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RECOMMENDING INVESTMENT OPPORTUNITIES GIVEN CONGESTION BY
ADAPTIVE NETWORK DATA ENVELOPMENT ANALYSIS MODEL:

ASSESSING SUSTAINABILITY OF SUPPLY CHAINS

Hossein Hajaji1, Sara Yousefi2, Reza Farzipoor Saen3,∗ and Amir Hassanzadeh2

Abstract. Nowadays, forward-thinking companies move beyond conventional structures of organiza-
tions and consider all parties of the supply chain. The objective of this paper is to present an adaptive
network data envelopment analysis (DEA) model to evaluate overall and divisional efficiency of sus-
tainable supply chains in the presence of desirable and undesirable outputs. Our adaptive network
DEA model can assess overall and divisional efficiency of supply chains given managerial and natu-
ral disposability. Also, it suggests new investment opportunity given congestion type. A case study is
presented.
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1. Introduction

Nowadays, due to increasing competition among companies, the importance of supply chain management
(SCM) has raised [35]. Therefore, specialists and researchers have focused on SCM [3]. As discussed by Tavas-
soli et al. [69], SCM was defined in 1980 to consolidate main business processes from the end user to main
suppliers. A network of connected organizational units via the flow of materials, information, and money is
called a supply chain. The success of corporations depends on their capability to manage the flow of the supply
chain [67]. To achieve long term goals of SCM, sustainability principles play an essential role [57]. Sustainable
supply chain management (SSCM) is a combination of sustainable development and supply chain management
[7]. Sustainable development is defined as “to meet the needs of the present without compromising the ability
of future generations to meet their own needs” [29, 31]. SSCM is a combination of social and environmental
factors into economic factors [23]. Previous researches show that the success of SCM depends on strong consid-
eration of sustainability principles (e.g., [32,46]). On the other hand, governments force corporations to pursue
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sustainability factors more seriously [52]. Given these situations, assessing the sustainability of supply chains is
critical [33].

Data envelopment analysis (DEA) is one of the methods for evaluating the relative efficiency of decision
making units (DMUs) [12, 26]. Banker et al. [5] developed a DEA model for measuring relative efficiency in
variable return to scale (VRS) context. However, in traditional DEA models, the basic concept is to consider
DMUs as black box [15]. In recent years, internal structures of DMUs have been considered, and DEA models
have been extended. Such models are named as network DEA models [16]. A couple of scholars have used
network DEA to evaluate SSCM practices (e.g., [65]).

In assessing the sustainability of supply chains, there might be undesirable (bad) outputs such as CO2

emission, noise, air pollutions, and dangerous garbage [25, 72]. When the production process generates an
undesirable output, recognizing undesirable congestion is crucial. In contrast, desirable congestion should also
be considered for sustainable economic growth [63]. Congestion is defined as a reduction in one or more inputs
which increases one or more outputs. In other words, congestion happens whenever an increase in one or more
inputs leads to a decrease in one or more outputs [19]. In this paper, we propose an adaptive network DEA
model entitled range adjusted measure (RAM) to evaluate the sustainability of supply chains. An appropriate
performance assessment system can assess the efficiency of supply chains for further betterment and making
trade-offs between profit and investment [58]. Practitioners try to find a proper method to evaluate the efficiency
of supply chains [70]. Efficient supply chains play vital role for companies as a competitive advantage over their
rivals. Therefore, sustainability measurement of supply chains is essential [51]. Sustainability of supply chains is a
topic that has attracted scholars and managers [68]. Using a pragmatic model to assess sustainable supply chains
is a challenging issue for decision makers [28]. In the past decades, sustainable development and sustainability
assessment have been the main issues for managers and academia [71]. Despite growing interest in developing
tools for sustainability assessment [66], there is scarce of studies on sustainability assessment methods [36]. In
this paper, we propose an adaptive network RAM DEA model to measure overall and divisional efficiencies
given natural and managerial disposability in the presence of undesirable outputs.

To the best of our knowledge, there is no research to address congestion in supply chains by DEA. The
objectives of this paper are as follows: First, an adaptive network RAM model is proposed; Second, overall
and divisional efficiencies of supply chains given managerial and natural disposability are assessed; Finally, new
investment opportunities given congestion are recommended. Given that natural and managerial disposability
are essential topics for the whole supply chain, our proposed model can take into account natural disposability
to decrease inputs in order to decrease undesirable outputs. Simultaneously, by promoting an appropriate and
targeted investment with managerial disposability perspective, without a reduction in inputs, we can decrease
undesirable outputs and increase desirable outputs.

