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Abstract. A circular economy (CE) is proposed to mitigate resource shortage and environmental 
pollution. Given the inevitable conflict between the new development mode and traditional eco-
nomic benefits, practical experience shows that CE implementation needs the support of outside 
forces, such as government policy interventions or environmental organisations’ propaganda guid-
ance. On the basis of existing studies, the present work establishes a systematic economic model in 
accordance with the characteristics, objectives and principles of CE. The equilibrium solution and 
critical condition of government and non-government participation models are obtained through 
game analysis. We select the industrial waste water circulation of some provinces in China to il-
lustrate the feasibility and effectiveness of the proposed model. Overall, our results indicate that the 
gap between the critical price and unit processing cost determines the promotion of CE and govern-
ment intervention. Moreover, government intervention is critical to building a waste management 
department in its early stage.
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Introduction

In recent years, scholars from different fields have conducted considerable research on circu-
lar economy (CE) for mitigating the environmental problem. CE has provided people with a 
new development mode to replace the dominant economic development mode. In the 1960s, 
ecological economist Boulding (1966) first proposed the concept of CE. Boulding stated that 
the best approach for maximising the use of limited resources is to recycle waste resources. 
In comparison with the traditional development model, the closed loop development mode 
can reduce pollution emissions and improve resource reuse rate, that is the major advantage 
of the CE model (Witjes & Lozano, 2016). On the basis of the CE concept, scholars have 
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deepened the study on the basic principles that CE should follow. The academic community 
generally agrees on the 3R’s principles, namely, reduce (Su, Heshmati, Geng, & Yu, 2013; Wi-
nans, Kendall, & Deng, 2017), reuse (Castellani, Sala, & Mirabella, 2015) and recycle (Birat, 
2015). The 3R’s principle not only pointed out the goal of circular economy in the input end, 
output end and process of material cycle, but also established a basic framework for the study 
of CE theory. Whether the concept is urban symbiosis (Dong et al., 2016) at the macro-level 
or clean production (Sousa-Zomer, Magalhães, Zancul, Campos, & Cauchick-Miguel, 2018) 
at the micro-level, research is performed under this framework.

Since CE was proposed, countries have carried out an exploratory implementation of CE 
(Guo et al., 2017a; Haupt, Vadenbo, & Hellweg, 2016). To achieve the economic function 
of the environment and transit to CE, many different policies are proposed (Pigou, 2014; 
Yong, 2007). To date, many countries, such as Germany, Japan and China, have successively 
formulated policies on CE. Among them, policy support in most countries is bottom-up 
and China’s policy support is top-down (Ghisellini, Cialani, & Ulgiati, 2016). Scholars have 
conducted research on the differences among various policies of countries (McDowall et al., 
2017; Su, Heshmati, Geng, & Yu, 2013). On the basis of practical experiences, enterprises 
are often unwilling or unable to take the initiative to change because of the economic losses 
caused by the transformation of the development mode (Winans, Kendall, & Deng, 2017; 
Wu, Shi, Xia, & Zhu, 2014). Outside forces are essential for guidance and support. Other 
scholars have studied the necessity and effectiveness of government participation. Part of 
the research is the extended discussion on eliminating external uneconomic (Liu et al., 2018; 
Whicher, Harris, Beverley, & Swiatek, 2018). Another part has focused on improving the CE 
through policies (da Silva, 2018; Liu, Liang, Song, & Li, 2017; Marra, Mazzocchitti, & Sarra, 
2018). These studies discussed the role of the government in developing CE on the basis of 
an established CE system. 

With the continuous development of CE, numerous scholars are exploring CE from dif-
ferent angles. George, Lin and Chen (2015) presented a theoretical model incorporating the 
concept of CE activities and showed that environmental quality cannot be maintained or 
improved via economic growth. Haas, Krausmann, Wiedenhofer, and Heinz (2015) applied 
a sociometabolic approach to assess the circularity of global material flows and analysed the 
reasons for the low degree of circularity in the European Union. Bocken, de Pauw, Bakker 
and van der Grinten (2016) developed a framework of strategies to guide designers and 
business strategists in the move from a linear economy to a CE and introduced the termi-
nology of slowing, closing and narrowing resource loops. Shen and Wang (2018) proposed 
a multi-criteria decision-making method to solve the regional CE development planning 
selection problem under the condition of incomplete information reliability. In addition, 
several studies focused on the analysis of economic behaviour and theory of CE (Andersen, 
2007; Geissdoerfer, Savaget, Bocken, & Hultink, 2017), supply chain management (Genovese, 
Acquaye, Figueroa, & Koh, 2017; Pan et al., 2015) and dynamic growth model for resource 
use and recycling (Franco, 2017; Pomponi & Moncaster, 2017). Other studies showed strong 
interest in the de-growth of CE (Kallis, 2011; Schneider, Kallis, & Martinez-Alier, 2010). 
These studies illustrate the inherent logic of CE from different perspectives.

Game refers to the process of selecting and implementing a number of individuals or 
teams from their respective choices of behaviours or strategies under certain conditions (Ka-
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lathil, Wu, Poolla, & Varaiya, 2017; Shubik, 1981). When we consider related waste disposal 
enterprises as an independent department in the circulatory system, this department forms a 
game relationship with the production department and the government. Many achievements 
have been made in using the game theory, including cooperative game (Ross, 2018), non-co-
operative game (Namany, Al-Ansari, & Govindan, 2018), and complete information game 
(Tan, Liu, Wu, & Chen, 2018), to solve economic problems (van der Ploeg & de Zeeuw, 2016; 
Wenxia, Yundi, & Tianyang, 2015; Zhao et al., 2018). In the study of circular economy, Kurz-
ban and Houser (2001) used the public goods game to show substantial individual differences 
in patterns of contributions to the circular public good. Zhang and Liu (2013) proposed four 
game theory models for the three-level green supply chain system in which market demand 
correlates with product green degree. Sun, Li and Wang (2019) proposed a comprehensive 
model using game theory and a data envelopment analysis (DEA) method to improve re-
source utilization efficiencies and reduce pollutant emissions in the circular economic system. 
These studies mainly solve the problem of the circular economy at the micro-level or at the 
meso-level, but lack the analysis of the integrity of the circulatory system. Few studies have 
explored the role of the government in the early stages of the establishment of CE system and 
the boundary of government participation in the process of CE transitioning from external 
interference to autonomous operation.

