performance of an enterprise. In SCOR, all processes in the entire SC are
considered and each member of the alliance will be evaluated systematically rather than a
certain enterprise is evaluated, which makes the SC become more transparent with a higher
performance. Framework of SCOR is founded on five management processes: plan, purchase,
manufacture, deliver, and return [11] (Figure 4).
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SCOR can be classified into three layers according to its detailed degree of definition [15]: top
layer, configuration layer, and process unit layer. Each layer can be used to analyze the
operation of integrated SC. After the first three layers, there are the fourth layer, the fifth layer,
and the sixth layer [11]. They are more detailed and specific that belonging to different
enterprises, so definition of these layers are not included in SCOR [11].

4.4.1. First layer of SCOR (top layer)

SC are divided into five processes by the first layer: plan, source, make, deliver, and return,
where return include return of raw materials and return of products [11]. Raw materials will
be returned to the suppliers. Return of product means returned goods are received and dealt
with (Figure 5).

Figure 5. Basic Process of First Layer of SCOR.

Basic strategy decision can be made according to the following indicators after first layer
analysis of SCOR [20–23].

(1) Delivery performance—on (ahead of) time order complete/plan finish rate.

(2) Delivery speed—delivered rate within 24 hours after finished goods warehouse receiving
orders.

(3) Order complete performance—production flexibility, capital turnover period, capital
turnover rate, lead time of order completion, SC respond time, inventory days of supply, all
orders fulfillment rate, value‐added productivity, and warranty and after‐sales costs.

4.4.2. Second layer of SCOR (configuration layer)

The second layer consists of 30 possible core process scopes of SC [22]. An enterprise can choose
the standard process unit of this layer to construct their SC. Every product or product model
will own their own SC. Detailed configuration of the layer processes of SCOR is showed in
Figure 6 [11].
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4.4.3. Third layer of SCOR (process decomposition layer)

The third layer of SCOR is process decomposition layer, which shows the details of process
unit classified in the second layer and offers information that is needed by an enterprise to
make a successful plan and set up other SC improvement goals [11]. Planning content of this
layer include process definition, goals evaluation, best implementation, and necessary
software ability to achieve best function [23]. Operation strategies should be adjusted on this
layer.

4.4.4. Fourth layer of SCOR (implementation layer) [20–23]

The fourth layer and its following layers are all implementation layers which do not belong to
the scope of SCOR. When special requirements for SC improvement are raised, every definition
of the fourth layer is based on enterprises’ own situation, the particularity makes it impossible
and unnecessary to define the special units in industry standards. In implementation layers,
process units decomposed from the third layer will be decomposed again by each enterprise
based on their current SC management so that competition advantages will be gained and
business process changes can be adapted to.

4.5. Analytic hierarchy process

Analytic hierarch process (AHP) was proposed by American operational research expert, T.
L. Saaty in the 1970s, which is a multiobjective decision‐making method combines qualitative
analysis and quantitative analysis [24]. The main idea of AHP is through analysis of factors
related to complex system and their mutual relations, simplifies the system into an orderly
hierarchical structure so that factors can be incorporated into different layers [24–25]. Then,
judgment matrix will be built in each layer and relative weight of each layer will be gained.
Finally, global weight against overall goal of each factors that belong to different layers will

Figure 6. Configuration Layer Process of SCOR.
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be calculated so that basis for decision‐making and selection will be provided [24–25]. Since
AHP was introduced, due to its feature of dealing with decision‐makings in combination of
qualitative and quantitative analysis, it has been paid a lot of attentions and has been rapidly
and widely used in various fields of social economy areas such as energy systems analysis,
urban planning, economic management, and research evaluation. However, AHP also has
some limitations [26]: (1) it relies on experience of people to a large extent, so it can at most
exclude severe inconsistency of thinking process rather than the possibility of existence of
serious one‐sidedness of decision‐makers. (2)Comparison process and judgment process of
AHP are rather rough that cannot be used to deal with highly precise problems. As a result,
AHP can be mostly regarded as a semiquantitative (or a combination of qualitative and
quantitative) approach [26].Weakness of AHP have been improved and perfected by many
scholars, and some new theories and methods have been formed such as group decision, fuzzy
decision theory, and feedback control theory, which have become new research hotspots in
recent years.

4.6. Analytic network process

Analytic network process (ANP) was proposed in 1996 also by T. L. Saaty, professor of
University of Pittsburgh of United States [27]. ANP is a new decision‐making method devel‐
oped from AHP, which allows the coexistence of indicators that can quantify or are difficult
to quantify [28]. Correlations or feedbacks of factors within clusters or among different clusters
are also take into consideration [28]. Therefore, ANP is better than AHP in decision problem
reflection and description. A system will be divided into two parts, one is control hierarchy
which consists of problem goal and decision criteria where decision criteria are considered to
be independent of each other [29]. Control hierarchy is a typical AHP structure and weight of
each criteria can be gained by traditional calculation of AHP method [29]. The other part is
network hierarchy, which consist of element groups that are subjected to control hierarchy.

Figure 7. Basic ANP Structure.
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Network consists of elements that interact and multiinfluence each other [29]. Basic ANP
structure is shown in Figure 7.

4.7. Fuzzy comprehensive evaluation method

Theoretic basis of fuzzy comprehensive evaluation is fuzzy mathematics. Fuzzy mathematics
is a new science proposed in 1965 by American cybernetician L. A. Zadeh, which had a quick
development in the last 50 years.

In the natural sciences or social sciences, there are many definitions that are not very strict or
are fuzzy. Fuzzy feature mainly refers to the ambiguity of transitions among different
objectives [30]. For instance, pollution category of environment quality can be described as
“slight pollution, medium pollution, and heavy pollution,” a certain ecology situation to
survival or adaptability of a certain crop can be described as “favorable, relatively favorable,
less favorable, and unfavorable,” and these concepts are normally very fuzzy. To deal with
these “fuzzy” concept data, fuzzy set theory came into being.

According to requirements of set theory, one object correspond to one set, either it belongs to
the set, or it does not belong to the set, and only one or the other. Such a set theory itself is
unable to deal with specific fuzzy concepts [30]. Due to this fact, in 1965, American automatic
control Professor Zadeh first proposed the concept of fuzzy sets and created the theory of fuzzy
mathematics. Currently, fuzzy mathematics have been broadly used in various areas.

Comprehensive evaluation is an overall evaluation of an object that are subjected to several
factors, and this kind of problems are all frequently happening in daily life or in scientific work.
Product quality assessment, scientific achievement evaluation, and certain crop adaptability
all belong to comprehensive evaluation. Inevitably, there will be ambiguity and subjectivity
when evaluating objects from many aspects, and using fuzzy mathematics method to conduct
comprehensive evaluation will make the evaluation result to remain with the greatest
objectivity so that a relatively ideal evaluation result can be acquired [31]. This is where the
existing meaning of fuzzy comprehensive evaluation model lies.

Mathematical model of fuzzy comprehensive evaluation can be divided into one layer model
and multilayer model, which can be applied to different types of objectives respectively [31].

Evaluation indicators refer to the ones that fuzzy comprehensive evaluation are based on,
which are also contained by the objectives. These indicators are various attributes or properties
of objectives that are also known as parameters or quality indicators. Because they are capable
of revealing the quality of objectives comprehensively, objective situation can be evaluated
based on these indicators.

If evaluation objective contains one‐layer structured indicators, which means the objective
consists of several indicators, quality evaluation can be done based on these indicators [31].
Under these circumstances, it would be appropriate to use one‐layer model to evaluate the
objectives.

If an evaluation objective contains multilayer structured indicators, which means objective
itself is a main factor that contains several subfactors, each subfactor also contains several
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indicators, etc [30]. Under these circumstances, it would be appropriate to use multilayer
model to evaluate the objectives. When it comes to this situation, each subfactor should be
evaluated first based on the indicators that subfactors contain and then the main factor will be
evaluated according to the subfactors evaluation result so that overall evaluation result of the
objective can be reached.

Complicated casual relationships always existed in SC performance evaluation indicator
system [32]. Both qualitative and quantitative indicators make performance evaluation has a
fuzzy and uncertain feature [32]. Fuzzy comprehensive evaluation offers a power tool to
evaluate this uncertainty and provides scientific basis for rational evaluation decisions.

4.8. Gray relational analysis

Gray system theory is a new mathematic theory which integrates system analysis, modeling,
forecasting, decision‐making, and control in whole and can be used to solve problems in the
condition of insufficient data, incomplete sample, and imprecise information [33]. This ability
to deal with incomplete information can fit realistic requirements in a better way and is more
effective in an incomplete information environment [33]. Gray relational analysis (GRA) has
the ability to develop a part of the information that is already known and to extract useful
information, and then it will have a correct understanding about the overall system and control
it effectively. Different from traditional statistical methods, it is not necessary for sample data
to comply with statistical rules such as normal distribution and T distribution while using GRA
[24]. Another significant advantage of this method is that it is able to get satisfactory results
through vast changing factors [33]. For reasons mentioned above, GRA is considered to be the
best approach in decision‐making in modern business environment.

4.9. Markov chains theory [34–35]

Markov chain was named after A.A. Markov, and it is a random process in discrete time which
has Markov features in mathematics. In this process, given the current knowledge or infor‐
mation, forecast in the past (the historical time before now) is irrelevant to future (future state
after now).

Markov forecast method is the one that predicts the probability of events. Based on the theory
of Markov state transition, it predicts changes in every moment (or period) in future based on
current situation of an event, which has been widely used in the economic field.

In the condition of SC, each operation strategy of each node enterprise can be adjusted,
operation behaviors of enterprises are random, changing trends of which only related to a
current state that means SC performance has nothing to do with past performance before the
current time. Therefore, Markov chain theory can be used to do research on changing trends
of SC performance and forecast the pros and cons of overall SC performance in a future
moment.
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4.10. Rough set theory [36–38]

In early 1980s, a Polish mathematician Z. Pawlak proposed a data analysis method based on
indistinguishable relationship, rough set theory. Rough set theory studies on expression,
learning, and summarization of incomplete and uncertain knowledge and data, essence of
which is symbol‐based machine learning.

Research objective of rough set theory is an objective set (observations and cases) described
by multiattributes set (features, symptoms, and characters). Every objective and its attributes
have a value to serve as its descriptive symbol. Objective, attribute, and descriptive symbol
are the three basic elements of a decision problem. This form of expression can also be seen as
a two‐dimensional table, the row corresponding to objects, the column corresponding to
attributes of objectives. Each row contains descriptive symbols of its corresponding objectives
as well as information of objective membership category. Typically, the available information
about the object is not necessarily enough to divide its membership category. In other words,
this inaccuracy results in distinguishing the capability of objects. Given an equivalence relation
between objects, formed by which, leads to unclear relationship of approximate space. Up
approximation and down approximation formed by unclear classes are used to describe rough
set theory. These approximations correspond to possible maximum objective set and possible
minimum objective set that surely belong to a given class respectively. The difference between
down approximation and up approximation is a boundary set which contains all the objectives
that cannot be exactly determined whether they belong to the given class. Approximation
accuracy and quality can be determined by this kind of processing. Rough set method can deal
with significant classification problems, all redundant objects, or attribute inaccurate subsets
can be approximately classified in a good way so that acceptable quality classification can be
reached. In addition, it can also be used in the form of a decision planning set to show all the
important relationships among most of the attributes and particular classifications.

4.11. Artificial neural network (ANN) [39–41]

Study work of McCulloch and Walter Pitts in 1940s is considered to be the beginning of modern
artificial neural network research. They proposed the first mathematical model of artificial
neuron which was used to describe human brain's working principles. Artificial neural
network is a smart network constructed artificially based on the understanding of human brain
and neural network, which is able to fulfill certain functions. It is an information processing
system constructed on the basis of imitation of brain neural network structure and its function.
Therefore, research foundation of artificial neural network is understanding about human
brain and brain's neural network.

Through research on human brain's neural network, its basic feature can be noticed:

1. Human brain consists of large amount of neurons and neuron connections.

2. Signal transfer strength is determined by neuron connection strength.

3. Neuron connection strength can be changed according to the training of that network
received.
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4. Signals can bring provocative influences or restraining influences.

5. The cumulative signal effect of a neuron received determines the state of the neuron.

6. Whether cells will be activated rely on the “threshold” of the neuron.

Therefore, here is the basic construction of artificial neural network:

1. Neuron is a unit with multi‐input (multiple of dendrites of one neuron connected to other
neurons via synapses) and single output (one neuron has only one axon as an output
channel) unit.

2. Only when a neuron has a feature of nonlinear input/output characteristics and when the
cumulative effect of the received signal in the cell exceeds a threshold, the cell will be
activated, then it will send signal to other neurons through the axons.

3. Neurons have plasticity. Signal input strength that cells received from different neurons
is adjusted by a corresponding synaptic connection strength.

Artificial neural network is capable of conducting associative inference, parallel processing
rapidly, identifying self‐adaptively, and simulating human thinking. After scientific training
and learning, it is able to find out nonlinear relationship between input and output of a system,
so it can be used for intelligent reasoning and forecasts. SC performance evaluation system is
a complex evaluation system that comprise a plurality of indicators as well as input and output.
Indicators maybe obscure and uncertain. In addition, nonlinear correlation among indicators
may exist. To deal with such a complex evaluation system, artificial neural network has been
used more and more to construct SC performance evaluation system.

5. An evaluation model of SC performances using 5DBSC and LM‐BP
neural network algorithm

5.1. Introduction

A SC is a system of organizations, people, activities, information, and resources involved in
moving a product or a service from suppliers to customers. SC activities transform natural
resources, raw materials, and components into various finished products that are delivered to
end customers. A highly efficient SC would bring great benefits to an enterprise such as
integrated resources, reduced logistics costs, improved logistics efficiency, and high quality
of overall level of services. In contrast, an inefficient SC will bring additional transaction costs,
information management costs, and resource waste costs and reduce the production capacity
of the all enterprises on the chain. So the evaluation of a SC is very important for an enterprise
to survive in a competitive market in the business environment of the globalization. Therefore,
it is important to research various methods, performance indicator systems, and technology
for evaluating, monitoring, predicting, and optimizing the performance of a SC. A typical
procedure of the performance evaluation of a SC is to use the established evaluation perform‐
ance indicators, employ a numerical method, follow a given procedure to carry out quantita‐
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tively or qualitatively comparative analysis to provide the objective and accurate evaluation
of a SC performance in a selected operation period.

Various research work has been carried out in proposing the performance indicator systems
[42–44] and methods [45–47] for SC performance evaluations. But there is no widely accepted
indicator systems that can be applied in practical SC performance evaluation due to the fact
that the indicators in the different systems have been defined without a common understand‐
ing of the meanings and the relationships between them that are nonlinear and very compli‐
cated. The methods proposed for applying an indicator system are also difficult to effectively
apply for practical SC performance evaluation.

The study of bionics bridges the functions, biological structures, and organizational principles
found in nature with our modern technologies. The output of bionics study includes not only
physical products but also various computations, social and business management methods
that can be applied in different areas. People have learned from the biological system behaviors
and structures to design and develop a number of different kinds of natural‐inspired optimi‐
zation algorithms that have been widely used in both theoretical study and practical applica‐
tions [48–50]. Though there have been various efforts in applying the natural‐inspired
algorithms to evaluate the SC performance of a selected historical period, these efforts are
either an isolated effort or limited to develop their methods/models for predicting and
optimizing SC performance [51–55]. As far as the authors are aware, they have not been applied
in practical SC management. So it is necessary to propose and develop a model that can be
used not only for evaluating but also for predicting and optimizing SC performance. In this
section, the existing performance indicator systems and methods will be first discussed and
evaluated in Section 5.2; various natural‐inspired algorithms will be reviewed and their
applications for SC performance evaluation will be discussed in Section 5.3; based on the work
in Sections 5.2 and 5.3, 5DBSC and LM‐BP neural network and its application in SC perform‐
ance evaluation will be presented in Section 5.4 and 5.5, respectively; then, a model will be
proposed using LM‐BP neural network and 5DBSC for SC evaluation in Section 5.6 and a case
study of SC performance evaluation of an automotive company in Changchun, Jilin, China
will be discussed using the proposed model in Section 5.7.

5.2. Indicator systems and methods for SC performance evaluation

The performance evaluation is an important part of SCM. It uses a set of defined indictors for
objectively or subjectively measuring their performance. The traditional indicator systems and
methods were normally developed for evaluating the performance of a single enterprise [42,
56–57]. They cannot be applied to evaluate the performance of the whole SC and enterprise
cooperation situations. That would eventually lead to the losses of competitive advantages of
a SC as a whole.

There have been efforts made for proposing and developing various indicator systems for SC
performance evaluation. Beamon proposed a method that involves the quantitative and
qualitative indicators to evaluate the SC performance. The indicators included resources,
output, and flexibility, in short ROF [42]. Chen Ke proposed an integrated ‘3+1’ method for
the performance evaluation of a SC. This method consists of four submethods. They are for
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extracting the key indicators, analyzing factor correlation, discovering impacting‐routine, and
mining hidden patterns, respectively [43]. Bolch classified the performance evaluation into
three parts [44]. The first part is the internal performance evaluation, and the main indicators
include asset management, productivity, quality, customer service, and cost management; the
second part is the external performance evaluation, and the main indicators include baseline
assessment and the customer adaptations; the third part is the comprehensive performance
evaluation, and the main indicators include the response time and the total cost of a SC, the
ratio of on‐shelf and inventory, standby time, the available days of inventory and cash‐return
time.

Meanwhile, the efforts have also been made to propose and develop methods for performance
evaluation. Return on investment (ROI ) was proposed by Dupont Company in the US and an
early method for SC performance evaluation [58]. KPI is a performance evaluation method for
selecting the key indicators for measuring, sampling, calculating, and analyzing. It is a tool
that can be used to decompose an enterprise's strategy into operatable futuristic target [45].
KPI method is based on the assumption that people involved would take all necessary actions
in order to achieve the predefined aim. SC Operations Reference (SCOR)was jointly proposed
and developed by the two the US companies, PRTM and AMR. SCOR mainly consists of three
layers and four components [20]. Among the three layers, the first one is the description layer.
This layer describes the five fundamental business processes: planning, material acquisition,
manufacturing, delivery, and reverse material‐flow. The second one is the provision layer. This
layer provides the enterprise own‐selected key business processes. The third one is business
process decomposing layer for analyzing the details of the business processes selected in the
second layer. The four components include the fundamental description of the features of
business processes, the general definitions of the business processes, the best practices, and
choice of the software. There are 11 indicators: delivery, order fulfillment (including the
customer satisfaction), order finished rate, SC response time, production flexibility, the total
cost of SCM, value‐added productivity, guaranteed costs, cash flow cycle, the stock turnover
rate, and asset turnover days. In 1992, Kaplan and Norton first proposed Balanced Scorecard
(BSC) [16]. There are four layers of the indicators: (1) accounting layer, (2) customer layer, (3)
internal business process layer, and (4) learning and development layer. The characteristics of
BSC are simple, straight forward, and clear in layer classification.

Benchmarking was proposed and developed by American Xerox Co. It is used for analyzing
the enterprise's current situation. In benchmarking, the best practices learned from the
enterprises in the same or the other industrial sectors are used as the evaluation standard to
learn their the successful experiences and to catch up and surpass the successful enterprises
[47]. In benchmarking method, the whole SC is considered as the integrated unit to learn the
wealth of experience and success factors of the other whole SC in order to optimize and
integrate their own SC.

In addition, AHP has been applied to the performance evaluation [24]. With AHP, some
qualitative parameters can be expressed as the quantitative ones. AHP is a multiobjective
decision method that combines both quantitative and qualitative analysis methods. The main
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disadvantages of AHP are that the decision‐makers’ subjective opinions are overstressed, and
the subjective bias is relatively big.

Among the above performance evacuation methods, BSC is widely adopted because of its
simplicity, clear objective definition, and comprehensiveness. The central principle of BSC is
its capability of achieving the balance between the various performance indicators. The main
tasks of BSC are clarifying the strategy and reaching agreement, effectively communicating
the tactics between the enterprises, linking the departmental and individual aims and annual
budget, linking tactics, long‐term aims and annual budget, identifying and linking tactic plans,
carrying out the periodic and systematic evaluation, and postreview for learning and modi‐
fying the tactics. The four layers of the conventional BSC serve the enterprises’ long‐term
strategy and tactics. In every layer, objectives, evaluation items, objective values, and action
plans are analyzed, as shown in Figure 8.

There are different models of BSC. Wong applied BSC to study the performance from material
flow performance, production flexibility, order indicator, and cash turnover time [60].
Akkermans et al. thought that there is a flaw of cause and effect relationships and time delay
in BSC, and its variables can be either causes or results and their relationships are not linear
[61]. In addition, the performance indicators in BSC do not cover the indicators that are directly
related to suppliers’ performance. To avoid this problem, the 5DBSC has been proposed [17].
In 5DBSC, there are five different aspects of indicators. Among them 3 are qualitative and 11
are quantitative. Performance indicators of 5DBSC are more inclusive and cover the two
indicators for supplier evaluation. So in this case study, 5DBSC will be used to build the
performance evaluation model of a SC. The details of the 5DBSC will be discussed in Section
5.4.

Though there have been claimed applications of the performance indicator systems and
methods as discussed above, there are still quite a few issues that hinder their applications:

1. It is difficult to obtain all indicator data from every partner enterprises on the chain.

2. There are no widely accepted methods for mathematically modelling all qualitative
indicators so that the indicators can be properly considered.

3. The relationships between these indicators are very complicated. Some of them are
interrelated. So it is impossible to have a closed form expression to include all these 14
indicators for SC performance evaluation.

4. There are limited further developments of the methods for using these indicators for SC
performance evaluation, which prevent the people in industry from applying 5DBSC.
Even when 5DBSC is applied, the results are different for each times they apply.

5. Even though there are numerical methods available for processing these indicators, they
are mainly used for the evaluation of the history data. They are not for predicting,
simulation, and optimization purposes.

From the above discussion, it can be seen that it is important to develop new models for the
people in industry to apply them for SC performance evaluation after selecting a set of the
performance indicator systems. The SC performance evaluation can be expressed as:
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where A is a m × n transformation matrix for mapping the n performance indicators into m SC
performance evaluation index, Pi is a n × 1 performance indicator vector for expressing n
indicators of a selected performance system and Sp is a m × 1 performance evaluation vector
for expressing m performance evaluation indices. So one of the main task of SC performance
evaluation is to determine A.

As discussed above, the main limitation of the current method is that it is difficult to build a
closed form of matrix A in Eq. 1. However, a considerable amount of efforts have been made
in applying the natural‐inspired methods or algorithms for various science, engineering, and
business management applications. These methods can be used to build a model for SC
performance evaluation.

5.3. Natural‐inspired algorithms and their applications to SCM performance evaluation [62]

5.3.1. Natural‐inspired algorithms

There are a number of natural‐inspired algorithms that can be used for engineering and
business system analysis and optimization: Ant colony optimization (ACO) is a metaheuristic
algorithm for a wide range of combinatorial optimization problems [63–64]; Bees algorithm
(BA) is inspired from the food foraging behavior of honey bees and a population‐based
optimization algorithm for many combinatorial optimization problems[65]; Genetic algorithm
(GA) generates solutions to search, optimization, and machine‐learning problems via applying
techniques inspired by biological evolution and GA has been widely adopted to solve complex
problems, especially in the areas of scheduling, global optimization, and control engineering
[66]; Firefly algorithm (FA) is inspired by the firefly's biochemical and social aspects that
fireflies produce luminescent flashes as a signal system to communicate with other fireflies,
especially to prey attractions [67]. If the SC performance evaluation can be expressed as a
combinatorial optimization problem, then both ACO‐based and BA‐based algorithms can be
used for SC performance evaluation including history data analysis, prediction, and optimi‐

Figure 8. BSC (source [59]).
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zation. Similarly, GA can also be used in the various optimization problems in SC performance
evaluation.

ANN are information‐processing paradigms inspired by the way biological neural systems
process data. In most cases an ANN is an adaptive system that changes its structure based on
external or internal information that flows through the network. In more practical terms neural
networks are nonlinear statistical data modelling or decision‐making tools. They can be used
to model complex relationships between inputs and outputs or to find patterns in data. There
have been a significant number of publications about ANN and its applications [68–70]. The
application areas of ANNs include system identification and control (vehicle control and
process control), game‐playing and decision‐making (back gammon and chess, racing), pattern
recognition (radar systems, face identification, and object recognition), sequence recognition
(gesture, speech, and handwritten text recognition), medical diagnosis, financial applications,
data mining (or knowledge discovery in databases), visualization, and e‐mail spam filtering.
But as far as the authors are aware, there are very limited efforts in applying ANN in SC
management. However, the previous applications of ANN provide the solid knowledge
background for proposing and developing ANN‐based algorithms for SCM performance
analysis and optimizations.

Besides the algorithms discussed above, some other algorithms have also been reported.
Evolution programming algorithm (PA) was proposed by Fogel [71]. PA is different from GA
in that the evolution in GA is only between ‘father’ and ‘son’ generations, but in PA, it is
stressed that the evolution can be among the same group of the creatures. Particle swarm
algorithm (PSA) was proposed by J Kennedy in 1995 [72]. It mimics the food hunting behaviors
of bird flock. The main characteristic of PSA is that the searching is based on the searching
speed but not on the gradient information. PSA has been applied in functional optimizations,
neural network training, industrial system optimization, control, etc. Immune algorithm (IA)
is based on the inspiration of the biological immune system [73]. IA can be used to tackle
complex problems and produce a reasonable manufacturing schedule within an acceptable
time.

5.3.2. Applications of natural‐inspired algorithms to SC performance evaluation

(1) The applications of genetic algorithm

Zhang et al. applied the genetic algorithm to selectively analyze the eight different aspects of
the performances of a SC, including the efficiency, satisfaction, cooperation, supply, dispatch‐
ing, cost, and profit. Their work was valued in the area of the complexity simplification [74].
Li carried out the study in the area of Eigenvalues selection and optimizing support vector
machines (SVM, also support vector networks) in order to reduce the performance indicator
number when evaluating a SC [51]. Yu proposed the SC optimization model with soft time
windows‐SC network (STW‐SCN) and hard time window‐SC network (HTW‐SCN) [75].Then,
GA was used to find the solution of the model. Gabbert applied GA to study the complicated
transportation scheduling problem of a rail‐network [76]. Liu Cheng (2006) studied the routine
optimum problem of the logistics with STW‐SCN [77].The transportation segment of a SC was
optimized, and hence, the performance was improved.
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In the performance evaluation of a SC, GA application is different from that of a neural
network. In a neural network, the evaluation model is directly established, but GA is mainly
used for data processing and jointly applied with the other system models. GA plays an
important role in efficient data processing for the evaluation of a SC.

(2) Applications of neural network

Pawlak studied a kind of neural network with simplified parameters by combining the data
mining theory of rough sets and the intelligent optimization method [78]. Shi investigated the
domain, condition, and decision features of rough set theory and applied these concepts into
the performance evaluation of a SC including performance indicator simplification, redundant
indicator removal. He used BP network for training, and this case study has shown that the
predicted result was fitted well to the practical data and the error was about 10.36% [52]. Xi
investigated the application of the modified fuzzy neural network to the performance
evaluation of a SC. In his study, the middle layer was divided into fuzzy layer and reasoning
layer. The main achievement of his study was that the people's bias and the randomness of the
evaluation process have been minimized to achieve the relatively objective results [53]. Zheng
proposed a dynamic evaluation method of a SC by combining the rough set reduction
technique and the learning capability of a BP neural network. His method was first imple‐
mented based on the reduced number of the performance indicators and BP neural network
to learn from and train samples. The trained neural network was used for the evaluation [26].
The advantage of this method is that the data processing task is small, and hence, the com‐
plexity of BP neural network structure is simplified and the computation is reduced. However,
this method's reliability is not as high as expected when also carried out as a study of evaluating
the performance of the materials SC in Beijing using BP neural network [54].

(3) Applications of other algorithms

PSA is mainly applied in the areas of material scheduling, transportation, and inventory
management. It is applied to optimize the results of a neural network. Xu applied the particle
swarm optimization algorithm to find the solution of the collaborative optimum model of a
multilayer SC from the perspective of production scheduling and group dispatching [42].The
application of Ant colony algorithm (ACA) to SCM has been focused on the scheduling and
the vehicle routine optimization [79]. Li defined an ecological chain by combining SC, industry
chain and value chain, and established logistic grow model for enterprises, enterprise group
Lotka‐Volterra predation model, and enterprise symbiosis model [80–81].

In summary, the neural network has been used in the performance evaluation of a SC. The
corresponding theories, applications, and the required computer programming have been
studied. The other algorithms have been tried in the SC management, but as far as the authors
are aware, there have been no direct applications to the performance evaluation of a SC. The
feature of GA makes it be widely applied in the data processing in the performance evaluation
of a SC, but cannot be used as an independent method. The particle swarm optimum algorithm
and ACA can be used for routine scheduling in the transportation and production stages of a
SC, but their applications are limited in the performance evaluation of a SC. However, they
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can be jointly applied with neural networks in the performance evaluation of a SC. This can
be the focus of the future researches.

In a neural network, an algorithm is required for updating weight and thresholds for training
the network. Back propagation (BP) algorithm was initially developed to achieve the training
and then various BP‐related algorithms have been developed. Compared with the existing BP
algorithms, the computation amount in LMBP algorithm is increased for each iteration, but
the iteration times are considerably reduced, and hence, the convergence speed is increased.
LMBP is the fastest neural network training algorithm for those networks with intermediate
number of parameters, even for the cases that require the large amount of computations [82–
83]. For the case of SCM performance evaluation, it is impossible to have a closed form
mathematical performance objective function, so it requires iterative searching. It is often that
the searching does not converge when the other BP algorithms are used, which can lead to the
failure of generating a reliable evaluation. In addition, to establish a reliable and meaningful
model for SC performance evaluation, a large amount of historical data should be collected
and used. This demands the high search speed of the algorithm. So LMBP is a better algorithm
compared with the other BP algorithms. Therefore, in this case study, LMBP is selected as the
natural‐inspired algorithm for evaluating SC performance and will be discussed in Section 5
in details.

5.4. 5 DBSC

A 5DBSC was proposed by Zheng for the SC performance evaluation [26]. The 5DBSC includes
the four groups of the indicators adopted in the conventional BSC plus a new supplier
dimension. The supplier dimension includes the on time delivery and flexibility. The indicator
structure of 5DBSC is shown in Figure 9, and the indicator system of 5DBSC is listed in Table 3.

Figure 9. The indicator system of a 5D‐BSC.
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Indicator Groups Indicators Nature of
indicators

Meaning of indicators

Accounting Profitability (F1) Quantitative Profit level of a SC

Capital turnover rate (F2) Quantitative Management efficiency of the net capital of a SC

Cash turnover time (F3) Quantitative Cash flow payback period

Customer Customer Satisfaction (C1) Qualitative Customers’ awareness and acceptability

Market Share (C2) Quantitative Size of the customer community

Business processes SCRT (SC response time)
(P1)

Quantitative Required time from all enterprises on the chain
finding the changes of the market requirements to
absorbing these changes and adjusting their plans to
meet these changes.

Stock turnover rate (P2) Quantitative Amount of cash in the stock account

Waste rate (P3) Quantitative The quality control and production technology

Capacity utilization (P4) Qualitative Facility application level

Innovation and
development

Profit increment rate (D1) Quantitative Development capability of an enterprise

Information Sharing (D2) Qualitative Level of the information integration
Dependent on the partners strategic relationships

Period of a new product
R&D (D3)

Quantitative How fast a chain to respond to the market changes.
Different from each products and enterprises, so it is
difficult to determine its value.

Suppliers On time delivery rate (S1) Quantitative Delivery's capability of a supplier

Flexibility (S2) Qualitative SC's capability of dealing with the special business
environment and meeting the customers’ special
requirements or unexpected requirements.

Table 3. The indicators of 5D BSC.

5.5. LMBP network algorithm and its application in SC performance evaluation

A LMBP feed‐forward neural network is a neural network with LMBP algorithm for the
network training (Figure 10).

Figure 10. LMBP neural network.
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In the prediction context, multilayer FNN training consists of providing input–output
examples to the network and minimizing the objective function (i.e., error function) using
either a first‐order or a second‐order optimization method. This so‐called “supervised
training” can be formulated as minimizing an error function of neuron weights. The error
function is the sum of the nonlinear least squares between the observed and the predicted
outputs, defined by Eq. 2 as follows:
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where N is the number of the patterns and M the total output units, y represents the targeted
output and ŷ the model predicted output.

In the BP training, minimization of E is attempted using the steepest descent method and
computing the gradient of the error function by applying the chain rule on the hidden layers
of the FNN [84]. Consider a typical multilayer FNN whose hidden layer contains M neurons.
The network is based on Eq. 3 and Eq. 4 [62]:
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where netpj is the weighted inputs into the jth hidden unit, N the total number of input nodes,
w ji the weight from input unit i to the hidden unit j, xpi a value of the ith input for pattern p,
w jo the threshold (or bias) for neuron j, and g(netpj) thejth neuron's log‐sigmoid activation
function to simulate biological neuron's nonlinear characteristic. Note that the input units do
not perform operation on the information but simply pass it onto the hidden nodes.

The output unit receives a net input of
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where M is the number of hidden units, W kj represents the weight connecting the hidden node
j to the output k, W ko is the threshold value for neuron k, and ŷ pk  the kth predicted output.
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Recall that the ultimate goal of the network training is to find the set of weights W ji connecting
the input units i to the hidden units j and W kj connecting the hidden units j to output k, that
minimize the objective function (Eq. 2). Since Eq. 2 is not an explicit function of the weight in
the hidden layer, the first partial derivatives of E are evaluated with respect to the weights
using the chain rule, and the weights are moved in the steepest‐descent direction. This can be
represented mathematically as

kj
kj

EW Wh ¶D = - ¶ (7)

where η is the learning rate which simply scales the step size. The usual approach in BP training
consists in choosing η according to the relation 0 < η < 1. From Eq. 7 it is straightforward that
BP can suffer from the inherent slowness and the local search nature of first‐order optimization
method [62].

However, second‐order nonlinear optimization techniques are usually faster and more reliable
than any BP variants [85]. So LMBP was developed for multilayer FNN training. The LMBP
uses the approximate Hessian matrix (second derivatives of E) in the weight update procedure
as follows:

[ ] 1 T
kjW H I J em -D = - + (8)

where e is the residual error vector, μ a variable small scalar which controls the learning proc‐
ess, J =∇E  is the Jacobian matrix, and H =  J T J  denotes the approximate Hessian matrix usu‐
ally written as ∇E≅2  J T J . In practice, LMBP is faster and can be used to find better optima
for a variety of problems than do the other usual methods [62].

After processing all of the layers, the activated result, y, of the output layer, compared with
the target value ŷ, and the resulted error will be propagated backward to the network's weight
to minimize the overall error.

The standard LMBP training process can be described in the pseudo‐code as follows:

1. Initialise the weights and parameter μ (μ = 0.01 is normally appropriate).

2. Compute the sum of the squared errors over all inputs, E (w)=  e T e, where W= [ consists
of all weights of the network, e is the error vector comprising the error for all the training
nodes.

3. Solve Eq. 5 to obtain the increment of weight Δw = − J T J + μI −1J T e,  where J is the
Jacobian matrix, μ is the learning rate which is to be updated using the decay rate, β
depending on the outcome. In particular, μ is multiplied by β (0<β<1).

4. Recomputed the sum of squared errors E (w).

Using w + Δw Δw as the trial W, and judge
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IF trial E (w)< in step 2 then

w =  w + Δw; μ = μ·β (β = 0.1); go back to step 2

ELSE

μ = μ/β; go back to step 4

END IF

5.6. A model for performance evaluation of a SC

In this section, a model for performance evaluation of a SC is proposed. This model is based
on 5DBSC and LMPB neural network as shown in Figure 11.

Figure 11. LMBP neural network for evaluating the performance of a SC.

The procedure of proposed model is shown in Figure 12. There are three stages in the model:
Stage 1—data preparation, Stage 2–training neural network using LMBP algorithm, and Stage
3—postprocessing and application.

In Stage 1, there are three tasks (1) collect the data of the 14 indicators of 5DBSC for a period,
(2) applying a technique for data preprocessing, here the main work is to normalize the
collected data of the 14 indicators and (3) variable data selection.

In Stage 2, the task is to follow the steps and apply equations in Section 4 to train the neural
network as shown in Figure 11.

In Stage 3, there are two tasks: (1) postprocess the outcome, mainly record the weights, and
thresholds of the trained neural network and (2) apply the model to evaluate, analyse, and
optimize the performance of a SC.

5.7. Case study—result analysis

Matlab and its neural network tool box have been used to implement the proposed model in
Section 6. An automotive company in Changchun, Jilin Province, China, was selected as the
case study to demonstrate the proposed model. Considering the confidential issues, the real
name of the company is not used. So in this case study, this company is called Company Y. To
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express the performance of a SC, a performance index system is used. There are four levels of
performances: poor, reasonable, good, and excellent. These four levels are represented using
a four‐element vector(1 0 0 0)、(0 10 0)、(0 01 0 )、(0 0 0 1), respectively. The advantage of
using a four‐element vector over a single digit is that four‐element vector can be used to express
the performance between those four levels. This is especially useful for SC performance
prediction and optimization.

5.7.1. Data Preparation

1) Data collection

Table 2 lists the collected data of the 14 indicators of 5DBSC of Company Y for 12 months from
January to December 2012.

2) Data preprocessing

The indicators in Table 4 have different dimensions. They should be preprocessed to be
dimensionless before they can be input into LMBP network. The dimensionless process is
typically to normalize the indicators’ values. It is a process to remove the effects of dimensions
through mathematical transformation. The range of normalized indicators’ value should be
[0, 1]. The normal dimensionless process method includes linear function normalization,
logarithmic function normalization, and inverse cotangent function normalization. In this case

Figure 12. Procedure of the proposed model.
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study, the linear function normalization is adopted for dimensionless processing. There are
two types of indicators: the benefit type and cost type. The benefit type means that the bigger
the value of the indicators, the better. In contrast, the cost type means that the smaller the value
of the indicators, the better. Among these 14 indicators, C1, C2, F1, P4, D1, D2, S1, and S2 belong
to the benefit type of indicators. The others belong to the cost type of indicators. The formula
of the linear function normalization is either  yi =(xi − xmin) / (xmax − xmin) for the benefit type of

indicators and yi =(xmax − xi) / (xmax − xmin) for the cost type of indicators, where xiis the original

value of the indicators before the normalization, yiis the value after normalization, xmax  and

xminare the maximum and minimum values, respectively. To determine xmax and xmin, these 14

indicators should also be classified into two different kinds: qualitative and quantitative. C1,
P4, D2, and S2 are the qualitative indicators. The others are the quantitative indicators. For those
qualitative types of indicators, they have to be digitized for the further processing. In this
paper, 0, 1, 2, 3, and 4 are used to express poor, reasonable, good, and excellent performance
of these four qualitative indicators. So their xmaxand xmin are 4 and 0, respectively. For those

quantitative type of indicators, the xmaxand are determined based on the company's experien‐

ces and their meanings. The values of them are listed in Table 5. Then, normalized data are
calculated and listed in Table 6.

Customer
dimension

Accounting
dimension

Internal business
process dimension

Innovation and
development
dimension

Supplier
dimension

SC
performance

C1 C2 F1 F2 F3 P1 P2 P3 P4 D1 D2 D3 S1 S2

Jan. 4 1.54% 0.444 0.263 120 90 0.25 0 4 0.000 3 200 1 2 reasonable

Feb. 4 1.29% 0.426 0.225 130 91 0.10 0 4 –0.171 3 200 1 3 poor

Mar.3 1.59% 0.520 0.328 130 88 0.30 0 4 0.660 3 120 1 3 good

Apr. 4 1.64% 0.507 0.310 120 89 0.30 0 4 –0.069 4 140 1 3 good

May 4 1.29% 0.561 0.248 120 90 0.15 0 4 –0.160 4 200 1 4 reasonable

Jun. 3 1.18% 0.414 0.216 120 92 0.10 0 4 –0.281 4 200 1 4 poor

Jul. 3 1.40% 0.426 0.247 110 90 0.25 0 4 0.157 3 120 1 3 reasonable

Aug.4 1.39% 0.459 0.275 110 90 0.25 0 4 0.136 3 130 1 4 good

Sep. 3 1.44% 0.468 0.295 110 90 0.20 0 4 0.088 4 130 1 4 good

Oct. 4 1.20% 0.419 0.215 120 92 0.15 0 4 –0.324 4 180 1 4 poor

Nov.4 1.62% 0.500 0.289 120 88 0.30 0 4 0.489 4 120 1 4 excellent

Dec. 4 1.64% 0.509 0.322 120 90 0.25 0 4 0.095 4 120 1 4 excellent

Table 4. The original data of the supply chain of Y Company in 12 months (2012).
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C2 F1 F2 F3 P1 P2 P3 D1 D3 S1

(0, 2%) (0, 1) (0, 1) (100,150) (85,95) (0, 1) (0, 1) (0, 1) (100,210) (0, 1)

Table 5. The values of xmax and xmin of the quantitative indicators.