In summary, contributions of this paper are as follows:

– For the first time, an adaptive network RAM model is proposed to measure overall and divisional efficiencies
in the presence of both desirable and undesirable outputs.

– For the first time, an adaptive network RAM model is used to recommend new investment opportunities
given congestion.

– A case study is given.

Subsequent sections of this paper are as follows: Section 2 illustrates literature review. Section 3 outlines
proposed model. Section 4 demonstrates a case study. Managerial implications are given in Section 5. Conclusions
are presented in Section 6.

2. Literature review

2.1. Network DEA

For the first time, Charnes et al. [11] introduced the two-phase DEA model. Seiford and Zhu [54] pre-
sented a CCR (Charnes-Cooper-Rhodes) output-oriented two-stage DEA model to measure the efficiency of US
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commercial banks. In their proposed method, areas for improving banking efficiencies are determined. Färe and
Grosskopf [24] developed a network DEA model to assess the efficiency of the Swedish Institute for Health
Economics. Kao and Hwang [38] demonstrated a two-stage CCR model to calculate efficiencies of the whole
process with two related sub-processes for non-life insurance companies in Taiwan. Chen et al. [14] improved the
work of Kao and Hwang [38] and proposed an additive method to measure the efficiency of two-stage processes
and the efficiency decomposition for both constant returns to scale (CRS) and variable returns to scale (VRS).
Chen [13] proposed a network DEA model to deal with dynamic effect within a network. Chen et al. [17] demon-
strated a double stage DEA model to evaluate SSCM design efficiency. Agrell and Hatami-Marbini [1] proposed
a two-stage DEA model to solve four identified related problems regarding DEA and supply chain performance
measurement. Chen et al. [15] demonstrated a two-stage DEA model based on VRS to measure divisional and
overall efficiencies, simultaneously. Mirhedayatian et al. [42] extended a new multiple stage DEA model to eval-
uate green SCM in the presence of dual-role factors, undesirable outputs, and fuzzy data. Badiezadeh et al.
[4] developed a network DEA model for calculating pessimistic and optimistic efficiency in SSCM. Koronakos
et al. [40] reformulated some of the main network DEA methods in a common modelling framework. They illus-
trated that the leader-follower method, multiplicative and additive decomposition methods, min-max method,
and “weak-link” approach could be modeled in a multi-objective programming framework. Despotis et al. [22]
presented a network DEA method to estimate unique efficiency scores for each stage and overall network. For
a short overview of network DEA, see Kao [37].

2.2. RAM Network DEA

Maruyama [43] developed a RAM network model to evaluate overall and divisional efficiencies. However, he
did not differentiate the types of links and outputs in networks. Avkiran and McCrystal [2] compared the RAM
network model with network slacks-based measure (SBM) model. Izadikhah and Farzipoor Saen [33] developed
a two-stage RAM model to assess the sustainability of the supply chain in the presence of negative data. In
their proposed model, each DMU is divided into two sub-DMUs assuming that all intermediate products are
inputs of sub-DMUs in the second stage.

2.3. Desirable and undesirable outputs in DEA

Primary DEA models such as CCR, BCC (Banker-Charners-Cooper), SBM, additive, and RAM models
deal with inputs and desirable (good) outputs [42]. Scheel [53] investigated different methods for dealing with
outputs in DEA and proposed new radial measure. Seiford and Zhu [55] proposed a DEA model to deal with
undesirable outputs based on BCC model. They used classification invariance property to improve performance
with increasing the desirable outputs and decreasing the undesirable outputs. Färe and Grosskopf [25] modified
a model which has been introduced by Seiford and Zhu [55] by reversing’ the bad outputs. Farzipoor Saen [27]
extended a new DEA model for supplier selection in the presence of imprecise data and undesirable outputs.
Sueyoshi and Goto [60] assessed operational, environmental, and unified efficiency scores of US coal-fired power
plants in the presence of undesirable outputs. Sueyoshi and Goto [61] proposed a DEA model for environmental
evaluation in the presence of undesirable outputs. Sueyoshi and Goto [62] developed a non-radial DEA model to
measure unified efficiency, unified efficiency under natural disposability, and unified efficiency under managerial
disposability for environmental evaluation in the presence of undesirable outputs. A neutral SBM model given
undesirable outputs was developed by Zoroufchi et al. [72] to select the best suppliers. Izadikhah and Farzipoor
Saen [34] developed a stochastic two-stage DEA model to deal with undesirable outputs. In their proposed
model, the first stage creates additional final output and the second stage utilizes additional input, and parts of
intermediate products are considered as the final output. Their model was applied to assess the sustainability
of pasta supply chains.