By drawing on existing research, the present study attempted to establish a model for 
analysing CE from the perspective of resource flow. Considering the different resource flow 
between the production department, waste management department and nature environ-
ment, this study established no recycling resource return model and recycling resource return 
model. In the absence of government participation, the circulatory system is established only 
when the production department discharges waste to the waste management department 
without economic loss. In view of this, this study found the boundary of government partic-
ipation under the premise that the circulatory system can operate autonomously. When the 
circulatory system can not run independently, the government participation is necessary. The 
purpose of government participation is to maintain the circulatory system without adding 
extra burden to the production department. Based on this purpose, the boundary of gov-
ernment taxation can be obtained. The boundary condition of government participation is 
only related to three factors, namely, unit processing cost, disposal return rate and natural 
resource price. The boundary of government taxation is similar. 

The results show that in the short run, the government can maintain the circulatory sys-
tem by increasing natural resource prices or subsidies to reduce unit processing costs. In the 
long run, the government should focus on improving the disposal return rate and reducing 
the unit processing cost through technological innovation. Comparing these models, the gov-
ernment participation boundary of the no recycling resource return model is more lenient 
than that of the recycling resource return model. Although the resource flow has a significant 
effect on the boundaries of government participation, those of government taxation are not 
affected. This research selected the industrial waste water circulation data of some provinces 
in China to illustrate the feasibility and effectiveness of the proposed model. The obtained 
results show that the Chinese government’s policy on industrial waste water brings the actual 
situation close to the boundary obtained by the proposed model.
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The contributions of this paper can be summarised as follows. First, to distinguish CE 
from other similar concepts and highlight its advantages, this study provided the definition 
of CE under the 3R’s principle from the perspective of resource flow. Second, this research 
regarded the enterprises who undertake the task of resource recycling in the closed loop as a 
department with the same status as the production department. On the basis of different re-
source flows, this study constructed different static models considering whether the govern-
ment participates or not. Third, this work obtained the boundary conditions of government 
participation in the process of CE transitioning from external interference to autonomous 
operation by using equilibrium analysis.

This paper is structured as follows: Section 1 (CE model) defines the connotation of CE 
and selects the cycle path, main variables and parameters. Section 2 (Model analysis) estab-
lishes the non-government participation and pollution tax models, performs the theoretical 
analysis and logical deduction and derives the critical condition and optimal solution of each 
model. Section 3 (Comparative analysis) presents the validity standard of the CE model and 
compares government to non-government participation model. Section 4 (Application of 
the industrial waste water circulation in China) illustrates the feasibility and effectiveness of 
the proposed model on the basis of data from the industrial waste water circulation of some 
provinces in China. The last Section (Conclusions) summarises the results of the model 
analysis and offers suggestions for CE development.

1. CE model

1.1. Definition of Circular Economy (CE)

Although CE research has increased in the past years, no unified definition has been recog-
nised by the academic community because of the complexity of CE. For instance, Mckinsey 
Global Institute (2011) stated that “In short, it replaces a through put and efficiency driven 
view that ultimately degrades capital with one where capital rebuilding and maintenance 
offers an upward spiral or virtuous cycle, and a continuous flow of materials and products”. 
Regardless of the definitions of CE, the resource flow and “3R’s principle” are always the 
core content. In the CE model, resources have different statuses in varied stages. The mutual 
transition among different states of resources realises the resource flow to link the economic 
system with environmental system. This feature is the most significant difference between CE 
and other similar concepts, such as ecological economy and low-carbon economy. 

This study considers that as a new economic development mode, CE must restructure and 
upgrade the economic system in accordance with the law of material circulation and energy 
flow in the natural ecological system. Moreover, CE must explore the new style of economic 
increase to synchronise the growth of economic and environmental benefits and extend the 
use cycle and use of resources to achieve sustainable development (Ghisellini, Cialani, & 
Ulgiati, 2016; Pitt, & Heinemeyer, 2015; Preston, 2012). 

1.2. Cycle path selection

On the basis of the 3R’s principle, scholars have studied CE from three levels, namely, meso-, 
macro- and micro-levels. At the meso- and macro-levels, research focused on eco-industrial 
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parks (Wen & Meng, 2015), urban symbiosis (Tukker, 2015) and so on. At the micro-level, 
research focused on the green individual behaviour, such as cleaner production (Leslie, Leon-
ards, Brandsma, Boer, & Jonkers, 2016) or green consumption (Wong & Zhou, 2015), for the 
single enterprise or consumer. The model established in this study is mainly reflected at the 
micro-level and does not involve the discussion of meso- and macro-levels. We considered a 
four-department economic system, which includes the production department, waste man-
agement department, consumer market and government. The waste management department 
is mainly responsible for collecting and processing waste resources from the production 
department and consumer market. Allowing resource flow to pass through a waste manage-
ment department is a symbol of the establishment of the CE system.

The recycling process can be defined from three aspects, namely, waste source, treatment 
way and resource whereabouts. In this study, waste resources mainly come from production 
and consumption processes. The same recycling resources are returned to the production and 
consumption processes. Recycling can be divided into regeneration and reuse. Regeneration 
refers to waste that can regain production and consumption functions after recycling. Reuse 
indicates the reasonable treatment and distribution of waste to maximise waste value. 

Waste resources generated during consumption are negligible compared with waste pro-
duced during production. Rarely are waste resources generated by the production process re-
turned to the consumption process after regeneration. The path wherein the waste resources 
produced via the production process return to the consumption process after reuse is often 
aimed at energy. Hence, the model established in this study is aimed at the remaining path. 
Figure 1 shows its circulation mode.

The arrows in Figure 1 represent the possible resource flow between departments. As dif-
ferent forms of resources flow between different departments, their flow patterns are varied. 
For example, when resources flow from the production department to the consumer market, 
the form of its expression is product; thus, its flow pattern is “produce”. When resources 
flow from the production department to the waste management department, the form of its 
expression is waste; thus, its flow pattern is “discard”.

Figure 1. Micro-level
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1.3. Parameters and variables

In the proposed model, the two main research subjects are called production department 
A and waste management department B, and the other three assistant research subjects are 
called the natural environment, consumer market and government. The model focuses on 
the flow and use of resources, in which we assume that the price of natural resources is PN.

