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Abstract: Waste is increasingly used as a renewable resource. Industrial symbiosis is an innovative
concept for more efficient use of waste streams within industrial complexes, with the aim of reducing
the overall environmental impact of the complex. Industrial symbiosis plays a more important
role in promoting green economic growth and building low-carbon cities. Based on the ecological
theoretical framework, combined with Waste Flow Analysis (WFA), the material flow analysis (MFA)
and production matrix methods were used as the core to construct the Industrial Symbiosis System
Waste Flow Metabolism Analysis (ISSWFMA) model. In addition, taking the “Jinchang Model”
as an example, a typical case selected by the National Development and Reform Commission of
China’s regional circular economy development model, we conducted a refined quantitative study
on the flow and metabolism of waste flow in the regional industrial symbiosis system at the City-
Region level using the circulation degree index. The following conclusions were obtained from the
study: The ISSWFMA model can better describe the flow and metabolism of waste streams in the
industrial symbiosis system at the City-Region Level and can provide data and methods for storage
management. As the internal industrial chain and the correlation between various departments
continuously improved, the Circulation Index (CI) of solid waste, wastewater, and exhaust gas in
the industrial symbiosis system of Jinchang City showed an overall increasing trend, the degree of
recycling was continuously increasing, the industrial symbiosis ability was continuously enhanced,
and the system structure was more complete. At the same time, based on the analysis of different
wastes, the industrial symbiosis is developed at different stages; based on the analysis of solid
wastes, the industrial symbiosis ability of Jinchang’s Industrial Symbiosis System has strengthened
and accelerated the fastest from 2005 to 2010; based on the analysis of wastewater, the industrial
symbiosis ability of the system strengthened slowly during the whole study period; and based on
the analysis of exhaust gas, the industrial symbiosis ability of the system continued to strengthen
rapidly during the whole study period. Finally, on the basis of further discussion on the selection of
waste recycling paths, we proposed to give full play to the role of market mechanisms, and to build
recycling areas and ecological areas by strengthening industrial symbiosis and its derived urban
symbiosis to achieve the goals of natural resource conservation, ecological environment protection,
and harmonious coexistence between human and nature.

Keywords: waste flow; industrial symbiosis system; green design; ISSWFMA; Jinchang City

1. Introduction

As the global sustainable development process advances, the requirements of environ-
mental laws and regulations continue to increase, the cost of waste disposal is increasing,
the technological level of the human socio-economic system continuously increases, and the
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understanding of the potential value of waste is enhanced [1]. Waste is no longer consid-
ered to be “valueless”. Instead, it is gradually being used by humans as a substitute for
resources [2,3], and its resource utilization has become an innovative approach for waste
management and green design [4–6]. It is predicted that in the next 30 years, the raw
materials provided by global waste recycling will increase from about 30% to 80% [7].
Waste recovery, recycling, and final disposal are the sink of waste management. However,
from the perspective of sustainable development of “green” and “low-carbon”, the current
contribution of the recycling industry to the development of a recycling-oriented society is
still limited. Therefore, it is urgent to establish a more complete waste recycling system and
effective management tools [8]. As an innovative concept for waste recycling, industrial
symbiosis has promoted green economic growth and improved resource efficiency [9,10],
and has been adopted by the European Union’s “Leading Resource Efficiency Initiative” as
a recommended method for obtaining resource efficiency. In the past 15 years, governments
in China at all levels have adopted policies, fiscal measures, and legislation to vigorously
promote the development of waste recycling and industrial symbiosis, thereby transform-
ing the linear economy mode into a more circular economy mode [11]. On this basis,
in order to promote the sustainable development of resources, environment, and econ-
omy, it is of great significance to study the flow and metabolic process of waste in the
industrial symbiosis system, and quantitatively analyze the role of reduction, recycling,
and resource utilization on the development of industrial ecology and the improvement of
environmental pressure.

Waste flow is type of material flow, in which recycling and final disposal are also
considered [12]. The waste flow analysis method mainly analyzes the waste flow and flow
direction, and pays attention to the resource treatment after the product is discarded. In the
waste flow analysis method, the input of the substance is waste rather than raw materials,
and the output is also a recycled product [13]. At present, waste flow analysis focuses on
three flows (element flow, material flow, and product flow) and five levels (corporate waste,
departmental waste, regional waste, national waste, and global waste). Analysis methods
mainly include substance flow analysis (SFA), material flow analysis (MFA), and statistical
research for analyzing material streams (STREAMS). For example, Melo [14], Beers [15],
Davis [16], Zhang [17], Yue [18], Chen [19], and others have studied the metabolism of
scrap metals using elemental flow analysis or material flow analysis methods. Byström [20],
Joosten [21], Hekkert [22], Bacha [23], and others adopted the STREAMS analysis method
and multivariate regression model to study the flow of wastepaper and wood waste. In ad-
dition, many scholars have set a series of indicators including waste recovery rate and
waste recycling rate to reflect the degree and efficiency of waste recycling in the economic
system. For example, Hagen [24] and Berglund [25] analyzed the influencing factors
of waste recycling rate, including regional policies, geographic/demographic variables,
and socioeconomic and environmental quality. Byström [26] used the environmental load
unit index (ELU-index) to describe the load on the environment caused by waste discharge
and the use of non-renewable resources. Yamashita [27] established the Circulation Index
(CI), which used the pre-consumption Circulation Index and the post-consumption Circu-
lation Index to measure the quality and usage time of resources, respectively. Brown [28]
proposed to use unit entropy to measure the circulation ability.

At the same time, because the goal of constructing a regional waste management
system is to maximize the economic and environmental benefits of waste treatment, input–
output analysis methods have widely been used in waste measurement analysis. Leon-
tief proposed the environmental input–output pollution reduction model in 1970 [29,30],
which quantitatively analyzed waste reduction activities and the relationship between
traditional product production departments and waste treatment departments. Since then,
many scholars have improved the structure of the environmental input–output table ac-
cording to different research needs. Hubacek and Giljum [31] proposed a method of adding
waste emissions to the material use part of the physical input–output table (PIOT). Suh [32]
also proposed to add waste items to PIOT, but Suh used waste as negative input items in the
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material supply part. Hoekstra [33] compared the basic physical input–output table, the ex-
tended physical input–output table, and the complete physical input–output table, and then
supplemented and proposed the complete physical input–output table. In the field of envi-
ronmental input–output analysis based on mixed input–output tables, Leontief pointed the
inconsistency between the three assumptions of the environmental input–output pollution
reduction model and the actual situation (For example, landfill is a treatment method that
can be adopted for all solid wastes, while kitchen waste can be treated in various ways
such as incineration, biogas production, landfill, etc.). Nakamura [34] proposed the waste
input–output (WIO) model to solve the management problem of waste life cycle.

However, most of the above studies focused on the flow and metabolism of a single
waste such as wastepaper and scrap metal in a certain enterprise or park, lacking refined
quantitative research on the waste flow in the City-Region Level regional industrial sym-
biosis system [35]. Therefore, in this study, under the theoretical framework of material
metabolism and industrial ecology, the “Jinchang Model”, a typical case selected by the
National Development and Reform Commission of China’s regional circular economy
development model, was used as the research object. Based on the element flow proposed
by Wang et al. [36], we combined flow analysis (WFA) and waste metabolism input–output
analysis (WMIOA) to construct the industrial symbiosis system waste flow metabolism
analysis (ISSWFMA). In addition, the Circulation Index was used to accurately characterize
the waste flow and metabolism process in the Jinchang industrial symbiosis system from
2005 to 2019, thereby expanding the research method of waste flow at the City-Region level,
and providing a decision-making foundation for the government and enterprises on the
refined management of the industrial ecosystem.

2. Studied Cases

Jinchang City is located at 101◦04′35′′–102◦43′40′′ east longitude and 37◦47′10′′–
39◦00′30′′ north latitude. It is located in Northwest China and is a typical mineral resource
city. The city has more than 50 types of discovered mineral deposits. Among them, the pro-
duction of nickel, cobalt, and platinum group precious metals accounts for more than 90%
of the national total, thus the city is well-known as the “China Nickel Capital”. Jinchang
City is China’s largest nickel and cobalt production base, the smelting center of platinum
group precious metals, and one of the three major bases for comprehensive utilization of
resources in China. Since 1978, Jinchang City has focused on terminal management to solve
the problem of comprehensive utilization of mineral resources. From 1990 to 2005, Jinchang
laid special emphasis on the development of non-ferrous metal deep processing industries,
focused on solving the problem of resource utilization of sulfur dioxide, and promoted the
development of chemical industry dominated by sulfide-based resources, thereby initially
forming an industrial symbiosis system. Since 2006, the first circular economy development
plan in Gansu Province, “Jinchang City Circular Economy Development Plan (2006–2020)”,
has been compiled and implemented. The circular economy was developed from three
systems, i.e., circular industry, circular agriculture, and circular society. The pilot work
with enterprises as the focus and parks as carriers was carried out. On the basis of principal
industries such as nickel and cobalt, through the construction of a resource recycling indus-
try system, the industrial ecological chain dominated by energy chemical industry, sulfide
industry, chlor-alkali chemical industry, and coal chemical industry was formed, such as
“copper nickel sulfide mining-roughing-refining-nickel copper cobalt rolling and new
materials”, “smelting exhaust gas-sulfur dioxide-sulfuric acid-sulfide industry”, “caustic
soda-chlorine-PVC-calcium carbide slag-cement”, etc. This has promoted the development
of circular economy from enterprise to the industrial and regional level, and has gradually
transformed from the development relying on single resource to a multiple resource-based
urban industrial symbiosis system. The transformation is called the “Jinchang Model”
(Figure 1). In 2008, the National Development and Reform Commission designated Jin-
chang as a national new material and high-tech industrial base. In 2010, the Ministry of
Industry and Information Technology designated Jinchang as a national demonstration
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base for new industrialization industries. Especially, in 2011, Jinchang was selected by the
National Development and Reform Commission (NDRC) as one of the 60 typical cases of
regional circular economy and was promoted nationwide.

Figure 1. The industrial symbiosis system of Jinchang.

In Figure 1, the green, blue, and black lines represent the recycling processes of
wastewater, exhaust gas, and solid waste, respectively. The waste heat resources were
fully recovered to produce steam, and the heating system generated heat and power si-
multaneously. SO2 was used to produce solid sulfur, liquid sulfur dioxide, sodium sulfite,
and other sulfuric acid products. Using wastewater recycling systems and underground
mine wastewater reuse systems, as well as constructing the two-level wastewater treatment
stations, the recycling of mineral processing water within the plant was strengthened. Mine
wastewater was used for mines, plant greening, and production, and refining wastewater
was treated to recycling the valuable metals. Through the tailings filling test, the bene-
ficiation tailings were used in underground filling. The tailings and waste agricultural
mulch are used to make composite templates, well covers, and well rings, replacing steel
templates and cast iron well covers. The supporting facilities for dry and wet fly ash
production, storage, and utilization were built, and fly ash was used to replace part of the
cement for underground filling. Moreover, a production line of underground filling parti-
tion walls using slag production was built, and the filling partition walls built with cinder
bricks were used to replace the original wooden filling partition walls, which promoted
the comprehensive utilization of fly ash and boiler slag.

3. Materials and Methods
3.1. Methodology: Production Matrix

The production matrix is a quantitative representation of the conserved flows over a
given time (i.e., instantaneous flows) in a system [37]. Given a physical system, the pro-
duction matrix represents observations of that physical system that are mathematically
dissected using flow analysis. In its most general form, P is a square 5n∗5n matrix, as shown
in Table 1.
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Table 1. Production matrix P.

from

Z10 Z20 . . . Zn0 −x1− −x2− . . . −xn− H1 H2 . . . Hn y01 y02 . . . y0n X1+ X2+ . . . Xn+

to

Z10
Z20
. . .
Zn0 0 0 0
−x1−
−x2−

. . .
−xn−

H1 Z10 0 0 0 −x1− 0 0 0 f11 f12 . . . f1n
H2 0 Z20 0 0 0 −x2− 0 0 f21 f22 . . . f2n 0
. . . 0 0 . . . 0 0 0 . . . 0 . . . . . . . . . . . .
Hn 0 0 0 Zn0 0 0 0 −xn− f1n f2n . . . fnn
y01 y01 0 0 0
y02 0 y02 0 0
. . . 0 0 . . . 0
y0n 0 0 0 0 y0n 0
X1+ X1+ 0 0 0
X2+ 0 X2+ 0 0
. . . 0 0 . . . 0

Xn+ 0 0 0 Xn+

Where n is the number of processes (the processes are denoted by Hk). An element pij
of P is a flow from the element associated with Column j to the element associated with
Row i.

Then P is divided into several submatrices, as shown in Equation (1).

P =

 0 0 0
P21 P22 0
0 P32 0

 (1)

The notation used in Table 1 is as follows:
Hk = a Process k, k = 1, . . . , n; is regarded as a node in graphical models,
zi0 = inflow (mass or energy per unit time) to Process i from outside the system,
y0j = outflow (mass or energy per unit time) from Process j to outside the system,
f ij = flow (mass or energy per unit time) from Process j to Process i, and
xk = time derivative of state xk of Process k,
where

xk− =

{
xk, xk < 0
0, xk ≥ 0

}
(2)

xk+ =

{
xk, xk > 0
0, xk ≤ 0

}
(3)

Positive state derivatives, xk+, represent an increase in the size of accumulations,
whereas negative state derivatives, xk−, represent a decrease. The state derivatives are
represented in such a way that all xk− are modeled as inflows (increasing flow at a process
by decreasing a stock size), whereas all xk+ are modeled as outflows (decreasing flow at a
process by diverting flows to storage).

The modeling of negative and positive state derivatives is apparent in the equations
for throughflow as inflows and outflows. Throughflow Tk of Hk is defined as the “rate
of energy or material flow through Process k” [38]. As shown in in Equations (4) and (5),
throughflow is mathematically defined as either the sum of each row in P21 and P22 or the
sum of each column in P22 and P32.

Tk =
n

∑
j=1

fkj + zk0 − x k−, k = 1, ..., n (4)

Tk =
n

∑
i=1

fik + y0k + x k+, k = 1, ..., n (5)



Sustainability 2021, 13, 466 6 of 17

In Equation (4), all inflows to a process are summed (inflows from other processes,
from outside the system, and from decreasing stock sizes), whereas in Equation (5), all out-
flows from a process are summed. According to the law of conservation of mass, the two
expressions, must be equal. Tk and P represent the abstraction of a physical system of
flows that is modeled in input–output flow analysis; that is, they are the observations of a
physical system to which the input–output mathematics are applied.

After defining P, the mathematical analysis of input and output can be introduced
into the operation. First, it is necessary to analyze the material flow between the two
departments, i.e., fij. Then qij

* is introduced to show the proportion of fij in the flux Ti of
Sector i.

fij = q∗ij × Ti (6)

Substituting Equation (6) into Equation (5), Tk can be expressed as

Tk = ∑n
i=1 q∗ijTi + y0k + xk+ (7)

In Equation (7), the first part on the right side of the equation is used to represent the
total flow from the department of Hj into other departments in the system. After linear
transformation, Equation (7) can be transformed into the matrix in Equation (8). In the
equation, Q*

22 is the matrix form of q*
ij and serves as a n× n sub-matrix of the instantaneous

inflow matrix Q*.
T′ = T′Q∗22 + y′ + x′+ (8)

In Equation (8), y′ and x′+ are the diagonal matrices, and the element qij
* of Q* is the

ratio of each element pij in the production matrix P to the flux Ti of Hi. The structure of the
Q* is as follows:

Q∗ =

 0 0 0
Q∗21 Q∗22 0
0 Q∗32 0

 (9)

By shifting the term, Equation (8) can be re-expressed as

T′ (E−Q∗22) = y′ + x′+ (10)

Multiply both sides of Equation (10) by (E − Q*
22) −1, the following equation can be

obtained:
T′ =

(
y′ + x′+

)
(E−Q∗22)

−1 =
(
y′ + x′+

)
N∗22 (11)

Therefore, N*
22 can be defined as follows:

N∗22 = (E−Q∗22)
−1 (12)

Similarly, N*
22 also exists as a block sub-matrix of N*. The general form of N* is

N∗ = (E−Q∗) −1 =

 E 0 0
N∗21 N∗22 0
N∗31 N∗32 E

 (13)

Hannon [39] referred to the matrix of N* as the “structure” of the ecosystem because
it represented the direct and indirect flow between the various sectors that construct the
entire system. Patten et al. [40] considered N* to be a closure transitive matrix, in which all
direct and indirect dependent paths were included. Szyrmer and Ulanowicz [41] gave a
further description of N*, as shown in the following equation:

lim
x→∞ ∑1

k=0 (Q
∗) k = E + Q∗ + (Q∗) 2 + ... + (Q∗) k + ... = (E−Q∗) −1 (14)
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where the identity matrix E represents all the initial flows of the system, Q* represents
the first-level direct flow between the sub-wholes within the system, (Q*) k represents the
k-th level flow path in the system, and matrix N* means all direct and indirect flows in the
system.

After defining N*, in order to more intuitively reflect the recycling efficiency of sub-
stances in the system, the input–output index is introduced to the analysis. The depart-
mental flux Tk has been defined in previous sections, and the total system throughflows
(TST) is introduced here, which represents the total material “throughflow” in the system
and calculates the amount of material flowing through each department each time.

TST = j′T =
n

∑
k=1

Tk (15)

Path length indicates the number of processes visited by a flow. Each inflow zk0 has
an individual path length (ZPLk), representing the average number of processes visited
by material entering via zk0 before leaving the system. Similarly, each outflow y0k has
an individual path length (YPLk), representing the average number of processes visited
by material before leaving as y0i. Each of these measures is calculated using the central
submatrices of the inflow and outflow transitive closure matrices ZPLk and YPLk.

ZPL = j′N∗22 (16)

YPL = N∗22 j (17)

The average path length of an entire system, PL, is the sum of either the inflow or
outflow PLs weighted by the relative size of each inflow or outflow, respectively. A simpler
mathematical expression for PL, however, is simply TST divided by the sum of inflows,
as shown in Equation (18).

PL =
TST
∑ IN

(18)

where
∑ IN = ∑n

i=1 Zi0 −∑n
i=1 xi− = ∑ OUT = ∑n

j=1 y0j + ∑n
j=1 xi+ (19)

A system that is highly interconnected with material feedback loops would have a
higher PL than a similar system without any material feedback. For a system containing a
given number of processes, the shortest PL possible is attained with linear flows, that is,
flows proceeding from one process to the next without any feedback. PL, then, is an indirect
measure of flow cycling, but it does not measure cycling directly. Two other metrics are
developed for that purpose.

Based on the preceding quote, REk can be formulated as a function of elements from
either transitive closure matrix as follows:

REk =
n∗kk − 1

n∗kk
(20)

Furthermore, the amount of cycled flows in the system can be defined as follows:

TSTc = ∑n
k=1 REkTk (21)

A Circulation Index (CI) for a flow system is defined as the percent of the cycled TST (TSTc).

CI =
TSTc

TST
=

∑n
k=1 REkTk

TST
(22)

By calculating the Circulation Index, it is possible to gain a direct understanding of the
material flow and utilization within the system, and thus understand the interrelationship
of various departments in the system.
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3.2. Model: ISSWFMA

The core and essence of industrial symbiosis is the use of one enterprise’s waste as
another enterprise’s raw material. Based on the element flow proposed by Wang et al. [36],
we combined WFA and WMIOA to establish the ISSWFMA model (Figure 2), and the
production matrix was used to clarify the flow and recycling of waste in the Jinchang
Industrial Symbiosis System. Among them, the system boundary referred to the industrial
boundary involving the generation and utilization of waste resources in the industrial
symbiosis system, and the time period was one year.

Figure 2. Industrial symbiosis system waste flow metabolism analysis model.

The symbiosis system is simplified into two sectors, i.e., the waste generation sector
(H1) and the waste utilization sector (H2). Strictly speaking, waste can be generated in
any department of the system. In this study, the waste generation department refers to
the department that produces mainly reusable waste resources, and the reuse department
refers to the department that further processes and utilizes waste resources. The production
of carbon dioxide exhaust gas is not considered within this analysis due to lack of data.

f represents the flow of waste within the system. Among them, f21 refers to the amount
of waste that flows from H1 to H2, that is, the flow of reprocessed main waste. f12 refers
to the amount of waste that flows from H2 to H1 in various forms after treatment, and f11
refers to the recycling of waste by the waste generation department, such as reprocessing
of waste scraps, etc.

x1+ and x2+ represent the stocks of H1 and H2, respectively, that is, the amount that
was generated but not processed or consumed in the current year. x1+ can also further
indicate the amount that is internally consumed, but not transferred to the utilization
department. x2+ means the inventory reduction of H2. As the waste disposal capacity
increases, the utilization department will consume the inventory of previous years, leading
to the reduction of inventory.

y01 represents the loss in the transfer and waste utilization process of H1, and y02
represents the amount of output from H2 due to waste reuse. It is assumed that the losses
in H2 flow to H1 through f12, and are implicitly included in y01.

The part z10 that enters H1 externally is called resource input, including inputs for
inefficient production (excluding external inputs to produce main products) and other
inputs related to waste generation. The part z20 that enters the utilization sector H2
externally is called supplementary input, mainly including the supplemented resources
introduced from outside during the reproduction using waste resources.
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3.3. Data Sources

Research data were mainly obtained from the “2006–2020 Jinchang Statistical Year-
book” and “China City Statistical Yearbook”, as well as field research data from metallurgi-
cal, nonferrous, and chemical enterprises in Jinchang City.

4. Results

Using the above method and model, the three waste streams including solid waste,
wastewater, and exhaust gas in the Jinchang industrial symbiosis system were analyzed
with data from four phases, i.e., 2005, 2010, 2015, and 2019. In addition, by calculating the
circulation index, we accurately and quantitatively characterized the flow and metabolism
of the three waste streams in the system. The results are as follows.

4.1. Solid Waste Metabolism
4.1.1. Analysis of the Source and Flow of Solid Waste

The solid waste generation department (H1) mainly refers to mines, smelters, chemical
plants, power plants, etc., and the utilization department (H2) mainly refers to enterprises
that use solid waste as a resource. The solid waste sources in the industrial symbiosis
system of Jinchang City mainly include mining tailings, washing waste residue, calcium
carbide slag, and fly ash, among which mining tailings have the largest amount. The waste
flowing to the utilization department (H2) mainly includes tailings, smelting slag, and fly
ash. After the secondary treatment of mining tailings, a concentrate is used for smelting,
and the rest is used for landfill. After the available resources in the washing solid waste are
re-developed, the products are diverted to the outside of the system, and the remaining
solid waste is used for mine landfill. Meanwhile, the fly ash and other products are directly
used to produce building materials.

From Table 2, in 2005, 2010, and 2015, y02 and f21 continue to increase, and x2+
gradually decreases, indicating that the amount of flow from H1 to H2 is increasing,
the processing capacity of H2 is improving, and H2 even begins to use the reserves. y02 also
shows that H2’s ability to treat waste and provide products to the outside continues to
increase. In 2015, the external input begins to decrease, and the amount of internal flow
suddenly increases. In 2019, the external input is increased compared with 2015, and the
internal flow is decreased; however, from the perspective of the overall system, the external
input and the internal flow is increased, indicating that in 2015 and 2019, Jinchang’s waste
utilization has less dependence on the outside, and the recycling capacity of solid waste
has reached a higher level. As technology advances, the waste generation department has
a higher processing capacity for its own waste, so f11 continues to increase, and y01 shows
a decreasing trend.

Table 2. The production and utilization of solid waste in the industrial symbiosis system of Jinchang
City.

External Input Internal Output Internal Flow Internal Stock

z10 z20 y01 y02 f21 f12 f11 x1+ x2+ x2−

2005 945.51 98.81 3.92 157.40 421.05 119.46 2.51 640.00 243.00 0.00
2010 581.13 38.99 0.37 295.05 954.56 623.80 9.24 250.00 106.00 −31.30
2015 533.65 18.12 0.33 373.14 1124.49 811.17 25.03 220.00 47.00 −88.70
2019 574.20 15.94 0.29 463.65 1267.52 873.61 37.06 180.00 42.00 −95.80

Unit: 10,000 tons.

4.1.2. Solid Waste Circulation Flow Diagrams

From Figure 3, in 2005, the industrial symbiosis system of Jinchang City is in its
infancy, the flow of solid waste resources in a single form, the production capacity of the
utilization department is insufficient, and the processing capacity for tailings is incapable.
From the perspective of the entire symbiosis system, the amount of waste flowing from
H1 into H2 is 4.2105 million tons, and the amount returning from H2 is 1.994 million tons.
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Both flowing and returning flows have very small amounts, and the inventory of the H2
sector is large, which is 2.43 million tons. The entire system also requires more external
input (Figure 3). In 2010, the flow of solid waste resources is optimized, and the production
of the utilization department is improved. The processing capacity for the tailings which
have the largest amount of solid waste is still insufficient. Compared with 2005, the output
of H2 sector, y02, is increased by 87.5%, the external input z20 is decreased by 60.5%, and
the inventory x2+ is decreased by 1.37 million tons, indicating the ability to reuse the solid
waste resources in the system is increasing. In 2015, with the commissioning of circular
economy projects such as 15,000 tons/day tailings reprocessing and 400,000 tons of soil
amendments, the capacity to recycle waste is significantly increased, and the inventory
continuously decreases. For the production sector H1, the treatment of tailings achieves
a breakthrough, and the H1 stock is better utilized. Compared with 2005, the capacity
to recycle solid waste is dramatically improved in 2019, and the inventory is reduced
by 4.6 million tons, indicating that the overall tailings processing capacity is improving.
Compared with 2005, 2010, and 2015, the amount of solid waste flowing from H1 into H2
in 2019 is significantly increased. For H1 sector, the amount of waste residue is decreased,
and the amount of recycling is also increased, indicating that H1’s waste treatment capacity
and recycling level is significantly improved.

Figure 3. Solid waste circulation flow diagrams of the Jinchang industrial symbiosis system in 2005, 2010, 2015, and 2019.

4.2. Wastewater Metabolism
4.2.1. Analysis of Wastewater Source and Flow

Wastewater sources include general industrial wastewater, smelting water, mine water,
etc. The utilization department mainly refers to sewage treatment plants. After the
sewage is produced in the symbiosis system, it directly enters the sewage treatment plant.
The treated wastewater is recycled and reused, mainly in the form of mineral processing,
tailings treatment, brine extraction, and greening agricultural water. The external output of
the system is primarily the extraction of sodium chloride from heavy salt water. The self-
circulation part of H1 department mainly comes from mine water backfilling.

According to the results in Table 3, from 2005 to 2019, in the industrial symbiosis
system of Jinchang City, the wastewater resource input, reused product output, inter-
nal flow, and internal inventory show an increasing trend, indicating that the industrial,
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smelting, and mining departments of Jinchang City have an increasing dependence on
external resources, and the insufficient wastewater treatment capacity leads to an increased
stock of wastewater. However, the recycling capacity of wastewater in production depart-
ments such as industry, smelting, and mining and sewage treatment plants is continuously
improving, and the output of products is also increasing.

Table 3. Production and utilization of wastewater from an industrial symbiosis system in Jinchang
City.

External Input Internal Output Internal Flow Internal Stock

z10 z20 y01 y02 f21 f12 f11 x1+ x2+ x2−

2005 2840 0.00 0.00 6 5322 3662 903 1170 1664 0.00
2010 4407 0.00 0.00 27 8136 6024 1728 2295 2085 0.00
2015 5231 0.00 0.00 98 9442 6791 2424 2580 2523 0.00
2019 6280 0.00 0.00 122 10,840 7709 3389 3149 3009 0.00

Unit: 10,000 tons.

4.2.2. Wastewater Circulation Flow Diagrams

From Figure 4, in 2005, the industrial symbiosis system in Jinchang City already
contains a relatively complete sewage treatment system, which can basically achieve
zero discharge of sewage. However, due to the limitation of the production scale and
wastewater treatment capacity, the treatment volume and flow volume are small. In 2010,
the industrial symbiosis system in Jinchang City is basically complete. Due to the increase
in production, the flow of wastewater treatment increases, which is reflected by a net
increase of 23.62 million tons of H1 inflow and a net increase of 28.14 million tons of H2
return. Compared with 2005, the ability of H1 to reuse its own waste is increased by 91.4%.
Compared with 2010, the wastewater treatment volume in 2015 continues to increase,
and the input and exchange volume is increased. The resource input z10 is increased
by 8.24 million tons, the amount of wastewater flowing from H1 to H2 is increased by
13.06 million tons, the H2 return is increased by 7.67 million tons, and H1

′s ability to reuse
its own waste is increased by 40.3%. In 2019, both y02 and f21 are increasing, indicating
that the amount of flow from H1 to H2 is increasing, and the processing capacity of H2 is
increasing. The internal flow in 2019 is increasing, indicating the ability to use wastewater
is continuously improving. The external input and the stocks of H1 and H2 departments
are increasing, which shows that the wastewater treatment of Jinchang City still heavily
relies on external input and the treatment capacity needs to be further improved.

4.3. Exhaust Gas Metabolism
4.3.1. Analysis of Exhaust Gas Source and Flow

The sources of exhaust gas mainly include SO2, NO2, calcium carbide tail gas, and in-
termediate product gases such as hydrogen, chlorine, acetylene, coke oven gas, and am-
monia, which are mainly derived from ore smelting, cogeneration, coal chemical industry,
and other industrial processes. In the model, H1 mainly refers to the department that pro-
duces exhaust gas and intermediate product gas, and H2 mainly refers to the department
that uses intermediate products and exhaust gas as resources. The reuse of the resulting
intermediate products is considered internal consumption. When the external resource
input enters the system, most of it flows to the utilization department through f21, some gas
(such as coke oven gas) can be recycled, and coke oven gas is the main reserve of the H1
department. The unused part is discharged after being processed, which is the loss, y01.
In the processing and utilization department, a large amount of external supplementary
input is introduced while the gas is utilized, and most of the inflowing gas is processed
into various products out of the symbiosis system. The inventory x2+ is mainly the re-
tention of chlorine, that is, the generated chlorine cannot be completely consumed and
treated as inventory. In the utilization stage, intermediate products required to produce H1
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may be produced. The intermediate products are dominated by calcium carbide tail gas,
which flows from sector H2 into H1.

Figure 4. Wastewater circulation flow diagrams of the Jinchang industrial symbiosis system in 2005, 2010, 2015, and 2019.

According to the results in Table 4, from 2005 to 2019, both y02 and f21 are increased,
and the flow from H1 to H2 is increased by a net increase of 6,432,600 tons. The processing
capacity of H2 is increased, x2+ has a downward trend, and the change in the amount
of external input is large. Compared with 2005, the resource input z10 in 2019 has a
net increase of 8.8031 million tons, indicating that the recycling of exhaust gas is highly
dependent on external input. For the self-recycling of waste, f11 continues to increase,
indicating that with the advancement of technology, the waste generation department has
a relatively high capacity to treat its own waste.

Table 4. Production and utilization of exhaust gas from industrial symbiosis system in Jinchang City.
Unit: 10,000 tons.

External Input Internal Output Internal Flow Internal Stock

z10 z20 y01 y02 f21 f12 f11 x1+ x2+ x2−

2005 293.56 137.22 25.29 355.49 249.47 31.20 80.00 50.00 0.00 0.00
2010 693.17 57.69 7.98 569.48 629.79 104.60 180.00 160.00 13.40 0.00
2015 954.53 67.80 5.76 691.47 780.67 141.90 260.00 310.00 15.10 0.00
2019 1173.87 77.54 3.58 785.63 892.73 172.44 350.00 450.00 12.20 0.00

4.3.2. Exhaust Gas Circulation Flow Diagrams

From Figure 5, in 2005, the utilization mode of exhaust gas from the coal chemical
industry in Jinchang City has been initially established, and the processing capacity for
hydrogen sulphide and nitrogen oxides in the smelting industries has been increased.
However, due to its infancy, there is insufficient capacity to treat the exhaust gas, the pro-
cessing and reprocessing capabilities are relatively weak, and the degree of symbiosis is
relatively weak, thus the gas metabolism is similar to a linear production model. From In
2010, the exhaust gas utilization mode of the industrial symbiosis system in Jinchang City
is almost perfect, especially the recovery of sulfur dioxide and the large-scale intensive
use of acetylene, calcium carbide tail gas, coke oven gas, etc. Exhaust gas flows orderly in
the system and is efficiently used as resources. The resource input and output are rapidly
increased, and the amount of inter-departmental flow is also significantly greater than
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2005. Compared with 2008, the exhaust gas utilization structure in the industrial symbiosis
system of Jinchang City in 2015 does not have significant change. The output of calcium
carbide tail gas and coke oven gas continues to increase. However, the related downstream
industries are still in the construction period. The output is small, and the exhaust gas
utilization capacity is insufficient, which leads to the accumulation of inventory in H1.
Compared with 2010, the resource input is rapidly increased by 37.7%, but the reutilization
output is only increased by 21.4%. Since the supporting construction in downstream indus-
tries is not synchronized, the H2 sector′s inventory also accumulates. In 2019, both resource
input and reuse output increase, which reduces the inventory of utilization departments
to a certain extent. However, the downstream industries related to calcium carbide tail
gas and coke oven gas still need to be further improved, leading to an increasing trend of
inventory in H1 sector.

Figure 5. Exhaust gas circulation flow diagrams of Jinchang industrial symbiosis system in 2005, 2010, 2015, and 2019.