However, none of the above-mentioned references have dealt with network RAM model in the presence of
desirable and undesirable outputs given managerial and natural disposability. Furthermore, none of the above-
mentioned references have assessed congestion in DMUs with network structures.
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Table 1. Notations.

Notations Descriptions

DMUo DMU under evaluation
Xij ith input of DMUj

Yrj rth input of DMUj

Xio ith input of DMUo

Yro rth input of DMUo

λj jth intensity variable
ur Output weight
vi Input weight
vo Weight of input for DMUo

R+
r Data range related to rth Output

R−
i Data range related to ith input

m Number of inputs
s Number of outputs
Rxi Range related to ith input
dx+
i Slack of ith desirable input
dx−i Slack of ith undesirable input
Rgr Data range related to rth desirable output
dgr Slack of rth desirable output
Rbf Data range related to fth undesirable output
dbf Slack of fth undesirable output
xio ith input of DMUo

gro rth desirable output of DMUo

bfo fth undesirable output of DMUo

dxi Slack of ith input
Rxq Range related to qth input
dxq Slack of qth input
dxi Slack of ith input
Rxq Range related to qth input
x−io ith input of DMUo

dχq Slack of qth input
x+
qo Slack of qth input of DMUo

zq Dual variable
wf Dual variable
σ Dual variable
Wh Weight of division h
Rhxi Range related to ith input of division h
dhxi Slack of ith input of division h
Rhxq Range related to qth input of division h
dhxq Slack of qth input for division h

3. Proposed adaptive network RAM-unified efficiency natural and
managerial (NRAM-UENM) model

3.1. Review of RAM DEA model

One of the DEA models is RAM model. RAM model was developed by Cooper et al. [20]. Table 1 illustrates
used notations in this paper.
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Table 1. Continued.

Notations Descriptions

Rhgr Range related to rth desirable output for division h
dhgr Slack of rth desirable output for division h
Rhbf Range related to fth undesirable output for division h
dhbf Slack of fth undesirable output for division h
λhj Intensity vector corresponding to division h
xhio Input of DMUo in division h
Xh
qj Input of DMUj in division h

xhqo qth input of DMUo in division h
dhgr Slack of rth desirable output in division h
ghro rth desirable output of DMUo in division h
dhbf Slack of fth undesirable output in division h
bhfo fth undesirable output of DMUo in division h
Z(kh)in Intermediate measures from division k to division h
So(kh)in Slack of DMUo in division h
Zo(kh)in

Z(kh)out

So(kh)out

Zo(kh)out Intermediate measures from
Z(kh)free division k to division h
So(kh)free

Zo(kh)free

Z(kh)fix

Zo(kh)fix

RAM model developed by Cooper et al. [20] is as follows:

Maximize
∑s

r=1
uryro + vo

subject to∑s

r=1
uryrj −

∑m

i=1
vixij + vo ≤ 0; j = 1, . . . , n∑m

i=1
vixio = 1

− ur ≤ −1/R+
r (m+ s)

− vi ≤ −1/R−
i (m+ s)

vo free in sign. (3.1)

Thereafter, model (3.1) was extended by Sueyoshi and Goto [62] to measure unified efficiency (UE), unified
efficiency under natural (UEN) disposability, and unified efficiency under managerial (UEM) disposability. As
discussed by Sueyoshi and Goto [62], UE deals with increase and decrease of inputs to decrease undesirable
output directional vector. To calculate UE, Sueyoshi and Goto [62] proposed following model:

Maximize
∑m

i=1
Rxi
(
dx+
i + dx−i

)
+
∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f (3.2)

subject to∑n

j=1
Xijλj − dx+

i + dx−i = xio (i = 1, . . . ,m)∑n

j=1
grjλj − dgr = gro (r = 1, . . . , s)
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j=1
bfjλj + dbf = bfo (f = 1, . . . , h)∑n

j=1
λj = 1 λj ≥ 0 (j = 1, . . . , n)

dx+
i ≥ 0 (i = 1, . . . ,m) dx−i ≥ 0 (i = 1, . . . ,m)

dgr ≥ 0 (r = 1, . . . , s) dbf ≥ 0 (f = 1, . . . , h).

