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ARTICLE INFO ABSTRACT

Keywords: Industrial solid wastes (ISWs) not only destroys the ecological environment, but also seriously affects human
Industriél solid wastes management health, which is one of the main obstacles to sustainable development. Consequently, Effective management of
FO"ecaSt_mg ISWs is essential to support efforts to achieve cleaner production and ecological upgrading of industrial structure.
Isvilzttz]ijr?el:‘;ilgi:;y model In this study, metabolic grey model (MGM (1,1)) is adopted to forecasting the ISWs generation and treatment in

China. Meanwhile, we develop an ISWs management system involving its safeguard mechanisms. Forecasting
results show that China’s ISWs generated have been a slowly increasing trend from 2018 to 2025, which will be
controlled between 389819 million tons and 488002 million tons, and the utilization, disposal and storage of
ISWs have a significant upward trend. However, the ratio of ISWs utilized will eventually remain at around 50%
in the future. According to the prediction results, the application of this ISWs management system can increase
the efficiency of waste recycling and reuse, and make ISWs become renewable resources. Research results also
illustrate that the safeguard mechanisms, including government policy tools, collaborative agents of the industry-
university, green technology innovation, and circulation of green products, have ensured a highly efficient

recycling and beneficial waste management to create more added values for the ISWs materials.

1. Introduction

In recent years, environmental problems have become increasingly
critical, as both developed and developing countries are facing serious
waste discharge and disposal issues created by industrialization, rapid
economic development and growing population, among others (Sand-
berg et al., 2019). Environmental protection and sustainable develop-
ment have received more attention as a result of growing governments
worldwide awareness of environmental pollution and resource shortage
(Tang et al., 2016). To achieve that ambitious goal, countries around the
world strengthen cooperation by formulating international regulations
and laws, for example, the Kyoto Protocol is now replaced by the Paris
Agreement, which is of great importance to not only address carbon
emissions but also sustainable growth of the ecological economy
(Ameyaw et al., 2019; Du et al., 2016). As a result, countries have
designed their environmental policies according to their actual condi-
tions, such as the plan of greenhouse gas emissions in Turkey and strict
environmental regulations from China’s 13th five-year plan (Li et al.,
2020; Sahin, 2019).
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Over the past decades, China’s industrialization has made great
economic and social development. However, experience from China’s
industrial production has caused some serious environmental pollution,
such as waste pollution, dust pollution, and water pollution (Ding et al.,
2017a; Yang and Li, 2018). Especially excessive generations of industrial
solid wastes (ISWs) have become a significant cause of environmental
pollution in China (Liu et al., 2016). To accommodate the need for
modern industrial development, as well as dispose of the increasing
industrial solid wastes, the Chinese government integrated the concept
of green economic growth in designing solid wastes management and
recycling framework (Qu et al., 2020; Sun et al., 2018). From the
perspective of sustainable development, forecasting the generation and
treatment of ISWs plays an important role in formulating the ISWs
management system and protecting the international agreement to
combat environmental pollution (Lertpocasombut and Sriploy, 2017;
Song et al., 2017). Therefore, accurate prediction of ISWs production
and disposal status is one of the major problems in the goal of envi-
ronmental protection.

According to Law of the People’s Republic of China on the
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Prevention and Control of Solid Waste Pollution, ISWs can be catego-
rized into genreal industrial solid wastes (GISWs) and hazardous in-
dustrial solid wastes (HISWs) (Geng et al., 2007). GISWs mainly include
smelting waste residue, fly ash, slag, coal gangue, chemical waste res-
idue, tailings, radioactive waste residue and other solid waste; and
HISWs either have explosive, flammable, oxidizable, toxic, corrosive, or
may cause infectious diseases (Tang et al., 2020). In the process of
recycling and utilization of ISWs, the disposal of GISWs and HISWs are
significantly different because of their differences in generated materials
(Guan et al., 2019). Through raw material recovery, conversion and
utilization, and waste exchange, the GISWs can be extracted and con-
verted into available resources, renewable and sustainable energy
sources, and cheap raw materials (Tang et al., 2020). The methods of
ISWs treatment have four types, including landfill, incineration, ther-
mophilic composting and comprehensive utilization (Zhang et al.,
2016). Compared with GISWs, HISWs have the characteristics of
toxicity, flammability and corrosiveness. Therefore, the most common
treatment methods for HISWs are landfill, chemical treatment, solidifi-
cation, biological treatment, and marine disposal, which can be changed
the physical, chemical and biological properties of these materials,
thereby reducing or even eliminating the hazard of wastes (Kavouras
et al., 2003; Krishna et al., 2020).

Previous studies in solid waste management and recycling have
focused on the development of management models, include in 3Rs
(reduce, reuse, recycle) (Seyoum and Adeloju, 2008), cradle-to-grave
(the management of all stages of the life cycle for solid waste) (Saliho-
glu, 2010), and integrated waste management system (Cobo et al.,
2018). However, many scholars are adding new dimensions in paying
attention to the research of ISWs management and recycling, pointing
out problems, and providing ideal methods and tools to address these
issues. For example, (Chandra Manna et al., 2018; Zamorano et al.,
2011) considered that significant weaknesses of ISWs management are
the lack of environmental awareness among the public and training and
certifying for ISWs management personnel. (Zhang et al, 2016)
concluded that the non-hazardous industrial solid waste manifest system
is an effective tool for analyzing ISWs characteristics and determining
links between waste handlers to establish a waste recycling industry
chain. (Nouri et al., 2018) used the analytic hierarchical process and
analytic network process to assess the four appropriate disposal sce-
narios according to the quality of the produced solid wastes and ulti-
mately select the fourth scenario to achieve proper management of
generated ISWs. (Das et al., 2019) described the waste management
scenarios of different countries to study feasible approaches for sus-
tainable recycling and treatment of solid wastes by life cycle assessment
(LCA) and other tools. (Krishna et al., 2020) pointed out that the
application of green technology in the construction industry can pro-
mote cleaner production and sustainable development by effective uti-
lization of solid waste.

Growing population coupled with rapid industrialization and ur-
banization has caused tremendous ISWs production (Ezeudu and
Ezeudu, 2019; Li et al., 2020). To achieve ISWs recycling and optimized
management, accurate forecasting of ISWs generation and treatment
status is an essential part of a sustainable management system (Abbasi
and El Hanandeh, 2016; Asante-Darko et al., 2017). Currently, solid
wastes management, especially ISWs management have aroused much
attention, while the research about forecasting solid waste has become
one of the most significant international study problems. (Dyson and
Chang, 2005) used the system dynamics simulation tool to forecast
various trends of solid waste generation associated with five different
models by a case study in the city of San Antonio, Texas (USA).
(Intharathirat et al., 2015) forecasted the municipal solid waste quantity
in a developing country; and they showed that the municipal solid waste
quantity would increase 1.40% per year from 43,435-44,994 tons per
day in 2013 to 55,177-56,735 tons per day in 2030. (Yang et al., 2016)
used a systematic approach to forecast the industrial solid waste gen-
eration by the industrial sector in Shanghai; and they found that the total
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ISW generation will be 20630, 20340, and 22590 million tons in 2010,
2015, and 2020, respectively. (Duman et al., 2019) developed a novel
forecasting technique based on a grey model to predict the electronic
waste generation forms a saturated distribution in Washington State
from 2018 to 2030; the results showed that population density has a
major impact on the generated e-waste followed by household income
level. (Hoque and Rahman, 2020) forecasted solid waste collected from
2012 to 2016 at landfill site of Dhaka South City Corporation using an
Artificial Neural Network (ANN); and they found that the landfill au-
thority can save the valuable urban landfill area requirement up to
28.6%.

One of the forecasting methods of ISWs is a grey prediction model
(GM), firstly proposed by (Deng, 1982). Compared with other fore-
casting techniques, the grey prediction model can not only solve
numerous problems with small sample sizes but also can establish a
first-order differential equation to indicate the unknown evolution law
(Huang et al., 1997; Kahraman et al., 2010). Thereinto, GM (1,1) model
is a basic grey prediction model, which provides short-term predictions
from sample sequences with little data and poor information (Cui et al.,
2013; Wang et al., 2010). With the development of grey prediction
theory, GM (1,1) model has been widely applied in forecasting elec-
tricity demand, energy forecasting consumption, forecasting CO2
emissions, forecasting the production and sales of new energy vehicles
and other fields (Ding et al., 2017b; He et al., 2020; Lee et al., 2011; Ma
and Liu, 2016; Zhou et al., 2006). However, the GM (1,1) model does not
always fit the actual data very well; therefore, the improved GM (1,1)
model can be used (Akay and Atak, 2007; Sahin, 2019).

In the traditional GM (1,1) modeling, the original data from the real-
time t = n is used (Pao and Tsai, 2011). However, over time, the grey
system will generate some random disturbance factors, which will affect
the prediction results (Wang et al., 2020). To make full use of the
existing information and improve the prediction accuracy of the GM (1,
1) model, the method of “metabolism” is using to improve the grey
prediction model (Sahin, 2019; Wang et al., 2018). The basic advantage
of the metabolic grey model (MGM (1,1)) is based on metabolic steps
that adopt recent data by eliminating old data for each cycle (Chang
et al., 2005; Chen et al., 2016). Many applications of MGM (1,1) model,
including prediction of iron ore import and consumption in China,
prediction of lithium-ion battery capacity and forecasting of Turkey’s
CO2 emissions, have more accuracy than the GM (1,1) model (Ayvaz
et al.,, 2017; Chen et al., 2016; Ma et al., 2013). Simultaneously, the
accuracy of grey prediction models is measured by using mean absolute
percentage error (MAPE), and when the MAPE is less than 10% is
believed as highly accurate forecasting (Cui et al., 2015; Lewis, 1982).
Thereinto, the results of (Zhao et al., 2016) show that the MAPE value of
the MGM(1,1) and GM(1,1) is 9.55% and 25.01% by predicting the
electricity consumption. According to the results of (Akay and Atak,
2007), the MAPE value is below 5% when they use the MGM(1,1) model
to forecast total and industrial electricity consumption in Turkey. In
addition, (Boran, 2015) has forecasted the natural gas consumption
from 1995 to 2012 in Turkey based on MGM (1,1) model; they found
that the prediction accuracy of this model is 93.5%.

In this study, we collected annual data on ISWs generated, utilized,
disposed and stored in China for 2006-2017 from the China Statistical
Yearbook (http://www.stats.gov.cn/tjsj/ndsj/). As mentioned above,
forecasting of generation and treatment for ISWs plays an important role
for decision-makers of governments worldwide to design their ISWs
management and recycling frameworks. because of sustainable devel-
opment has become the consensus of all countries. Although the GM
(1,1) can predict many problems with small sample sizes, the MGM (1,1)
has more accuracy than the GM (1,1). Therefore, based on the MGM
(1,1) model, we adopt recent data by eliminating old data for each loop
to forecast the generation and treatment status of ISWs in China. The
objective of this study are as follows:


http://www.stats.gov.cn/tjsj/ndsj/
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(1) In order to forecast the generation and treatment of ISWs in
China, the metabolic grey model is proposed, which can obtain
the capacity of providing high-precision predictions in the case of
having chaotic data.

(2) From the theoretical modeling aspect, we contribute to the

literature by developing the MGM (1,1) model that considers

prediction error and applying it to predict the generation and
treatment of ISWs. And the paper is one of the few that focuses on
forecasting of ISWs to achieve ISWs recycling and management.

Considering that the environmental goal of China’s 13th five-year

plan (2016-2020) in the current and China’s 14th five-year plan

(2021-2025) in the future, our results can help decision-makers

in setting strategic plans for manage and use of ISWs in China

and selecting suitable ISWs management and recycling
benchmarks.

3

-

2. Methodology
2.1. The modeling algorithm of GM (1,1)

In this study, GM (1,1) model is used to forecast the generation and
treatment status of industrial solid wastes in China. Some basic steps of
GM (1,1) related to the paper are outlined as follows:

Step 1. The original input data is computed byx® = (x(©(1),x(®(2),

--,x(%(n)). And a cumulative series of accumulated generation opera-
tors (AGO) is defined as Eq. (1).

A0 = (0 (1), (2), - - +,x0 (n)) (€]

where, xU (k) = S5 xO i),k =1,2,-n.

Step 2. The mean series x!)(k)is denotedz) (k) = 0.5x!) (k) +
0.5xM(k — 1), k =2,3,-n, and the grey differential equation of GM
(1,1) is established by Eq. (2).

xO(k) +azVk = b )
Based on Eq. (2)., the albinism differential equation is defined as

dx(t)

(),
a0 +ax'Vt=b 3

Where t represents the time and a represents the development coeffi-
cient of GM (1,1), and b denotes the endogenous control greyscale.

Step 3. Using the least-squares regression to estimate the parameters
of GM (1,1). The least-squares regression is calculated by Eq. (4).

= (a,Z)T: (B",B) 'B"Y @

Where u represents the parameter vector and B represents the accu-

—1(x<1>(1) +xM(@2)) 1

2
1 (xM@2)+xM(3)) 1
mulated matrix, namelyB = 2 ; and Y
L )
—E(x (n—1)+xY(n) 1
denotes the constant vector, namely Y = (x(@(2),x(©)(3), ---, x© (n))".
Step 4. Predictive values of GM (1,1) are computed by Eq. 5
e +1)= <x<°>(1) —§>e"‘k+§, t=0,1,n—1, . (5)

Step 5. The predictive value of the sequence x(® can be used to
obtain by a single regressive inverse operation is defined as Eq. (6).

0+ 1) =2"0+1) =20, =120 -1, ©)
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2.2. The metabolic grey model

According to the GM (1,1) model constructed with 2006-2017 data
as the original sequence. we adopt recent data by eliminating old data
for each loop to forecast the generation and treatment status of indus-
trial solid wastes in China. Some modeling algorithms of the metabolic
grey model (MGM (1,1)) related to this paper are given as follows.

In the original sequencex(® = (x(©(1),x(®(2), - --,x(9 (n)), the latest
datax(®)(n+1) is placed and the oldest data x(%)(1)is removed. Then, a
new data sequence is defined as Eq. (7).

K= (¢9(2),40(3), - X (a1 1) @

Using Eq. (7) as the original sequence, the metabolic grey model can
be obtained by Eq. (8).

xO(k) +azVk = b )

Simultaneously, the accumulated matrix B and the constant vector Y
are obtained by Eq. (9) and Eq. (10), respectively.

'7% (xV2) +x13)) 1
Lo )

g | 5 @G +@) 1 ©
7% (D) +xVm+1)) 1
[0 (3)

y— ¥4 10
_x(o).(n +1)

Baes on the research of (Li et al., 2018; Ma et al., 2018; Sahin, 2019),
in MGM (1,1) process, the oldest datax(®) (1) is removed and new data
x9(2),x9(3),x©(4),---x(n + 1)) is used by the MGM(1,1) to predict
the value of next data at the first metabolic stage. After the oldest
datax®)(2) is removed and new data (x(®(3),x® (4),x®(5),---x® (n + 2))
is set to predict the value of the next data. It repeats this process until the
prediction is completed.

In this study, the prediction processes of MGM (1,1) are outlined as
follows: The first sequence is established based on the actual data from
2006 to 2010 to predict the data in 2011. The second sequence, the
oldest data is removed and the new actual data, which is come from
2011, is to predict the value of data in 2012. In order to complete the
prediction process of 2006-2017, the above prediction process is
continued until the last data of 2017 is predicted. Then, the predicted
data is compared with the actual data to measure the accuracy of the
MGM (1,1) model. Finally enter the prediction stage, we remove the
oldest data from the sequence and add the forecasted value as the latest
data to the sequence; and we repeat this cycle until the last data in 2025
is predicted. In this way, the forecasting process will include data from
2018 to 2025.

2.3. The accuracy measurement

To verify the generalization ability of the MGM (1,1), the accurate
measurement of this model should be evaluated. In this study, the mean
absolute percentage error (MAPE) and the absolute percentage error
(APE) can be adopted to test the accuracy measurement of MGM (1,1).
The standard of APE and MAPE are defined by Eq. (11) and Eq. (12),
respectively (He et al., 2020; Xu et al., 2019).

APE(%) = 'M

0] x 100 an
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MAPE(%) 1 >
n

i=1

x 100 (12)

Wherex(t)represents actual data and X(t) denotes forecast data. MAPE
standards for accurate measurement of the model are listed in Table 1.

3. Results and discussions

Data for ISWs generation and treatment in the range 2006-2017 is
shown in Fig. 1. According to the results, the ISWs generated from China
have been an increasing trend in the range 2006-2017 with the rapid
development of industry. Although there has no significant increase
since 2011, the total amount of ISWs generated has been maintained at
around 300000 million tons. However, with dramatically increase of
ISWs generated, the curve of ISWs utilized remains stable and has a
downward trend. At the same time, the disposal and storage of ISWs
were basically the same in 2006-2017. This implies that China’s
industrialization process continues to accelerate, but its huge ISWs
generated are in contrast to the low comprehensive utilization in China.
Therefore, in addition to ISWs generated, the utilization, disposal and
storage of ISWs are also predicted and forecasted in the paper.

3.1. The result of correlation test

In order to make the model obtain a better prediction effect, the
result of correlation test for original data is analysed in this study,
including the relative residual and class ratio dispersion. (Bezuglov and
Comert, 2016) pointed out that the relative residual and class ratio
dispersion are used to measure the deviation and error of the fitted data
and the actual data. The smaller the values of relative residual and class
ratio dispersion, the better the accuracy of the grey prediction model to
describe the original sequence (Lin and Yang, 2003). In this study, the
relative residual and class ratio dispersion can be adopted to test the
validity of the model. The standards of relative residual and class ratio
dispersion are defined by Eq. (13) and Eq. (14), respectively (Kumar and
Jain, 2010; Lin and Yang, 2003).

x(o)(k) —_z© (k)

s(k):w, k=1,2,n 13)
1-05a
p(k):l—(lJrO‘sa)l(k), k=1,2,n 14)

Where A(k) = thg‘(;)l), k =1,2,---,n. At the same time, when ¢(k) < 0.2

and p(k) < 0.2, the model has passed the test and has good predictive
ability, and when ¢(k) < 0.1 and p(k) < 0.1, the model has passed the
test and has high predictive ability (Lin et al., 2001).

Fig. 2 shows the test of relative residual and class ratio dispersion for
the four types of ISWs. In the study, the relative residual and class ratio
dispersion are less than 0.2 imply that the model exhibit a good pre-
dictive capability. In addition to Fig. 2 (d). the relative residual and class
ratio dispersion in Fig. 2 are all lower than 0.2, which indicat that the
model show a good predictive capability for ISWs. Although the relative
residual and class ratio dispersion of ISWs stored with exponential trend
are greatly higher than the other three types of ISWs, the model still has
a good predictive effect. It indicat that the MGM (1,1) model has
exhibited a good predictive capability among those conforming to the
data for ISWs generation and treatment.

Table 1
MAPE standards for accurate measurement of the model (Lewis, 1982).

MAPE (%) Forecasting ability MAPE (%) Forecasting ability
<10 Highly accurate forecasting 20-50 Reasonable forecasting
10-20 Good forecasting >50 Weak forecasting
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3.2. Prediction of ISWs generation and treatment

China’s ISWs generated are predicted using the GM (1,1) and the
MGM (1,1) over the period 2006-2017. Predicted and APE values of
China’s ISWs generated for two prediction models are shown in Table 2.
Table 2 shows the MAPE value of the GM (1,1) model is 11.78% and the
maximum APE value is 20.85%. However, MGM (1,1) model has the
lowest MAPE value that is 1.51% and the maximum APE value is 4.62%.
By comparing the MAPE values, the metabolic grey model has more
accurate results than the traditional grey model.

In the same way, the prediction performances of the GM (1,1) and
the MGM (1,1) for ISWs treatment from the year 2006-2017 are given in
Table 3, Table 4 and Table 5 respectively. According to the results, for
the utilization, disposal and storage of ISWs, the MAPE values are
calculated as 2.99%, 6.69%, 15.31% in the MGM (1,1), which are lower
than the MAPE values in the GM (1,1). At the same time, MGM (1,1)
model has the maximum APE values are 4.83%, 14.68% and 28.16%
respectively, which are lower than the maximum APE values for the GM
(1,1). Thus, it is obvious that the MGM (1,1) provides the most accurate
prediction compared with the GM (1,1) in this study.

After comparing the prediction model with the actual data, China’s
ISWs generated are forecast from the year 2018-2025. Fig. 3 shows the
prediction results of the MGM (1,1) model. The left-hand side of the
dotted line is a fitting area, which indicates that the fitted performance
verification of this model is very well. And the right-hand side is a
prediction area, which has been an increasing trend in the total ISWs
generated. According to the prediction results of MGM (1,1), China’s
ISWs generated is forecasted as 389819 million tons in 2018 and 488002
million tons of ISWs generated in 2025. The increase of ISWs generated
from 2018 to 2025 is found as 98183 million tons, and the growth rate of
China’s ISWs generated is 25.19%. Although the slow growth of ISWs
generated, it can be seen that the base of ISWs is huge after a certain
period of time.

The forecasting of China’s ISWs treatment from 2018 to 2025 is
shown in Fig. 4. Forecast results show that the curve of China’s ISWs
utilized increases at an insignificant increase trend. At the same time,
the utilization, disposal and storage of ISWs have a significant upward
trend. Additionally, the ratios of ISWs utilized are calculated as 57.6%,
56.5% and 55.3% from 2018 to 2020 (China’s 13th five-year plan), and
are predicted as 54.4%, 53.6%, 52.4%, 51.4% and 50.6% from 2021 to
2025 (China’s 14th five-year plan). By comparing the ratios of disposal
and storage for ISWs, we find that the ratios of ISWs utilized in different
periods are the highest. Therefore, although comprehensive utilization
is an important way to dispose of industrial solid wastes, the ratios of
ISWs utilized will also decline with the generation of industrial solid
wastes decreases.

4. Discussions

ISWs are growing environmental concern in China requiring and
proper solid waste management system for achieveing efficient recy-
cling. With the motivation, this study utilizes grey prediction model
improved to predict China’s ISWs. The data set for the utilization,
disposal and storage of ISWs is run to analyze the prediction capability
of the MGM (1,1) model by comparative analysis. Due to the charac-
teristics of the data set, the MGM (1,1) model outperforms the GM (1,1)
model. In the MGM (1,1), the MAPE values are lowest for all the data set
of ISWs. This means that the MGM (1,1) has better performance than the
GM (1,1). As also stated in recently published studies (Chen et al., 2016;
Wang and Song, 2019), the MGM (1,1) model enhanced the prediction
accuracy significantly. Although the relative residual and class ratio
dispersion are both less than 0.2, the MGM (1,1) could also be applied
for achieving accurate prediction of China’s ISWs. As also stated in
recently published studies, the metabolic grey model has a practicality
and higher performance of the capacity prediction except for short-term
predictions. This result is also consistent with the other studies about
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Fig. 1. The generation and treatment status of ISWs in China (2006-2017).
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Fig. 2. The test of relative residual and class ratio dispersion.
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Table 2 Table 5
Predicted and APE values of China’s ISWs generated. Predicted and APE values of China’s ISWs stored.
Year Actual GM (1,1) MGM (1,1) Year Actual GM (1,1) MGM (1,1)
Predicted APE (%) Predicted APE (%) Predicted APE (%) Predicted APE (%)
2006 142053 2006 20698
2007 175632 212249.1 20.85 2007 24119 24648.9 2.19
2008 190127 224309.4 17.98 2008 21883 27606.4 26.15
2009 203943 237054.9 16.24 2009 20929 30918.8 47.73
2010 240944 250524.8 3.98 2010 23918 34628.6 44.78
2011 326204 264759.9 18.84 328860.0 0.81 2011 61200 38783.5 36.63 50077.2 18.17
2012 332510 279803.9 15.85 328905.7 1.08 2012 60633 43436.9 28.36 52770.1 12.98
2013 330859 295702.8 10.63 328951.4 0.58 2013 43445 48648.8 11.98 76686.4 8.35
2014 329254 312505.0 5.09 328997.1 0.08 2014 45724 54485.9 19.16 55607.9 27.99
2015 331067 330261.9 0.24 329042.8 0.61 2015 59175 61023.4 3.12 58598.3 28.16
2016 314557 349027.9 10.96 329088.6 4.62 2016 63757 68345.4 7.19 65070.2 2.06
2017 338529 368860.2 8.96 329134.3 2.78 2017 79268 76545.8 3.43 68569.4 13.49
MAPE 11.78 1.51 MAPE 20.98 15.31
have a significant upward trend. The ISWs utilized as a kind of most
Tabl,e 3 . . important treatment method for Chinese enterprises to make solid waste
Predicted and APE values of China’s ISWs utilized. . - .
become a renewable resource. However, the ratio of ISWs utilized will
Year Actual GM (1,1) MGM (1,1) eventually remain at around 50% in the future. This implies that the
Predicted APE (%) Predicted APE (%) widespread industrial overcapacity has caused higher ISWs generated
2006 142053 and put pressure on the .comp.reher.lswe utilization of ISWs in the lqng
2007 175632 140043.1 26.95 term. Our results are similar with this of (Tang et al., 2020) study, which
2008 190127 146186.8 18.39 believed that the treatment efficiency of industrial solid waste is rela-
2009 203943 152600.0 10.43 tively low in China, and only Zhejiang, Hainan, Shanghai, Beijing,
2010 240944 159294.6 1.53 Fujian, Shandong, Guangdong, Tianjin, Shanxi, Hebei, Hunan and
2011 326204 166282.9 15.59 206500.7 4.83 wian, 8 gaong, Jin, ) g
2012 332510 173577.7 15.11 203723.5 0.36 Liaoning, the ratio of ISWs utilized have >50%. However, A study by
2013 330859 181192.6 12.73 200983.8 3.19 (Guan et al., 2019) found that the ratio of ISWs utilized is expected to
2014 329254 189141.5 8.36 198280.8 3.93 increase from 30%-50% to 50%-80% by using clean production tech-
2015 331067 197439.2 1.70 195614.3 2.61 nologies. These discussions can help decision makers plan for more
2016 314557 206100.9 10.26 192983.5 3.24 L - -
2017 338520 2151425 16.15 190388.2 278 effective industrial solid wastes management system that would ensure
MAPE 12.47 2.99 collection, transportation, utilization and disposal of ISWs in a sustain-
able way.
According to the forecast of this paper, it is clear that the total ISWs
Table 4 generation has been an increasing trend, however, the comprehensive
Predicted and APE values of China’s ISWs disposed. utilization of ISWs is relatively low among the three treatment states. At
present, the major challenges of ISWs management are large waste
Year Actual GM (1,1) MGM (1,1) . N . .
production and inadequate waste treatment in China (Guo et al., 2018;
Predicted APE (%) Predicted APE (%) Tang et al., 2020). To achieve the goal of environmental protection the
2006 41190 ambitious target of cutting ISWs generated and improving the efficiency
2007 41350 50554.7 22.26 of ISWs recycle and reuse, the priority of management, and use ISWs
2008 48291 53296.1 10.36 .
should towards proper waste management systems that improve waste
2009 47488 56186.2 18.32 lization (D | 9019). Lack of envi ) dcl
2010 57264 50232.9 3.44 uti 1zat1?n( aseta o ). Lack o environmenta awareness and clean
2011 71382 62444.9 12.52 76489.0 7.15 production technologies and infrastructures are major factors leading to
2012 77443 65831.1 14.99 76587.7 1.10 the growth of ISWs generated at an unexpectedly rapid rate (Geng et al.,
233 Z?g:l 63‘1‘22-: ig*gg 72626-‘3‘ 8.35 2007). In the future, ISWs generated will reach critical proportions in
7 73164. . 76785. 5.57 . - -
2015 74208 771317 3.04 768843 361 China with the. devel.opment of the economy. Slmultane9usly, the ISWs
2016 67128 81314.3 21.13 76983.5 14.68 management, including raw material recovery, processing, and reuse,
2017 82350 85723.7 4.09 77082.7 6.39 conversion and utilization and waste exchange, has always been of the
MAPE 12.56 6.69

prediction of Turkey’s greenhouse gas emissions (Sahin, 2019) and
forecasting of South Africa’s coal consumption (Ma et al., 2018).
Furthermore, China’s ISWs generated have been a slowly increasing
trend from 2018 to 2025, which will be controlled between 389819
million tons and 488002 million tons. These forecasts are higher than
those obtained by (Yang et al., 2016), who used a systematic approach
involving a regional input-output analysis for the forecasting of ISWs
generation and found the total ISWs generation in 2020 will be 425900
million tons. In addition, (Guo et al., 2018; Li et al., 2020) showed that
China’s ISWs generated will still increase slightly, but will be controlled
at about 350000-470000 million tons with the transformation and
upgrading of Chinese industry in the future. At the same time, with the
increase of ISWs generated, the utilization, disposal and storage of ISWs

utmost importance in waste treatment status (Luo et al., 2020; Xiao and
Zhou, 2020; Yang et al., 2016). Therefore, the sustainable way for ISWs
reduction must be to strengthen the environmental responsibility of
enterprises, to carry out green technology innovation, and also to
improve ISWs recycling to reduce the total waste load.

5. Proposed framework for ISWs management

To make ISWs become a renewable resource, it is necessary to
develop a framework for ISWs management and recycling (Guan et al.,
2019; Tang et al., 2020). As shown in Fig. 5, this paper designs a ISWs
management system to effective solid waste management. The priority
of the framework is to shift from traditional waste landfill and inciner-
ation that are cost-intensive and harmful to the ecological environment
towards an sustainable ISWs management system that promote the
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Fig. 3. The prediction results of China’s ISWs generated from 2018 to 2025 using the MGM (1,1).

recycling of the waste within the industrial development (Salihoglu,
2010; Zhang et al., 2016). Below is a list of the main contents associated
with the ISWs management system.

(a) Internal management and recycling of ISWs: Firstly, by adopting
safe, clean and efficient green production technology with higher
utilization efficiency and lower solid wastes generation, timely
improving outdated technology and equipment that dispose of
huge ISWs generated, developing key technologies for resource
conservation and recycling, and establishing technical systems
such as recycling of renewable resources. Secondly, the enter-
prises are focused on the classification and reuse obtained from
industrial waste products. Through waste recycling and disposal
within the waste generator, waste products can be sold and
reused in the market. This process is an environmentally friendly
and economic benefit, as it realizes the recycling of ISWs. Finally,
the internal management and recycling of ISWs were designed
such that the number of hazardous wastes and other wastes are
minimized to ensure that maximum utilization is achieved.
External management and recycling of ISWs: For enterprises with
imperfect waste disposal infrastructure, the external manage-
ment and recycling of ISWs can effectively promote the recycling
and waste-to-energy of hazardous wastes and other wastes.
Firstly, hazardous wastes and other wastes are then stored,
collected, transported, and disposed of by waste receiving en-
terprises that are the final utilization and disposal facility. Sec-
ondly, through the harmless and stable treatment of wastes, the
toxicity, and composition of hazardous waste and other waste can
be degraded. This process can be achieved the reuse and valori-
zation of these wastes using environmentally friendly workflows.
Finally, when wastes that cannot be solidified and stabilized are
concerned, it should be stored centrally to avoid the discharge
and disposal of these wastes.

(b)

The ISWs management and recycling based on industrialization and
circular economy is a top priority for the Chinese government (Guerrero
et al., 2013). In China, factors like supply-side structural reform, cleaner
production, and environmental quality fuel sustainable ISWs manage-
ment (Jin et al., 2017; Zhang et al., 2016). The current environmental
pollution has shed light on the necessity for linking the ISWs manage-
ment system from government policy, industry-university cooperative
innovation, and green finance (Huang et al., 2020; Yao and Zhang,
2018). Therefore, the application of safeguard mechanisms plays a
pivotal role in sustainably ensuring ISWs management and recycling by
multi-sectoral cooperation. The safeguard mechanism of the ISWs
management system is shown in Fig. 6.

As it shows, firstly, the forecasting of China’s ISWs reveals which the

stage generates what quantities of solid waste, and in what the effect of
treatment. On the one hand, these prediction results will be widely used
for the evaluation of various environmental regulatory policies related
to ISWs management. On the other hand, the results may also provide
decision support for government policymakers to improve ISWs man-
agement programs to establish ISWs recycling systems and prevent
environmental risks. Secondly, China should strengthen environmental
constraints to resolve industrial overcapacity and promote the mecha-
nism of the heavy pollution production capacity withdrawal and excess
capacity resolution. All levels of the government should strictly imple-
ment environmental regulatory policies from the central government,
and incorporate the management and recycling of ISWs into the per-
formance appraisal system of local officials. Moreover, a well-
functioning waste management system allows the media and public to
supervise the clean production activities of enterprises and the
enforcement of environmental regulations by local governments.
Simultaneously, the media serves a vital function in conveying green
consumption to the public. Next, collaborative agents of the industry-
university have shared risks and benefits in the process of green tech-
nology innovation, including academic resources, personnel training,
green technology R&D and transfer, and green technology application,
and so on. And the collaborative of industry-university can actively
improve the comprehensive utilization of ISWs with the help of green
technology innovation. Another significant aspect of the safeguard
mechanism is to promote the development of green finance. Financial
support is the key factor to maintain the operation of ISWs management.
The government should actively encourage and guide the flow of social
and private capital to the field of ISWs management and recycling, such
as implementing environmental subsidies and credit concessions for
ISWs recycling projects, setting up special investment funds for ISWs
management and supporting the transformation and upgrading of waste
recycling equipment. Finally, by improving the government’s green
procurement system and promoting the evaluation and certification of
green technologies, the sales of green products can be expanded.
Further, the enterprises should focus on making it easier for consumers
to make purchasing decisions by providing good quality green products
in the ISWs recycling.

6. Conclusion

Considering that the MGM (1,1) model has the lowest MAPE value
compared with the GM (1,1) model, the paper has forecasted the gen-
eration and treatment of ISWs from 2018 to 2025 in China based on
MGM (1,1) model. Furthermore, the proposed prediction model can be
applied as a guideline for a variety of future ISWs management and
recycling in China. Our conclusion is that although China has benefitted
from fast industrialization, the total amount of China’s ISWs generated is
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Fig. 4. The prediction results of China’s ISWs treatment from 2018 to 2024 using the MGM (1,1).

large and the comprehensive utilization of ISWs is still far from optimal,
and the establishment of an ISWs management and recycling framework
is particularly important. In this paper, the main research conclusions
are as follows: (1) China’s ISWs generated have been a slowly increasing
trend from 2018 to 2025, which will be controlled between 389819
million tons and 488002 million tons. (2) The utilization, disposal and
storage of ISW have a significant upward trend. And the ratio of ISWs
utilized will eventually remain at around 50% in the future (3) The tasks
of industrialization, urbanization, and agricultural modernization in
China have not yet been completed, and ecological and environmental

protection are still facing great pressure; therefore, we develop an ISWs
management system involving its safeguard mechanisms. Within the
context of sustainable development, the Chinese government has
incorporated environmental protection into corporate responsibility
through environmental regulation policies. In the future, we need to
take effective policies and measures to reduce China’s ISWs generated
and improve the efficiency of ISWs recycle while maintaining ISWs
management in a sustainable way.

At the same time, this study has several potential limitations: (1)
Although the MAPE of the MGM (1,1) model is less than 10% is believed
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Fig. 5. The ISWs management system.

as highly accurate forecasting, the relative residual and class ratio
dispersion are still relatively high and the model not be applied for a
long-term period. For further studies, the prediction of ISWs may be
correlated with including environmental policies and socio-economic
factors. (2) The applicability of this ISWs management system to
cleaner production and solid waste management based on different
situations needs to be verified or improved in future studies. In addition,
to improve the prediction ability of the MGM (1,1), the other optimi-
zation techniques, including the Genetic Algorithm (GM), Artificial
Neural Network (ANN) and Particle Swarm Optimization (PSO), should

No Yes I
1

;
:

be employed to optimize the parameters of the prediction model. These
models can be widely used to the prediction of ISWs generated, utilized,
stored, disposed, and discharged. Future research should aim to expand
on this study by these predictions to the most appropriate scenarios for
ISWs management and recycling.

Credit author statement

Zhi Yang: Data curation, Writing - original draft. Heng Chen:
Conceptualization, Methodology. Lei Du: Visualization, Formal analysis.



Z. Yang et al. Journal of Envirol 1 Manag xxx (XXXX) XXX
I — : — : : I
; Supervision Tax policy Economic policy Policy evaluation i
i 1 f i
1 1
! Public & Media Environmental regulation policy ] Prediction of ISWs !
! . )
1 / \ 1
| 1
1 Local governments Science & Technology policy Financial policy Decision support 1
! I !
! v Chinese government | !
1 - 1
1 | Implement relevant policies i
L LTINS T T T Tty T T T T T T oo B
i \ R TS L LEFESE XS -
i | Academic resource R&D input ! Waste generator & 1 Loan Bond :
. . 1

Waste receiving enterprise 1

— :

| 1 Cleaner Recycling & ; !
| [The collaborative of industry-university] i production Utilization ; !
. . 1
1 1 " .
- : >« ! 1
1 / | i |
: 1 Industrial

1 1 Improvement of Stock Fund .
|G technol ; Sffusionl - . un

; reen  technologyl | Innovation diffusion| i transformation | ransportation !
. . . . . |
i | innovation 1 and upgrading | facility i i
e et i = 1 R !
e T TR PR R R R R T e R |
! Green procurement Approval & Purchase Consumer X

U

Fig. 6. The safeguard mechanism of the ISWs management system.

Wei Lu: Software, Validation. Kai Qi: Writing - review & editing.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We are very grateful to the editors and anonymous reviewers for
reviewing this paper. This study was funded by the major project of the
Postdoctoral Research Foundation of Heilongjiang Province (Grant No.
LBH-Q19114), the Philosophy and Social Science Foundation of Hei-
longjiang Province (Grant No. 17GLB025) and the Fundamental
Research Funds for the Central Universities (Grant No. HEUCFP
201828).

References

Abbasi, M., El Hanandeh, A., 2016. Forecasting municipal solid waste generation using
artificial intelligence modelling approaches. Waste Manag. 56, 13-22.

Akay, D., Atak, M., 2007. Grey prediction with rolling mechanism for electricity demand
forecasting of Turkey. Energy 32, 1670-1675.

Ameyaw, B., Yao, L., Oppong, A, et al., 2019. Investigating, forecasting and proposing
emission mitigation pathways for CO2 emissions from fossil fuel combustion only: a
case study of selected countries. Energy Pol. 130, 7-21.

Asante-Darko, D., Adabor, E.S., Amponsah, S.K., 2017. Forecasting solid waste
generation: a Fourier series approach. Int. J. Environ. Waste Manag. 19, 318-337.

Ayvaz, B., Kusakei, A.O., Temur, G.T., 2017. Energy-related CO2 emission forecast for
Turkey and Europe and Eurasia: a discrete grey model approach. Grey Systems
Theory 7 (3), 437-454.

10

Bezuglov, A., Comert, G., 2016. Short-term freeway traffic parameter prediction:
application of grey system theory models. Expert Syst. Appl. 62, 284-292.

Boran, F.E., 2015. Forecasting natural gas consumption in Turkey using grey prediction.
Energy Sources Part B 10, 208-213.

Chandra Manna, M., Rahman, M.M., Naidu, R., et al., 2018. Chapter three - bio-waste
management in subtropical soils of India: future challenges and opportunities in
agriculture. In: Sparks, D.L. (Ed.), Advances in Agronomy. Academic Press,
pp. 87-148.

Chang, S.C., Lai, H.C., Yu, H.C., 2005. A variable P value rolling Grey forecasting model
for Taiwan semiconductor industry production. Technol. Forecast. Soc. Change 72,
623-640.

Chen, L., Lin, W, Li, J., et al., 2016. Prediction of lithium-ion battery capacity with
metabolic grey model. Energy 106, 662-672.

Cobo, S., Dominguez-Ramos, A., Irabien, A., 2018. From linear to circular integrated
waste management systems: a review of methodological approaches. Resources,
Resour Conserv Recycl 135, 279-295.

Cui, J., Liu, S., Zeng, B., Xie, N., 2013. A novel grey forecasting model and its
optimization. Appl. Math. Model. 37, 4399-4406.

Cui, J., Ma, H., Yuan, C,, et al., 2015. Novel grey Verhulst model and its prediction
accuracy. J. Grey Syst. 27, 47-53.

Das, S., Lee, S.H., Kumar, P., et al., 2019. Solid waste management: scope and the
challenge of sustainability. J. Clean. Prod. 228, 658-678.

Deng, J.L., 1982. Control problems of grey systems. Syst. Contr. Lett. 1, 288-294.

Ding, L., Liu, C., Chen, K., et al., 2017a. Atmospheric pollution reduction effect and
regional predicament: an empirical analysis based on the Chinese provincial NOx
emissions. J. Environ. Manag. 196, 178-187.

Ding, S., Dang, Y.G., Li, X.M,, et al., 2017b. Forecasting Chinese CO2 emissions from fuel
combustion using a novel grey multivariable model. J. Clean. Prod. 162, 1527-1538.

Du, S., Hu, L., Song, M., 2016. Production optimization considering environmental
performance and preference in the cap-and-trade system. J. Clean. Prod. 112,
1600-1607.

Duman, G.M., Kongar, E., Gupta, S.M., 2019. Estimation of electronic waste using
optimized multivariate grey models. Waste Manag. 95, 241-249.

Dyson, B., Chang, N.B., 2005. Forecasting municipal solid waste generation in a fast-
growing urban region with system dynamics modeling. Waste Manag. 25, 669-679.

Ezeudu, O.B., Ezeudu, T.S., 2019. Implementation of circular economy principles in
industrial solid waste management: case studies from a developing economy
(Nigeria). Recycling 4, 42.


http://refhub.elsevier.com/S0301-4797(20)31552-8/sref1
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref1
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref2
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref2
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref3
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref3
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref3
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref4
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref4
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref5
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref5
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref5
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref6
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref6
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref7
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref7
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref8
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref8
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref8
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref8
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref9
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref9
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref9
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref10
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref10
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref11
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref11
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref11
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref12
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref12
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref13
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref13
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref14
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref14
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref15
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref16
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref16
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref16
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref17
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref17
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref18
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref18
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref18
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref19
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref19
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref20
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref20
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref21
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref21
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref21

Z. Yang et al.

Geng, Y., Zhu, Q., Haight, M., 2007. Planning for integrated solid waste management at
the industrial Park level: a case of Tianjin, China. Waste Manag. 27, 141-150.
Guan, Y., Huang, G., Liu, L., et al., 2019. Ecological network analysis for an industrial

solid waste metabolism system. Environ. Pollut. 244, 279-287.

Guerrero, L.A., Maas, G., Hogland, W., 2013. Solid waste management challenges for
cities in developing countries. Waste Manag. 33, 220-232.

Guo, Y., Glad, T., Zhong, Z., et al., 2018. Environmental life-cycle assessment of
municipal solid waste incineration stocks in Chinese industrial parks. Resour.
Conserv. Recycl. 139, 387-395.

He, L.Y., Pei, L.L., Yang, Y.H., 2020. An optimised grey buffer operator for forecasting the
production and sales of new energy vehicles in China. Sci. Total Environ. 704,
135321.

Hoque, M.M., Rahman, M.T.U., 2020. Landfill area estimation based on solid waste
collection prediction using ANN model and final waste disposal options. J. Clean.
Prod. 256, 120387.

Huang, Q., Chen, G., Wang, Y., et al., 2020. Identifying the socioeconomic drivers of solid
waste recycling in China for the period 2005-2017. Sci. Total Environ. 725, 138137.

Huang, Y., Huang, C., 1997. Real-valued genetic algorithms for fuzzy grey prediction
system. Fuzzy Set Syst. 87, 265-276.

Intharathirat, R., Abdul Salam, P., Kumar, S., Untong, A., 2015. Forecasting of municipal
solid waste quantity in a developing country using multivariate grey models. Waste
Manag. 39, 3-14.

Jin, R,, Li, B., Zhou, T., et al., 2017. An empirical study of perceptions towards
construction and demolition waste recycling and reuse in China. Resour. Conserv.
Recycl. 126, 86-98.

Kahraman, C., Yavuz, M., Kaya, 1., 2010. Fuzzy and Grey Forecasting Techniques and
Their Applications in Production Systems, Studies in Fuzziness and Soft Computing,
pp. 1-24.

Kavouras, P., Kaimakamis, G., loannidis, T.A., et al., 2003. Vitrification of lead-rich solid
ashes from incineration of hazardous industrial wastes. Waste Manag. 23, 361-371.

Krishna, R.S., Mishra, J., Meher, S., et al., 2020. Industrial solid waste management
through sustainable green technology: case study insights from steel and mining
industry in Keonjhar, India. Mater. Today. https://doi.org/10.1016/j.
matpr.2020.02.949 in press.

Kumar, U., Jain, V.K., 2010. Time series models (Grey-Markov, Grey Model with rolling
mechanism and singular spectrum analysis) to forecast energy consumption in India.
Energy 35, 1709-1716.

Lee, Y.S., Tong, L.I., 2011. Forecasting energy consumption using a grey model improved
by incorporating genetic programming. Energy Convers. Manag. 52, 147-152.
Lertpocasombut, K., Sriploy, S., 2017. Time series analysis and forecasting technique for
converting industrial waste management: case study of a tape converting production

in Thailand. Front. Artif. Intell. Appl. 292, 396-404.

Lewis, C.D., 1982. Industrial and Business Forecasting Methods. Butterworth-
Heinemann, London.

Li, D., Wang, M.Q., Lee, C., 2020. The waste treatment and recycling efficiency of
industrial waste processing based on two-stage data envelopment analysis with
undesirable inputs. J. Clean. Prod. 242, 118279.

Li, S., Ma, X., Yang, C., 2018. Prediction of spontaneous combustion in the coal stockpile
based on an improved metabolic grey model. Process Saf. Environ. Protect. 116,
564-577.

Lin, C.B., Su, S.F., Hsu, Y.T., 2001. High-precision forecast using grey models. Int. J. Syst.
Sci. 32, 609-619.

Lin, C.T., Yang, S.Y., 2003. Forecast of the output value of Taiwan’s opto-electronics
industry using the Grey forecasting model. Technol. Forecast. Soc. Change 70,
177-186.

Liu, Y., Guo, D., Dong, L., et al., 2016. Pollution status and environmental sound
management (ESM) trends on typical general industrial solid waste. Procedia
Environ. Sci. 31, 615-620.

Luo, Z., Lam, S.K., Hu, S., Chen, D., 2020. From generation to treatment: a systematic
reactive nitrogen flow assessment of solid waste in China. J. Clean. Prod. 259,
121127.

Ma, M.L., Su, M., Li, S.Y., et al., 2018. Predicting coal consumption in South Africa based
on linear (Metabolic grey model), nonlinear (Non-linear grey model), and combined
(Metabolic grey model-autoregressive integrated moving average model) models.
Sustainability 10, 2552.

Ma, W., Zhu, X., Wang, M., 2013. Forecasting iron ore import and consumption of China
using grey model optimized by particle swarm optimization algorithm. Resour. Pol.
38, 613-620.

11

1 M,

Journal of Envirol xxx (XXXX) XXX

Ma, X., Liu, Z.b., 2016. Research on the novel recursive discrete multivariate grey
prediction model and its applications. Appl. Math. Model. 40, 4876-4890.

Nouri, D., Sabour, M.R., GhanbarzadehLak, M., 2018. Industrial solid waste management
through the application of multi-criteria decision-making analysis: a case study of
Shamsabad industrial complexes. J. Mater. Cycles Waste Manag. 20, 43-58.

Pao, H.T., Tsai, C.M., 2011. Modeling and forecasting the CO2 emissions, energy
consumption, and economic growth in Brazil. Energy 36, 2450-2458.

Qu, W., Shi, W., Zhang, J., Liu, T., 2020. T21 China 2050: a tool for national sustainable
development planning. Geogra. Sustain. 1, 33-46.

Sahin, U., 2019. Forecasting of Turkey’s greenhouse gas emissions using linear and
nonlinear rolling metabolic grey model based on optimization. J. Clean. Prod. 239,
118079.

Salihoglu, G., 2010. Industrial hazardous waste management in Turkey: current state of
the field and primary challenges. J. Hazard Mater. 177, 42-56.

Sandberg, M., Klockars, K., Wilén, K., 2019. Green growth or degrowth? Assessing the
normative justifications for environmental sustainability and economic growth
through critical social theory. J. Clean. Prod. 206, 133-141.

Seyoum, T., Adeloju, S.B., 2008. Analysis of elemental composition of solid industrial
wastes and its use for the assessment of reuse/recycling options. J. Solid Waste
Technol. Manag. 34, 59-69.

Song, Y., Wang, Y., Liu, F., Zhang, Y., 2017. Development of a hybrid model to predict
construction and demolition waste: China as a case study. Waste Manag. 59,
350-361.

Sun, C., Tong, Y., Zou, W., 2018. The evolution and a temporal-spatial difference analysis
of green development in China. Sustain. Cities Soc. 41, 52-61.

Tang, A.K.Y., Lai, K.H., Cheng, T.C.E., 2016. A Multi-research-method approach to
studying environmental sustainability in retail operations. Int. J. Prod. Econ. 171,
394-404.

Tang, J., Wang, Q., Choi, G., 2020. Efficiency assessment of industrial solid waste
generation and treatment processes with carry-over in China. Sci. Total Environ.
726, 138274.

Wang, Q., Song, X., 2019. Forecasting China’s oil consumption: a comparison of novel
nonlinear-dynamic grey model (GM), linear GM, nonlinear GM and metabolism GM.
Energy 183, 160-171.

Wang, Q., Song, X., Li, R., 2018. A novel hybridization of nonlinear grey model and
linear ARIMA residual correction for forecasting U.S. shale oil production. Energy
165, 1320-1331.

Wang, Y., Dang, Y., Li, Y., Liu, S., 2010. An approach to increase prediction precision of
GM(1,1) model based on optimization of the initial condition. Expert Syst. Appl. 37,
5640-5644.

Wang, Z.X., Li, D.D., Zheng, H.H., 2020. Model comparison of GM(1,1) and DGM(1,1)
based on Monte-Carlo simulation. Physica A 542, 123341.

Xiao, Y., Zhou, B., 2020. Does the development of delivery industry increase the
production of municipal solid waste?—an empirical study of China. Resour. Conserv.
Recycl. 155, 104577.

Xu, N., Ding, S., Gong, Y., Bai, J., 2019. Forecasting Chinese greenhouse gas emissions
from energy consumption using a novel grey rolling model. Energy 175, 218-227.

Yang, J., Fujiwara, T., Matsuoka, Y., Wang, W., 2016. A systematic approach to
projecting industrial solid waste generation by industrial sector in Shanghai.

J. Mater. Cycles Waste Manag. 18, 81-92.

Yang, W., Li, L., 2018. Efficiency evaluation of industrial waste gas control in China: a
study based on data envelopment analysis (DEA) model. J. Clean. