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Abstract: Resources scarcity and environmental degradation have made sustainable resource utiliza-
tion and environmental protection necessary worldwide. The development of the circular economy
is considered an approach for more appropriate economic and environmental management. This
work introduces a cooperative game network data envelopment analysis model for evaluating the
implementation effect of recycling production systems from a closed loop and centralized control
perspective. The factor efficiency analysis of the involved inputs and outputs is presented to provide
guidance for the factor dominance of subsystem efficiencies. An application for assessing the circular
economy of EU countries is provided to illustrate the validation of the proposed method. Our results
show that the average performance of the production subsystem is superior to that of the recy-
cling subsystem in EU countries. Furthermore, factor efficiency analysis reveals that the inefficient
environmental treatment input is the culprit in worse performance of the recycling subsystem. A
comparison of the proposed method with recent studies for circular economy performance evaluation
is also included.

Keywords: environmental efficiency measurement; circular economy; network data envelopment
analysis; game theory

1. Introduction

Increasingly tight resource constraints and severe environmental degradation have
made the coordination between economic prosperity and environmental regulation a major
issue of concern to sustain our living world. The rise of the circular economy is one
of the most promising economic trends for sustaining the global ecological system and
developing industrial innovation. In a circular economy system, resources can be used
sustainably and cyclically to save resources and reduce pollution emissions, satisfying a
sustainable economic growth mode [1]. As a typical environment–economy linking system,
improving the eco-efficiency of the circular economy system has been gaining a lot of
attention and has played an importance role in the development of real economies and
environmental protection. Systematic literature reviews on circular economic performance
assessment methods have been presented recently [2,3]. Researchers adopted methods such
as life-cycle analysis [4], material flow analysis [5], and ecological footprint analysis [6]
to evaluate the eco-efficiencies of enterprises and industries. However, most of these
methods involve the use of subjective factors to determine the weights of indicators. Data
envelopment analysis (DEA) is a well-known frontier approach that effectively avoids
the subjectivity of weight determination and uses programming solvers to calculate the
input–output decision efficiency of decision making units (DMUs). It is the most efficient
tool available for assessing eco-efficiency.

Conventional DEA models regard the production system as a black box when measur-
ing efficiency, ignoring its internal structure. It has been found that ignoring the operations
of the components may produce efficiency measures that are misleading when a system
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is composed of several components operating interdependently [7]. The network DEA
model explores the internal structure of the system and examines the different subsystems.
This was suggested, for the first time, by Färe and Grosskopf [8]. Then, the multi-stage
structures, either with a serial or a parallel or a mixed structure for network DEA models
were proposed. Since there are cooperation and conflict relations among subsystems,
Cook et al. [9] studied the game issues within the system, and showed that all the existing
approaches can be categorized as using either Stackelberg (leader-follower), or coopera-
tive game concepts. Li et al. [10] presented a non-cooperative game DEA model, which
assumes that there is a Stackelberg game relation between the two stages. In addition,
Liang et al. [11,12] proposed a two-stage cooperative game DEA model, which improves
the potential joint efficiency of all subsystems simultaneously.

DEA dealing with the performance measurement of production systems has made
great progresses in its theory and application research. However, few extended models
consider the circular structure system. Recently, Sun et al. [13] proposed a model using
game theory and DEA for estimating and analyzing the circular economic system in
China’s different provinces. Their model concerns only internal undesirable outputs while
ignores recycled resources. Due to of this omission, their model is arguably unable to
show a closed loop network of the circular economy [14]. This work considers introducing
a cooperative game network DEA model for evaluating the implementation effect of a
recycling production system from a closed loop and centralized control perspective. To
provide a guidance for the factor dominance of subsystem efficiencies, the factor efficiency
analysis is also presented. An application of the proposed model for assessing the circular
economy of EU countries is studied. A comparison of the proposed method with recent
studies for the circular economy performance evaluation is also included. The remainder
of the paper is organized as follows. In Section 2, the network structure and circular
process in the recycling production system are briefly reviewed. The competitive (non-
cooperative) game network DEA model for assessing the recycling production system is
presented. In Section 3, a cooperative game network DEA model for measuring efficiencies
of the recycling production system is introduced. An application for assessing the circular
economy of EU countries is provided in Section 4. The paper is concluded in the Section 5.

2. Preliminaries
2.1. The Network Structure and Circular Process in the Recycling Production System

A recycling production model—named the circular economy model states that mate-
rials and energy needed for production can be extracted not only from the underground
resources, but from the recycling and reuse of emitted waste products—was proposed in the
early 1990s [15]. For a micro-enterprise, with the newly developed technology, industrial
solid wastes, sewage and waste gas are collected and reused to save new resources inputs
and to decrease emissions and pollution of the environment simultaneously [16]. Taking
wastewater recycling as an example, Figure 1 shows a typical recycling system. In the
water recycling system, the water utilization system produces desirable outputs and turns
wastewater into fresh water. The wastewater will be fed into the wastewater treatment
system as an input to produce recycling water and wastewater is emitted. The recycled
water will become reused water after the wastewater regeneration process and be poured
back to the water utilization system.
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Figure 1. A water recycling system.