After running model (3.2), UE measure is as follows:

UE measure = 1−

(∑m

i=1
Rxi
(
dx+
i + dx−i

)
+
∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f

)
. (3.3)

UEN disposability considers a decrease in input vector to decrease undesirable output directional vector. The
model proposed by Sueyoshi and Goto [62] for calculating UEN is as follows:

Maximize
∑m

i=1
Rxi d

x
i +

∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f

subject to∑n

j=1
Xijλj + dxi = xio (i = 1, . . . ,m)∑n

j=1
grjλj − dgr = gro (r = 1, . . . , s)∑n

j=1
bfjλj + dbf = bfo (f = 1, . . . , h)∑n

j=1
λj = 1 λj ≥ 0 (j = 1, . . . , n)

dxi ≥ 0 (i = 1, . . . ,m) (3.4)

dgr ≥ 0 (r = 1, . . . , s) dbf ≥ 0 (f = 1, . . . , h) .

After running model (3.4), UEN disposability is as follows:

UEN = 1−
(∑m

i=1
Rxi d

x
i +

∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f

)
. (3.5)

UEM disposability considers an increase in input vector to decrease undesirable output directional vector.
Sueyoshi and Goto [62] proposed following model to calculate UEM:

Maximize
∑m

i=1
Rxi d

x
i +

∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f

subject to∑n

j=1
Xijλj − dxi = xio (i = 1, . . . ,m)∑n

j=1
grjλj − dgr = gro (r = 1, . . . , s)∑n

j=1
bfjλj + dbf = bfo (f = 1, . . . , h)∑n

j=1
λj = 1 λj ≥ 0 (j = 1, . . . , n)

dxi ≥ 0 (i = 1, . . . ,m)

dgr ≥ 0 (r = 1, . . . , s) dbf ≥ 0 (f = 1, . . . , h) (3.6)
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After running model (3.6), UEM disposability is calculated as follows:

UEM = 1−
(∑m

i=1
Rxi d

x
i +

∑s

r=1
Rgrd

g
r +

∑h

f=1
Rbfd

b
f

)
. (3.7)

Later on, Sueyoshi and Wang [64] developed an integrated RAM model to calculate UENM disposability in
presence of desirable congestion. Model of UENM measure is as follows:

Maximize
∑m−

i=1
Rxi d

x
i +

∑s

r=1
Rxqd

x
q +

∑h

f=1
Rbfd

b
f

subject to∑n

j=1
x−ijλj + dχi = x−io

(
i = 1, . . . ,m−)∑n

j=1
x+
qjλj − d

χ
q = x+

qo

(
q = 1, . . . ,m+

)
∑n

j=1
grjλj = gro (r = 1, . . . , s)∑n

j=1
bfjλj − dbf = bfo (f = 1, . . . , h)∑n

j=1
λj = 1,

λj ≥ 0 (j = 1, . . . , n) , dχi ≥ 0
(
i = 1, . . . ,m−)

dχq ≥ 0
(
q = 1, . . . ,m+

)
, dbf ≥ 0 (f = 1, . . . , h) . (3.8)

After running model (3.8), UENM disposability is calculated as follows:

UENM = 1−
(∑m−

i=1
Rxi d

x
i +

∑s

r=1
Rxqd

x
q +

∑h

f=1
Rbfd

b
f

)
. (3.9)

Dual of model (3.8) is as follows:

Minimize
∑m−

i=1
vix

−
ik −

∑m+

q=1
zqx

+
qk +

∑s

r=1
urgrk −

∑h

f=1
wfbfk + σ

subject to∑m−

i=1
vix

−
ij −

∑m+

q=1
zqx

+
qj +

∑s

r=1
urgrj −

∑h

f=1
wfbfj + σ ≥ 0 (j = 1, . . . , n)

vi ≥ Rχi
(
i = 1, . . . ,m−)

zq ≥ Rχq
(
q = 1, . . . ,m+

)
ur free in sign (r = 1, . . . , s)

wf ≥ Rbf (f = 1, . . . , h) .
σ free in sign (3.10)

Rxi is equal with inputs range which is obtained by following expression:

Rxi = 1/ (max {xij |j = 1, . . . , n} −min {xij |j = 1, . . . , n}) (m+ s+ h) . (3.11)

Rgr is equal with desirable outputs range which is used in following expression:

Rgr = 1/ (max {grj |j = 1, . . . , n} −min {grj |j = 1, . . . , n}) (m+ s+ h) . (3.12)

Rbf is range of undesirable output which is calculated by following expression:

Rbf = 1/ (max {bfj |j = 1, . . . , n} −min {bfj |j = 1, . . . , n}) (m+ s+ h) . (3.13)
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3.2. Adaptive RAM network model with desirable and undesirable outputs

Here, we propose a RAM network model in the presence of desirable and undesirable outputs. Now, we extend
model (3.8).