C1 C2 F1 F2 F3 P1 P2 P3 P4 D1 D2 D3 S1 S2 SCM performance

Jan. 1.00 0.77 0.44 0.26 0.60 0.50 0.25 1.00 1.00 0.00 0.75 0.08 1.00 0.50 (0 1 0 0)

Feb. 1.00 0.65 0.43 0.23 0.40 0.40 0.10 1.00 1.00 –0.17 0.75 0.08 1.00 0.75 (1 0 0 0)

Mar. 0.75 0.80 0.52 0.33 0.40 0.70 0.30 1.00 1.00 0.66 0.75 0.75 1.00 0.75 (0 0 1 0)

Apr. 1.00 0.82 0.51 0.31 0.60 0.60 0.30 1.00 1.00 –0.07 1.00 0.58 1.00 0.75 (0 0 1 0)

May. 1.00 0.65 0.56 0.25 0.60 0.50 0.15 1.00 1.00 –0.16 1.00 0.08 1.00 1.00 (0 1 0 0)

June. 0.75 0.59 0.41 0.22 0.60 0.30 0.10 1.00 1.00 –0.28 1.00 0.08 1.00 1.00 (1 0 0 0)

July. 0.75 0.70 0.43 0.25 0.80 0.50 0.25 1.00 1.00 0.16 0.75 0.75 1.00 0.75 (0 1 0 0)

Aus. 1.00 0.70 0.46 0.28 0.80 0.50 0.25 1.00 1.00 0.14 0.75 0.67 1.00 1.00 (0 0 1 0)

Sep. 0.75 0.72 0.47 0.30 0.80 0.50 0.20 1.00 1.00 0.09 1.00 0.67 1.00 1.00 (0 0 1 0)

Oct. 1.00 0.60 0.42 0.22 0.60 0.30 0.15 1.00 1.00 –0.32 1.00 0.25 1.00 1.00 (1 0 0 0)

Nov. 1.00 0.81 0.50 0.29 0.60 0.70 0.30 1.00 1.00 0.49 1.00 0.75 1.00 1.00 (0 0 0 1)

Dec. 1.00 0.82 0.51 0.32 0.60 0.50 0.25 1.00 1.00 0.10 1.00 0.75 1.00 1.00 (0 0 0 1)

Table 6. The processed data of Company Y's supply chain in 12 months.

5.7.2. Determination of the number of nodes in hidden layer

The determination of the number of hidden layers and their nodes are the focuses of a LMBP
network analysis. According to universal approximation theory, as long as there are enough
nerve cells in the hidden layer, a LMBP network can be used to approximate any functions. It
only requires the two hidden layers when learning noncontinuous functions. In practical
applications, it is normal to test the case with one hidden layer, then to see if it is required to
use the two hidden layers. In this case study, one hidden layer is chosen for the test.

The node numbers of the input and output layers are determined by the sample characteristics,
sample number, and sample's experimental objective number. The sample data are represent‐
ed with the SC performance indicators and four‐dimensional data used for the four levels of
the SC performance in 12 months. So there are 14 nodes in the input layer and 4 nodes in the
output layer. The number of nodes in the hidden layer has the significant impact on the
structure and characteristics of a network. The unnecessary high number of nodes in the
hidden layer would reduce the learning and reasoning efficiency, but the low number of the
nodes would lead to the nonconvergence of learning. The trial‐and‐error method is currently
widely used [46].
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In this case study, the initials have been set to zero, then to try to adjust the node numbers of
the LMBP network for comparing the errors. The results of running our Matlab program have
been listed in Table 7. From the table, it can be seen that the value of MSE is the minimum at
5.13E‐09 when the node number of hidden layer is 18.

Nodal No. in Hidden Layer 8 10 12 14 16 18 20 22 24 26

Epoch 12 4 4 3 4 3 3 4 4 5

MSE(10–6) 3.57 0.346 0.467 2.40 0.155 0.005 7.69 4.09 1.99 98

Table 7. The impact of the node number of the hidden layer on the LMBP network.

5.7.3. The determination of transformation functions

The transformation functions in the neural cells include logarithmic function (Logsig), tangent
function (Tansig), and linear function (Purelin). Purelin is a transformation function that is
inputted through input layer to calculate the outputs of the output layer. This function can be
used to transfer the inputs of the neural cells to the outputs through the adjusting the threshold.
Tansig is a hyperbolic tangent S‐type transfer function. It can be used for mapping the neurons’
outputs into [–1,1]. Logsig is a logarithmic S‐type transfer function. It is used for mapping the
neurons’ outputs into [0,1]. These three functions are differentiable and suitable to train a
LMBP algorithm neural network. K.M. Hornik thought that as long as there are enough nodes
in the hidden layer, employing S‐type functions in the hidden layer of a three‐layer network,
and employing linear functions in the output layer, the neural network can approximate any
functions with any errors at considerably high probability [86]. But it is not easy to meet the
preconditions.

In this case study, numerous trial experiments have been repeated. From the experimental
results, it has been found that the errors of our neural network are minimal if Purelin functions
are employed for both from the input layer to the hidden layer and from the hidden layer to
the output layer. The results have been listed in Table 8.

t–t t–1 t–p p–t p–1 p–p 1–t 1–1 1–p

Epoch 11 9 4 22 8 3 11 18 4

MSE 4.89E‐04 4.50E‐04 1.13E‐04 9.72E‐04 5.20E‐04 5.13E‐09 2.04E‐04 7.24E‐04 2.94E‐06

*t is for Tansig function, p is for Purelin function, and l is for Logsig function.

Table 8. The error comparison analysis when employing the different transformation.

The BP neural network toolbox of Matlab 7.6 provides the LMBP training functions, it is called
Trainlm. The format of trainlm function is as [w, b, te, tr]=trainlm[w, b, ‘f', x, t, tp], where: p is
the input vector matrix, t is the target vector, w is the new weight, b is the new threshold vector,
f is the transformation functions between the layers of the network, te is the actual network
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training times, tr is error squared sum vector of the network, and tp is the optional parameters.
In our program, tp is set as the maximum training time.

The learning speed predetermines the rates of modification of the weight and the threshold.
When the learning speed is low, the weight of a network is relatively quick to converge, but
the learning time can be long. It is normal to set the learning speed to 0.01. In this case study,
the training parameters have been set as follows: net.trainParam.show = 5; net.trainParam.lr
= 0.01; net.trainParam.mc = 0.9; net.trainParam.epochs = 1000 and net.trainParam.goal = 1e‐3.

5.7.4. Analysis of the training results

The last column of Table 4 is used for representing the performance evaluation of Company
Y for 12 months in 2012. They can be rearranged as

0 0 0 0 0 1 1 0 1 0 0 0
0 1 0 1 0 0 0 1 0 1 0 0
 
1 0 0 0 1 0 0 0 0 0 0 1
0 0 1 0 0 0 0 0 0 0 1 0

To

é ù
ê ú
ê ú=
ê ú
ê ú
ë û

(10)

As discussed above, the parameters of Company Y's LMBP neural network are the node
number of the input layer is 14, that of the hidden layer is 18, that of the output layer is 4, the
transformation function is purelin, training function is trainlm, the iteration number is 3, and
the criterion mean square error (MSE) was e‐03. So the program should be compiled as net =
newff(P, T0, 3, {'purelin', ‘purelin'}, ‘trainlm', ‘MSE'), where P is a 12 by 14 matrix of 14 indicators
in the period of 12 months.

The results of the LMBP network program for the case study are as follows: when the LMBP
network reached the stable condition, MSE was 5.13E–09 and the fitness of the network
training, R was approximately 1. The results of performance evaluation of company's SC for
the 12 months in 2012 are

0.0001     0.0001    0.0001    0.0001     0.0001    0.0001    0.0001     0.0001    0.0001
0.0000    0.0000    0.0000     0.0000     0.0000    0.0000    0.0000  

Tc

- - - - - - - - -
- - - - - - -

=

0.9999 0.9999 0.9999

1.0000 1.0000 1.0000   0.0000    0.0000
0.0000       0.0000             0.0000        0.0000        0.0000                 0.0000        0.0001         0.0001
0.0001       0.0001       0.0001        0.

- -
1.00001.0000 1.00001.0000

0001         0.0001        0.0001        0.0001        0.0001         0.0001         0.0001          

é ù
ê ú
ê ú
ê ú
ê ú
ê úë û1.00011.000 1

(11)

where each column stands for performance index vector for one month.

The difference between To and Tc is

0.065  0.070  0.092  0.088 0.081 0.070  0.074 0.089  0.086  0.081  0.104 0.105
0.005 0.003 0.011  0.008   0.003  0.002 0.008  0.007  0.007   0.002 0.010 0.008

 
0.031 0.032 0.046 0.046 0.038 0.032 0.038 0.043 0.042  0

dT =
- - - - - - - - - -

-310
.036 0.052 0.051

0.083  0.082 0.127 0.121 0.093 0.078 0.102  0.113  0.111 0.089 0.138 0.133

é ù
ê ú
ê ú
ê ú- -
ê ú
- - - - - - - - - - - -ê úë û

(12)
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From dT, it can be seen that the model using 5DBSC and LMBP neural network for SC
performance evaluation is accurate. The maximum error is less than 0.02%, well lower than
10% accepted in SC performance evaluation. That means that the model is accurate, valid, and
efficient.

5.7.5. Optimizing the SC performance of Company Y

From Table 4, it can be seen that the SC performance of Company Y for the period of February,
June, and October, 2012 was evaluated as poor (1 0 0 0). In this section, the data in these three
months will be used as an example to demonstrate how the developed model can be used to
optimize SC performance of these months.

The method adopted in this case study is to use an excellent performance month as the
benchmark month. It can be seen that the performance was evaluated as excellent for Novem‐
ber and December. So one simple way is to adjust the poor performance's14 indicators toward
excellent performance's 14 indicators, respectively. In this case study, a linear equation is
adopted for adjusting data and expressed as Eq. 9.

   ( ) ap ip ep ipx x x xl= + - (9)

where xap is the adjusted indicator, xip is the poor month's indicator, xep is the excellent month's
indicator, and λ is the adjusting factor with the value range from 0 to 1. Table 7 lists the
numerical results that shows how the performance is improved when February's data is
adjusted toward November's data. From the Table 9, it can be found that

When λ = 0, that means that the data of 14 indicators are not changed, so the performance
vector remains the same and the performance is classified as poor.

When λ = 0.25, that means that the data of 14 indicators are changed 25% toward those values
of the excellent month's 14 indicator, the performance vector is changed to [0.75 0 0 0.25], which
means that the performance is improved 25%, similarly. When λ = 0.5 and 0.75, the performance
is improved 50% and 75%, respectively. The same results have been achieved when all three
poor months’ indicators are adjusted toward those of the two excellent months’ indicators.
The reason behind it is that the new model is developed using the linear transformation
functions for both from the input layer to the hidden layer and from the hidden layer to the
output layer. This is the main advantage of the proposed model over the other models. Again,
this proves that the new model is valid and reliable and can be used to optimize SC perform‐
ance.

It should be pointed out that, in this example, the values of all the 14 indicators are adjusted
toward the excellent month's values at the same rate. Though this does not affect the validity
and reliability of the new model, it would be very difficult or practically impossible to
implement this kind of indicator changes.

Further work should be carried out to establish a cost model that should include the costs for
any changes of any of 14 indicators and the benefits gained from the changes.
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The optimization function of the model not only provides the people a tool to improve the
performance of a SC but also guides the people to improve the ways they mange the SC
activities. In this numerical example, to achieve a 75% performance improvement, one of the
changes of the indicators is SC response time (SCRT) (P1)should be reduced from 91 days to
88.75 days. That means that Company Y should collaborate with its partners to make efforts
to achieve this target. The same analysis can be done for the other indicators.

λ C1 C2 F1 F2 F3 P1 P2 P3 P4 D1 D2 D3 S1 S2 New Performance

0 1 .645 .426 .225 .4 .4 .1 1 1 –.171 .75 .083 1 .75 [1 0 0 0]

.25 1 .686 .445 .241 .45 .475 .15 1 1 –.006 .813 .25 1 .813 [0.75 0 0 0.25]

.5 1 .728 .463 .257 .5 .55 .2 1 1 .159 .875 .417 1 .875 [0.5 0 0 0.5]

.75 1 .769 .482 .273 .55 .625 .25 1 1 .324 .938 .583 1 .938 [0.25 0 0 0.75]

Table 9. Performance improvement when February's data is adjusted toward November's data.

5.8. Discussion

In this case study, the existing performance indicator systems and methods have been
discussed and evaluated, various natural‐inspired algorithms have been reviewed, and their
applications for SC performance evaluation has also been discussed. Then, a model has been
proposed and developed using 5 dimensional balanced scorecard (5DBSC) and Levenberg–
Marquardt Back‐propagation (LMBP) neural networkfor SC performance evaluation.

A program has been written using Matlab tool box to implement the model based on the
practical values of the 14 indicators of 5DBSC of a given previous period. This model can be
used to evaluate, predict, and optimize the performance of a SC. The analysis results of a case
study company show that the proposed model is valid, reliable, and effective. The convergence
speed is faster than the previous work.

However, it should be pointed out that the focus of this paper is placed on the proposition of
the new model. The development of the model was only based on a relatively short period of
12 months of Company Y. To make the model more reliable and with higher practical values,
more data should be collected over longer period for training the network.

To apply the proposed model for optimizing SC performances and hence guiding companies
to improve their SC management, cost model should be built as a conditional function to make
sure any changes in SC management are cost effective.
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Abstract

The aim of this chapter is to characterize sustainable supply chain management as a
complex adaptive system (CAS) and develop an evolutionary game theory-based model
to understand how cooperation emerges from interactions among companies to adopt
sustainable management practices. We consider two interacting populations 1 and 2, each
one with heterogeneous companies belonging to the same supply chain. One popula‐
tion is expected to behave cooperatively in adopting sustainable management practices
while the other is expected to behave uncooperatively. The mathematical model we
propose is game-dynamical replicator equations for multiple populations in the prisoner
´s dilemma (PD) game and we implement it using NetLogo software. The proportion of
cooperative companies in each population that adopt sustainable management practices
evolves positively over time as companies only imitate the adoption of sustainable
management practices in their own population and in the populations of their partners
when the benefit obtained by cooperating is maximum. The spatial patterns observed
help us to clarify the preconditions for the emergence of cooperation among companies
in managing material, information and capital flows in a sustainable way. Finally, our
simulation results show that the sustainable management of supply chains needs to be
studied as CASs, in order to take into account the social side of sustainability.

Keywords: Sustainable supply chain management, complex adaptive systems, coop‐
eration, modeling and simulation, evolutionary game



1. Introduction

The 2030 Agenda for Sustainable Development of the United Nations [1] is an action plan for
people, planet and prosperity that consists of 17 sustainable development goals, namely: 1) no
poverty, 2) zero hunger, 3) good health and well-being, 4) inclusive and equitable quality
education, 5) gender equality, 6) clean water and sanitation, 7) affordable and clean energy, 8)
sustainable economic growth, full and productive employment and decent work for all, 9)
building resilient infrastructure, 10) reducing inequality, 11) making cities sustainable, 12)
ensuring sustainable consumption and production patterns, 13) taking urgent action to combat
climate change, 14) conservation and sustainably use marine resources, 15) protecting, restoring
and encouraging the sustainable use of land ecosystems, 16) promoting peace and inclusive
societies for sustainable development, and, last but not least, 17) strengthening the means of
implementing and revitalizing the Global Partnership for Sustainable Development. Further‐
more, in recent years, consumers and legislation have been pressing companies to address the
issue of sustainable development in their operations, converting this into an important and
challenging task in the new business world [2, 3].

The integration of sustainability into supply chains is a critical next step in achieving sustain‐
able development, as supply chains consider the product from the moment when the raw
materials are first processed until the product is delivered to the end-user. In this sense,
sustainability must ensure issues and flows that extend beyond the core of supply chain
management (SCM) [4]. SCM has traditionally been used to describe the planning and control
of materials, information flows, and the logistics activities within a company as well as
externally among companies [5]. However, the growing interest in SCM has led to numerous
definitions being developed to describe it and to some characteristics of sustainability being
incorporated into it, for example, the concept of sustainable supply chain management (SSCM).
In the last ten years, a number of literature reviews have been published on SSCM [6–8],
decision-support tools for SSCM [9, 10], SSCM practices [11, 12] and sustainable supply chain
planning [13]. Interesting results are showed in Ref. 6 where a total of 12 definitions for SSCM
were identified and its analysis showed that the characteristics of SCM that are most commonly
addressed in the definitions were coordination focus and flow focus, while the sustainability
characteristics that were explicitly addressed were the three dimensions of the triple bottom
line of economic, environmental and social considerations, the stakeholders’ focus and the
long-term focus of business sustainability. From the systemic perspective, we propose that
SSCM is a complex system made up by large numbers of adaptive companies at multiple scales
that have adopted sustainable management practices and whose sustainability objectives are
based on the three aspects of sustainable development: economic, environmental and social
aspects. In this sense, the cooperative management of material, information and capital flows
derived from customer and stakeholders’ requirements emerges from the interaction among
companies that acquire multiple sustainable strategies they need to survive in the greater
macro environment.

SSCM research has mainly been qualitative, based on conceptual frameworks and empirical
ones, using case studies and surveys [14]. A review of recent SSCM modeling shows that
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researchers have used deterministic approaches and integrated some environmental and
sustainability aspects, while neglecting stochastic modeling techniques such as: considering
social factors [14], equilibrium models and multi-criteria decision making. All these ap‐
proaches lead to three main analytical subjects: an analytical hierarchy but without taking into
account the social side of sustainability [15], an analytical network process and a life cycle
analysis [16]. A hybrid methodology for the modeling and optimization of decision problems
in SSCM is presented in Ref. 17. SSCM modeling is a young research area that needs more
modeling-based research in order to fully integrate SSCM into business practice. To under‐
stand the complex dynamics of SSCM, it is not feasible to apply traditional modeling ap‐
proaches because they do not take social aspects into account and cannot explain the
emergence of cooperation and the dynamic evolution of modern supply chains. So, it is
necessary to adopt the complex adaptive system (CAS) approach to achieve a new way of
thinking in SCCM research.

CASs are systems where complex behavior emerges as a whole pattern in different scales and
as the result of the non-linear interaction of large numbers of simple components, and the
system is able to cooperate, adapt, learn and evolve, improving its performance over time. In
addition, CASs demonstrate their resilience, their ability to experience external shock and
respond to them by recovery and adaptation. In this sense, modern SCM is a collectively self-
sustaining structure of functions and obligations that lives in a socio-economic-environmental
world, exchanges signals, and survives or dies. CASs are distinguished by the extensive use
of computer simulation as a research tool. Several scholars have studied supply chain problems
based on a CAS approach and obtained results from their research [18–21]. In this chapter we
present a study concerning the modeling of SSCM as a CAS. The aim of this chapter is to
develop an evolutionary game theory-based model of SSCM to understand how cooperation
emerges from interactions among companies in a supply chain in order to adopt sustainable
management practices, taking into account the social side of sustainability. We propose game-
dynamical replicator equations for multiple populations in the PD game for the mathematical
model and implement it using NetLogo software. We find that sustainable management of
supply chains based on a CAS approach really appreciates the interactions among companies
in supply chains and the complex dynamics that they create, which can enhance the resilience
of the SSCM as a whole when responding to the complex environment.

This chapter is organized as follows. We begin by reviewing the characteristics of a resilient
SSCM in Section 2. The top-down and bottom-up modeling approaches and decision making
in SSCM are presented in Section 3. We develop and implement the game-dynamical replicator
equations for multiple populations in the PD game as the simulation model of SSCM using
NetLogo software and then we analyze how cooperation emerges from interactions among
companies in a supply chain to adopt sustainable management practices, in Section 4. Based
on the simulation results, some proposals for sustainable, adaptive and cooperative manage‐
ment of supply chains are outlined in Section 5 and we give our conclusions in Section 6.
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2. Toward a resilient SSCM

From the systemic perspective, the best ways for the SSCM to face future global challenges
characterized by unpredictable socio-ecological-economic situations are by having the
flexibility, through its systemic resilience, to adapt to new situations, absorb shocks and
recover quickly.