This work considers a simplified recycling production system, where the overall
system can be divided into two subsystems, namely the production system and recycling
system, as shown in Figure 2. The production system (subsystem 1) describes the main
production process to produce desirable outputs and undesirable output with resources
inputs. The recycling system (subsystem 2) illustrates the processes of dealing with the
above-mentioned undesirable outputs from industry sectors, especially the treatment and
reusing of undesirable outputs. It should be noticed that the undesired outputs from sub-
system 1 become one of inputs to subsystem 2, namely the intermediate variables, which
will be converted into desired outputs and undesired outputs in subsystem 2. The unde-
sired outputs in subsystem 2 will be emitted into the environment and the desired outputs
in subsystem 2 will be fed back into subsystem 1 as a special type of input, which as a
whole show a closed-loop feedback cycle for a recycling production system [16].

Figure 2. A recycling production system.

To evaluate the performance of the recycling production system described in Figure 2, we
propose the following notations related to Figure 2. In Figure 2, each DMUj, j = 1, 2, · · · , n,
consisting of two subsystems, has M direct inputs, X1

mj, m = 1, 2, · · · , M, and P feedback

inputs, Y2g
pj , p = 1, 2, · · · , P, to subsystem 1, to produce R desirable outputs, Y1g

rj , r =

1, 2, · · · , R, and D undesirable outputs, Y1b
dj , d = 1, 2, · · · , D. The output Y1g

rj are the final

outputs of subsystem 1; while the undesired outputs Y1b
dj will be fed into subsystem 2 as

inputs, with other controllable inputs, i.e., X2
l j, l = 1, 2, · · · , L, to produce desirable outputs

Y2g
pj , p = 1, 2, · · · , P, and undesirable outputs Y2b

hj , h = 1, 2, · · · , H. The undesirable outputs

Y2b
hj are the final outputs of subsystem 2, while the desirable outputs Y2g

pj will be poured
back to subsystem 1 and become part of inputs to the production process.
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2.2. The Competitive Game DEA for Evaluating the Performance of the Recycling Production System

A competitive (non-cooperative) game DEA model for estimating and analyzing the
circular economic system in China’s different provinces was proposed by Sun et al. [13]
recently. According to their work, a competitive game DEA model for assessing the
recycling production system of DMU0 is presented in (1). Let β and θ be the inefficiency
factors, which measure the inefficiency level of the production and recycling subsystems,
respectively. The two-stage competitive game DEA model considers the leader-follower
relationship between the two subsystems. In model (1), the recycling subsystem is treated
as the leader, while the production subsystem is the follower as the inefficiency factor of
the production subsystem is introduced into the objective function of (1).

max β

s.t.
n

∑
j=1

λ1
j X1

mj ≤ X1
m0 − βX1

m0, m = 1, 2, · · · , M,

n

∑
j=1

λ1
j Y2g

pj ≤ Y2g
p0 , p = 1, 2, · · · , P,

n

∑
j=1

λ1
j Y1g

rj ≥ Y1g
r0 + βY1g

r0 , r = 1, 2, · · · , R,

n

∑
j=1

λ2
j X2

l j ≤ X2
l0 − θX2

l0, l = 1, 2, · · · , L,

n

∑
j=1

λ2
j Y2b

hj ≤ Y2b
h0 − θY2b

h0 , h = 1, 2, · · · , H,

n

∑
j=1

λ2
j Y2g

pj ≥ Y2g
p0 + θY2g

p0 , p = 1, 2, · · · , P,

n

∑
j=1

λ1
j Y1b

dj =
n

∑
j=1

λ2
j Y1b

dj = Y1b
d0 , d = 1, 2, · · · , D,

λ1
j , λ2

j ≥ 0, j = 1, 2, · · · , n, β, θ ≥ 0,

(1)

where (λ1
1, λ1

2, · · · , λ1
n) and (λ2

1, λ2
2, · · · , λ2

n) are the intensity vectors for weighting each
element. According to [13], the efficiency of DMU0 in the production system is

E1 = 1− β, (2)

and the efficiency of DMU0 in the recycling system is

E2 = 1− θ. (3)

As mentioned in Section 1, the model (1) is arguably unable to show a closed loop network
of the circular economy. To evaluate the implementation effect of recycling production
systems from a closed loop and centralized control perspective, we introduce a cooperative
game network DEA model in Section 3. Furthermore, the competitive game DEA model (1)
can only measure the efficiencies of subsystems, it fails to explain the dominant factors in
determining the efficiencies. To provide a guidance for the factor dominance of subsystem
efficiencies, the factor efficiency analysis is also presented in Section 3.