3.2.1. Objective function

Due to network structure of our model, objective function has been modified as below:

Maximize
∑k

h=1
Wh

(∑h

i=1
Rhxi dhxi +

∑h

i=1
Rhgr d

hg
r +

∑h

i=1
Rhbf d

hb
f

)
. (3.14)

Wh is weight of each division. Furthermore, range of inputs, desirable outputs, and undesirable outputs are
given as below:

Rhxi = 1/
(
max

{
xhij |j = 1, . . . , n

}
−min

{
xhij |j = 1, . . . , n

})
(m+ s+ h) (3.15)

Rhgi = 1/
(
max

{
ghrj |j = 1, . . . , n

}
−min

{
ghrj |j = 1, . . . , n

})
(m+ s+ h) (3.16)

Rhbi = 1/
(
max

{
bhfj |j = 1, . . . , n

}
−min

{
bhfj |j = 1, . . . , n

})
(m+ s+ h) . (3.17)

3.2.2. Input, output, and fixed link definition

DMUj is jth supply chain (network) which has Kn (K = 1, 2, . . ., n) divisions. mk is number of inputs. xijk
is ith input of DMUj in division K which is as follows:

xijk ∈ R+ (i = 1, . . . ,mk; j = 1, . . . , n; k = 1, . . . , n) , (3.18)

where rk is number of outputs. yrjk is rth output of DMUj in division K which is as follows:

yrjk ∈ R+ (r = 1, . . . , rk; j = 1, . . . , n; k = 1, . . . , n) , (3.19)

where zrjk is as link; i.e., output of DMUj from kth division to hth division:

zrjk ∈ R+ (r = 1, . . . , rk; j = 1, . . . , n; k = 1, . . . , n) . (3.20)

3.2.3. DMU under evaluation

DMU under evaluation (DMUo) and input and output constraints of
DMUo are as follows:

Xok = Xkλk + S−ko (∀k) (3.21)
Yok = Ykλk + S+

ko (∀k) (3.22)∑n

j=1
λk = 1 (∀j,∀k) (3.23)

λk ≥ 0, S−ko ≥ 0, S+
ko ≥ 0 (∀k) , (3.24)

where Xk = (x1k, . . . , xnk) ∈ Rmk×n is an input matrix and Yk = (y1k, . . . , ynk) ∈ Rrk×n is an output matrix.
S−ko is input slack variable and S+

ko is output slack variable. (λjk is vector of intensity related to Kth division.
Also,

free link Zo(kh)free = Z(kh)freeλk + So(kh)free; So(kh)free ∈ RLkh (3.25)
fixed link Zo(kh)fixed = Z(kh)fixedλk; (∀ (k, h) fixed) (3.26)

bad link (input link) Zo(kh)in = Z(kh)inλk + So(kh)in; So(kh)in ∈ RLkh(in) (3.27)

good link (output link) Zo(kh)out = Z(kh)outλk + So(kh)out; So(kh)out ∈ RLkh(out) . (3.28)
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3.2.4. Our proposed NRAM-UENM model

At this juncture, our new NRAM-UENM model is presented as follows:

Maximize
∑k

h=1
Wh

(∑mh−

i=1
Rhxi dhxi +

∑mh+

q=1
Rhxq dhxq +

∑s

r=1
Rhgr d

hg
r +

∑l

f=1
Rhbf d

hb
f

)
subject to∑n

i=1
Xh
ijλ

h
j + dhxi = xhio;

(
i = 1, . . . ,m−)∑n

q=1
Xh
qjλ

h
j − dhxi = xhqo;

(
i = 1, . . . ,m+

)
∑n

j=1
ghrjλ

h
j − dhgr = ghro; (r = 1, . . . , s)∑n

j=1
bhfjλ

h
j + dhbf = bhfo; (f = 1, . . . , l) (3.29)∑n

j=1
Z(kh)inλ

h
j + So(kh)in = Zo(kh)in; ((kh) in = 1, . . . , link ink)∑n

j=1
Z(kh)outλ

h
j − So(kh)out = Zo(kh)out; ((kh) out = 1, . . . , link outk)∑n

j=1
Z(kh)freeλ

h
j + So(kh)free = Zo(kh)free;∑n

j=1
Z(kh)fixed = Zo(kh)fixed;∑n

j=1
λhj = 1;

dhxi , dhgr , d
hb
f , So(kh)in, So(kh)out ≥ 0;

So(kh)free, free in sign.