For production department A, the main objective is to select the beneficial maximisation 
plan from the existing production plans. To simplify the model, this study only considers 
the core resources of product needs. Table 1 shows the production department-related pa-
rameters of the model.

For waste management department B, the function is to recycle and dispose of waste 
resources from the production department and simultaneously adjust the circulation plan in 
accordance with the production plan of the production department. Table 2 shows the waste 
management department-related parameters of the model.

Table 3 shows the parameters and basic quantitative relations for the consumer market 
and government.

Table 1. Production department-related parameters

Parameters Meaning Variable constraints

Q Product quantity 0Q >

N Used resource quantity 0N >

α Production efficiency /Q Nα = ( )0 1≤ α ≤

C1 Unit production cost 1 0C ≥

P1 Unit product price 1 0P ≥

IA Gross income of production department A 0AI ≥

CA Gross cost of production department A 0AC ≥

RA Gross profit of production department A A A AR I C= −

Table 2. Waste management department-related parameters

Parameters Meaning Variable constraints

P2 Unit recycling price 2 0P ≥

C2 Unit processing cost 2 0C ≥

β Disposal return rate 0 1≤β ≤

IB Gross income of waste management department B 0BI ≥

CB Gross cost of waste management department B 0BC ≥

RB Gross profit of waste management department B B B BR I C= −
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Table 3. Other parameters and basic quantitative relations

Parameters Meaning Variable constraints

a Absolute demand 0a >

b Sensitivity of market demand to price 0b >

Q Product quantity 1Q a bP= −

t1 Pollution tax 1 0t >

2. Model analysis

The models are divided into two categories on the basis of whether or not the waste manage-
ment department returns the recycling resource after disposal. The first category is the no 
recycling resource return model. The second category is the recycling resource return model. 
Firstly, this study constructed a corresponding model of non-government participation and 
found the boundary of government participation under the premise that the circulatory sys-
tem can operate autonomously. Then, this research developed the government participation 
model in the case that the boundary conditions are not met. With the goal that the circula-
tory system can still operate, the boundary of government taxation can be obtained at this 
time. Figure 2 presents the relationship between the models in this section.

2.1. Non-government participation model

The traditional economic production model pursues the maximisation of benefits by con-
suming a large amount of resources. This approach leads to considerable resource waste and 
environment deterioration. Figure 3 presents the traditional economic production model 
path.

Figure 2. Relationship between the models
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The CE model must enable the resources to flow through the waste management de-
partment. Hence, the production department should opt to discharge waste resources from 
production process to the waste management department instead of directly discharging to 
the natural environment. The three ways to achieve this goal are as follows: to require the 
production sector to pay the cost of outside activities, improve the benefits of recycling re-
source, and implement free disposal of waste resources. The last two ways are more likely to 
be achieved than the first way in the absence of government participation. Depending on the 
different resource flows, the two different models are presented in the subsequent sections.

2.1.1. No recycling resource return model

If the waste management department does not collect any fees for the disposal of waste 
resources to the production department, then the production department will discharge the 
wastes to the waste management department without loss of economic interests. For the 
production department, the production behaviour is not affected. For the waste manage-
ment department, the only income is from the proceeds of the sale of circular resources. 
Figure 4 shows the model path when the waste management department does not return the 
processed recycling resources to the production department.

As a result, the functions of the entire system are as follows: 

                                            
1 1A N

QR QP P C Q= − −
α

,

 ( ) ( ) 21 1B NR NP NC= −α β − −α .

Figure 3. Traditional economic production model
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Then, we derive the equilibrium solution of maximising the benefit of the production 
department:

 
1*

11 2 2
NP CaP

b
+α

= +
α

;  (1)

 
1*

1 2 2 2
NbP bCaQ = − −
α

;  (2)

    
1*

1 22 22
NbP bCaN = − −

α αα
.  (3)

As PN is a fixed value, the basic establishment condition of the waste management de-
partment is 0BR ≥ , i.e. 

 2 NC P≤ β .   (4)

We call NPβ  as the critical price of the no resource return model.
In practical problems, this model often corresponds to the situations in which the enter-

prise cannot independently assume the production and circulation or independently assume 
what is not in line with economic benefits. A classic example is the recycling of industrial 
waste water (Geng et al., 2014; Geng, Zhang, Cote, & Qi, 2008). Factories often discharge 
large amounts of industrial waste water from their industrial production. In accordance with 
the degree of waste water pollution, industrial waste water treatment has different ways. If 
the pollution is lighter, then the industry may select without or only the necessary treatment 
and reuse the waste water in the production process. If the pollution is heavy, then the 
necessary pre-treatment in the factory will be selected along with the domestic sewage for 
further processing. The second treatment is common. Similarly, the proposed model can also 
be applied to waste paper (Nizami et al., 2017), waste printed circuit boards (Huang, Guo, 
& Xu, 2009) and so on.

2.1.2. Recycling resource return model

If the waste management department collects fees for the disposal of waste resources, but 
does not return the recycling resources to the production department, or the benefits of 
recycling resources cannot compensate for the disposal cost of waste resources, then the 
production department will not opt the cycle path that will lead to loss of economic benefits. 
Therefore, this cycle model can be established only when the waste management department 
returns the recycling resources to the production department and the benefits of recycling 
resources can at least compensate for the cost. Figure 5 presents the recycling resource return 
model.

The functions of the entire system are as follows:

( ) ( )1 1 21 1A N NR NP N P NP NC NP= α + −α β − −α − −α , 

                      ( ) ( )2 21 1BR NP NC= −α − −α . 

In the same steps, we can derive the equilibrium solution of the entire system to obtain 
the maximum benefit:

 
1*

12 2
1 1

2 2 2 2 2
N

N
P CaP P C

b
−α −α

= − β + + +
α α α

;    (5)
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1*

2 2
1 1

2 2 2 2 2
N

N
bP bCaQ bP bC−α −α

= + β − − −
α α α

;    (6)

 
1*

2 22 2 2
1 1

2 22 2 2
N

N
bP bCaN bP bC−α −α

= + β − − −
α αα α α

.    (7)

To achieve the situation when the overall system realises maximum benefit, the production 
department can maximise its interests, then we can obtain 2 2P C= , i.e. 0BR = . At this point, 
the benefit of recycling resources is ( ) ( )21r NR N P P= −α β − . To ensure that the production 
department at least has no economic losses, ( ) ( ) ( )2 21 1 0NR N P P NP∆ = −α β − − −α ≥  must 

be met. Therefore, the necessary condition of this model is 
2

1 1NP
P

≥ +
β

, i.e.