3. A Cooperative Game Network DEA Model for Efficiency Measurement of the
Recycling Production System

A cooperative game DEA model with a two-stage network was originally proposed by
Liang et al. [11,12]. It supposes that the two stages jointly determine a set of optimal weights
on the internal factors, and it strives for the maximum potential efficiency of the whole
system from a centralized control view of decision makers [17]. In this work, we introduce
the cooperative game DEA model in [14] for evaluating the performance of the recycling
production system with feedback factors. The extended Färe-Lovell inefficiency of all
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non-internal factors in both production and recycling systems is introduced and the fixed
link to keep the linking internal production unchanged (non-discretionary) is adopted [18].
Moreover, it is assumed that the intermediate undesirable factors Y1b

dj , d = 1, 2, · · · , D,

and Y2g
pj , p = 1, 2, · · · , P, are all consumed. For that the intermediate undesirable factors

are used to keep the continuity between the inputs and outputs in the two consecutive
stages. When the intermediate undesirable outputs are taken into account in measuring a
recycling production system, the DEA reference technology of the production system can
be defined as

Tp = {(x1, y2g, y1g, y1b) :
n

∑
j=1

λ1
j X1

mj ≤ x1
m, m = 1, 2, · · · , M,

n

∑
j=1

λ1
j Y2g

pj = y2g
p , p = 1, 2, · · · , P,

n

∑
j=1

λ1
j Y1g

rj ≥ y1g
r , r = 1, 2, · · · , R,

n

∑
j=1

λ1
j Y1b

dj = y1b
d , d = 1, 2, · · · , D, λ1

j ≥ 0, j = 1, 2, · · · , n.},

(4)

where (x1, y2g, y1g, y1b) is in the production possibility set, and (λ1
1, λ1

2, · · · , λ1
n) is the

intensity vector for weighting each element. In the recycling system, extra inputs X2
l j, l =

1, 2, · · · , L, are used to reduce the undesirable outputs Y1b
dj , d = 1, 2, · · · , D, produced in

the production system. The final undesirable outputs Y2b
hj , h = 1, 2, · · · , H, are assumed

to be freely or strongly disposable. As discussed by Färe et al. [19], free disposability of
inputs means that a decision making unit can increase the quantity of any given input
while holding other inputs constant and not decreasing outputs. Similar to the production
system, the intermediate undesirable factors Y1b

dj , d = 1, 2, · · · , D, and Y2g
pj , p = 1, 2, · · · , P,

are assumed all consumed. According to these assumptions, the DEA reference technology
of the recycling system can be expressed as

Trec = {(y2, y2g, y1g, y2b) :
n

∑
j=1

λ2
j X2

l j ≤ x2
l , l = 1, 2, · · · , L,

n

∑
j=1

λ2
j Y2b

hj ≤ y2b
h , h = 1, 2, · · · , H,

n

∑
j=1

λ2
j Y1b

rj = y1b
d , d = 1, 2, · · · , D,

n

∑
j=1

λ2
j Y2g

pj = y2g
p , p = 1, 2, · · · , P, λ2

j ≥ 0, j = 1, 2, · · · , n.}.

(5)

Considering the continuity of activities at the production system and recycling
system [18,20], we define the linkage as

n

∑
j=1

λ1
j Y1b

rj =
n

∑
j=1

λ2
j Y1b

rj , r = 1, 2, · · · , R,

n

∑
j=1

λ1
j Y2g

pj =
n

∑
j=1

λ2
j Y2g

pj , p = 1, 2, · · · , P.

Let the inefficiency factors denoted by βxm, βyr, βzl , βbh measure the corresponding
output deficiency and input redundancy of the production and recycling subsystems,
respectively, and wxm, wyr, wzl , wbh be the corresponding weight variables determined by

decision makers with
M

∑
m=1

wxm +
R

∑
r=1

wyr +
L

∑
l=1

wzl +
H

∑
h=1

wbh = 1. The cooperative game

DEA model for evaluating the performance of the recycling production system of DMU0
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which takes into consideration of maximizing the factor inefficiency of both subsystems
into the model’s measurement, can be described as follows [14]:

max
M

∑
m=1

wxmβxm +
R

∑
r=1

wyrβyr +
L

∑
l=1

wzl βzl +
H

∑
h=1

wbhβbh

s.t.
n

∑
j=1

λ1
j X1

mj ≤ X1
m0 − βxmX1

m0, m = 1, 2, · · · , M,

n

∑
j=1

λ1
j Y1g

rj ≥ Y1g
r0 + βyrY

1g
r0 , r = 1, 2, · · · , R,

n

∑
j=1

λ2
j X2

l j ≤ X2
l0 − βzlX2

l0, l = 1, 2, · · · , L,

n

∑
j=1

λ2
j Y2b

hj ≤ Y2b
h0 − βbhY2b

h0 , h = 1, 2, · · · , H,

n

∑
j=1

λ1
j Y1b

dj =
n

∑
j=1

λ2
j Y1b

dj = Y1b
d0 , d = 1, 2, · · · , D,

n

∑
j=1

λ1
j Y2g

pj =
n

∑
j=1

λ2
j Y2g

pj = Y2g
p0 , p = 1, 2, · · · , P,

λ1
j , λ2

j ≥ 0, j = 1, 2, · · · , n,
βxm, βyr, βzl , βbh ≥ 0, m = 1, · · · , M, r = 1, 2, · · · , R,

l = 1, 2, · · · , L, h = 1, 2, · · · , H.