Model (3.29) is used to calculate overall unified inefficiency. Overall UE under natural and managerial dis-
posability is determined by:

UENM = 1−
∑k

h=1
Wh

(∑mh−

i=1
Rhxi dhxi +

∑mh+

q=1
Rhxq dhxq +

∑s

r=1
Rhgr d

hg
r +

∑l

f=1
Rhbf d

hb
f

)
. (3.30)

A divisional UE is measured by:

UENM = 1−
∑k

h=1
Wh

(∑mh−

i=1
Rhxi d∗hxi +

∑mh+

q=1
Rhxq d∗hxq +

∑s

r=1
Rhgr d

∗hg
r +

∑l

f=1
Rhbf d

∗hb
f

)
, (3.31)

where d∗hxi , d∗hxq , d∗hgr , d∗hbf are surplus slacks which is obtained by model (3.29).

3.2.5. Dual NRAM-UENM model
Dual of model (3.29) is as follows:

Minimize
∑k

h=1
Wh

(∑mh−

i=1
V hxi Xh

ij +
∑mh+

q=1
Zhxq Xh

qj +
∑s

r=1
Thgr ghrj +

∑l

f=1
Nhb
f dhbf +

∑p

f=1
Uhbp dhbp + σ

)

subject to

∑k

h=1
Wh

(∑mh−

i=1
V hxi Xh

ij +
∑mh+

q=1
Zhxq Xh

qj +
∑s

r=1
Thgr ghrj +

∑l

f=1
Nhb
f dhbf +

∑p

f=1
Uhbp dhbp + σ

)
≥ 0 (j = 1, . . . , n)

(3.32)
V hxi ≥ Rhxi

(
i = 1, . . . ,m−)

Zhxq ≥ Rhxq
(
q = 1, . . . ,m+

)
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Thgr ≥ Rhgr (r = 1, . . . , s)

Nhb
f ≥ Rhbf (f = 1, . . . , l)

Uhbp : free

σ: free,

where V hxi , Zhxq , Thgr , Nhb
f , Uhbp , and σ are dual variables. Al, σ helps to recognize type of congestion in each

division of supply chain [64].

4. Case study

Paper recycling has four divisions. The first division includes the companies that convert natural raw materials
to paper which are known as paper manufacturing companies. The second division includes consumers that use
paper and try to reduce wastes from their pcesses. The third division includes companies that collect waste
papers. The fourth division includes paper recycling firms that purchase waste paper from the third division.
They process wapers a convert them into other paper products.

Here, we assess the overall unified and unified divisional efficiency (sustainability) of paper recycling supply
chain under natural and managerial disposability. Figure 1 depicts the Iranian paper’s recycling supply chain
which consists of 4 divisions. Divisions include paper mills and import companies, waste paper producer, waste
paper collecting companies, and paper recycling firms. In this study, the sustainability of 50 DMUs (supply
chains) is assessed. Sustainability criteria are taken from previous researches such as Neto et al. [47], Sueyoshi
and Wang [64], Carlsson et al. [14], and Philpott and Everett [49]. Criteria are as follows:

Figure 1. Structure of the paper’s recycling supply chain.
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Inputs:
Raw cellulose, capital, research and development (R&D) cost, requested tonnage of each division. Raw cellulose
belongs to the first division.

Outputs:
Number of employment of each division, payments to environmental organization, and revenues are outputs.
Payments to the Iranian Department of Environmental are the penalty of emitted pollution which is an unde-
sirable output.

Fixed link:
Inventory flow is considered as a fixed link.

Datasets of inputs, outputs, and fixed link are reported in Tables A.1–A.4 (see Appendix).

4.1. Overall unified and divisional UE

Overall unified inefficiency scores are calculated by model (3.29). Overall UE scores are obtained by Expression
(3.30). Divisional UE scores are calculated by model (3.31) and surplus slacks which are calculated by model (3.29).
Table 2 shows obtained results for overall unified and divisional UE scores. Table 2 represents the overall efficiency
of each supply chain which is introduced as a unique DMU. Also, it depicts the efficiency scores of each division in
the supply chain. Efficiency scores are reported based on sustainability factors. Figure 2 shows the overall unified
efficiency score of each DMU. It is seen that DMUs 19 and 34 have the highest efficiency scores.