 
2 1 NC Pβ
≤
β+

.    (8)

We call 
1 NPβ

β+
 the critical price of resource return model.

In practical problems, this model often corresponds to the situations that the enterprise 
can independently assume the production and circulation. A classic example is the recycling 
of scrap steel (Wübbeke & Heroth, 2014; Wei-guang & Yue, 2011). The scrap steel produced 
in the production and processing of steel products comprises mainly of the cutting head, tail 
and leftover material of steel. At this point, a reasonable and effective approach is to recover, 
smelt and forge the scrap steel to obtain a new steel material for production. Similarly, the 
proposed model can also be applied to plastic waste (Huysman, De Schaepmeester, Ragaert, 
Dewulf, & De Meester, 2017), leather waste (Hu et al., 2011) and so on. This cycle treatment 
process can bring high economic and ecological benefits.

2.2. Government participation model

On the basis of the abovementioned two models, the most basic condition that the cycle 

model without government participation should meet is 2 NC P≤ β  or 2 1 NC Pβ
≤
β+

. When 

2 NC P> β  and 2 1 NC Pβ
>
β+

, the market mechanism cannot achieve CE alone; thus, govern-

ment participation is necessary.

Figure 5. Recycling resource return model
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2.2.1. Pollution tax model without recycling resource return

As 2 NC P> β , the waste management department cannot dispose the waste resources of the 
production department for free. The waste management department should compensate for 
the loss by charging a fee. At this time, to avoid economic losses, the production depart-
ment will discharge the waste directly to the natural environment. Therefore, government 
participation is vital. Figure 6 shows the path of the pollution tax model without recycling 
resource return.

The production department has two options in the case of pollution tax collection. One 
option is to pay the pollution tax directly. The other option is to shift the burden of pollution 
taxes to the waste management department by paying a certain fee. Clearly, the production 
department will select the option with less economic loss. Hence, the gross profit function 
of the production department is as follows:

 

( )
( )

1 1 1 1 2

1 11 22
.

1 ,
1 ,

N

N
A

NP NP NC Nt t P
N P

R
tP NP NC PN

α − −α − −α <
α α
=

− − −α − ≥
    (9)

To determine the value of t1, assuming that the production department will discharge 
all waste resources to the waste management department, the revenue function of the waste 
management department is as follows:

 ( ) ( ) ( ) ( )( )2 2 11 1 1 1 1B NR NP NC N P Nt= −α − −α + −α β − −α −β . 

The condition that waste management department can exist is 0BR ≥ , i.e. 2 2 NP C P≥ −β +
( ) 11 t−β . Thus, we have ( )1 2 2 11Nt P C P t≥ ≥ −β + −β . After simplification, the following 

is obtained:

 
1 2

1 0Nt C P≥ − >
β

.    (10)

Taking the critical tax rate in this model, 1 2 2
1 Nt P C P= = −
β

. The equilibrium solution 
of maximising the benefit is as follows:

 
1*

13 2
1

2 2 2
NP CaP C

b
+ −α

= + +
αβ

;    (11)

Figure 6. Pollution tax model without recycling resource return
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23

1* 1
2 2 2

NbP bCaQ bC
+ −α

= − −
αβ

;    (12)

 

1*
23 2

1
2 2 2

NbP bCaN bC
+ −α

= − −
α α α β

.    (13)

Assume that t1 does not take the critical value, but takes a value greater than the critical 
value, i.e. 1 2

1
N tt C P′ = − + ∆

β
, where ∆t is the deviation value and 0t∆ > . Then, we have 

( )2 2
1 1NP C P t≥ − + −β ∆
β

. In such a situation, the revenue functions of the production and 

waste management departments are as follows, respectively:

                ( )1 1 21A NR NP NP NC NP′ α − − − −α= α ; 

 
( ) ( ) ( )( )2 2

11 1 1 1B NR NP NC NP N t′ − α
= −α − + −α − −α −β ∆

β
. 

Meanwhile, 0BR′ ≥  is possible. The above formula shows that tax increases will not 
worsen the economic returns of the waste management department. The entire econom-

ic return is ( )( )1 1 2
1 1 1NR NC N tNP NP NC′ − α

= −α −α − − −α β
β

α − ∆ . Thus, ( )( )1 1 0R R N t′ − = − −α −β ∆ <

( )( )1 1 0R R N t′ − = − −α −β ∆ < . The higher the amount of tax collection, the greater the economic 
loss of the entire system. 

Assuming that the tax is fixed and the processing cost of the waste management depart-
ment is higher than the critical value, i.e.

 
( )2 2

1 1NP C P t P− + −β
β

= ∆ + ∆ ,    (14)

where ∆P is the deviation value and 0 P t< ∆ ≤β∆ . Thus, the revenue function of the waste 
management department is as follows:

 
( ) ( ) ( )2 2

11 + 1 = 1 0B NR N P C P t N P′  
= −α − − −β ∆ −α ∆ > β 

.    (15)

An increase in P2 does not affect economic benefits of entire system. As a result, the 
output of production department remains unchanged, but the economic benefits will be 
reduced. On the basis of the previous analysis, when t1 and P2 take the critical value, the 
economic benefit of the entire system is considerable.

Corresponding to the example of industrial waste water in Section 2.1.1, at present, most 
countries have higher unit waste water treatment costs than unit industrial water prices. 
Therefore, the no recycling resource return model cannot be established. To compensate 
for the economic losses, the waste water treatment department will charge the production 
department. At this time, to ensure that the production department does not arbitrarily 
discharge waste water and the waste management department has no economic losses, the 
government will levy water pollution tax on waste water by adjusting the tax rate to establish 
the pollution tax model without recycling resources. 

2.2.2. Pollution tax model with recycling resource return

For 2 1 NC Pβ
>
β+

, Figure 7 shows the model path wherein the waste management depart-

ment returns the recycling resources to the production department.
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Similar to Section 2.2.1, the revenue functions of the entire system are as follows:

 

( )
( ) ( )

1 1 1 1 2

1 1 2 1 2
,

,
,

1
1 1

N N

N N
A

N

NP NP NC Nt t P P
NP N N

R
P NC NP P t P P

α − −α − −α < −β
α − −α − −α + −α β −
=  ≥ β

;

              ( ) ( ) ( )( )2 2 11 1 1 1BR NP NC Nt= −α − −α − −α −β . 

On the basis of 0BR ≥  and 1 2 Nt P P≥ −β , 1 2
1

Nt C P≥ −
β

, taking critical values that 

1 2
1

Nt C P= −
β

 and ( )2 2
1 1 NP C P= − −β
β

.

Whether waste management department returns resources does not affect the equilibri-
um solution of the entire system. A comparison of the two cases shows that, when the waste 
management department returns resources to the production department, the latter will 
compensate for the cost because of the benefits of recycling resources. However, due to the 
loss of revenue from recycling resources, the waste management department will transfer the 
loss to the production department by collecting the cost of processing fees. Thus, the final 
equilibrium solutions show no difference. In comparison with the pollution tax model with-
out recycling resources, this model often corresponds to the situations wherein the enterprise 
can independently assume the production and circulation.

3. Comparative analysis

3.1. Comparison criterion

On the basis of the previous analysis, in this section, the benefit of the economic system is 
the sum of the profits between the production and waste management departments. The re-
sources and environmental benefits are reflected in the number of reductions of the original 
resource consumption and directly discharged waste. 

Assuming that N is the original resource consumption, M is the direct discharge of waste 
resources, function ( ),E F N M=  is the resource environment efficiency function and

 
0; 0; 0E E E

N M H
∂ ∂ ∂

< < <
∂ ∂ ∂

.

Figure 7. Pollution tax model with recycling resource return
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The smaller the N and M, the greater the efficiency of the resources and environment. 
However, the specific expression of the resource environment efficiency function varies in 
accordance with different resources and evaluation criteria.

If the recycling path increases the economic and resource environmental benefits, then 
the system will not need external interference to exist directly. Thus, this recycling model is 
absolutely effective. If the recycling path reduces the economic benefit, the resource envi-
ronmental benefit increases when the sum of the economic and the resource environmental 
benefits is not less than the traditional path. Hence, this recycling model is relatively effective. 
If the economic benefit is decreased and the increase of resource and environment benefit 
cannot compensate for the loss of economic benefit, then the model is ineffective. If the re-
cycling path cannot increase the resources and environmental benefits, regardless of whether 
economic efficiency has increased, then the model remains absolutely invalid.

3.2. Comparing with non-government participation model

The two non-government participation models are selected as the reference value. In the no 
resource return model, we have

 
( ) ( )*1 * *

1 1 1 1 2

*
* *

1 11 1 1 1NN
Q

R Q P P Q C N P N C= − − + − − −α
α

α β ;    (16)

                    1
*

1N N= ;                                                                                            (17)

                    ( )( ) *
1 11 1M N= −α −β .                                                                        (18)

The benefit of the entire system is 1 1 1D R E= + . In the resource return model, we have

 ( ) ( )* * * * * *
2 12 2 2 2 1 2 22 1 1N NR Q P N P N P Q C N C+ −α β − − α= − − ;    (19)

                   ( ) *
2 21N N= −β+αβ ;                                                                          (20)

                   ( )( ) *
2 21 1M N−α −β= .                                                                        (21)

The benefit of the entire system is 2 2 2D R E= + . 
As in the case of the government imposing pollution tax, regardless of whether the waste 

management department returns resources to the production department, the equilibrium 
solutions that entire system finally reaches are not different. Thus, we only consider one of 
them. When the government collects pollution tax without recycling resources, we have

 
* * * * *
3 13 3 3 1 3 23

1
NR Q P Q P Q C N C−α

−
β

= − − ;    (22)

                                  33
*N N= ;                                                                               (23)

                                 ( )( ) *
3 31 1M N−α −β= .                                                           (24)

The benefit of the entire system is 3 3 3D R E= + . By comparing the equilibrium solutions 
of models 1 and 3, we have

 
* *
3 1 2

1
2 2 2

N NbP bP
Q Q bC−α

− = − −
α αβ

, 

                                     
* *

13 11 2
1

2 2 2
N NP P

P P C−α
− = − +

α αβ
. 
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By comparing the two system efficiencies, we have

                   
( ) *

3 1 2 1
1

NR R P C N−α −β
− = β −

β
, 

 
( )3 1 2 22 2 2

1 1 0
22 2 2

N N
N

bP bP
N N bC b P C−α −α

− = − − = β − <
αα α β α β

, 

                   ( )( )( )3 1 3 11 1 0M M N N− = −α −β − < . 

If 1α +β ≥ , then 3 1R R≥  and 3 1E E> . Hence, this recycling mode is absolutely effective. 
If 1α +β < , then 3 1R R<  and 3 1E E> . We cannot, however, determine if taking this model 
would be effective for the entire system. When the production and waste management de-
partments choose this path under the restriction of government policy, even if the economic 
benefit is negative, this cycle model remains effective. In the case of no growth in economic 
efficiency, the government forces the production department to discharge waste resources to 
the waste management department by collecting pollution tax. This strategy could only solve 
the problem that the production department has no motivation to change the development 
model. However, the model does not have the capability of development in the long run.

By comparing the situations of models 2 and 3, we have

           
( ) ( )( )* 2 2

3 2 1 22
11 1
2 NN N N b C P−α

− = −α β − −β+β −αβ −β
α β

, 

 
( )( )( ) ( ) ( ) ( )

2 2

3 2 3 2 22

1 1
1 1 = 0

2 N
b

M M N N P C
−α −β

− = −α −β − β − <
α β

. 

Assume that the natural resource consumption function is ( ) 0 0f n a b n∆ = − ∆ , where 

( ) *
0 11 0a N= −α β > , ( )2 2

0 2
1 1 0
2

b b−α
= −β+β −αβ >

α β
 and 2 0Nn C P∆ = −β > . ( )f n∆  is 

monotonically decreasing. When 2 NC P= β , ( ) 0 0f n a∆ = > . With the increasing of ∆n, 
( )f n∆  is transferred from positive to negative. Therefore, only when ∆n is sufficiently large, 

would model 3 be effective compared with model 2.

4. Application of the industrial waste water circulation in China

On the basis of the analysis in Section 2, the quantitative relationship between the unit pro-
cessing cost and critical price is the decisive factor for determining the development model of 
CE and the degree of government intervention. Therefore, in practical application, we should 
initially determine the quantitative relationship among C2, β and PN. Then, in accordance 
with the actual situation, we formulate corresponding policies and measures to make C2, β 
and PN meet the ideal conditions for the development of CE. Since the late 1970s, China 
has experienced remarkable economic growth because of its opening to the outside world. 
However, such rapid development brought serious environmental problems (Yuan, Bi, & 
Moriguichi, 2010). The traditional linear economic development model has been difficult to 
sustain in China. Therefore, to alleviate the environmental pressure and explore a new de-
velopment model, Chinese scholars have conducted a comprehensive study of CE (Geng, Fu, 
Sarkis, & Xue, 2012; Guo, Geng, Sterr, Zhu, & Liu, 2017b; Su, Heshmati, Geng, & Yu, 2013). 
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China’s attempt to develop CE has greatly enriched the connotation of CE and provided valu-
able experience for its development worldwide. Moreover, China is paying more attention 
to the regulatory role of the government in economic development than other countries. In 
this section, we select the industrial waste water circulation of certain provinces in China as 
an example to illustrate the feasibility and effectiveness of the proposed model.

4.1. Case study

Without losing generality, this study selected eight regions for analysis, including Hunan and 
Sichuan Provinces. Table 4 shows the emission and treatment of industrial waste water in the 
selected regions from 2013 to 2015.

We can use the ratio of the difference between discharged and treated volumes to the 
treated volume as the approximation of disposal return rate (β) of industrial waste water. 
Figure 8 shows the disposal return rates of industrial waste water in the selected regions.

As processing technology, emission standards and geographical locations vary from re-
gion to region, the average cost of industrial waste water treatment is also different in each 
region (Tan et al., 2015). Jiangsu, Zhejiang and Anhui Provinces have higher emission stand-
ards than other provinces, and thus their average cost is higher than that of other provinces. 
The eastern region is generally more economically developed than the central and western 
regions in China. Hence, the cost of resource utilisation is relatively high, such as construc-
tion land, labour, material costs, etc. This costs difference leads to a slightly higher average 
cost of governance in the eastern region than in other regions. Figure 9 shows the average 
costs of industrial waste water treatment in the selected regions.

Since 2007, most provinces in China have begun to levy sewage treatment fees. Enterpris-
es that pay sewage treatment fees no longer need to pay sewage charges. The sewage charges 
are collected after discharge of waste water. The sewage treatment fees are levied at the same 
time as the base water fee. Each province determines the price of industrial water in accord-
ance with its situation. Table 5 shows the price of industrial water in the selected regions.

Figure 8. Disposal return rates of industrial waste water
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Table 4. Discharged and treatment of industrial waste water

Region

2013 2014 2015

Waste water 
discharged 

(10000 tons)

Waste water 
treated 

(10000 tons)

Waste water 
discharged 

(10000 tons)

Waste water 
treated 

(10000 tons)

Waste water 
discharged 

(10000 tons)

Waste water 
treated 

(10000 tons)

Jilin 42656 61806 42192 52798 38772 48128
Jiangsu 220559 395899 204890 407334 206427 418384
Zhejiang 163674 256857 149380 255326 147353 226421
Anhui 70972 203173 69580 191790 71436 191980
Jiangxi 68230 167422 64856 165078 76412 173597
Hunan 92311 263399 82271 253637 76888 253798
Sichuan 64864 171902 67577 183402 71647 145827
Yunnan 41844 174187 40443 141438 45933 128343

Table 5. Price of industrial water

Basic water price 
(yuan/cubic metre)

Sewage treatment fees 
(yuan/cubic metre)

Total 
(yuan/cubic metre)

Jilin 2016 2.18 0.8 2.98

Jiangsu
2011 1.5 1 2.5
2016 1.85 1.15 3

Zhejiang 2016 1.75 1.8 3.55
Anhui 2016 1.9 0.7 2.6
Jiangxi 2016 2.37 0.8 3.17

Hunan
2011 1.4 0.8 2.2
2016 2.4 1.05 3.45

Sichuan
2014 2.9 1.4 4.3
2016 4.4 1.4 5.8

Yunnan 2016 4.35 1.25 5.6

Figure 9. Average cost of industrial waste water treatment
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If the polluters do not pay the sewage treatment fee, they should pay the sewage charge in 
accordance with the type and quantity of pollutants discharged. Table 6 shows the discharged 
and treated pollutants from industrial waste water in Hunan Province in 2013.

If the industrial waste water is directly discharged, then the concentration and total vol-
ume of pollutants discharged exceeded the standard. In accordance with regulations, such 
action should be levied three times the sewage charges. In accordance with the levy standards 
of 0.7 yuan/pollution equivalent, the average sewage charge in Hunan Province in 2013 was 
0.67 yuan/ton. Similarly, we can obtain the average sewage charges from 2011 to 2015 in the 
selected regions, and Figure 10 shows the results.

Table 6. Discharged and treated pollutants from industrial waste water

Discharged volume
(ton)

Treated volume
(ton)

Pollution equivalent value
(kg)

Chemical Oxygen Demand 140688.7 470648.6 1
Ammona Nitrogen 23046.5 35803.2 0.8
Petroleum 575.4 5100 0.1
Volatile Phenols 17.9 971.8 0.08
Cyanide 10.2 203.2 0.05
Plumbum 24.2 365.92 0.025
Mercury 0.22 2.57 0.0005
Cadmium 6.7 156.54 0.005
Hexavalent Chromium 1 32.63 0.02
Total Chromium 11.26 39.46 0.04
Arsenic 42.52 297.63 0.02

Figure 10. Average sewage charges
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4.2. Results and discussion

First, we must select the applicable model of the selected regions to determine the relation-
ship between C2 and βPN. Table 7 shows the unit processing costs and the critical price of 
no resource return model in the selected regions.

Table 7. C2 and βPN in the selected regions

2011 2012 2013 2014 2015

βPN C2 βPN C2 βPN C2 βPN C2 βPN C2

Jilin 1.076 2.552 1.634 2.521 0.923 2.698 0.599 2.840 0.579 2.818
Jiangsu 0.976 3.610 1.253 4.224 1.329 3.692 1.491 3.748 1.520 3.951
Zhejiang 1.424 3.373 1.123 3.805 1.288 4.071 1.473 4.184 1.240 4.612
Anhui 1.738 2.702 1.754 2.852 1.692 2.908 1.657 3.040 1.633 3.187
Jiangxi 1.544 2.544 1.943 2.394 1.878 2.610 1.925 2.561 1.775 2.649
Hunan 1.307 2.607 2.207 2.153 2.241 2.206 2.331 2.125 2.405 2.180
Sichuan 3.092 4.154 2.849 3.351 2.677 3.142 2.716 3.299 2.950 3.432
Yunnan 3.778 2.818 3.932 2.823 4.255 2.724 3.999 3.170 3.596 2.870

As shown in Table 7, in addition to Yunnan and Hunan Provinces, the rest of the selected 
regions all meet the condition C2 > βPN. With the shortage of water resources in Yunnan 
Province, its basic water price is considerably higher than that in the regions with abundant 
water resources. However, at present, the industrial waste water treatment plants in Yunnan 
and Hunan Provinces still cannot provide free sewage treatment for polluters. Therefore, the 
no resource return model is unsuitable for industrial waste water circulation in these two 
provinces. The resource return model is inapplicable to these two provinces, because they 

do not satisfy 2 1 NC Pβ
≤
β+

. Therefore, the eight selected regions are only the ones with the 

government participation to complete the cycle of industrial waste water. 
Then, we compare the unit recycling price P2 and pollution tax t1. At present, China has 

not yet formally imposed a specialised environmental protection tax. To control environ-
mental pollution, the Chinese government charges a fee to the polluters on the basis of the 
type and amount of discharge pollutants. Therefore, in this case, we use the sewage charges 
to replace environmental tax. In addition the unit recycling price is the sewage treatment fee. 
Table 8 shows the sewage treatment fees and sewage charges in the selected regions.

As shown in Table 8, all regions meet the condition 1 2t P≥ . Thus, the polluters will opt 
to discharge the sewage into the sewage centralised treatment facility rather than directly to 
the natural environment. The industrial waste water discharged by various industries has a 
large difference in pollutants, and the sewage charges of some industries will be less than the 
sewage treatment fee. However, as an entire, most industries in the selected regions meet the 
condition 1 2t P≥ . 

Finally, we analyse whether the current policy is appropriate. We obtain the critical tax 
rate *

1t  of selected regions on the basis of Eq. (10). Table 9 shows the results. 
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Table 8. Sewage treatment fees and sewage charges

2011 2012 2013 2014 2015

P2 t1 P2 t1 P2 t1 P2 t1 P2 t1

Jilin 0.800 2.195 0.800 1.376 0.800 1.494 0.800 1.793 0.800 1.887
Jiangsu 1.000 1.336 1.150 1.234 1.150 1.108 1.150 1.051 1.150 0.993
Zhejiang 1.800 2.120 1.800 2.401 1.800 2.169 1.800 1.980 1.800 2.045
Anhui 0.700 1.044 0.700 0.910 0.700 0.949 0.700 0.918 0.700 0.912
Jiangxi 0.800 1.499 0.800 1.204 0.800 1.270 0.800 1.195 0.800 1.343
Hunan 0.800 0.733 1.050 0.678 1.050 0.663 1.050 0.566 1.050 0.519
Sichuan 1.400 0.791 1.400 0.825 1.400 1.042 1.400 0.988 1.400 1.260
Yunnan 1.250 1.530 1.250 1.413 1.250 1.097 1.250 1.475 1.250 1.512

Table 9. Critical tax rate of selected regions

Jilin Jiangsu Zhejiang Anhui Jiangxi Hunan Sichuan Yunnan

2011 4.884 7.745 6.662 2.142 2.851 2.987 2.876 –0.172
2012 2.416 8.261 10.282 2.328 1.536 0.966 2.157 –0.33
2013 6.527 6.486 9.471 2.57 2.035 0.996 2.145 –0.764
2014 11.957 5.691 8.333 2.87 1.848 0.745 2.324 0.089
2015 12.318 5.948 11.458 3.176 2.361 0.728 2.346 0.12

As shown in Table 9, in addition to Yunnan Province, the sewage charges in the rest of 
selected regions are lower than the critical tax rates. The cost of sewage treatment in most 
regions of China remains high due to continuous improvement of water quality standards, 
relatively backward sewage treatment technology and many other reasons. By combining 
Table 7 with Table 8, the sewage treatment fee in China covers only the running cost of the 
sewage treatment plant, but not all the treatment costs of the sewage treatment (Tan et al., 
2015). If no measures are implemented, then sewage treatment plants in these regions will 
be unable to make ends meet.

At present, the Chinese government follows the approach of local financial subsidies to 
compensate for the economic losses of sewage treatment plants. However, sewage treatment 
plants still fail to receive sufficient subsidies and are facing bankruptcy. In the long run, the 
use of a subsidy policy will aggravate the burden of local finance and not fundamentally 
improve the difficult situation of sewage circulation. On the basis of the model proposed 
in this paper, China should adjust its existing policies to meet the critical conditions of the 
cyclic model in the short term. In the long run, China should focus on improving the level 
of technology and improving the system, such that the industrial waste water circulation can 
transform from government participation to self-regulation.

The Chinese government has performed adjustments in recent years. From 2016 onwards, 
China has adjusted the sewage charge of main pollutants in industrial waste water from 0.7 
yuan/pollution equivalent to 1.4 yuan/pollution equivalent. Figure 11 shows the difference 
between the sewage charges before and after the adjustment and the critical tax rate by using 
the 2015 data as an example.
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The adjustment of this policy narrows the gap between the sewage charges and critical 
tax rates in most regions. After the adjustment, the sewage charges in Anhui, Jiangxi and 
Hunan Provinces can satisfy *

1 1t t> , i.e. the actual sewage charge is greater than the critical 
tax rate. In addition, various regions have performed adjustments in accordance with their 
conditions. For example, from 2016 onwards, Hunan Province has adjusted the expense of 
sewage processing of process water from 1.05 yuan/cubic metre to 1.4 yuan/cubic metre. Fig-
ure 12 presents the difference between the sewage treatment fees and unit processing costs.

As shown in Figure 12, the difference between the sewage treatment fees and unit pro-
cessing costs has significantly reduced. This adjustment can effectively reduce the pressure 
on local finance. As the unit processing cost remains greater than the sewage treatment fee, 
the subsidy policy remains necessary.

From such analysis, the current development of industrial waste water circulation and 
related policies are in line with the results of the proposed model. The proposed model can 
efficiently predict the development trend and provide suggestions for the corresponding CE 
development. The results fully illustrate the validity and feasibility of the model proposed 
in this paper.

Figure 11. Sewage charges before and after the adjustment

Figure 12. Sewage treatment fees and unit processing costs
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Conclusions

This study established a model for analysing CE from the perspective of resource flow. Mar-
ginal and equilibrium analyses were used to obtain the boundary conditions for the estab-
lishment of CE models with different resource flows. By comparing the differences among 
various models, this study explored how different resource flows will affect the CE system. 
Finally, we investigated the industrial waste water circulation of some provinces in China to 
illustrate the feasibility and effectiveness of the proposed model. The main conclusions of this 
paper are summarised as follows.

This study constructed two models of anarchic participation on the basis of whether 
the waste management department returns the recycling resource after disposal or not. In 
the absence of government participation, the circulatory system is established only when 
the production department discharges waste to the waste management department without 
economic loss. Under the premise that the circulatory system can operate autonomously, this 
work obtained the boundary conditions of government participation in the process of CE 
transitioning from external interference to autonomous operation. This boundary condition 
is only related to three factors, namely, unit processing cost, disposal return rate and natu-
ral resource price. Then, this study constructed two models with government participation. 
Aiming at maintaining the circulatory system without adding extra burden to the production 
department, the boundary of government taxation is obtained through equilibrium analysis. 
The optimal value of government taxation is equal to the difference between unit effective 
cost and natural resource price. At last, comparing these models, the government partici-
pation boundary of the no recycling resource return model is more lenient than that of the 
recycling resource return model. The significance of this result is that when the time is right, 
large enterprises can establish their internal waste management department to replace the 
centralised processing mode in accordance with their needs. Although the resource flow 
has a significant effect on the boundaries of government participation, those of government 
taxation are not affected.

The results suggested that in the early stage of CE development, unit processing cost is 
generally greater than the product of unit natural resource price and disposal return rate, 
at which time the circulatory system cannot operate on its own. Therefore, the government 
should impose a certain amount of pollution tax to maintain the circulatory system. The ob-
tained optimal value of government taxation is the minimum value for satisfying the bound-
ary, which can not only maintain the circulatory system but also maximise the economic 
benefits. In the initial stage, because the unit processing cost and disposal return rate are 
difficult to change in the short term, the government can approach the boundary conditions 
of government participation by raising the price of natural resources, such as the example of 
industrial waste water circulation in China. However, such strategy is unsuitable for frequent 
or large-scale adjustment. In addition, the government can indirectly reduce unit processing 
cost by granting subsidies (Fang & Zeng, 2007). The advantage of this measure is that the 
production department will not be affected, but similar to other subsidies, its effect is often 
difficult to guarantee due to the difficulties of supervision and implementation (Lim, Wang, 
& Zeng, 2018). Therefore, to achieve the long-term healthy development of the circulatory 
system, the government should still focus on increasing the disposal return rate and reducing 
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the unit processing cost. When the relationship among unit processing cost, disposal return 
rate and natural resource price have changed, the government should adjusted tax revenue 
in accordance with the development situation to maximise the economic benefits of the 
circulatory system while maintaining its operation. When the optimal value of government 
taxation is 0, the quantitative relationship among unit processing cost, disposal return rate 
and natural resource price satisfies the boundary value of government participation. Hence, 
the circulatory system can operate independently and no longer needs the participation of 
the government in tax collection.

Therefore, when government participation aims to change the circulatory system to spon-
taneous operation, its policy should be able to bring the actual situation close to the bound-
ary conditions. In the short run, the government can achieve its goal by increasing natural 
resource prices or subsidies to reduce unit processing costs. In the long run, the government 
should focus on improving the disposal return rate and reducing the unit processing cost 
through technological innovation. In the example of the industrial waste water circulation 
in China, some provinces such as Jiangsu province, narrowed the gap between the actual 
situation and the boundary conditions by increasing the unit cost of industrial water in the 
early stage, but this adjustment has not been frequently used.

When the government has not established a circulatory system or is in the early stages of 
the development of the circulatory system, the government should formulate corresponding 
taxes on the basis of the relationship among unit processing cost, disposal return rate and 
natural resource price. Subsequently, the tax revenue is adjusted in accordance with the de-
velopment situation to maximise the economic benefits of the circulatory system while main-
taining its operation. Eventually, when the circulatory system does not require government 
taxation to maintain operations, the government can cancel the corresponding tax order, and 
the circulation system can operate independently. In the example of this paper, the Chinese 
government’s two adjustments to the sewage tax have brought the actual situation close to 
the boundary conditions. 

For governments around the world, technologies related to CE are still innovating. It is 
difficult to achieve high resource recycling rate and low processing cost at the same time in 
the prior art. Some regions or some resources even have low resource recycling rates and high 
processing costs. Under this circumstance, many countries can only establish corresponding 
circulation paths in some areas, but it is difficult to establish an effective circulation system 
at the macro level. As a new model to replace the traditional linear development model, CE 
has fallen into a bottleneck. This paper under the existing situation of CE development is 
to analyse the corresponding behaviours of the waste management department, production 
department and government. The results obtained can guide the policy decisions of govern-
ments at all stages of the CE development. The conclusions obtained can evaluate the existing 
policies related to the CE and provide an important reference for future policy adjustments. 

In summary, this paper redefines CE from the perspective of resource flows. On this 
basis, different CE models are constructed according to the different recycling paths of the 
waste resources. Different from the existing research, this paper explores the role of the gov-
ernment in the development of circular economy when the circulatory system has not been 
established or established in the early stage from the perspective of resource flow. On the 
one hand, the system optimal pollution tax rate and equilibrium solution of each model are 
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obtained through a static analysis of the model. On the other hand, the conditions that render 
the government participation models effective are obtained through a comparative analysis 
of the model. The results obtained explain the motivation of the government for formulating 
and adjusting CE policies from a new perspective. The results of this study can predict the 
future development trend and provide proposals to the countries that have not yet developed 
CE to build their recycling system. Furthermore, the proposed CE can provide the standard 
of policy adjustment for the countries that have already implemented the circulation policy.
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