(6)

It should be noted that the model (6) concerns the internal undesirable outputs and
recycled resources of both subsystems. Given the results of βxm, βyr, βzl , βbh obtained
from (6), the factor efficiencies can be represented as follows:

Exm = 1− βxm,
Eyr = 1/(1 + βyr),
Ezl = 1− βzl ,
Ebh = 1− βbh,

(7)

where Exm and Eyr stand for the factor efficiencies of input and output in the production
subsystem, respectively, and Ezl and Ebh refer to the factor efficiencies of input and
output in the recycling subsystem. The greater the value of one factor efficiency, the better
its performance is.

Based on the definitions of factor efficiencies in (7), the efficiencies of the production
and recycling subsystems, denoted by Ep and Er, respectively, can be considered as the
aggregation of corresponding factor efficiencies, as shown in (8).

Ep = 1
MR

M

∑
m=1

Exm

R

∑
r=1

Eyr =
1

MR

M

∑
m=1

(1− βxm)
R

∑
r=1

1
1 + βyr

∈ {0, 1},

Er =
1

LH

L

∑
l=1

Ezl

H

∑
h=1

Ebh =
1

LH

L

∑
l=1

(1− βzl)
H

∑
h=1

(1− βbh) ∈ {0, 1}.
(8)

When Ep = Er = 1, there is no input redundancy or output insufficiency. Therefore,
the performance of the CE system can be defined as the average of the efficiencies of the
production and recycling subsystems as follows:

ECE =
Ep + Er

2
∈ {0, 1}. (9)

When all the factors related to the subsystems are efficient, we have ECE = Ep = Er = 1.
Figure 3 presents the steps in the proposed approach.
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Figure 3. The steps in the proposed approach.

4. An Application to Assessing the Circular Economy of EU Countries

The recycling production system in this study includes production and recycling sub-
systems. For the production subsystem, Sun et al. [21] measured the production efficiency
attributing to environmental factors. For the recycling subsystem, Wu et al. [16,22] studied
the environmental efficiency of two-stage systems with undesired outputs. Based on these
studies, in this work, we choose the following indicators for assessing the circular economy
of EU countries. In the production subsystem, labor force (X1

1j), capital (X1
2j), and total

energy consumption (X1
3j) are treated as inputs (X1

mj), GDP per capita as desirable output

(Y1g
j ), and total wastes generated (Y1b

j ) as undesirable output. Since the recycling system
reuses the used resources consumed in the production system, the undesirable outputs
(Y1b

j ) in the production subsystem are regarded as the input to be treated with the newly

necessary resources (X2
j ), such as the investment in treatment of environmental wastes and

pollution. Y1b
j represents the intermediate variable between the production and recycling

subsystems. Moreover, the intermediate variable Y1b
j can be converted into desired outputs

(Y2g
pj ) and undesirable outputs (Y2b

hj ) in the recycling subsystem. The desired outputs, such

as volume of recycled solid waste Y2g
1j , volume of backfill Y2g

2j , and energy recovery Y2g
3j ,

will be fed back into sub-system 1 as a special type of inputs, and the undesirable outputs,
such as landfill and other (Y2b

1j ) and waste incinerated without energy recovery (Y2b
2j ) will

be considered as harmless discharge, having a reduced damage to the environment.
In this study, the EU country data of the above-mentioned variables for measuring

the efficiency of recycling production system were collected from waste statistics of Euro
states and the world bank data in 2017. The data of the inputs, intermediate measures,
and outputs of the 28 EU countries are presented in Table 1.
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Table 1. Data set for assessing efficiency for the recycling production system of EU countries.