Results of overall UE scores of supply chains are depicted in Figure 2.
Average of overall UE (sustainability) scores is 58.8%. As addressed in Table 2, efficiency scores of DMUs

19 and 34 in each division are unity. Therefore, overall UE scores of DMUs 19 and 34 are unity. Analyzing
divisional UE is crucial for decision-makers as supply chain weaknesses can be identified. Average of divisional
UE scores of 50 supply chains are shown in Figure 3.

Figure 2. Overall UE scores.

91%
90%

85%

92%

Paper mills and paper 

import companies

Waste paper producer Waste paper collecting 

companies

Paper recycling companies

Figure 3. Average of divisional UE scores.
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As mentioned in Figure 3, the divisional UE score of waste paper collecting companies is lower than other
divisions. Therefore, this division has a weakness in the supply chain.

4.2. Congestion in a supply chain

Given returns to scale and existence of equal constraint which causes creating supporting hyperplane in
production possibility set (PPS), the border between desirable outputs and inputs can be recognized [64]. σ in
model ((3.32)) represents the type of congestion in each division of the supply chain. Recognizing congestion
type helps decision makers to decide on areas of sustainable investment [64]. Table 3 depicts the congestion
type of divisions of supply chains. Given arrow signs, type of congestion, positive (desirable) and negative
(undesirable), is determined. In positive congestion, the arrow is upward. In negative congestion, the arrow is
downward.

4.3. Determining investment strategy

Type of congestion is determined based on the position of the hyperplane that leans to feasible space. The
constraint can identify this position with an equal sign on each division. The overall and divisional efficiency
is determined by identifying the free link sign. This sign defines the position of the hyperplane. The slope of
the hyperplane specifies the type of congestion. Specifically, after running the model, the type of congestion is
determined.

In the definition of strategy, we do not direct an investor only based on the overall and divisional efficiencies.
We also consider congestion. The purpose of focusing on congestion in investment is to reach similar congestion
with the same direction throughout the supply chain. If the chain has congestions with different signs, investing
in congestion with positive sign increases negative congestion in other divisions. If each division of supply chain
looks for its profit, its investment on its own strengthens negative congestion in other divisions. This issue
negatively affects the sustainability of the whole chain. Therefore, in the proposed strategy, this issue should be
prevented. To determine the investment strategy, the following steps are suggested:

Step 1. Select the most sustainable supply chains given maximum overall UE: In this step, sustainable supply
chains with maximum overall UE are selected. Given Table 2, supply chains 19 and 34 have maximum efficiency
scores.

Step 2. Select supply chains with positive congestion in all divisions: In this step, supply chains with positive
congestion in all divisions are selected. In Table 4, congestion of two selected sustainable supply chains in step
1 is analyzed. Supply chain 34 has positive congestion in all divisions. Supply chain 19 has negative congestion
in division 4. Therefore, supply chain 34 is selected as an appropriate supply chain for investment.

Step 3. Select inefficient divisions given the average of divisional UE scores: As is shown in Figure 3, division
3 has a minimum average divisional efficiency score compared with other divisions. Therefore, division 3 is
selected for investment.

Step 4. After selecting DMU 34 and division 3 for investment, the amount of investment should be deter-
mined. Given model ((3.32)), the amount of investment can be proposed. Congestion is determined by model
((3.32)). If congestion is positive, the decision maker can increase the amount of investment. Investment is
increased as far as congestion is not changed.

Figure 4 depicts the amount of investment in division 3 given congestion. We can see the effect of increas-
ing investment on congestion. As is seen, investing more than 250 billion Rials causes negative congestion in
division 3.

Figure 5 depicts the range of investment and its impact on congestion of divisions 3 and 4. Region A is a
positive congestion region in division 3. Amount of investment in this region ranges from 275 667 billion to
300 000 billion Rials. Region B is a negative congestion region in division 3. In this region, the amount of
investment is over 300 000 billion Rials. As is seen, investing more than 300 000 billion Rials leads to negative
congestion. The amount of investment should be such that type of congestion does not change in any division.
Accordingly, region A is an appropriate investment area in division 3.
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Table 3. Congestion type in divisions of supply chains.