4.4. Analysis of Waste Stream Circulation

From Figure 6, during the study period, the CI index of solid waste, wastewater,
and exhaust gas in the industrial symbiosis system of Jinchang City has an overall upward
trend. The result indicates that with the improvement of the co-production chain in the
industrial symbiosis system, the correlation between various departments is continuously
increasing, the degree of recycling of wastes is continuously increasing, the ability of indus-
trial symbiosis is continuously enhanced, and the industrial symbiosis system has a more
complete structure. This is consistent with the essential connotation of industrial symbio-
sis. Compared with general industrial agglomeration or industrial clusters, the essential
difference of industrial symbiosis is that the waste of upstream companies is used as raw
materials for downstream companies, thus achieving “win-win” of resource conservation
and environmental protection.
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Figure 6. Waste flow Circulation Index (CI) index trend of the Jinchang industrial symbiosis system.

Due to the differences in the development foundations of the industrial symbiosis
system and the different priorities of the industrial symbiosis system in different develop-
ment periods, for different waste metabolism, although the industrial symbiosis ability has
the same overall trend, it is at a development stage for different types of wastes. Based on
the analysis of solid waste, the industrial symbiosis ability of the system has the fastest
improvement from 2005 to 2010. Based on the analysis of wastewater, the industrial sym-
biosis ability of the system is slowly strengthened during the entire study period. Based on
the analysis of exhaust gas, the industry symbiosis ability continues to rapidly increase
throughout the study period.

5. Conclusions and Discussion

This paper accurately and quantitatively described the flow and recycling processes
of waste in the industrial symbiosis system by constructing the ISSWFMA model with the
material flow analysis and production matrix analysis methods as the core and Jinchang
model as the case. The following conclusions can be obtained from the results: The model
can better describe the waste flow and waste metabolism in the City-Region Level industrial
symbiosis system, and can provide data and method to support waste management.
During the research period, with the continuous improvement of the industrial chain
and the continuous enhancement of the correlation between various departments, the CI
index of solid waste, wastewater, and exhaust gas in the industrial symbiosis system
of Jinchang City has an overall increasing trend, the degree of recycling is constantly
increasing, the ability of industrial symbiosis is continuously enhanced, and the system
structure is becoming more complete. At the same time, based on the analysis of different
wastes, the industrial symbiosis ability is at different development stages for different
types of wastes. The analysis based on solid waste shows that the system has the fastest
improvement in the industrial symbiosis ability from 2005 to 2010. The conclusion obtained
from wastewater analysis is that during the entire study period, the industrial symbiosis
ability in the system is gradually strengthened. From the exhaust gas analysis, the industrial
symbiosis ability in the system continues to increase rapidly throughout the study period.

The ISSWFMA model expands the application scope and depth of the EW-MFA
method and the traditional input–output method to a certain extent. However, this model
is a static model, and the waste material metabolism process of the national and regional
economic systems is a complex giant system and has non-linear and dynamic characteristics.
Considering the difficulties in statistics and collection of waste-related data, as well as the
lack of studies on the quantitative evaluation and analysis of waste material metabolism
patterns for various social, economic, and environmental factors, the model constructed in
this study attempted to simplify the complex system in the simulation. However, the further
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development of models is still necessary to incorporate the complex characteristics of these
systems, such as introducing an external area that provides raw materials, products,
and wastes for the industrial symbiosis system, that is, the “outer area” [35].

China’s waste recycling system has the characteristics of huge waste resources, low waste
recycling level, and low waste utilization efficiency. These problems lead to serious waste
loss in the recycling system. From the perspective of the technical structure of China’s
waste recycling system, recycled waste occupies a dominant position, followed by waste
landfill, while the energy recovery and reuse account for a very low proportion [12]. How-
ever, there is huge potential for waste reduction, recycling and reuse in the future. In the
context of industrialization and globalization, the local solid waste generation in China will
continue to increase in the next 20–25 years. However, under the high environmental target
scenario, this growth trend may also be reversed by the promotion of waste reduction tech-
nologies. The implementation of cleaner production and circular economy development
strategies centered on industrial structure adjustment and technological upgrading will
have a significant impact on the material metabolism model of the waste recycling system
in the future [42].

In conclusion, with the increasing attention to resources and the environment, more
waste has been recycled as a new resource. Industrial symbiosis and its derived urban
symbiosis [43] are the ultimate and most innovative approaches to accomplish waste
recycling and will play a more important role in promoting green economic growth and
building low-carbon cities. Meanwhile, the government and scholars should pay more
attention to and study the City-Region Level’s industrial symbiosis theory so as to better
tap the value of waste recycling, improve the efficiency of waste recycling, give full play to
the role of market mechanisms, and build circular regions [44]. Then each subject in the
region can form a process of resource complementary interaction, symbiosis, and mutual
benefit, the unity and coordination of the units in the region can be strengthened, and an
ecological area can be further formed [45] to achieve the goal of saving natural resources,
protecting the ecological environment, and harmonious coexistence between man and
nature.
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