DMU X1
1 X1

2 X1
3 Y1g Y1b X2 Y2b

1 Y2b
2 Y2g

1 Y2g
2 Y2g

3

BE 5004.72 109,635.23 36,332.6 46,000 63,150,004 2246 401,821,505.1 260,944,420.8 4,855,292,916 0 796,941,524

BG 4025.73 9889.20 9662.7 20,900 120,510,053 262.2 11,377,402,360 1,228,940.446 624,743,431 0 47,630,543

CZ 5387.52 48,753.81 24,880.6 34,200 25,380,325 489.1 421,402,923.7 8,969,823.401 1,256,506,220 736,788,139 114,365,359

DK 3024.43 62,642.40 14,449.5 49,300 20,981,701 73.2 611,036,025.7 453,589.4241 1,077,685,765 0 408,994,682

DE 43,294.64 696,913.18 216,447.3 49,800 400,049,839 5139 7,258,425,559 474,079,860.6 17,091,404,085 10,641,085,528 4,539,988,852

EE 694.11 5212.53 2818.3 30200 24,277,641 39.5 1,571,046,418 7207.720416 523,501,743 271,321,686 61,887,076

IE 2248.29 97,003.40 11,609.7 69,100 15,483,387 11.4 595,176,663.3 3,974,931.141 163,521,509 712,096,348 73,569,252

EL 4906.56 22,630.08 16,702.7 27,400 69,009,312 1045 6,101,405,554 2,254,867.174 223,834,033 559,291,350 14,145,383

ES 23,016.54 247,385.30 82,497.8 37,200 128,946,782 5561 6,917,730,969 1,630,152.259 4,782,727,890 729,903,060 462,686,172

FR 30,319.99 539,810.88 147,158.6 43,200 323,467,567 10,927 8,912,319,950 529,931,991.7 17,805,492,324 3,347,460,780 1,751,551,681

HR 1833.27 10,352.94 6639 23,800 5,280,553 3 252,644,927.4 8025.833542 248,979,558 21,330,946 5,091,818

IT 25,584.17 318,657.86 115,930.6 37,600 163,997,388 10,323.1 2,330,759,325 44,806,8861.9 12,940,757,588 16,749,969 663,403,006

CY 611.51 3610.62 1758 36,100 3,384,016 37.6 195,647,721.8 0 35,308,927 94,608,345 1,2836,602

LV 1008.67 5019.44 3820.3 26,200 2,531,726 86.5 5,151,4453.72 27,299.07299 181,524,359 2,877,570 17,228,886

LT 1481.03 8090.61 5108.4 30, 700 6,645,689 146.3 376,219,111.1 265,115.2405 222,175,413 27,546,012 38,363,239

LU 281.98 10,079.65 4038.9 105,400 10, 129, 884 136.6 394,682,009.3 447.388895 352,026,252 244,913,566 21,366,130

HU 4686.10 24,195.73 17,865.2 28,300 15,908,526 159.2 544,534,135.6 9,173,793.23 861,341,728 58,137,346 117,665,638

MT 212.81 2613.15 583.7 40,100 1,971,253 58.6 33,840,198.53 729,659.0766 37,642,029 124,913,458 0

NL 9050.42 154,915.44 49,517 52,800 141,027,997 3827 6,484,656,382 123,312,495 6,429,380,745 0 1,065,450,090

AT 4535.20 90,187.98 28,127.9 49,000 61,226,583 174.5 2,809,451,363 1,867,412 2,264,108,063 675,844,441 1,867,412

PL 18,393.55 84,961.32 66,652 28,300 181,990,641 372.7 5,095,006,125 63,893,549.64 8,399,307,294 4,036,605,469 604,251,699

PT 5207.27 31,296.05 16,114.8 29,600 14,734,417 425.5 510,697,523.8 3,546,142.319 640,596,720 140,172,510 178,428,819

RO 8939.35 43,109.53 22,280.2 22,900 177,557,398 508.3 1,670,2885,666 10,101,348.96 714,524,681 77,559,190 250,668,909

SI 996.96 7859.45 4875.5 32,900 5,517,787 42.1 38,252,271.38 4,285,174.818 332,376,636 150,325,015 26,539,590

SK 2762.41 19,021.79 10,418.4 32,000 10,606,352 319.7 50,6588,801 4,865,030.324 424,682,144 49,836,276 74,662,989

FI 2687.20 51,490.26 25,248.8 43,400 122,869,413 75 10,816,368,847 5,368,598.21 908,084,245 0 557,119,580

SE 5245.27 123,749.83 32,590.9 50,800 141,622,198 760.1 10,806,010,637 22,813,777.52 1,702,475,279 694,274,083 936,645,999

UK 33,693.49 437,140.07 133,688.5 43,800 277,272,474 13,601.3 10,410,809,602 735,540,574 13,457,214,835 2,175,093,717 948,588,194

BE: Belgium; BG: Bulgaria; CZ: Czechia; DK: Denmark; DE: Germany; EE: Estonia; IE: Ireland; EL: Greece; ES: Spain; FR: France; HR: Croatia; IT: Italy; CY: Cyprus; LV: Latvia; LT: Lithuania; LU: Luxembourg;
HU: Hungary; MT: Malta; NL: Netherlands; AT: Austria; PL: Poland; PT: Portugal; RO: Romania; SI: Slovenia; SK: Slovakia; FI: Finland; SE: Sweden; UK: United Kingdom.
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To evaluate the efficiency for the circular economy system of EU countries, the follow-
ing cooperative game network DEA model is employed.