S36 H. HAJAJI ET AL.

Table 4. Comparison of two supply chains.

Coefficients indicating congestion

Paper mills and 
paper import 
companies

Waste paper 
producer

Waste paper 
collecting 

companies

Paper 
recycling 

companies

DMU 19 Collection of waste paper in Sanandaj 5.470 0.339 10.105 -0.428

DMU 34 Social Security departments of Tehran and Karaj 3 1.045 0.165 0.313 6.624

Amount of 
investment

Paper 
mills and 

paper 
import 

companies

Waste 
paper 

producer

Waste 
paper 

collecting 
companies

Paper 
recycling 

companies

Billion Rials

81 1.045 0.165 0.313 6.624

100 1.048 0.166 0.281 6.345

119 1.051 0.166 0.263 6.066

138 1.055 0.166 0.214 5.788

157 1.058 0.167 0.165 5.509

176 1.062 0.167 0.163 5.230

195 1.065 0.168 0.125 4.952

214 1.069 0.168 0.113 4.673

233 1.072 0.168 0.071 4.394

252 1.076 0.169 0.032 4.116

270 1.079 0.169 0.012 3.837

290 1.083 -0.010 -0.012 1.526

300 1.086 -0.080 -0.043 -0.034
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Figure 4. Impact of investment changes on congestion type.

Figure 6 shows the impact of investment on the congestion of DMU 34 in 4 divisions. As is shown, by the
increasing amount of investment, congestion is determined. If congestion is positive, then the decision maker can
increase investment. However, the direction of congestion should not be negative. Investment from 275 billion
to 300 billion Rials does not lead to negative congestion of the division being invested.

As mentioned before, in step 1, supply chains with maximum overall UE are selected (supply chains
19 and 34). In step 2, the supply chain with positive congestion in all divisions is selected (supply chain
34). In step 3, the inefficient division given the average of divisional UE score is selected (division 3). Finally, in
step 4, after selecting DMU 34 and division 3 for investment, amount of investment and congestion type given
model ((3.32)) should be determined. Given the results, the best choice is to establish a waste paper collecting
company with a capital of 275−300 billion Rials while congestion type is not changed.

In the efficiency evaluation, paying attention to economic factors is simple for analysts. However, without
an integrated approach, it is complicated to take into account social and environmental factors. An integrated
approach assists supply chain analysts to get a full view of sustainability. The proposed model deals with
environmental, social, and economic factors, simultaneously.

5. Managerial implications

Nowadays, due to government regulations and increasing public awareness about sustainability, companies
attempt to improve their sustainability. A company can survive if it is capable of creating and retaining a sus-
tainable relationship with all of its stakeholders [48, 50]. Furthermore, corporate decision makers comprehend
that sustainability can create a competitive advantage for them [42]. A company that takes into account envi-
ronmental, economic, and social factors in its processes is called a sustainable company [10, 41, 48]. Currently,
competition is among supply chains [39, 59]. Companies should invest in the sustainability of supply chains
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Figure 5. Investment ranges and its impact on congestion of divisions 3 and 4.

Figure 6. Impact of investment on congestion in 4 divisions of DMU 34.
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[6, 30, 59]. In this paper, we proposed an adaptive RAM network model to assess the sustainability of supply
chains. We identified opportunities for investment in supply chains. Our proposed model introduced investment
opportunities given managerial disposability, natural disposability, and undesirable outputs. We determined the
type of congestion. In other words, our adaptive network DEA model can determine the amount of investment
concerning sustainability factors and type of congestion.

6. Conclusions

Globalization has forced managers to change their traditional approaches to supply chain level and con-
sider interactions among different parts of supply chains [8]. Also, by increasing globalization of supply chains,
decision-makers have focused on the sustainability of supply chains [8]. Sustainable SCM is a growing topic [56].
A decision maker should consider an appropriate amount of investment in sustainability aspects. In this paper,
we proposed an adaptive network DEA model to assess the sustainability of supply chains. For the first time,
we proposed an adaptive RAM network model. Our model can evaluate the relative efficiency of DMUs and
determine the amount of investment in sustainable supply chains. Moreover, our proposed model introduced
investment opportunities given the type of congestion.

We suggest the following topics for future researchers:

– Developing a network dynamic RAM model to take into account managerial and natural disposability.
– Developing an inverse network dynamic RAM model.

Appendix

See Tables A.1, A.2, A.3 and A.4 in below.
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