2.1. Systemic resilience

In the past few years, resilience has been used significantly for governing and managing a
transition toward sustainability [22]. As suggested by Walker and Salt [23], the key to ensuring
a sustainable and resilient supply of the essential ecosystem services on which humanity
depends on is by enhancing the resilience of socio-ecological systems, instead of optimizing
isolated components of the system. So, in SSCM, diverse components such as companies,
suppliers, stakeholders and consumers provide different options for responding to change and
dealing with the uncertainty and the unforeseen caused by interactions with its complex
environment, but the SSCM needs to respond in a coordinated and collaborative way.
According to Carpenter et al. [24], systemic resilience has three defining characteristics that,
when applied to SSCM, are as follows:

1. The amount of change a SSCM can experience and still remain within the same domain
of attraction.

2. The degree to which SSCM is capable of self-organization.

3. The degree to which SSCM can build the capacity to learn and to adapt.

A SSCM is a network of many actors such as consumers, providers, producers, etc. that interact
in parallel through the interchange of material, information and capital flows. From their
interactions arise global patterns of self-organization that to some degree will enable the SSCM
to be resilient due to the structure. It is important to note that the degree of self-organization
of the SSCM´s companies is variable, unpredictable and an individual understanding of each
particular consumer, provider or producer would not have been made it possible to predict it.

One tool for enhancing the resilience of SSCM could be adaptive management, increasing the
collective capacity of stakeholders and companies of a SC to learn and adapt in a sustainable
development context. The diversity of the components in the SSCM also permits them to
compensate for the loss or failure of others by redundancy in their material, information and
capital flows. Participation through the active engagement of all the relevant stakeholders of
SC is considered fundamental for building the relationships needed to improve socio-
ecological-economic resilience. As suggested in Ref. 25, collaboration, as a requirement for
implementing sustainable management approaches, may contribute to inter-organizational
dynamics by strengthening the knowledge absorption capacity, structuring solutions, and
motivating activity around a commonly defined goal such as the sustainability of supply
chains.
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2.2. Modularization

The complexity of a SSCM is derived from the interchange of material, information and capital
flows among companies that have adopted sustainable management practices in a complex
environment. If there are a lot of strong interactions as a result of globalization and techno‐
logical change, then the SSCM becomes vulnerable due to the presence of undesired cascade
and side-effects. This means that the SSCM would not be able to recover well from disruptions
and, in consequence, will not be sufficiently resilient to survive. In order to avoid a catastrophic
situation and, following recommendations for a well-designed system, the SSCM needs to be
designed in a hierarchical way of functional modules or units, taking into account dynamic
and adaptive decoupling strategies between these modules to minimize the level of connec‐
tivity in order to prevent a cascade effect. Additionally, the interactions among companies
could be modified as much as necessary to let new outcomes emerge such as, for example,
cooperation among companies. In order to reduce the impact of dysfunctional links on the
hierarchical structure of the SSCM, redundant interactions among companies and stakeholders
with a lower level of connectivity need to be implemented. This means that one strategy to be
implemented by the SSCM in order to survive being resilient is for it to operate in a modular
way with a low level of connection between modules. In the next section, we present the top-
down and bottom-up modeling approaches and decision making in SSCM to understand how
the emergence of resilience of a SSCM from interrelations among companies can be modeled.

3. Top-down versus bottom-up decision making and modeling
approaches

On the one hand, when studying CASs, it is necessary to develop models that represent the
real system through abstractions of the aspects of interest based on macro and micro perspec‐
tives. For this, we start to develop a system model from a top-down perspective that considers
the system as a whole at macro level. Then, when the bottom is reached, the bottom-up
deduction is used but guided by the top-down view, at micro level. On the other hand, the
decision-making process in the SSCM has been traditionally based on the top-down approach.
It means that leader companies exert their command and control power in a centralized way
but limiting the adaptation of local companies and canceling the collective intelligence of the
SSCM. This traditional decision-making process is not sufficient for modern SSCM, which is
characterized by unpredictable situations that demand the adaptation and learning of local
companies.

3.1. Top-down approach

In order to model a real CAS, it is necessary to observe the system structures at macro level.
The top-down approach is a holistic perspective provided by synthetic microanalysis, in which
experiments are performed to find natural emergent properties and delineate macroscopic
phenomena with systemic concepts [26]. It represents the first approximation to the real
system. Top-down decision making (see Figure 1) works very well in SSCMs that are simple
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and deterministic, not complex. In this case, the SSCM can be considered predictable, with low
variability and centralized control, so its performance can be enhanced. At macro level, the
decision time is more important than the consensus between the constituent parts. A SSCM
that is controlled from the top-down is vulnerable due to the concentration of power that makes
it easily corruptible [27] in the exchange of information, material and capital. So, the top-down
approach needs to be complemented by the bottom-up approach in order to enhance the
resilience in a SSCM for increasing the collective capacity of companies and stakeholders to
learn and adapt in a sustainable development context.

Figure 1. Diagram of the top-down approach, the flow of information, materials and capital is represented by arrows.

3.2. Bottom-up approach

Once the system structures have been observed based on the top-down perspective and the
bottom has been reached, we need to analyze them in terms of the laws of their constituent
parts combined with suitable idealization and approximation [26] at the micro level. The
bottom-up approach is a deductive perspective, in which experiments are performed to find
natural emergent properties at certain levels as a result of the interactions between the
constituent parts.

Bottom-up decision making (see Figure 2) works very well in SSCM with coordination
mechanisms that support flexibility, local adaptations, creativity and diversity. In this case,
the power is decentralized, and both the companies and stakeholders in the SSCM are
empowered and self-organized according to their interrelations, based on their own sustain‐
ability objectives, enabling the sustainable collective intelligence to be more resilient.
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Figure 2. Diagram of bottom-up approach, the flow of information, materials and capital is represented by arrows.

3.3. Synthetic microanalysis

Synthetic microanalysis (see Figure 3) still combines the top-down and bottom-up perspec‐
tives, uniting without reducing. Based on synthetic microanalysis, system and constituents’
views, each confirmed by experiments, we are able to find out about the approximations,
idealizations, and possible contingent factors required for connecting them [26]. The main
purpose of synthetic microanalysis is to use the net of macro concepts to obtain the feedback
of the micro information relevant to the explanation of system’s emergent properties.

Figure 3. Diagram of synthetic microanalysis.
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In the next section, we propose game-dynamical replicator equations for multiple populations
in the PD game as the SSCM model, using the bottom-up approach. Then we implement it in
a computer using NetLogo software. From the computer simulation results, we analyze how
cooperation emerges from interactions among companies in a supply chain for the adoption
of sustainable management practices that could, in some sense, favor the resilience of the
SSCM.

4. Modeling and simulation of SSCM as a CAS at the level of companies

By modeling the SSCM as a CAS, we can study its ability to reorganize its constituent adaptive
companies at multiple scales so that it can face the problems posed by its macro environment.
In a world of selfish companies, from their interactions, cooperation could emerge as a way of
achieving sustainability in their management. We observe that, in the literature, in order to
gain a better understanding of factors promoting cooperation among individuals, biologists,
economists, social scientists, mathematicians and physicists have intensively studied game
theoretical problems such as Prisioner´s dilema game, snowdrift game, and public goods game
[28].

Game theory was developed by John von Neumann in 1928 and discussed in Ref. 29 as a theory
of “games of strategy” to provide a new approach to a number of economic questions. Game
theory assumes that a fraction of people known as cooperators interacts with another fraction
known as non-cooperators. Therefore, a large amount of research has focused on how
cooperation can be supported by mechanisms such as repeated interactions; reputation;
clusters of cooperative individuals; costly punishment; success-driven migration [30, 31]. But,
the problem of cooperation among groups with different preferences such as the SSCM (e.g.
suppliers, manufacturers and retailers with different sustainable goals in the three dimensions:
economic, environmental and social) is a young research area that needs attention.

For example, in a SSCM, suppliers and manufacturers appear to practice different sustainable
management but they interact with each other on a daily basis interchanging material,
information and capital flows, not necessarily in a sustainable way. In this sense, it is important
to see whether it is possible to identify preconditions for cooperation among companies that
belong to the same supply chain, in order to adopt sustainable management practices without
being controlled by a central authority. To answer this research question, we model
cooperation in an evolutionary game-theoretical way. Evolutionary game theory goes back to
John Maynard Smith [32, 33] who adopted the methods proposed by von Neumann to the
context of biological natural selection. Evolutionary game theory studies the strategies of
populations of agents who repeatedly engage in strategic interactions. The evolution of
behavior of populations is represented by the so-called replicator dynamic introduced by
Taylor and Jonker [34, 35]. In this situation, when two populations characterized by the
“strategies” or “behaviors” i and j states interact with each other, game theory formalizes the
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result according to payoffs Pij, and the structure of the payoff matrix (Pij) determines the kind
of game [36].

According to Helbing and Lozano [36], the replicator equation is as follows:

( ) ( ) ( ) ( ) ( )
,

,
, , , ,ij lj

j j l

dp i t
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ë û
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where the relative frequency of behavior i of populations is represented by p(i, t), which
increases when the expected success Fi = ∑jPij p(j, t) exceeds the average, ∑iFi p(i, t).

4.1. The model

In this study, we consider the PD game that is an abstract formulation of some very common
and very interesting situations [30], in which what is best for each company individually leads
to mutual defection, when every company would have been better off with mutual coopera‐
tion. We propose game-dynamical replicator equations for multiple populations to describe
the evolution in time of the proportions p(t) and q(t) of cooperative companies in populations
1 and 2 of the same supply chain. In the model, we assume that companies in population 1
prefer to adopt sustainable management practices in their operations while companies in
population 2 operate based on unsustainable management practices, but the companies of
populations 1 and 2 interact in a daily basis interchanging material, information and capital
flows. Our study is carried out for 2*2 game, which contains four payoffs: T (temptation) to
behave noncooperative, R (reward) for mutual cooperation, P (punishment) for mutual
noncooperative behavior and S (Sucker´s payoff) for a cooperative individual meeting an
uncooperative one.

According to Helbing et al [37], the game-dynamical replicator equations for two populations
are as follows:
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where the functions F(p(t), q(t)) and G(p(t), q(t)) reflect the interactions among companies in
and out of populations 1 and 2, respectively.

In this study, the model was developed using agent-based modeling methodology and
implemented using NetLogo software. This software is still the most widely used agent-based
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modeling language [38]. The agents represent the companies and they are grouped in two
populations according to whether or not they prefer to adopt sustainable management
practices. We propose six parameters in the model: the number of groups of companies in the
supply chain (NG), the number of companies in each group (NC), the cost (C) and the benefit
(B) of cooperation in adopting sustainable management practices. Companies only derive
benefit if other companies in their group cooperate, and companies always pay the cost of
cooperating with others in adopting sustainable management practices because they need to
implement them in their daily operations. The probability of one company that has adopted
sustainable management meeting another company in the same situation (Pa) and the
probability of one company that has adopted sustainable management in their operations
meeting another company that has not adopted it yet (Pb), as showed in Table 1.

Parameter Minimum Maximum

Groups of companies in the supply chain (NG) 10 50

Companies in each group (NC) 10 20

Cost (C) of cooperation in adopting sustainable
management practices

1 5

Benefit (B) of cooperation in adopting sustainable
management practices

1 10

Probability of one company that has adopted sustainable
management meeting another company
in the same situation (Pa)

50% 100%

Probability of one company that has adopted sustainable
management in their operations meeting another company
that has not yet adopted it (Pb)

50% 100%

Table 1. Parameters for simulating the interaction among companies in adopting sustainable management practices

We ran the computer simulation in NetLogo software in 50 steps considering the variation of
the six parameters, NG, NC, C, B, PA and PB listed in Table 1, to find out under what conditions
cooperation in adopting sustainable management practices emerges in a supply chain, given
that companies are self-interested. We proposed four simulation scenarios so we ran each one
in 50 time steps. In this sense, the simulation run finishes when the 50 time steps are achieved.
The computer simulation results are presented and analyzed in Sections 4.2 and 4.3.

4.2. Results

In the first simulation scenario, we fixed the B, C, Pa and Pb parameters in their minimum values
while the NG and NC parameters varied between their minimum and maximum values. The
evolution of dynamics in the timeline is showed in Figures 4 and 5.
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Figure 4. Snapshot of the computer simulation, showing the representative dynamics of the interactions among the
companies in a supply chain in respect of adopting sustainable management practices updated on a 20 X 20 lattice for
NG and NC minimum (100 companies).

In Figure 4, we observe that the effect of 10 groups and 10 companies in each group on the
interactions between the companies that have adopted sustainable practices and those that
have not yet adopted them is that in the long term all the companies decide not to adopt
sustainable practices. In this case, the cost and benefit of cooperation in adopting sustainable
practices remains unchanged, at its minimum value.

Figure 5. Snapshot of the computer simulation, showing the representative dynamics of interactions among companies
in supply chain in respect of adopting sustainable management practices updated on a 20 X 20 lattice for NG and NC
minimum (100 companies).

In Figure 5, we observe that the effect of 50 groups and 20 companies in each group on the
interactions between the companies that have adopted sustainable practices and those that
have not yet adopted them is that in the long term all the companies decide not to adopt
sustainable practices, as in the case showed in Figure 4. In this case, the cost and benefit of
cooperation in adopting sustainable practices remain unchanged, at its minimum value.
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In the second simulation scenario, we fixed the B, C, NG and NC parameters at their minimum
value while the Pa and Pb parameters were varied to its maximum value. The evolution of
dynamics in the timeline is showed in Figures 6 and 7.

Figure 6. Snapshot of the computer simulation, showing the representative dynamics of the interactions among the
companies in a supply chain in respect of adopting sustainable management practices updating on a 20 X 20 lattice for
Pa maximum and Pb minimum (100 companies).

In Figure 6, we observe that the effect of the probabilities of one company that has adopted
sustainable management meeting another company in the same situation (50%) or meeting
another that has not adopted it (50%) on the interactions between all the companies is that, in
the long term, all the companies decide not to adopt sustainable practices. In this case, the cost
and benefit of cooperation in adopting sustainable practices as well as the size of groups of
companies remain unchanged, at its minimum value.

Figure 7. Snapshot of the computer simulation, showing the representative dynamics of interactions among companies
in supply chain in respect of adopting sustainable management practices updating on a 20 X 20 lattice for Pa minimum
and Pb maximum (100 companies).
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In Figure 7, we observe that the effect of the probabilities of one company that has adopted
sustainable management meeting another company in the same situation (100%) or meeting
another that has not adopted it (100%) on the interactions between all the companies is that in
the long term all the companies decide not to adopt sustainable practices. In this case, the cost
and benefit of cooperation in adopting sustainable practices as well as the size of groups of
companies remain unchanged, at its minimum value as showed in Figure 6.

In the third simulation scenario, we fixed the C, NG, NC, Pa and Pb parameters at their
minimum values while the B parameter was set up to its maximum value. The evolution of
dynamics in the timeline is showed in Figure 8.

Figure 8. Snapshot of the computer simulation, showing the representative dynamics of interactions among companies
in supply chain in respect of adopting sustainable management practices updating on a 20 X 20 lattice for B maximum
value and C, NG, NC, Pa and Pb parameters in its minimum value (100 companies).

In Figure 8, we observe that the effect of the benefits of adopting sustainable practices at their
maximum value on the interactions between all the companies is that in the short term all the
companies decide to adopt sustainable practices but in the long term they decide to cancel the
adoption of the said practices. In this case, the cost, the size of groups, and the probabilities of
interacting with other companies in the same situation remain unchanged, at their minimum
value.

Finally, in the fourth simulation scenario we fixed the C, NG, NC and Pb parameters at their
minimum value, while the B and Pa parameters were set up at their maximum value. The
evolution of dynamics in the timeline is showed in Figure 9.
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Figure 9. Snapshot of the computer simulation, showing the representative dynamics of interactions among companies
in supply chain in respect of adopting sustainable management practices updating on a 20 X 20 lattice for B and Pa

parameters in its maximum value while C, NG, NC and Pb parameters in its minimum value (100 companies).

In Figure 9, we observe that the effect in adopting sustainable practices at its maximum value
and the probability of companies that have adopted sustainable practices meeting another
company in the same situation at 100% on the interactions between all the companies is that
in the short term, in fact immediately they start to interact, all the companies decide to adopt
sustainable practices. In the long term, they do not change their decision. In this case, the cost,
the size of groups and the probabilities of interacting with other companies in the same
situation remain unchanged, at their minimum value.

4.3. The challenge of cooperation among companies in adopting sustainable management
practices

From the simulation results, we observe that the proportion of cooperative companies of each
population adopting sustainable management practices evolves positively in time as compa‐
nies imitate the adoption of sustainable management practices in their own population and in
the populations of their partners just when the benefits are maximum, as showed in the fourth
scenario. In this sense, two preconditions are necessary for companies in a supply chain to
cooperate in adopting sustainable management practices, as follows:

1. Interaction with companies that have adopted these kinds of practices in their operations
and management.

2. Explicit knowledge of the benefits of operating in a sustainable way.

For the first point, companies are responsible for looking for partners that have a good
reputation for practicing sustainable management in a supply chain, technology can help them.
This precondition operates in the bottom-up decision-making approach. For the second point,
associations, institutions as well as governments need to enhance the benefits of adopting
sustainable management practices in order to be attractive for companies. This precondition
operates in the top-down decision-making approach. It is clear that companies will not adopt
sustainable practices by just interacting with companies that operate in a sustainable way, by

Sustainable Supply Chain Management208



incrementing the size of a group of partners or by dismissing the cost of sustainable operation,
as showed in the first, second and third scenarios. Based on our results, in the next section we
give some proposals for the sustainable, adaptive and cooperative management of supply
chains.

5. How to manage supply chains in sustainable, adaptive and cooperative
way: some proposals

The sustainable management of a supply chain requires companies that are able to adapt to
new interactions with others companies, maximizing the benefits of managing the material,
information and capital flows in a sustainable way. Here, we propose some actions that, from
our simulation results, we consider could enhance the sustainable management of supply
chains:

1. Improving resilience in SSCM.

2. Building a reputation among companies in promoting sustainable management practices.

3. Balancing top-down and bottom-up decision making in supply chains.

4. Using information systems (ISs) to compensate best sustainable management practices.

5. Giving people cooperative and adaptive management skills.

5.1. Improving resilience in SSCM

Stakeholders and companies must increase their ability to learn to adapt in a sustainable
development context. The cooperation and participation through the active engagement of all
relevant stakeholders of SC are considered fundamental to building the relationships needed
to improve socio-ecological-economic resilience through interactions that maximize the benefit
for companies in terms of sustainability. On the one hand, if a SSCM is controlled from the
top-down, then it will become vulnerable and, in consequence, the concentration of power in
companies will make them easily corruptible. On the other hand, as our simulation results
show, cooperation in the sustainable management of material, information and capital flows
emerges from the bottom-up as a result of self-organization among companies that perceive
the benefits of interacting with companies that have adopted sustainability practices. In this
case, the structure of the SSCM is adjusted by the emergent interrelations enabling the SSCM
to face an unpredictable environment.

5.2. Building a reputation in SSCM to promote the adoption of sustainable management
practices

The companies in a SC need to build its reputation of their own business based on multiple
sustainability criteria in the three aspects of sustainable development, i.e., economic, environ‐
mental and social aspects. Green innovations [39] as well as reputation can advantage the
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formation of new interactions between companies that have adopted sustainable management
practices in their business and other companies that have not yet adopted such practices. On
the one hand, based on our simulation results, we observed that companies only imitate the
adoption of sustainable management practices in their own population and in the populations
of their partners when the benefits are maximum and when they interact with others that have
adopted these practices. On the other hand, indirect reciprocity [40] give and you shall receive is
built on reputation and can sustain high levels of cooperation [41] for adopting sustainable
practices. In this sense we propose that building a reputation for practicing sustainability
principles can be a path for other companies to follow. So, government and institutions need
to recognize and increase the benefits for prestigious companies in adopting the best sustain‐
ability principles and practices as their strategy, in order to contribute to their motivation for
maintaining their reputation as contributors for local and global sustainable development.

5.3. Top-down and bottom-up decision making in SSCM

As discussed in Section 3, the top-down approach needs to be complemented by the bottom-
up approach in order to enhance the resilience in a SSCM for increasing the collective capacity
of companies and stakeholders to learn and adapt in a sustainable development context.

5.4. Using information systems to compensate best sustainable management practices

As was demonstrated in our simulation results, the cooperation of companies in the adoption
of sustainable management practices is a function of the benefits perceived by them. In this
direction, a system of benefits supported by the IS needs to be developed.

It is important for administrators in the supply chain to understand the importance of
sustainability, and how objectives can be brought into line to achieve these goals by using
information technologies (ITs). They also need to know the difference between using ISs and
ITs and how they can be adapted to achieve sustainability.

Using what is known as green IT and green IS has these main differences:

1. An IT transmits, processes, or stores information.

2. An IS is an integrated and cooperating set of software using ITs to support individual,
group, organizational, or societal goals.

Green IT is mainly focused on energy efficiency and equipment utilization. It addresses issues
such as

1. Designing energy efficient chips and disk drives.

2. Replacing personal computers with energy efficient thin clients.

3. Use of virtualization software to run multiple operating systems on one server.

4. Reducing the energy consumption of data centers.

5. Using renewable energy sources to power data centers.
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6. Reducing electronic waste from obsolete computing equipment.

7. Promoting telecommuting and remote computer administration to reduce transportation
emissions.

According to Watson et al [42], the use of IS refers to the design and implementation of ISs that
contribute to sustainable business processes. This helps an organization to

1. Reduce transportation costs with a fleet management system and dynamic routing of
vehicles to avoid traffic congestion and minimize energy consumption.

2. Support team work and meetings when employees are distributed throughout the world,
and thus reduce the impact of air travel. IS can move remote working beyond telecom‐
muting to include systems that support collaboration, group document management,
cooperative knowledge management, and so forth.

3. Track environmental information (such as toxicity, energy used, water used, etc.) about
the creation of products, their components, and the fulfillment of services.

4. Monitor a firm's operational emissions and waste products to manage them more
effectively.

5. Provides information to consumers so that they can make green choices more conven‐
iently and effectively.

Green IS has a greater potential than green IT because it tackles a much larger problem. It can
make entire systems more sustainable compared to reducing the energy required to operate
ITs.

Other authors give a definition of IS and again they focus the importance of it. For example,
in the Melville’s [43] study, it can be seen that: We thus define IS for environmental sustaina‐
bility as IS-enabled organizational practices and processes that improve environmental and
economic performance. We launch a new discourse on IS innovation for environmental
sustainability by drawing upon the uniqueness of IS scholarship, which incorporates both
behavioral science (search for truth) and design science (search for utility in designed artifacts)
(Hevner et al. [44]). Finally, it is important to mention that IS is used in different ways
depending on how the problem is framed. For example, if the problem is framed in economic
terms, then IS may be viewed as a means by which energy productivity (quotient of output
and amount of energy used) is increased. If the problem is viewed in ecological terms, then IS
might be framed in terms of how online social networking reduces greenhouse gas emissions
or how data centers increase greenhouse gas emissions. Another implication of complexity is
the need for research methodologies that account for uncertainty and feedback, such as system
dynamics by Sterman [45]. Altogether, the environmental sustainability research context is
distinctive in scope, complexity, and urgency, requiring IS researchers to extend epistemo‐
logical horizons [43].
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5.5. Giving people cooperative and adaptive management skills

Problems involving ISs and environmental sustainability involve human behavior and the
broader social, organizational, and environmental contexts. Review of the IS and operation
literature and examination of other business literature reveal three classes of sustainability
phenomena: (1) how cognitive states about sustainability (beliefs, opportunities, etc.) emerge;
(2) actions of organizations and individuals regarding sustainability practices and processes;
and (3) environmental and financial performance outcomes. Taken together, the three classes
of phenomena comprise micro and macro issues. Coleman’s [46] model of micro–macro
relations provides the foundation for a conceptual framework, developed by Melville [43].
This framework called Belief–Action–Outcome (BAO) is summarized in Figure 10, and is
explained in Table 2.

Figure 10. BAO framework for IS research and sustainability. Source: Ref. 43.

Belief formations Action formation Outcome

Description How psychic states (beliefs, desires,
opportunities, etc.) about the natural
environment are formed.

How psychic states about
the natural environment
translate to actions.

How sustainability actions affect social
and organizational systems. How
macro states affect behavior of society
and organizations.

Analysis
level

Macro–micro Micro–micro Micro–macro (links 3 and 3’).
Macro–macro ( How societal structure
affects the behavior of social systems-
link 4, how organizational structure
affects the behavior of organzation-link
4’, how societal structure affects the
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Belief formations Action formation Outcome

behavior of organzation – link 5, and
how organziational structure affects
the behavior of social systems- link 5’).

Constructs Societal structure: Cultural or
normative patterns that define
expectations of agents about each
other’s behavior and that organize
enduring interrelationships .†

Organizational structure: Ways in
which an organization divides its
labor into distinct tasks and achieves
coordination among them.‡

Psychic state: Beliefs, desires,
opportunities, etc.

Action: Something done by
an individual, such as
adoption of an information
system to improve
organizational recycling or
facilitate ride sharing.

Behavior of society: Functioning of
society and natural environment
(includes performance).
Behavior of organization: Functioning
of organization (includes
performance).

Example
studies

Integrated assessment using a
designed information system
changed individual
beliefs about risks of
climate change
(Schlumpf et al. 2001).

Belief that reducing
greenhouse gas emissions
is critical to sustainability
leads to adoption of
social networking site
encouraging
energy conservation (Bottrill
2007).

IT investment in
services and most
manufacturing sectors increases
electricity demand, with
implications for greenhouse
gas emissions (Cho et al. 2007).

Example
theories

Contingency theory.
Information processing theory.
Media richness theory.

Game theory.
Social cognitive theory.
Technology acceptance
model.
Theory of planned behavior.
Theory of reasoned action.

Absorptive capacity.
Dynamic capability theory.
Production theory.
Resource-based theory.
Systems’ theory.

† Adapted from 47
‡ See 48

Table 2. BAO framework terminology. Source: Ref. 43

Finally, the framework is consistent with the study of dynamic change processes as well as
static cross-sectional analysis. For example, the adoption of an environmental management
system (EMS) incorporating an online social network with the goal of engaging employees,
improving environmental performance, and reducing costs might be viewed as an organiza‐
tional change process involving belief formation (links 1, 1'), sustainability actions (link 2), and
environmental (link 3) and organizational performance (link 3') outcomes. In contrast, a survey
of organizational use of IS for sustainability and perceived environmental performance
impacts might focus entirely on the macro–macro (link 5') [43].
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6. Conclusions

Being able to visualize the sustainable supply chain as a complex adaptive system helps us to
avoid making mistakes, such as over-simplifying the problem, and to treat it as a deterministic
case. This approach allows us to consider all the seemingly insoluble problems as they arise.
Thinking of a supply chain that is sustainable requires a lot of effort in terms of not only theory
and a change of paradigms but also as a practical undertaking, because as Pagell and Shev‐
chenko [49] point out we need to avoid having supply chains that are merely less unsustainable
while, at the same time, not being truly sustainable. In this study, we proposed game-
dynamical replicator equations for multiple populations to describe the evolution in time of
the proportions p(t) and q(t) of cooperative companies in populations 1 and 2 of the same
supply chain. In the model, we assumed that companies in population 1 prefer to adopt
sustainable management practices in their operations while companies in population 2 operate
based on unsustainable management practices, but the companies of populations 1 and 2
interact in a daily basis interchanging material, information and capital flows. From our
simulation results, we observed that the total success of cooperation depends on the payoffs
resulting from interactions with companies that have adopted sustainable management. We
suggest that government and institutions need to recognize and increase the benefits for
prestigious companies in adopting the best sustainability principles and practices as their
strategy, in order to contribute to their motivation for maintaining their reputation as contrib‐
utors for local and global sustainable development. We conclude that sustainable management
of supply chains needs to be studied as CASs, in order to take into account the social side of
sustainability. Finally, the combined use of game theory and simulation by agents using an
approach of complex adaptive systems led us to have a series of opportune activities that can
be improved and broadened as they are put into practice by different businesses with a
commitment to sustainability. In the words of Pagell and Shevchenko “If we continue to
conduct research that mainly focuses on how variations on existing practices impact the ability
of unsustainable supply chains to become less unsustainable, then we will miss a critical
opportunity to lead future practice and the development of a new supply chain model.
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Abstract

The  notion  of  energy  chain  concept  has  been  defined  as  the  trajectory  of  energy
transformations from the fuel source or energy sources to useful energy form to end
users. Production of fuels, heat and electricity from different sources is defined by the
appropriate energy supply chain. Every single energy supply chain can be uniquely
defined by several sustainability criteria. These criteria are: total energy efficiency of
production, total exergy efficiency of overall chain, the coefficient of exergy quality for
different products at energy chains, economy of production, investment and environ‐
mental criteria.  Optimal energy supply chain can be chosen by using multicriteria
optimization which fulfils the above-mentioned sustainability criteria. This selected
energy chain is close to ideal solution. The ideal energy supply chain is formed from
the set of energy production ways which are defined from the perspective of sustaina‐
bility  criteria  and  which  have  connection  with  the  current  status  of  technologies,
economic, environmental parameters, etc. The concept of optimization in practice is
usually based on economics until recently, often neglecting all the other consequences
of such a decision. Therefore, multicriteria decision making (MCDM) improves the
opportunities in assessing the optimal variant of energy chain for defined ranking
criteria. Before the optimization process, it is necessary to create a mathematical model
for calculation of optimization criteria. Also, for each specific case of energy produc‐
tion,  it  is  necessary to develop appropriate mathematical  formulas to describe the
energy chain. Numerical verification, all mathematical calculations and modelling have
been applied and confirmed on wood biomass supply chain for energy production in
this case.  The reason for this is  complexity of supply chains in the bioenergy and
representation of  renewable  energy sources.  For  total  ranking of  energy chain for
production  of  fuel  or  energy  and  selection  of  optimum  variant,  the  multicriteria
optimization and VIKOR method were applied. The significance of energy produc‐
tion from renewable energy sources is particularly expressed nowadays. Basically, the
most significant part in the process of energy production from energy sources is the



supply chain, final conversion of energy in useful form at the energy plant and the
distribution process to end users. Due to the fact that there are various opportunities
for the composition of  energy chains of  fuel  supply and different ways of  energy
production, it is necessary to try to make a unique mathematical approach for this
problem. With the proposed sustainability criteria and developed mathematical model,
it is possible to unify the overall problem of energy supply chains’ optimization. The
proposed developed method can be used for the optimization of any kind of energy
supply chains (electricity, heat, fuels or their mix). All of these are enabled by proper
selection criteria for the description of overall energy transformations in energy chains
and quality evaluation of the energy produced. The developed approach and mathe‐
matical model have a very practical application in the selection of optimal variant of
energy production and of course in designing new energy chains.

Keywords: energy supply chains, optimization, exergy, mathematical modelling, opti‐
mization criteria, biomass, bioenergy, renewable energy

1. Introduction

The process of energy and fuel production is closely related to sustainability. The use of fossil
fuels causes harmful influences to the environment, while, on the other hand, the reserves of
fossil fuels are limited. With the development of human civilizations, the needs for energy grow,
which causes an accelerated consumption of fossil fuel reserves. The decrease of fossil fuel
reserves and their harmful influences to the environment have forced the mankind to take the
direction of the more intensive use of renewable energy sources as well. Observed from a
thermodynamic aspect, for the analysis of an energy production process, it is necessary to
evaluate the process both in terms of quantity and quality. For that reason, energy and exergy
efficiencies of an energy production process were defined, and they have to be taken into account.
The energy production chains can be defined in different ways, and in most cases the logistics
of the fuel supply has a significant role. The selection of optimal variant of energy production
presents a process that has to take into account a set of the most significant factors and crite‐
ria, which can be adequately used for the description of energy production chains. From the set
of different energy production chains described by optimization criteria, it is possible to select
the variant of energy production which is optimal for some particular case, based on the current
state of development of energy production technology, economic and ecological parameters.
The optimal variant of energy production selected in this way is not completely sustainable, but
it presents a way and a path by which we get closer to a sustainable energy chain of energy
production. It is obviously the best approach method for optimization of energy chains in the
multicriteria  decision making,  which solves  the  selection problem of  an  optimal  energy
production. In this text, there is a description of multicriteria optimization application and the
VIKOR method for the selection of optimal and sustainable energy supply process.
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2. Concept of multicriteria decision making

Not long ago, the concept of optimization was based mostly on the economic criteria, while
the other consequences of such a solution were often neglected.. It was thought that the increase
in financial profit not only leads to the progress and general welfare of the society, but also to
the satisfaction of all human needs. The accompanying effects of this concept, such as the
deterioration of quality of water and air, and the pollution of environment in general, bad
social influences, etc., undoubtedly indicate a wrong basis of such a model. Because of that, a
new, still dominating, concept has been created, of the so-called sustainable development, that
is, of such a development which is in harmony with the environment, corresponding to modern
technical standards, economically and socially acceptable from the viewpoint of social
disturbances that it may cause. So, such an approach enables the fulfilment of the present
generation’s needs, without disturbing the opportunity of other generations to meet their
needs too. There is no unique and generally accepted definition of the notion of sustainable
development. The most often stated definition of sustainable development is the one given by
the United Nations World Commission on Environment and Development (the so-called
Brundtland Commission) in its report with the title “Our Common Future”. The definition is:
“Sustainable development is the kind of development that meets the needs of the present
without compromising the ability of future generations to meet their own needs too.” For that
reason, the need for searching an optimal solution in many criteria has been created, thus
initiating the appearance of a new branch in the field of optimization, that is, of optimal
decision making––multicriteria optimization––as a tool for assistance in the process of
multicriteria decision making (MCDM). In the United States, multicriteria analysis is also often
called MCDM, and in Europe, it is called multicriteria decision aid (MCDA) [1]. MCDM is a
complex process of finding a solution, and it occurs at a few phases and a few levels of decision
making. There are different methods of MCDM, and most of them belong to the category of
discrete methods. In discrete methods, the problem of decision making is defined through
finite number of options. In this paper, the MCDM methods are divided into [2]:

• Basic methods––The simplest forms of the MCDM method, and it is difficult to apply them
in solving the optimization of energy chains due to the inadequacy of their simple prefer‐
ential models.

• One-criterion approach––The methods where all the criteria are reduced to one criterion for
comparison. The following methods belong to this group: MAUT, TOPSIS, SMART, AHP,
etc. These methods belong to the American school of MCDM.

• Outranking methods––The methods where the alternatives are compared, and the prefer‐
ences of one in relation to the other are identified. They include: NAIDE, ELECTRE,
PROMETHEE, etc. These methods belong to the European school of MCDM.

• Target method, or the referent point method––This method identifies the options closest to
the ideal one and the furthest from the anti-ideal point. These methods include the target
and compromise programming, the VIKOR method.
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• Fuzzy set theory––This uses the approach of imprecise and insecure information. It is used
as a means which can be applied to any MCDM methodology, and not exclusively as a
specific MCDM methodology.

The application of multicriteria optimization and decision making may have a significant role
in the selection of technological, economical, more efficient and ecological criteria, and of many
other criteria of acceptable solutions. This method also provides a good opportunity of
application in the selection of optimal variants of energy production from biomass and the
quality analysis of energy chains. Energy production from biomass is, by its nature, multidi‐
mensional and complex, with many available sources of biomass, technical possibilities and a
diverse set of interested parties which have a multitude of opposed opinions. To develop and
run a successful option of biomass utilization for energy purposes, there are many require‐
ments which should be taken into account and met. Scott and associates have provided an
overview of those academic papers which try to deal with the problems occurring within the
bioenergy sector, by using the MCDM. These methods are especially appropriate for bioenergy
production, if its multidimensional nature is taken into account as well, but they can also be
equally relevant for other energy conversion technologies. The related articles which occur in
international journals from 2000 to 2010 have been collected and analysed in such a way that
the answers to the following two questions can be given: (1) which methods are the most
popular ones? (2) what problems attract the highest attention? The overview discovers that
the optimization methods are the most popular ones among the methods where the selection
has been made within a small number of alternatives, and, as such, used in 44% of analysed
papers, and among the methods where the selection has been made within many alternatives,
they have been used in 28% of papers. The most popular application area of MCDM is in the
selection of technologies, with 27% of analysed papers, while the application of MCDM to the
decision-making policy participates with 18% [3].

3. Reasons for the application of multicriteria optimization in the
selection of optimal energy supply chain

Generally, multicriteria optimization presents the finding of the variant (in our case, of an
energy chain, a defined way of energy production), which will, in many ways, meet the
required solution closest to the ideal one. The multicriteria optimization method occurred
exactly from the striving towards a sustainable concept of the development of mankind.
Because of that, the chosen methodology for the selection of optimal variant of energy
production from biomass is good enough for the solving of this problem. The reason for that
is more than simple. Biomass presents a renewable energy source and is an important part in
the chain of sustainability. In the overviewed literature, a few papers have been found in which
the VIKOR optimization method has been used. However, the real reason why this method is
potentially good in solving the problem of selection of an optimal chain of the energy pro‐
duction from biomass is the possibility of different criterion weights definition and weights in
decision-making strategies. Besides that, for all the obtained solutions, it is possible to check

Sustainable Supply Chain Management222



their stability mathematically as well, that is, whether they will be good enough if some
parameters are given a greater importance in the optimization than others. Of course, the
forming of the criterion matrix gives a systematic overview of all characteristics of the observed
energy chains, among which the best option has been selected. In this way, the universal
concept is formed, which can give many answers on the design, installation and exploitation
of the systems for energy production from biomass in a much more comprehensive sense.

4. Definition criteria for evaluation of biomass supply chain and
approach to the optimal variant of energy production

The energy chains modelling should be based on modularity. It practically means that it is
necessary to do a mathematical modelling of every energy chain element as an independent
entity which will present a mathematical model for itself, as an elementary part of the energy
chain. In literature, many studies have focused on techno-economic assessment to evaluate the
economic feasibility of forest biomass utilization for the generation of heat [4], power [5],
combined heat and power [6], and biofuel, heat and power [7]. The previous studies have
compared alternative process technologies that use forest biomass to produce electricity [8]
and alternative products that can be generated from a specific forest biomass base [9, 10]. Also,
it is possible to minimize the cumulative fossil energy demand or the consumption of certain
types of critical resources (e.g., labour, materials) associated with the unit of biofuel products,
in order to achieve the maximum utilization of available resources [11]. For the most economic
objectives, we often try to optimize the total quantity, that is, maximize total profit or minimize
total cost. However, for environmental criteria, the “environmental impact per functional unit”
is more critical [12]. This is because, for example, one may care more about the carbon footprint
of producing one gallon of biomass-derived gasoline, rather than the annual total CO2 emission
of the entire biofuel supply chain. Therefore, the environmental impact evaluated based on
functional unit is, in fact, the indicator of how “green” the supply chain is. All these studies
did not find the optimal design of the forest biomass supply chain under analysis. Especially
for conditions of optimization, this includes several different criteria such as technical,
logistics, energetic, economic or environmental factors. This is a good direction for the
development of the criteria for optimization of energy chains. The approach to the modelling
of all elements is based on the analysis from the aspect of consumed energy in every element
of the chain. The calculation of other criteria comes down to the calculation of production costs,
CO2 emission and investment cost per installed power of all energy consumers in the chain.
Almost all the important elements of an energy chain for biofuel and energy production can
be defined by the criteria f1j, f2j, f3j, f4j, f5j, f6j. The calculation of all the criteria functions is different
for each of the chain variants (a1, a2, a3 … an). But we have similar approach to the analysis of
a single element of the chain. Well-defined criteria describe the overall energy chain based on
biomass completely. For this reason, it is necessary to properly select the set of criteria which
would have given a better assessment of the value chain of biomass energy. The following
criteria must be defined:
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• energy efficiency of observed chain; criteria function noted as f1j;

• exergy efficiency of chain; criteria function noted as f2j;

• the coefficient of exergy quality for different products at energy chains f3j;

• specific investment cost per total installed power of all machines and plants in the energy
chain, €/kW; criteria function, f4j;

• production cost of energy chain per 1 kWh of the lower heating value of produced biofuels
or energy, €/kWh; criteria function, f5j;

• CO2 emission in the total chain due to the fossil fuels consumption for 1 kWh of the lower
heating value of produced biofuel or energy, kg/kWh; criteria function, f6j.

As we know, lower calorific value (or lower heating value, LHV) of a fuel portion is defined
as the amount of heat evolved when a unit weight (or volume in the case of gaseous fuels) of
the fuel is completely burnt and one part of that heat is used for water evaporation with the
combustion products [13]. That is the main reason why we defined the previous criteria with
lower heat value of fuels. It is the useful heat energy given in combustion process from chemical
energy stored in all fuels and of course in biomass. The mentioned criteria are different for
differently defined initial conditions of a problem. Solution to the problem of selecting the
optimum variant of fuels and energy production consists of:

• Mathematical model for calculation of optimization criteria;

• Mathematical method for the selection of optimum variant of energy chain.

The significance of energy chains analysis from the aspect of invested energy is very important.
In the literature, we can find the so-called EROEI factor (energy returned on energy invested),
which presents the quotient of utilizable energy from a certain fuel (or from a way of energy
production) and the energy consumed to convert the fuel or energy to a useful form [14]. To
be able to evaluate the total energy consumption in an energy chain for fuel production at all,
it is necessary to calculate all the consumed energies to the primary energy form. Primary
energy is the content of energy in fuel related to lower heating value and weight of fuel. In
that way, the total summation of all the consumed energy amounts in the energy chain of fuel/
energy production is enabled. The principle of calculation of primary energy is defined by
Equation 1 (see Figure 1):

1 2

=
× × × ×fuel

n

Output energy or workLHV
μ μ μ (1)

where LHVfuel (kWh) is the primary energy related to lower heating value of fuel, μ1 … μn are
different coefficients of energy transformation. For example, overall energy efficiency for
conventional power plants with pulverized coal firing has efficiencies as follows: 39–47%––
steam turbine coal-fired power plant [15].
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4.1. Function of energy efficiency for energy chain f1j

Energy efficiency for the qth element of chain and jth energy chain of production is the ratio
between the obtained energy and the energy consumed in the process of energy production
in dimensionless unit, kWh/kWh. The value which is the ratio between the lower calorific value
of the fuel consumption or any kind of energy (expressed in the form of primary energy, see
Equation 1) and lower heating value of biomass processed in every single operation is
important in the first part of the energy chain defined for biomass fuel production depending
on the energy plant [16]. This approach to calculating efficiency involves the productivity of
machines and equipment for processing of biomass, as well as defined energy and fuel
consumption from certain processes (elements) in the energy supply chain [17]. All consumed
energy is defined as primary energy in LHV fuel (see Figure 2).

Total energy efficiency factor of the energy chain including power plants, transmission losses
in the network, as well as all levels of energy transformation is defined by

q
ckj

1j bj ej tj gj dj end,usej
k 1 pkj

e
f 1 '

e=

æ ö
ç ÷= - ×m ×m ×m ×m ×m × × ×m
ç ÷
è ø

å (2)

where ecqj is the primary energy consumed in one element of the bioenergy chain, expressed
in kWh; epqj is lower heating value of processed biomass in one element of the chain, expressed

Figure 1. Principle of calculation of primary energy.

Figure 2. Part of supply chain for biofuels production up to power plant.
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in kWh; k is the counter of elements in the energy chain; and q is the total number of elements
in the energy chain; μbj ⋅ μej ⋅ μtj ⋅ μgj ⋅ μdj ⋅ ⋅ ⋅ μend,usej are the factors of energy efficiencies for
boilers, heat exchangers, turbines, generators, distribution, end users, etc. [15].

4.2. Function of exergy efficiency for overall energy chain f2j

Different ways of formulating exergy efficiency (effectiveness, or rational efficiency) for
various energy systems are given by Cornelissen [18]. The exergy performance of the system
can be evaluated by means of the exergy efficiency. Two expressions of the exergy efficiency
are often used in literature, the simple and the rational exergy efficiency [19, 20]. Their
mathematical expressions are given in Equation 3.

,, ,= = = +xdes outxout
exsimple exrat xin xout

xin xin

EE
μ μ E E I

E E
(3)

where μexsimple is simple exergy efficiency, Exout is total exergy output, Exin is total exergy input,
μexrat is rational exergy efficiency, Exdes,out is desired output exergy. The irreversibility of the
process or exergy loss, I, is defined as the difference between desired exergy outputs EXout and
the required exergy inputs EXin to it [20]. When we talk about the exergy efficiency of the entire
bioenergy chain (from the source of biomass to the end user), then the individual exergy
efficiency of single chain elements must be taken into account (see Figure 2). The total exergy
efficiency of the energy chain is
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where exckj is exergy consumed in one element of chain, expressed in kWh; expkj is exergy stored
in the produced fuel, in kWh; k is the counter of elements in energy chain; q is the total number
of elements in the energy chain; μexbj ⋅ μexej ⋅ μextj ⋅ μexgj ⋅ μexdj ⋅ ⋅ ⋅ μex,end,usej are factors of exergy
efficiencies for boilers, heat exchangers, turbines, generators, distribution, end users, etc. For
more information about energy and exergy efficiencies of selected processes, see [21]. Energy
and exergy analyses for three different cogeneration systems (steam cogeneration, gas-turbine
cogeneration and diesel-engine cogeneration were performed by Kaushik [22]. It should be
noted that the first part of the supply chain relates to the production of fuels from biomass;
exergetic efficiency of this part of the chain is approximately equal to the energy efficiency.
The main reason for this is a constant chemical exergy of biomass. There are cases when it
comes to the occurrence of chemical exergy destruction, such as pyrolysis and gasification of
biomass. Then it is needed to calculate the exergy efficiency of these processes.
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4.3. The coefficient of exergy quality for different products at energy chains f3j

Various forms of energy have different qualities. There are different basic energy forms: kinetic
energy, potential energy, thermal energy, chemical energy, electrical energy, electromagnetic
energy, sound energy and nuclear energy. It is said that energy can be “useful” if it can be
entirely transformed by an ideal system (i.e., without losses) into any other type of energy.
Useful energy, otherwise known as exergy, only represents a part of energy. Electrical and
mechanical energies are “high quality” forms of energy; their exergy index is 100%, since
exergy is equal to energy. Table 1 provides an overview of the coefficients of exergy quality
for different energy forms:

Coefficients f3j Electricity Fuel Heat

Ej = 1 kWh Fj = 1kWh ⋅ μexp H j =1 kWh⋅ (1− T0

T )

Table 1. Coefficients of exergy quality.

where μexp is exergy efficiency for the production of electricity from different types of fuels
from defined technology [21]; T0 is environment temperature (K); T is temperature of heat
reservoir (K); Ej, Fj and Hj are coefficients of exergy quality for electricity, fuel and heat,
respectively. Also, we can define the combined coefficient of exergy quality as

= × + × + ×j j j j j j jf E e F f H h ,3 (5)

where ej + fj + hj = 1, ej, fj, hj are percentages of simultaneous production of electricity, fuel and
heat at the energy chain.

The main difference between the quality factor of energy form (q) and coefficient of exergy
quality (f3j) is only that exergy quality factor takes into account the degree of conversion of
chemical exergy into electricity. This factor provides a comparison of fuel and electricity.

4.4. Function of specific investment cost for energy chain f4j

Engineers and investors typically interpreted and measured the performance of energy
systems based on economic value such as investment and production costs. The most widely
used economic performance metrics for comparing the economic value energy systems are net
present value, total life cycle cost, rate of return, benefit–cost ratio and payback period. The
economic principles and applications of these techniques are discussed in numerous standard
engineering economics analyses and engineering economy texts [23, 24]. For energy chains,
there are more elements included in their composition. Specific investment cost in the energy
chain is the ratio between the total investment cost and the total installed power of all the
elements in the chain:
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where ∑
k=1

q
Ikj is the sum of all investment in the elements of energy chain [€]; ∑

k=1

q
Pkj is the sum

of all installed power in the energy chain (kW, MW); q is the number of elements in the energy
chain; k is the counter for the number of elements in the energy chain; j is the number of energy
chains. If in the energy chain there are elements whose function cannot be expressed in units
of €/ kW, it is necessary to bring these elements in similar correlations. For example, if the
storage for biomass exists, then Ikj is certain value of investment in storage and Pkj (installed
power) is equal to zero.

4.5. Function of specific production cost for energy chain f5j

Investments are defined as the sum of all incurred expenses until plant operation reaches
readiness, while operating costs occur during operation and depend on capacity utilization
[25]. The production costs (operating and maintenance) were calculated by dividing the total
annual costs as a fixed and variable, with the net generating capacity and net annual generation
respectively, electricity and district heat or fuels. For electricity-generating technologies,
including combined heat and power generation, the denominators are electric capacity and
electricity generation. For heat-only technologies, the denominators are heat-generating
capacity and heat generation. Often, the reference documents do not distinguish between fixed
and variable production costs. Then the total production costs are expressed, typically in
€/MWh or €/kWh. Function of total production costs f5j for bioenergy plants is
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where (Opkj + Mpkj) is the sum of all operating and maintenance costs in all elements of energy
chain per year (€/h); Crj is the cost of biomass raw material (€/h); Ep(fuel/heat/electricity)j is
the productivity of different energy forms per chain (kWh/year, MWh/h). Operating and
maintenance costs also include labour costs per kWh of energy produced.

4.6. Function of specific CO2 emission for energy chain f6j

A trend in GHG emissions from fossil fuel combustion illustrates the need for all countries to
increase the use of more sustainable energy in future. The emission of GHG of particular
species is often monitored because of the adverse environmental consequences that can cause
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photochemical smog, acid rain, global warming and ozone depletion. The details of, and
standard methods used to measure, global warming potentials (GWPs) are defined by the
IPCC [26]. For measurement of an energy system’s environmental performance, the results are
expressed through a mass of carbon dioxide equivalent emission per unit of desired output
(e.g., kg-CO2-eq./kWh elec.). The following equation can be used for the estimation of green‐
house gas emissions from the combustion of each type of fuel per energy chain [27]:

( )6 / /
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æ ö× ×
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kj kj fkj
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j

j
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t

3.6
f ,
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where mkj is the quantity of fuel type consumption in one element of energy chain (kg/h);
eckj is the energy content factor of the fuel according to each fuel (kWh/kg); efkj is the emission
factor for each gas type (in our case CO2) for different fuel types according to each fuel (kWh/
kg) [28];Ep(fuel/heat/electricity)j is productivity of different energy forms for each chain per
hour (kWh/h, MWh/h).

5. Mathematical model for the selection of optimum variant of energy chain
for energy production from wood biomass

In this paper, for the actual problem of selection optimum variant of energy chain, VIKOR
optimization method is applied as a proposal and as an adequate method for the solution of
multicriteria optimization related to the selection of optimal energy chain of production. This
method aims to collect all the most important factors which describe energy supply chains
from biomass and make the selection of optimal supply chain. The VIKOR method (multicri‐
teria compromise ranking) has been developed for the determination of a multicriteria optimal
solution. The VIKOR method has been developed on such a methodological basis that a
decision-maker is suggested as the alternative (or solution) to present a compromise between
wishes and opportunities, the different interests of the decision-making participants. The
VIKOR method has been developed for a multicriteria optimization of complex systems. It is
focused on ranking and selection of the best solution from the given set of alternatives, with
conflicting criteria [29]. The VIKOR method requires the values of all the criteria functions for
all the alternatives in the form of a matrix to be familiar. Because of that, at the beginning of
the optimization process, a general form of the problem has been set (evaluation matrix) for
the specific case. The matrix of criterion functions for all variants of the production of fuels or
energy from biomass is of 6 × n dimensions (6 criteria and n alternatives of energy production
from biomass), obtained from the calculation of different cases of energy chains’ composition:
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where {a1, a2, a3 … an}, j = n are a finite set of possible alternatives for the n energy chains of
production; {f1, f2, f3, f4, f5, f6}, i = 6 are a finite set of criterion functions for five defined and
adopted criteria on the basis of which the chains of energy production from biomass are
analysed; {f11, f12 … f6n} are the set of all the criterion functions’ values in matrix F. An ideal
solution is determined on the basis of the criterion functions’ values from the equation [29]:

, , , ,= = ¼i ijj
f ext f i 1 2 6. (10)

The operator ext denotes a maximum if the function fi describes a benefit or profit, and a
minimum if fi describes damages or costs or other variables which are of interest to optimize
(minimization or maximization criterion functions). This is the best way to define an ideal
solution for energy production from different energy chains based on biomass. The criterion
functions within the matrix F are commonly not expressed in the same measurement units
(i.e., the belonging criterion space is heterogeneous). For that reason, in order to perform use
of multicriteria optimization, it is necessary to convert all the criterion functions into dimen‐
sionless functions whose values will be in the interval [0, 1]. This process is called the normal‐
ization of dimensional units in the area of multicriteria mathematics. Firstly, the best values
of criterion functions are determined. In our case, those are the maximum values of first three
criterion functions (energy and exergy efficiency, the coefficient of exergy quality for different
products at energy chains) and minimum values of the other three criterion functions (mini‐
mization of CO2 emission per 1 kWh energy produced, production cost per 1 kWh energy
produced and specific investment cost per kilowatt installed in the production chain). Then
we have mathematically [29]

( ) ( ) ( )
( ) ( ) ( )

* * *
1 1j 1 2 2j 2 3 3j 3

* * *
4 4j 4 5 5j 5 6 6j 6

maxf f = f , max f f = f , max f f = f ,

min f f = f , min f f = f , min f f = f .
(11)

In the same way, the worst values of the criterion functions can be determined, which are
obtained by the same criterion functions [29]:
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( ) ( ) ( )
( ) ( ) ( )

- - -
1 1j 1 2 2j 2 3 3j 3

- - -
4 4j 4 5 5j 5 6 6j 6

minf f = f , min f f = f , min f f = f

max f f = f , max f f = f , max f f = f .
(12)

Then all the elements of the matrix f are converted in the value domain [0, 1]. This is achieved
by the following formula [29]:

é ù
ë û

*
ij

ij ij* -
i i

f - f
d = , and a matrix is formed,in the form D = d , for i = 1,...6 and j = 1,…n.

f - f
(13)

Considering the difference fi
*− fi

− in the expression for dij it is necessary for all elements of the
matrix D to be of the values in the interval (0, 1). The values of criterion functions are obtained
by maximization or minimization of criterion functions. The criterion weights for the specific
problem related to ranking variants of energy chains, for the six main criteria defined are
mutually equal. The reason for this is very simple, because we strive for the minimal CO2

emission quantities, production cost and specific investment cost per totally installed power
in the energy chain. Also, at the same time, the aim is maximization of energy efficiency and
exergy efficiency and quality of energy forms. All criteria functions have equal weight and
importance. Due to that, it will be valid that the criterion weights are

= = = = = = =1 2 3 4 5 6 j
1w w w w w w w .
6

(14)

After that, the values of the elements of matrices Sj and Rj were calculated. Considering the
equality of the criterion weights, they are obtained as [29]:
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(15)

In this way, the problem is reduced from a multicriteria space to a two-criterion problem. The
values of minimal and maximal elements are determined from the matrices Sj and Rj [29].

* - * -
j j j jj jj j

S = minS , S = maxS , R = minR , R = maxR . (16)
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The decision strategy weight will be taken as υ =0, 6.. This is valid for the criterion number m
= 6 [29]. For the other case and number criterion m [29], we have

,
,
,

ì £
ï= £ £í
ï ³î

0.5 m 4
υ 0.6 5 m 10.

0.7 m 10
(17)

On the basis of that, it is possible to calculate the value of the matrix qj pursuant to the equation
[29]:

(18)

A certain value of qj corresponds to every chain in the following matrix [29]:

*; ; ;é ù= =ë û

1 2 j n

j 1 2 j n jj

CH CH CH CH

Q q q q q Q minQ (19)

The optimum variant of production is defined by the minimal value. The ranking of alterna‐
tives is formed from the lowest value of qj to the highest value of qj, which is from the best to
the worst variant. In our case, the alternatives are the mentioned energy chains for fuels and
energy production from biomass [29].

5.1. Acceptable advantage and stability of the selected variant of optimal energy chain on
the basis of the VIKOR method

In the cases when values of criterion weights are different and some criteria are given a greater
importance in relation to the others, the stability of the obtained optimal solution should be
checked on the basis of the VIKOR method. The alternative (a’) is suggested as a compromise
solution, which is the highest ranked value on the Q measure (matrix). Then, two conditions
have to be met:

(1) Acceptable advantage

( ) ( )'' '- - ³Q a Q a DQ (20)

where a” is the second-position alternative on the rank list (Q); DQ = 1/(m− 1) advantage
threshold, where m is the number of alternatives (energy chains).

(2) Acceptable stability
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The alternative a’ should also be ranked as the best in S and/or R rank (matrix). In that case,
the solution has been selected correctly [29].

6. Enclosure of specific mathematical functions for elements in wood
biomass supply chain

For the production of biofuel from wood biomass, it is necessary to engage different types of
mechanization, plants for converting biomass to useful fuel, human and other resources. Due
to the fact that the energy chains for biofuel production were analysed from the energy aspect
in this paper, in the text that follows, mathematical descriptions will be given for the particular
elements of an energy chain pursuant to the previously adopted concept for the calculation of
functions for the elements in supply chain [16].

6.1. Biomass collection machines in a supply chain

Biomass collection machines are the first elements in a chain from which the entire biomass
supply process starts. Different operations in wood biomass collection require different
machines, whose selection for use practically depends on the application conditions. In the
structure of the analysed energy chains discussed in this paper, the following machines were
used: chainsaw, tractor, truck, hydraulic crane, mobile chipper and forwarder. For all the
production machines whose fuel consumption is expressed in litres per hour (l/h) and the
labour productivity in volume unit per hour (m3/h), the following relations were adopted to
Equations 2–8 [16]:

(21)

(22)

(23)
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where q = 1 … n1 is the number of machines included in the work; Fcjq is specific fuel con‐
sumption of the observed working machine, l/h; Prjq is productivity of the working machine,
m3/h; tjq is working time of machine, h; Hvjq is lower heating value of fuel (gasoline or oil,
depending on the fuel type the machine uses), MJ/kg; wjq ≥ 30% wood moisture, %; ρ0jq is wood
density, kg/m3; αvjq is the percentage of wood swelling, %; (SVF)jq is fulfilment factor of volume
(0 … 1); cjq is the price of a litre of fuel (gasoline or oil); ρFjq is the density of fuel at atmospheric
conditions, kg/m3; eFjq is coefficient of CO2 emission for different fuels in kilograms of CO2 per
gigajoule of the fuel heating value, kg CO2/GJ; IMjq is the cost price of a new working machine,
€; PMjq is the maximal power of working machine in kilowatts, in which j = 1, 2 … n.

It must be mentioned that the previously written equations are valid only for the working
machines whose productivity is expressed in working hours [16]. Calculation defined criteria
for trucks:
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where Ftcjq is specific fuel consumption in trucks, l/km; ljq is transportation distance, km; Mtjq

is maximal truck load, t. It must be emphasized that the load of a truck for wood chips is
different from the load of a truck for timber transportation. The fuel consumption of machines
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which take part in the wood biomass supply chain is mostly expressed in litres per hour. Also,
the working productivity of particular machines is given in the volume amount of biomass
processed, attracted, collected or loaded by the machine in a time interval. In order to obtain
some proper units of fuel consumption and productivity of different machines for wood
biomass collecting, it is necessary to perform different measurements and explorations in the
exploitation conditions [17].

6.2. Biomass collection machines in a supply chain

Mechanical wood processing implies the type of processing at which, in the first place, the
shape and dimensions of wood are changed by using mechanical means (saws, knives, etc.).
The residues which emanates in sawmills presents a significant amount of wood biomass for
the production of solid biofuels. Besides the main products in sawmills, such as planks and
lumbers, different forms of semi products, namely, the emanated wood residues, from
processing are less important. The energy in primary wood processing is collectively con‐
sumed per volume unit of a final product. Thus, we have the following mathematical functions
(f1j, f5j, f6j, f4j) for a sawmill [16]:

1

1
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q 1el

1j n 4
0 jq jq jq
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(30)

where q = 1 … n1 is the number of sawmills; Fpjq is productivity (sawmill capacity), m3/h;
Ecijq is specific consumption of electricity per cubic metre processed, kWh/m3 (20–30 kWh/m3

soft and hard wood) [30]; tijq is the working time of machine, h; ηcel is the factor of efficiency
of electricity production from a thermal power station (coal as a fuel, assumption); r is the
factor of wood residue in primary processing, in the interval from 0.25 to 0.35 (soft and hard
wood without bark) [30]; wjq ≥ 30% wood moisture, %; ρ0jq is wood density, kg/m3; αvjq is
percentage of wood swelling, %; (SVF)jq = 1 is fulfilment factor of volume (timber); Cejq is the

Energy Chains Optimization for Selection of Sustainable Energy Supply
http://dx.doi.org/10.5772/62537

235



price of a kWh of electricity; eFij is coefficient of CO2 emission for coal in kilograms of CO2 per
gigajoule of the fuel heating value, kg CO2/GJ. It must be mentioned that it has been assumed
that the sawmill consumes the electricity produced in a thermal power station. The factor
ηcel =0, 36 takes into account all the energy losses from the thermal power station to the motor
which drives the system for woodcutting. The factor of loss includes the losses in boiler,
turbine, generator and electric supply network [15]. It must be emphasized that all energy
losses are reduced to the primary energy form (heating value). In such a way, the opportunity
of a simple summation of heating values equivalent to certain forms of energy consumption
is obtained, regardless of thermal energy or electricity in question. Considering Equation 24,
it has been previously defined. In this case, the power of motor PMjq which drives the cutting
system is taken for the sawmill, while the price of a plant for primary processing is taken as
the cost price IMjq.

6.3. Plant for production of wood chips, drying, briquetting and pelleting

For the wood chips, briquettes or pellets production process, it is, as first, necessary to chop
the initial wood residue to a certain granulation, and then dry it. If a wood chip is produced,
then the production line ends with machines for rough chopping of wood to certain granula‐
tion. If we want to produce a wood briquette or pellet after rough chopping, the obtained wood
chips are dried in rotary dryers, and then are additionally fine-chopped, to be briquetted or
pelleted later. The mathematical functions (f1j, f5j, f6j, f4j) by which the production of wood chips,
briquettes and pellets within a plant have been described are related to electricity consumption
due to the mechanical work of chopping of wood residue. Thus, we have the following
relations [16]:
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(32)

(33)
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It will be emphasized again that the electricity for driving a plant has been produced from a
thermal power station. Of course, that should not be a case. If it is assumed, for example, that
the drive of a plant has used the electricity obtained from a hydroelectric power station, then
the CO2 emission factor is equal to zero for the plant. In Equations 31–33, we have the following
values introduced: q = 1 … n1 is the number of plants; Pcjq is the electrical power of the plant,
kW; ηt is the simultaneity factor of the operation of all electric motors in the plant (0.7–0.95),
which depends on whether the plant has an installed electric power compensation system or
not; tjq is the working time of machine in hours, h; Fpcjq is the output productivity of the plant,
t/h; Cejq is the price of 1 kWh of electricity; ηcel =0, 36 takes into account all the energy losses
from the thermal power station to the electricity user in a factory; eFjq is the coefficient of CO2

emission for coal in kilograms of CO2 per gigajoule of the fuel heating value, kg CO2/GJ. In the
case of wood chips production plants, pelleting and briquetting plants, the total installed
electric power in the plant is taken as PMjq, while the price of the plant installation is taken as
the cost price IMjq.

The output moisture value of wet wood chips can vary significantly depending on the input
moisture of wood to be chopped, and is usually in the interval from 30 to 50%. In pellets and
briquettes, there is a prescribed moisture value, between 9 and 12%. It can be concluded that
the differences in wood chips, pellets and briquettes in production plants are seen only in the
installed power of a plant, productivity, and in the electric power compensation factor.The
mathematical functions (f1j, f5j, f6j, f4j) which describe the drying of chopped material before
briquetting or pelleting process are the following ones [16]:

(34)

(35)

(36)
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In pelleting and briquetting plants, multipass rotary dryers are used. Due to the complexity
of the mathematical model of the rotary dryer for sawdust drying, this paper presents a
simplified approach to the calculation of the thermal energy needed for drying chopped wood
residue. It is assumed that for the evaporation of every kilogram of water from a wet material,
it is necessary to invest the amount of heat equal to the latent heat of evaporation, increased
by the coefficient of losses in the dryer. Also, the reduction of heat energy consumed for drying
to primary energy has been done through the coefficients of losses in the boiler which supplies
the dryer. We have the following parameters used in Equations 34–36: q = 1 … n1 is the number
of dryers; Mjq is the input capacity of raw materials, m3/h; tjq is the dryer operation time, h; w1jq

is the moisture of the material at the entrance of the dryer (0 … 1); wjq is the moisture of the
material at the exit of the dryer (0 … 1); L e =2.44 is the latent heat of evaporation for water [31],
MJ/kg; ηb≈0.9 is boiler efficiency [15]; ηd is rotary dryer efficiency, usually within the limits
from 0.4 to 0.6 [32]; Chjq is the price of 1 kWh of thermal energy, €/kWh; eFjq is the coefficient of
CO2 emission for different fuels, in kilograms of CO2 per gigajoule of the fuel heating value,
kg CO2/GJ. If wood biomass is used in the boiler for drying heat production, then the CO2

emission is equal to zero. In this paper, the data from a real pellet production plant ”Enterprise
for making of wood packaging and production of eco-briquettes––pellets EU PAL factory Pale,
Bosnia and Herzegovina” has been used for defining particular mathematical functions and
logistic concept.

7. Model testing results in the case of the selection of optimal chain of
energy and fuel supply from biomass

For the analysis and selection of an optimal chain of the production of electricity, fuel and
thermal energy, three energy chains have been taken into account: CHP (combined heat and
power) facility with the ORC process, pellet production and hot water boiler. All the facilities
and processes are real, and the necessary data used for calculation are real and present the
current state in the use of biomass for energy purposes in the Republic of Srpska and Bosnia
and Herzegovina. As a fuel supply chain for the CHP facility with the ORC process and hot
water boiler, the chain of wood chips obtained by means of a mobile chipper has been used.
Table l presents the optimization criteria calculated with the help of a model made using
MathCAD software for the analysed energy production chains. For the input of data which
describe the real state of solid fuels production (wood chips and pellet), the data from sawmills
and companies in Republic of Srpska/Bosnia & Herzegovina have been used. The companies
are as follows: “Company for making of wood packaging and production of eco briquettes–
pellets, EU PAL L.L.C. Pale”, sawmill “GOD” L.L.C. Han Pijesak, sawmill “MTK OMORIKA”
L.L.C. Han Pijesak, company for transportation of timbering and assortments “KINGDOM”
L.L.C. Han Pijesak, City heating plant in Prijedor. For an average fuel consumption and the
specification of wood mechanization included in the production of wood fuels, the results from
study [17] have been used. The production of pellet is determined by a chain consisting of saw,
tractor, lifter, truck, fork lift, dryer and facility for pelleting. In the pellet production chain,
there are two transportations: the transportation of timbers (60 km) and the transportation of
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wood residue to the pellet facility (30 km). The total distance is 90 km of transportation to the
final product. The production of wood chips by mobile wood chipper is determined by the
chain which consists of saw, skidder, mobile chipper and truck for the transportation of wood
chips. The work of skidder in the forest is predicted on a short distance of 1 km. The trans‐
portation of wood chips is performed with a truck with the total truck body volume of 60 m3

at the distance of 90 km. Other data related to the biomass fuel supply chain are: the price of
a litre of gas/oil of 1€, the price of wood residue from the sawmill––0.0563 €/kWh, drying of
wood residue from 50 to 12% for pellet production, wage of 12–15 €/day for workers and wage
of 25 €/day for a truck driver. For the calculation of parameters from f1j to f6j which are related
to the production of pellet and wood chips by means of a mobile chipper, the formulae (1) and
(21–36) have been used.

Energy chain: production of heat and electricity, production of pellets, heat generation

Description of energy chains CHP with ORC process Process of production of
wood pellets

Hot water boiler

Moisture content in wood fuel 50% 50% 50%

Solid wood fuels: Wood chips from mobile
chipper, fir

Sawmill wood residue, fir Wood chips from
mobile chipper, fir

Energy and exergy efficiency of wood
chips produced by mobile chipper

f2 = f1 = 0.97 f2 = f1 = 0.97

Criteria for the selection of optimal energy chain obtained from the model developed in Mathcad software

Overall energy efficiency of chain 0.743 0.684 0.807

Overall exergy efficiency of chain 0.223 0.684 0.155

Coefficient of exergy quality 0.385 0.122 0.287

Total specific investment cost per total
installed power in the energy chain,
EUR/kW

3.149 × 103 5.263 × 103 1.235 × 104

Total specific production cost, EUR/kWh 0.044 22.37 × 10-3 0.054

Total specific emissions of CO2, kg/kWh 0.015 51.695 × 10-3 0.018

Table 2. Basic parameters and results of model testing at the selection of optimal variant of the energy chain.

The data on the analysed technologies for the ORC process and hot water boiler have been
taken from the documentation for the installation of these systems in the City District Heating
Plant from Prijedor (Bosnia and Herzegovina) [33].

General information about CHP plant with ORC process, option 1:

Pn = 5140 kW, nominal power of thermo-oil boiler

Pe = 1000 − 50 = 950 kW, installed electric power of plant reduced by own consumption

Energy Chains Optimization for Selection of Sustainable Energy Supply
http://dx.doi.org/10.5772/62537

239



Pt = 4095 − 400 = 3695 kW, installed heat power of plant reduced by own consumption for
drying fuel

T = 353 K, outlet temperature of water from CHP process to district heating grid

T0 = 273 K, reference temperature of environment

mf = 2200 kg/h, fuel consumption

Hd = 9929 kJ/kg, lower heating value of fuel for moisture content 43%

IM = 4083674.99 €, total investment cost for plant

PM = 5095 kW, total installed power of CHP plant

General information about wood pellet plant, option 2:

ηCel = 0.36, the efficiency of electrical power generation from thermal power plants to the
consumption

FPC = 2 t/h, pellet plant productivity

PC = 500 kW, total installed electrical power in pellet plant taken from real factory, EU Pale
DOO

ehV0 = 19.49 MJ/kg, lower heating value of dry wood, fir

w = 12%, moisture content

ρ0 = 450 kg/m3, density of dry wood, fir

αv = 8%, the percentage of swelling for fir

ηt = 0.8, factor of simultaneity work of all electric drives in plant

Ce = 0.09 €/kWh, price of 1 kWh of industrial electrical energy

ef = 100 kg CO2/GJ, specific emission coefficient of CO2 for stone coal

IM = 650,000 €, total investment in pellet plant

PM = 1946 kW, total installed power in pellet plant, heat + electrical power

General information about the hot water boiler, option 3:

Pt = 10,000 kW, output thermal power from heating plant

T = 383 K, outlet temperature of water from boiler

T0 = 273 K, reference temperature of environment

mf = 5570 kg/h, fuel consumption

Hd = 7500 kJ/kg, lower heating value of fuel for moisture content 50%

IM = 6,855,949 €, total investment in boiler

PM = 10,000 kW, thermal power of boiler
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The calculation of criteria for the optimization of tested energy chains has been performed with
the help of the formulae (2)–(6). For the selection of the optimal variant of energy chain,
formulas (9)–(19) have been used. The check of stability and acceptability of the solution has
been performed with the help of Equation 20.

Due to the optimization model at the comparison of incomplete energy chains and different
qualities of energy production, the combined production of thermal energy and electricity in
the facility with the ORC process has been obtained (the blue column in Table 2). This solution
has both the necessary stability of the solution and the sufficient advantage in relation to the
second-ranked variant. It is interesting to notice that pellet production is the second-ranked
variant. It can be concluded from that that, under the conditions of testing with model, the
advantage is given to pellet production in relation to heat production. However, for a complete
valorization of the process, it is also necessary to take the process of pellet transportation into
account. In that case, much clearer situation is obtained on this advantage of fuel production
in relation to heat production. This case of model testing serves for the quality evaluation of
different forms of energy (electricity, thermal energy and fuel). In that set, there are different
and incomplete energy chains. Such analysis and optimization process are obtained by the
factor of exergy quality (see Table 1 and Equation 5). Electricity has the highest factor of exergy
quality, and it is equal to the number 1. All other values of this factor for heat and fuel are
smaller than the number 1. In the analysed optimization process, at the selection of an optimal
variant of energy chain, in the third case of the model testing, the factor of exergy quality for
wood pellet fuel is equal to the exergy efficiency of electricity production in the ORC process,
and is 0.122. Generally, if there had been several energy chains which produce electricity, either
averaged values of this factor from several different technologies to be compared or the factor
with the smallest value of transformation of fuel into electricity could be taken as a valid factor
of exergy quality. The factor of exergy quality enables the reduction of energy production
process per cumulative kilowatt hour of thermal energy and electricity. This effect has a large
application in the evaluation of the production cost and specific emission of CO2 reduced per
cumulative kilowatt hour of thermal energy and electricity produced, 1 kWht+e. A conclusion
can be made from this on the great significance of exergy-economic analysis of energy
processes. All the data for the analysed technologies have been disclosed by the district heating
plant in Prijedor.

8. Conclusions and discussion

Developed mathematical model described in this paper defines adequate universal criteria,
which describe biomass energy chains and which are adapted to the process of multicriteria
optimization. These criteria are related to total energy efficiency of a production chain, total
exergy efficiency of a production chain, factor of exergy quality of different energy forms, total
production cost per 1 kWh of energy produced, total investment cost per total installed power
in an energy chain, total emission of fossil fuels consumed for the production of 1 kWh of fuel,
heat or electricity. This approach combines the most significant specific criteria for the
description of the entire chain of energy production and gives the possibility to compare the
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energy chains as well as selection of the optimal variant for the production of fuels and/or
different forms of energy from biomass. The optimal variant is obtained on the basis of
multicriteria optimization, by using the adapted VIKOR method. The verification of the
developed mathematical method has been done on the application of energy and fuel supply
from biomass. In the calculation part, three energy chains have been used for the verification
of the concept, whose criteria for optimization are provided in Table l. These energy chains
are the ORC process with combined production of thermal energy and electricity, the process
of wood pellet production (solid fuel) and the process of thermal energy production by means
of a hot water boiler, for district heating purposes. All three variants of energy chains produce
different energy forms which have a different quality of output products. For that reason, such
energy chains have been selected to demonstrate the universality of the model application to
the analyses of other energy and fuel production processes as well. It should be noted that the
exergy quality factor of produced energy allows comparison of different energy forms. The
proposed criteria for optimization are closely related to technical–technological, thermody‐
namic, economic and ecological characteristics which describe energy chains. Of course, the
physical basis of the proposed criteria for the optimization of energy chains is based on the
concept of sustainability. Depending on the initial data on the basis of which the criteria for
the optimization of energy chains are calculated, these criteria, at the same time, give the
information on the current state of development at which the applied technologies and the
ways of energy production are. From the set of different chains of energy production described
with the suggested optimization criteria, it is possible to select the variant of energy production
which is optimal. The selected optimal variant is, at the same time, the one closest to the
sustainable way of production of energy and/or fuels in the observed set of defined energy
chains. The developed mathematical model and the suggested concept have a large practical
application in the selection of an optimal variant of production of biofuels and/or production
of energy from biomass in defined real conditions. Besides that, the model can also be used in
the process of designing and establishing of energy production chains, both from biomass and
from some other sources. From the aspect of energy chains of energy production, the model
is very universal and can be equally applied to any other energy supply chains.
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Abstract

This chapter is about the multinational company’s decision on whether to enter new
foreign markets using direct investment, exporting, or developing a local partner for
distribution, with the possibility of scaling the investment under different demand levels.
The perception of the host market demand does not remain the same during the investment
period due to additional information and economic or political reasons. Therefore, the
influence of uncertainty can be addressed by recombining a trinomial lattice model with
changing uncertainty, to value investments with several interacting options. Overall, in
this chapter we enhance the knowledge associated with exploring foreign markets subject
to different demand uncertainties, valuing the flexibility of sequential options.

Keywords: multinational corporations, international business, investments, demand
uncertainty, real options

1. Introduction

The recent global financial and sovereign debt crisis stressed the impact of globalization in the
world business environment. In this scenario, international transactions and foreign invest‐
ment continue to be key drivers of globalization and, in the aftermath of the crisis, the impact
of the latter has become even more relevant.

The technology has shortened the distance between countries [1, 2]; consequently, it became
easier for companies to expand on new foreign markets (FMs), and globalization became an
important factor for the world’s economy. Hence, competition among multinational compa‐
nies (MNCs) and also countries is growing. Therefore, it is important for small, middle-sized,



and big companies to constantly find new ways to stand out, and expanding on the global
market is one way to grow fast since MNCs reach out to new customers’ acquisition.

A fundamental problem in new foreign market approach is how the market should be served,
considering the inherent costs of doing business abroad, the investment time, and the decision
risk frame. There are many reasons, such as limited home market, cost advantages, scale
economies, product differentiation, or brand reputation, to support business enlargement into
FMs. Despite the possible advantages, there are always doubts regarding the entry mode (EM)
choice, related investment scale and time, the demand uncertainty, and consequent risk that
the MNCs wish to afford.

The foreign market demand variation is challenging, as there is not always known process
(linear or not) and the volatility does not remain the same during the investment period.
Volatility tends to decline over time when many investment projects are scaled, as new
information and knowledge is gathered. Then, after gathering information about FM and
MNC’s own activity development over time, more reliable estimation of the investment’s
expected value and its volatility can be made. Therefore, FM demand volatility is often time
changing and declining [3]. The valuation method used for investment return evaluation
should also take this into account.

Research on FM direct investment has focused considerable attention on the moment of market
entry and EM choice, but less on the dynamics of investment in the postentry phase [4]. In this
chapter, we alternatively provide a sequential approach to the traditional evaluation using a
discounted cash flow technique, to support the choice of the EM (own company, direct
exporting, local distributors, or joint ventures). In fact, managerial decisions related to the
projects are usually not taken continuously but rather at certain time periods (milestones). The
decisions and subsequent options are made mostly at specific time points when new infor‐
mation from own experience and markets is gathered and analyzed. As a result, an investment
can be considered as a staged investment or like a sequence of options.

The setting when an MNC seeks to sell its products in a new FM is that the revenues are
uncertain during time. In entering the FM, the MNC can decide to invest immediately, in its
own sales operation, or eventually invest later, using better market knowledge. An investment
decision in FMs is subject to several different host market volatilities over time (modeling
period), which requires adjusting the exercise dates, values, and risk frame to support such
decision nodes. As such, any contribution that addresses the market challenges that early
internationalizing MNCs face is of key importance, when they compete in constantly changing
FM.

The purpose of this research is to find a solution to the following research questions (RQs),
while deriving some hypotheses (HPs) that need to be tested:

RQ(1): New information and time experience will decrease the demand volatility level in the
host market, what is the impact on the subsequent investment decisions?

HP(1): Testing different host market volatilities for each investment period.

Sustainable Supply Chain Management248



RQ(2): Scaling the investment will decrease the risk and the costs of an abandonment option
in postentry phases, more steps means less risk and valuable options?

HP(2): Scaling investment, that is, testing different investment values during the analysis
period using a sequential approach.

MNCs must meet the challenge of establishing direct investment under high levels of uncer‐
tainty in the host market. A common procedure is to start a foreign subsidiary with little capital
and enlarge it later on with additional investments. In this chapter, we study the influence of
different perceived levels of uncertainty, by using a sequential approach, to explain the scale
of investment in new FM. In spite of a large amount of literature about foreign direct invest‐
ment, these sequences have to be supported in a dynamic quantified model.

This chapter is organized as follows. Sections 2 and 3 describe the background theory and the
reasoning for sequential investments, respectively. Section 4 explores the entry mode theory.
Section 5 presents the formulation of the model, with generic sets. Section 6 describes model
application, and presents and discusses the results. Finally, the chapter concludes in Section 7
with some final remarks, limitations, and a discussion on future research.

2. Sequential investments

Most of the theories on foreign direct investment center on the decision to initially enter an
FM [5‒8], but pay less attention to investment decisions after market entry. Since subsequent
investment decisions are often substantial [9], the postentry phase and strategic positioning
deserve greater attention [10].

Some analyses of international investment recognize the need to investigate the time dimen‐
sion, but postpone it to future research [11, 12]. Other studies observe sequences of investment,
but do not intend to explain their timing [13, 14]. Studies on the timing of investment are limited
to international entries [15‒17]. The knowledge gap between the initial setup and final
operation of an MNC may result from a dynamic deficit of the established theories of inter‐
nationalization [18].

In a learning process that starts at entry, investors perceive different levels of uncertainty and
tend to shift their reasoning for investment over time as new information is gathered; however,
most of the times it is based only on market experience. The quantification of the investment
returns indicated that economic models highlight the importance of uncertainty to the flow of
foreign direct investment [19, 20], as market experience does not fully explain subsequent
investment decisions under environmental uncertainty. Uncertainty is a key factor influencing
a firm’s rate and scale of investment [21‒24]. According to the results of these studies, under
uncertain environments, investors tend to wait, that is, keep their decisions open instead of
investing right away. It has been suggested that international investors react to uncertainty by
maintaining flexibility (investment or not) as well [25‒27].
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3. The Uppsala model

There are many steps for MNC internationalization and several factors that need to be
considered, such as transports, communication, contracts, and hired personnel, but one of the
most important factors is to find the right location. These factors can be a challenge when the
distance and the business differences between home market and FM are big. The lack of
knowledge might post barriers of entry on the FM for MNC. To be able to face these interna‐
tionalization challenges, time, money, and information are important MNC resources [28]. The
information flow between the MNC and the host market is an important challenge for MNCs,
since the language, business rules, traditions, and industrial setup mostly differ from the home
market. In the internationalization process, MNCs can explore their new FM in a more effective
way when they improve knowledge about the host market [29, 30] to support the right
decisions. Businesses have to first develop on a local, regional, or national level before taking
the next step to expand on a new FM. The Uppsala model, developed by Johanson and Vahlne
[30], explains the internationalization process using a step frame.

The Uppsala establishment chain model is one of the most frequently cited models in the
internationalization of MNCs [31‒33]. Based on the concept of postentry phase, it proposes
that the progressive acquisition of market experience is the major factor which influences the
growth of an MNC. The distance is a key factor in this model, which means that differences in
the business environment, language, and habits could be obstacles for MNCs that are planning
to expand on FMs. Another key factor is the knowledge about the FM. With detailed knowl‐
edge, the uncertainty could decrease; for this reason, MNCs usually decide to do business with
geographically close countries instead of long-distance countries and markets. Based on this
model, it is assumed that many MNCs, at least in the beginning, use for instance intermediates,
such as agents or others, to be able to sell abroad within a limited level of committed resources
[30].

MNCs have to first develop on a home market level before taking the next step to expand on
FMs. The Uppsala model suggests that MNCs could generate knowledge by exploring the FMs
on their own. The more knowledge MNCs collect about an FM by own experience, the better
they will manage future uncertainties and risks [30].

According to the Uppsala model, MNCs face four challenges while exploring FMs. These
four challenges are as follows: (1) market knowledge, (2) market commitment, (3) commit‐
ment decision, and (4) current activities. Market knowledge and market commitment have
an impact on implementation of activities and investment decisions. The model therefore
suggests that an MNC should invest in one or a few close markets to be able to, later on,
and step by step,  after  having gathered relevant information and experience,  expand to
other long-distance markets. The model is categorized into two types of knowledge: objec‐
tive knowledge, which can be transferred from one market to another; and the experien‐
tial  knowledge,  which  is  the  type  of  hands-on  knowledge  an  MNC  learns  by  doing
business abroad. When the MNC has gained relevant knowledge about a specific foreign
market, it can decide how to enlarge commitment and establish a plan for further resour‐
ces allocation [29, 30].
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Despite the reasonability of the model, some critical views can be discussed. The step-by-step
functionality of the model has been highly criticized. Studies have shown that it is possible to
achieve internationalization faster as MNCs tend to overlook some steps that are described in
the model [34]. Theoretical assumptions of perfect information, symmetry in risk aversion, and
rational decision making may not occur in real circumstances [35] and decision makers can be
affected. It is important, however, to support the decisions and options taken on a quantitative
approach to understand the impact of a smooth investment versus a fast investment, high‐
lighting the positive impact of decreasing the value of abandonment options during an
internationalization process timeframe.

4. Entry modes

Exporting is seen as the first step for entering an international market since it works as a
platform for future international expansions [35, 36, 37]. Exporting means the least change for
the company. Most often MNCs begin with indirect exporting, which means working through
intermediaries, like agents. This means less investment to commit and fast “new” market
acquisition. Direct exporting is usually the second step and it means that the company handles
their own exports [29]. The risk is higher with this strategy, but the possible future return is
also higher. There are different ways to handle the direct exporting. One way is to setup an
export department in the home country of the company, which carries out all the export
activities. The company could also settle an international foreign sales representative office to
handle sales and distribution tasks abroad [38].

Joint venturing is another way of entering a market with proved advantages [39]. This method
means joining a foreign company to market the products or services (market acquisition). There
are four types of joint ventures: licensing, contract manufacturing, management contracting,
and joint ownership. When a company joins with foreign investors to start a local business,
they join ownership. This ownership is owned and controlled by both parties, on a uniform
basis. An MNC can either buy a local existing firm or two companies can start a whole new
business idea. Some countries demand companies to joint ownership as an entry mode because
of certain political reasons [38, 40].

Direct investment is about entering the FM by developing foreign-based subsidiaries. When
using this kind of entry mode, an MNC can strengthen its image since it creates job opportu‐
nities, and it can also strengthen the relation with the government, customers, local suppliers,
and distributors. It is adequate for a push strategy, when training and communication are the
key factors. Responsibilities, currencies, and legal changes are additional risks that a firm has
to deal with when operating through direct investment [38, 41].

5. The model

Let us consider an MNC that has recently decided to expand its operation abroad. Following
the initial decision to expand activity by direct exporting, investors must make subsequent
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decisions to commit additional capital and resources. These decisions are made under host
market demand uncertainty, and such decisions are often irreversible once the capital is
invested and resources are committed. We assume that the initial and following investments
are at least partly irreversible because the subsidiary’s activities require specific assets
(normally locally located) such as service tools or store facilities, and there are initial installa‐
tion costs, such as licensing and other legal requirements. Although our research does not
specifically focus on FM location choice, we introduce the tax rate in the model formulation to
support several alternatives regarding FM location. Tax issues are relevant as different
countries have different rules and apply different tax rates.

Despite these daunting aspects of such decisions, the investor is free to choose the timing of
additional investment, which can bring a change in the EM—sequential approach from one
stage to another—and also an increase in investment at a particular stage. The opportunity to
add capital to such expanding operation at a later stage, eventually through a foreign subsid‐
iary or a branch, can be considered as a “call option”—buy additional returns [42]. Under high
demand uncertainty, the investor may have retained part of the investment and created a
tradeoff purposely to possibly invest more at a later moment, when the uncertainty level has
decreased or proves to be constant. Or, perhaps the investor recognizes ex-post that the initial
investment was a precondition for a larger investment, even though this expanded financial
commitment was not originally intended [43]. Thus, the level of uncertainty at entry and the
amount of the initial investment are not causal determinants for subsequent investment
decisions.

In the model formulation, we will use the Uppsala theory that explains two important patterns
in the internationalization of the firm [44]. First, firms investing in FMs follow an establishment
chain, which means that investments are partial and broken down into small steps. At a first
moment, there is no regular export activity, so companies start approaching independent
foreign sales agents. When the firm acquires additional knowledge and experience about the
host market, it often decides to establish a local partnership, preparing conditions for a further
step creating its own sales structure [45].

We will quantify the impact of future additional alternatives to support changes in the
investment value to be committed versus an initial option on one of the available entry modes.

To support the model formulation, we assume that the demand in the FM to be explored is
uncertain, depending on the market size and potential growth opportunities [46, 47]. We
include factors such as operating revenues and costs in the model to support the expansion
alternatives [48].

Generally, we consider a situation in which an MNC “X” of established portfolio P =∑ pi,
located in origin country (C0), has decided to sell its products in an FM, f ∈F , a market in
which “X” has no sales experience. Among the options available for selling in f, we find the
following five factors as potentially profitable: (a) direct exporting (DE), (b) using local
distributors (DELD), (c) establishing a own company (OC) in the form of a subsidiary (SUB)
or (d) a representative office/branch (BRA) to support the sales operation, and (e) eventually
a participation in a joint venture (JV).
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The main source of uncertainty affecting the investment decision is the market demand Df . As
a consequence of MNC’s unfamiliarity with the host country, the investor perceives a signifi‐
cantly higher degree of uncertainty than in a domestic environment [49]. It is possible that the
investor consciously reacts to uncertainty by limiting the capital at entry and waits for an
increase in the demand to support the decision to commit capital [43].

We assume that the demand is a stochastic variable, denoted by ”Df .” To simplify the model
formulation, we also assume that the decision to invest in an FM is mainly affected by profit
advantages (simplification also defended by Hamada [50]; however, we stress on the impor‐
tance of firm-specific competitive advantages in FM strategy through proper market position‐
ing such as the degree of product differentiation. Hymer’s [51] theory highlights the reasons
that justify the existence of an MNC based on the inclusion of firm-specific advantages such
as better access to raw material and intangible assets such as trade names, patents, and superior
management.).

The problem resolution will be performed according to each hypothesis and research ques‐
tion already discussed in Section 1.

We now list the sets and indices to support a general application for different EMs and business
realities:

• F ={1, 2, .., l}: foreign countries (=FMs), each country is represented by f ∈F , where l
represents the total number of available locations: | F | = l.

• Rf ⊂F : Rf  is a subset of F that represents the profit tax rate inside each FM f ∈F  and is
represented by rf ∈Rf .

• r0: it represents the profit tax rate on the origin country C0.

• { }DE,DELD,SUB,BRA, JV=D : alternative foreign EM, represented by λ, where 5=D .

To facilitate the formulation of the model, we introduce the following notation:

• K f (λ) represents the present value of investment scaled by n∈N , where N refers to the

number of steps (nodes), for each EM λÎD  and FM f ∈F .

• ϕf (λ) represents the operating costs to run the business after investment, for each EM λÎD

and FM f ∈F .

• cv represents the unit product variable cost.

• pvf (λ) is the unit product selling price for each EM λÎD  and FM f ∈F .

• cDELD represents the coparticipation on sales value, applied to a local distributor.

• tp represents the unit transfer price.

• ρ is the discounted rate.
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• χ is the participation (%) on a JV company, where χ ≥50%.

• N ={0, 1, …, n, n + 1, .., n + q}: the number of nodes used in the simulation tree.

As Pindyck[52] shows, there is a numerical solution to find an optimal strategy of incremen‐
tal investment under uncertainty. Let K f (λ) be the capital invested in market f ∈F  and Df

the demand for a good in market f ∈F  that is produced using K f (λ). The value of the invest‐

ment object ROI f (λ):

( ) ( ) ( ), ,f f f f fROI C K D V K Dl l lé ù é ù= +ë û ë û (1)

Eq. (1) consists of two parts: the value C of the capital already invested and the value V of
the option to invest more capital, scaled using η∈H . Deconstructing the capital into margin‐
al units of investment, the equation reads

( ) ( ) ( ) ( )1

0 1
, , ... ,

n n n q

f f f fn n q
ROI C v D dv V v D dv V v D dvl

+ +

+ -
= D + D + + Dò ò ò (2)

The investor raises the stock of capital until the value of a marginal unit of capital invested
equals its costs plus the opportunity cost of the irreversible decision to exercise the related
growth option:

( ) ( )* *, ,f f f fC K D s V K Dl lé ù é ùD = + Dë û ë û (3)

where K f (λ)* stands for the optimal capital.

The simulations done, assuming a stochastically evolving demand and using dynamic pro‐
gramming, suggest that even in environments of moderate levels of uncertainty, the invest‐
ors tend to wait for demand to increase before they decide to add capital.

To proceed with the modeling and support the return on investment (ROI) calculation

ROI f (λ), we assume the following formulas for each profit function, π( f )(λ)Df : λÎD :
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The return on investment algorithm we propose is based on the following steps:

1. Calculate the jump sizes (moves up, down, and middle). These are u, d, and m.

2. Calculate the transition probabilities of various host market demand movements pu, pd ,
and pm.

3. Build the options tree.

4. Calculate the payoff of the ROI at maturity, based on the profit function—π( f )(λ)Df —for

each EM λÎD , at the last node ∈N ;

Calculate ROI at each node ∈N  based on (or terminal condition of our ROI at maturity,
that is, the end (or leaf) nodes) the following equation:

( ) ( ) ( ) ( ), 1, 1 1, 1, 1
r t

f u f m f d fn j n j n j n jROI e p ROI p ROI p ROIl l l l- D
+ + + + -

é ù= + +ë û (5)

where n represents the time position and j is the space position.

5. The output is the return on investment ROI f (λ).

We can calculate the ROI value at interior nodes of the tree by considering it as a weighting of
the ROI value at the future nodes, discounted by one time step.

6. Simulation

We tested the application of the model for an MNC with a plant located in Portugal and the
possibility to expand its distribution to an FM by selling directly or exporting, or selling
through a subsidiary or a distribution center established in a foreign country, Netherlands
(NL). The parameters used are adapted from actual figures to ensure the required confiden‐
tiality; however, such assumptions will not affect the results as we maintain the same propor‐
tion between parameters. In NL, the corporate tax rate is 20% up to EUR 200,000 and 25% above
EUR 200,000, for resident and nonresident MNCs. In Portugal, the tax rate is 25%, with
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exceptions only for activities not connected with agricultural, industrial, or commercial scope.
After the combined analysis of the nature and materiality of the linked transactions, as well as
the functions performed and risks assumed by the parties involved in the same corporation,
documented policy for setting TP in intragroup transactions adopted the “Principle of Full
Competition.”

Although case studies inevitably lose representativeness, the power of the case study just lies
in its capacity to provide insights and resonance for the reader and it is not true to claim that
case studies lack generalizability [53] because case studies can be used like experiments to test
a theory.

In the case study, we use a manufacturing company, and the application will mainly point out
target, for international expansion, and the expected turnover, however not ignoring operating
costs in the model. Dawson [54] stressed the difference in retailing companies’ internalization
strategy—establish their stores in the foreign markets, just in order to promote the sales
growth; and manufactures extend their business outside the home countries, just in search for
the cost efficiency, such differentiation will be ignored to enlarge the scope of the model
application.

We proceed with two sets of the model. First, the relevance of the market demand uncertainty
and the tendency of expected returns over time to test hypothesis 1. The level of international
experience that the investor has accumulated prior and following the entry is a variable that
drops out in a relation with the increased knowledge of the market. Therefore, hypothesis 1 is
also tested.

Figures 1 and 2 are used to test hypothesis 1, specifically, to explore the relation between ROI
and FM demand volatility levels for a given number of investment periods.

Figure 1. Hypothesis 1: ROI (investment scaled in four periods) and increasing FM demand volatility levels for invest‐
ment periods.
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Figure 2. Hypothesis 1: testing the ROI with FM demand volatility level increasing in period 1.

Figures 1 and 2 demonstrate how FM demand volatility changes affect the investment
decisions. The higher the volatility, the stronger the ROI, applied for all the periods in which
an investment can be scaled. When volatility changes along investment timeframe, assuming
that the volatility decreases with market additional information and relevant knowledge along
the decision milestones, the return on investment increases, meaning that a flexible investment
plan, with different decision points, can be more attractive when compared with an inflexible
one [55]. The impact of changing the volatility levels in different periods versus a fixed
volatility level (traditional approach) for all the periods is more intensive for low uncertainty
levels.

Second, the panel is divided into different phases after entry. Comparing the return on
investment of the early phase with those of the latest phases suggests an increasing or
decreasing relevance of the sequential approach and enables testing hypothesis 2. Since
investors are believed to perceive uncertainty less intensely over time, hypothesis 1 presumes
that the negative impact of volatility will be stronger in the first years after entry than in later
years. Therefore, it is expected that the investor’s international experience will have a positive
impact on the investment rate (e.g., reinforcing the equity participation on a JV).

Figure 3 is used to test hypothesis 2, specifically, to explore the relation between ROI and FM
demand volatility levels for a different number of investment periods.
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Figure 3. Hypothesis 2: testing FM demand volatility level evolution and ROI for sequential investments.

When the number of periods for investment increases, for the same FM demand volatility level,
the ROI is more interesting. These results highlight the importance of flexible decisions on exit
options. When companies invest in one single period there is no opportunity to adapt the
investment level further, as the knowledge from the market increases. Based on the risk or
uncertainty analysis, the MNCs can tailor their own market-entry scenarios. In this situation,
a failure of market entry to an FM would not endanger the survival of the whole MNC. It has
been generally accepted that step-by-step investments and advancements, as an example, not
to build a factory at all, increase knowledge, as an appropriate way to decrease risks (e.g., study
presented in [55]. With this simulation, we illustrate an investment scenario involving an
interim state that offers either the chance to further invest if things go well or the chance to
recoup some investment if not. The results do not consider that entry barriers in the FM can
go up. First, rivals could get entrenched by a delay in the entry of an MNC; second, costs will
tend to rise as time elapses—the required investment in a single stage can be different from
the investment value in several stages. We also recognize that the financial availability of an
MNC can vary over time. These facts do not enable the results applicability because the model
allows the incorporation of premium costs in the profit function to count with project financing
scheme, also as the consideration of a penalty factor for available FM market demand.

Figures 4 and 5 are also used to test hypothesis 2, specifically, to explore the relation between
ROI and FM demand volatility levels, considering that demand changes can be either positive
or negative along the investment periods.
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Figure 4. Relation between ROI and foreign market demand volatility levels.

Figure 5. Hypothesis 2: FM demand volatility for different investment periods.

It has been conceptually and empirically validated that sequential investments reduce risk [43,
46, 47]. The previous graphical output indicates that ROI has a consistence positive trend with
increase in volatility; however, demand volatility changes can be either positive or negative,
and the speed of change within a period is another issue. In Figure 4, the data consider changes
in FM demand volatility level for different investment periods and also consider changes inside
each investment period. The output of the figure points that when volatility level is higher,
the ROI is more interesting; however, the simulations done, using geometric Brownian motion
to model the demand, show different possible behaviors in demand over time, which gives a
possible range for ROI between EUR 950,000 to EUR 1,150,000.

Finally, we add Figure 6 to explore the relation between ROI considering different investment
values along project timeframe.
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Figure 6. Hypothesis 2: testing ROI for sequential investments with different values.

In Figure 6, we tested the impact of different investment values over time, with different
intensities for each period under analysis. In the simulations undertaken, we stated that if
MNCs concentrate the investment value in the earlier stages, the ROI is more attractive. These
results can be understood as there is a premium for MNCs with the capacity to make/imple‐
ment decisions faster. In foreign direct investment, there is a gap between the initial entry and
the final operation of MNCs; we can identify such gaps with decision points (investment
periods) so that a faster MNC can benefit from earlier returns on investment. This analysis is
particularly important when a company decides to change the entry mode or increase
investment in an existing EM (for instance increasing the equity of a JV or enlarging investment
in a new OC).

7. Conclusions

This chapter presents a trinomial tree for investment decision valuation with changing FM
demand volatility over investment timeframe. The volatility changes are explored with
changing transition probabilities while the space of the trinomial tree is regular, however, with
a different number of time steps.

The model of ROI in a new FM is based on growth options acquired by investors in a learning
process that starts at the entry to the host country. Later, the investors may exercise the growth
option by scaling the investment, depending on the perceived levels of uncertainty and the
tendency of the expected payback. The higher the tendency, the higher is the attractiveness of
subsequent investment and the higher the uncertainty, and the higher the subsequent returns
on investment [57]. Balancing the marginal ROI value of an additional investment unit of
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capital helps to reproduce these decisions and explain the sequence of investment in new
foreign markets under different forms—with different investment values.

Traditional models of internationalization, for example, the Uppsala approach, have consid‐
ered such investment sequences in general, but we used a real option theory as it aims at
optimal investment decisions. Modeling real investment behavior, however, must take into
account that investors make their decisions regarding the uncertainty they subjectively
perceive rather than the uncertainty we can objectively measure using any traditional process.
The perception of uncertainty is likely to be higher in the first steps of the investment and peak
off in the following. The level of uncertainty perception and its receding effect may be stronger
in foreign than in domestic environments. Previous models have mainly analyzed overall
investment value and paid less attention to the treatment of uncertainty. Comparing an early
and a late phase after entry, the model stresses the influence of uncertainty on the investment
rate.

As the perception of uncertainty recedes, internationalizing firms seem to change their
reasoning for ROI based on option values toward common net present values.
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