max wx1βx1 + wx2βx2 + wx3βx3 + wyβy + wzβz + wb1βb1 + wb2βb2

s.t.
28

∑
j=1

λ1
j X1

mj ≤ X1
m0 − βxmX1

m0, m = 1, 2, 3,

28

∑
j=1

λ1
j Y1g

j ≥ Y1g
0 + βyY1g

0 ,

28

∑
j=1

λ2
j X2

j ≤ X2
0 − βzX2

0 ,

28

∑
j=1

λ2
j Y2b

hj ≤ Y2b
h0 − βbhY2b

h0 , h = 1, 2,

28

∑
j=1

λ1
j Y1b

j =
28

∑
j=1

λ2
j Y1b

j = Y1b
0 ,

28

∑
j=1

λ1
j Y2g

pj =
28

∑
j=1

λ2
j Y2g

pj = Y2g
p0 , p = 1, 2, 3,

λ1
j , λ2

j ≥ 0, j = 1, 2, · · · , 28,
βx1, βx2, βx3, βy, βz, βb1, βb2 ≥ 0.

(10)

The proposed method was coded using Matlab software. The overall efficiencies (ECE),
efficiency of the production subsystem (Ep), and efficiency of the recycling subsystem (Er)
calculated from (10) are shown under the heading “Cooperative Game Network DEA” in
Table 2. The numbers in parentheses are the rankings of the corresponding DMUs. The
overall system efficiency (ECE) is the average of the process efficiencies, a value between its
process efficiencies, Ep and Er. As shown in Table 2 (the second column), Cyprus performs
efficiently in both production and recycling subsystems, and so in the efficient overall score.
The averages of these three measures are shown in the last row of Table 2. The average
efficiency of the production system is higher than that of the recycling system by 12.75%,
which indicates that the average performance of the production system is superior to that
of the recycling system in the EU countries’ CE system. Figure 4 shows the efficiency scores
calculated from the proposed cooperative game network DEA model. It is clear that the
inefficiency of the circular economic system is largely attributed to the recycling subsystem
in many EU countries.

Figure 4. The efficiency scores calculated from the proposed method.

When the efficiencies ECE, Ep and Er are ranked (the numbers in parentheses), it shows
that some countries have a large difference in the rank of efficiencies between the production
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and recycling subsystems. It also reveals the source that causes the low scores of the whole
system. For instance, Denmark performs unsatisfactorily in the recycling subsystem (as
compared to the production subsystem) and Austria performs unsatisfactorily in the
production subsystem (as compared to the recycling subsystem). However, some countries
have similar ranks in ECE, Ep and Er, for example, Italy and Latvia. This implies that
the performance of the whole process is evenly attributed to the performance of the two
subsystems in these countries.

Table 2. Efficiency scores and the associated rankings (in parentheses).

Cooperative Game Network Competitive Game
DEA Network DEA

DMU ECE Ep Er E1 E2

Belgium 0.9723 (4) 0.9471 (12) 0.9976 (6) 0.9999 (4) 1.0000 (1)
Bulgaria 0.6073 (26) 0.9230 (14) 0.2917 (26) 1.0000 (1) 0.9996 (7)
Czechia 0.9586 (6) 0.9172 (17) 1.0000 (1) 0.4174 (20) 1.0000 (1)

Denmark 0.8379 (21) 0.9820 (6) 0.6937 (22) 0.7913 (18) 1.0000 (1)
Germany 0.9721 (5) 0.9545 (10) 0.9897 (8) 0.2953 (22) 1.0000 (1)
Estonia 0.6681 (25) 0.9996 (3) 0.3366 (25) 1.0000 (1) 1.0000 (1)
Ireland 0.8978 (16) 0.9220 (15) 0.8736 (18) 0.0004 (28) 0.6504 (28)
Greece 0.7620 (22) 0.7306 (28) 0.7935 (19) 0.9985 (7) 0.9930 (15)
Spain 0.9251 (13) 0.8967 (20) 0.9535 (12) 0.1901 (25) 0.9849 (18)
France 0.9484 (8) 0.9162 (18) 0.9806 (10) 0.0652 (27) 0.9475 (25)
Croatia 0.8773 (19) 0.9964 (4) 0.7583 (20) 0.9918 (11) 0.9697 (22)

Italy 0.9819 (2) 0.9609 (8) 0.9948 (7) 0.2311 (23) 0.9609 (23)
Cyprus 1.0000 (1) 1.0000 (1) 1.0000 (1) 0.9691 (14) 0.9797 (19)
Latvia 0.7606 (23) 0.8888 (22) 0.6323 (23) 0.8972 (16) 0.9338 (27)

Lithuania 0.4608 (28) 0.8945 (21) 0.0268 (28) 0.9180 (15) 0.9947 (14)
Luxembourg 0.5961 (27) 1.0000 (1) 0.1922 (27) 0.9998 (5) 0.9351 (26)

Hungary 0.9023 (15) 0.8047 (27) 0.9999 (5) 0.3370 (21) 0.9969 (12)
Malta 0.9417 (10) 0.9565 (9) 0.9269 (14) 0.9933 (9) 0.9579 (24)

Netherlands 0.9161 (14) 0.9049 (19) 0.9271 (13) 0.9993 (6) 0.9988 (8)
Austria 0.9430 (9) 0.8860 (24) 1.0000 (1) 0.9965 (8) 0.9965 (13)
Poland 0.9347 (12) 0.8879 (23) 0.9816 (9) 0.9817 (12) 0.9925 (16)

Portugal 0.9542 (7) 0.9366 (13) 0.9718 (11) 0.1420 (26) 0.9909 (17)
Romania 0.8840 (17) 0.8760 (26) 0.8920 (16) 0.9794 (13) 0.9978 (11)
Slovenia 0.7530 (24) 0.9215 (16) 0.5846 (24) 0.9926 (10) 0.9979 (10)
Slovakia 0.8792 (18) 0.8796 (25) 0.8789 (17) 0.2240 (24) 0.9792 (20)
Finland 0.9385 (11) 0.9637 (7) 0.9079 (15) 1.0000 (1) 1.0000 (1)
Sweden 0.8729 (20) 0.9932 (5) 0.7482 (21) 0.7069 (19) 0.9777 (21)

United Kingdom 0.9771 (3) 0.9542 (11) 1.0000 (1) 0.8728 (17) 0.9987 (9)
Average 0.8615 0.9251 0.7976 0.7139 0.9726

We have also compared the proposed method with the recent proposed competitive
game DEA model (1). As mentioned in Section 2.2, the competitive game DEA model
(1) obtains only the efficiencies of subsystems, but fails to explain the dominant factors,
that determine the efficiencies. The efficiency in both production subsystem, E1, and the
recycling subsystem, E2, is calculated by applying (2) and (3), respectively. The results are
shown in the right half of Table 2, under the heading “Competitive Game Network DEA.”
Finland and Estonia perform efficiently in both production and recycling subsystems.
Belgium, Czechia, Denmark, Germany, Estonia and Finland are efficient in recycling, while
Bulgaria, Estonia and Finland are efficient in production. The average efficiency of the
production system is lower than that of the recycling system by 25.87% (Table 2), indicating
that the average performance of the recycling system is superior to that of the production
system. This is because that the recycling system in the competitive game DEA model (1)
is treated as the leader, while the production system is treated as the follower. Comparison
of results between model (1) and the proposed cooperative game network DEA model
in production system is shown in Figure 5, while that in the recycling system is shown
in Figure 6. There are significant differences in the efficiency results of the two models.
This difference is because the competitive game model (1) considers the leader-follower
relationship between the two subsystems.
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Figure 5. Comparison of efficiency results in the production subsystem.

Figure 6. Comparison of efficiency results in the recycling subsystem.

The factor efficiency analysis is developed in the proposed method to provide a
guidance for the factor dominance of subsystem efficiencies. Based on (7) and (8), we can
measure all factor efficiencies decomposed form the production and recycling subsystems.
Table 3 shows the subsystem efficiency and the factor efficiencies of X1

1 , X1
2 , X1

3 , Y1g, X2, Y2b
1 ,

Y2b
2 , denoted by Ex1 , Ex2 , Ex3 , Ey, Ez, Eb1 , Eb2 , , respectively. In the production subsystem,

the performance of production inputs is superior to that of production output (GDP) in
most countries. For example, the labor force efficiency, capital efficiency, and total energy
consumption efficiency of Greece are 0.9915, 0.9916, and 0.9868, respectively, while the
GDP efficiency reaches 0.7380, indicating that the low score of EP in Greece is mainly
caused by the worse performance of the production output. It also shows the weakness
of the recycling subsystem performance was not caused by the recycling output. The
average scores of Eb1 and Eb2 are higher than 0.9, while that of Ez is 0.8369. In contrast
to recycling output, the recycling input perform poorly which leads to a low-efficiency
score for the recycling subsystem. This indicates that various environmental treatment
inputs of funds or equipment are underutilized. To promote the efficiency of the recycling
subsystem, the utilization efficiency of environmental treatment inputs should be improved
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by avoiding passive investment in environmental management and making full use of
environmental equipment and environmental protection projects.

Table 3. The subsystem efficiency and the factor efficiencies.

DMU Ep Ex1 Ex2 Ex3 Ey Er Ez Eb1 Eb2

Belgium 0.9471 0.9972 0.9981 0.9992 0.9489 0.9976 0.9993 0.9968 0.9998
Bulgaria 0.9229 0.9972 0.9827 0.9975 0.9299 0.2917 0.2944 0.9817 0.9997
Czechia 0.9172 0.9704 0.9707 0.9844 0.9406 1.0000 1.0000 1.0000 1.0000

Denmark 0.9820 0.9977 0.9983 0.9992 0.9836 0.6937 0.6939 0.9995 1.0000
Germany 0.9545 0.9997 1.0000 0.9998 0.9547 0.9897 0.9900 0.9994 1.0000
Estonia 0.9996 0.9999 0.9999 1.0000 0.9997 0.3365 0.3366 0.9996 1.0000
Ireland 0.9220 0.9951 0.9793 0.9866 0.9341 0.8737 0.9821 0.7793 0.9999
Greece 0.7306 0.9915 0.9916 0.9868 0.7380 0.7936 0.7993 0.9858 0.9998
Spain 0.8967 0.9487 0.9471 0.9753 0.9369 0.9534 0.9996 0.9076 1.0000
France 0.9162 0.9963 0.9409 0.9984 0.9363 0.9806 1.0000 0.9612 1.0000
Croatia 0.9964 0.9975 0.9982 0.9978 0.9986 0.7582 0.7831 0.9365 1.0000

Italy 0.9690 0.9989 0.9984 0.9993 0.9701 0.9949 0.9967 0.9965 0.9998
Cyprus 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Latvia 0.8888 0.8970 0.9504 0.9323 0.9592 0.6323 0.7941 0.5926 0.9986

Lithuania 0.8948 0.8846 0.9663 0.9340 0.9640 0.0268 0.0322 0.6666 0.9999
Luxembourg 0.9998 0.9999 0.9999 1.0000 0.9999 0.1923 0.1923 0.9997 1.0000

Hungary 0.8047 0.8840 0.9840 0.9361 0.8608 0.9999 1.0000 0.9998 1.0000
Malta 0.9565 0.9600 0.9741 0.9869 0.9823 0.9270 0.9974 0.8589 0.9999

Netherlands 0.9049 0.9887 0.9905 0.9990 0.9115 0.9237 0.9747 0.9034 0.9995
Austria 0.8860 0.9875 0.9429 0.9732 0.9154 1.0000 1.0000 1.0000 1.0000
Poland 0.8879 0.9987 0.9960 0.9990 0.8898 0.9815 0.9823 0.9991 0.9993

Portugal 0.9366 0.9731 0.9909 0.9857 0.9526 0.9718 1.0000 0.9435 1.0000
Romania 0.8760 0.9790 0.9818 0.9950 0.8891 0.8920 0.9030 0.9762 0.9995
Slovenia 0.9215 0.9188 0.9569 0.8977 0.9968 0.5845 0.9958 0.1745 0.9995
Slovakia 0.8796 0.8457 0.9149 0.8833 0.9981 0.8789 0.9822 0.7898 0.9998
Finland 0.9637 0.9976 0.9973 0.9983 0.9659 0.9079 0.9199 0.9742 0.9997
Sweden 0.9932 0.9953 0.9942 0.9973 0.9976 0.7498 0.7856 0.9095 0.9994

United Kingdom 0.9542 0.9582 0.9338 0.9926 0.9924 0.9999 1.0000 0.9999 1.0000

Average 0.9251 0.9699 0.9778 0.9798 0.9481 0.7976 0.8368 0.9047 0.9998

5. Conclusions

In this study, we present a cooperative game network DEA model for the efficiency
measurement of the recycling production system with feedback factors. The cooperative
game strategy between subsystems is modeled by maximizing the factor inefficiency of
both subsystems into the model’s measurement from a centralized control perspective.
The application of the proposed model to assessing the circular economy of EU countries
has also been investigated. Our results show that the inefficiency of the circular economic
system is largely attributed to the inefficient recycling subsystem in many EU countries.
The subsystem efficiencies and their associated ranks can help identify the most influ-
ential factors in the performance of the whole system. In addition, the factor efficiency
analysis reveals that the inefficient environmental treatment input is the culprit in the
worse performance of the recycling subsystem. We have also included a comparison of the
proposed method with recent studies for the circular economy performance evaluation.
The proposed model can also be applied for evaluation of any circular economy unit within
the closed structure and assessment of circular economy performance in enterprises and
industries for promoting circular economy development and implementation.

One challenge of achieving an ideal circular economy is the potential loss of quality in
regenerated materials (the feedback input in the production subsystem) compared with
their virgin counterparts (the resource inputs). This quality reduction could limit the
long-term circularity of resources and eventually lead to generation of unrecyclable wastes.
In this proposed model, waste generation is taken into consideration and quantified by the
undesirable output stream of the recycling subsystem. Recent advancement in recycling
technologies allows the regeneration of raw materials or other value-added products
without the loss of quality or applicability. It is suggested that an investigation on circular
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economy modelling approaches with the continuous innovations in sustainable technology
is a worthy area for future research.
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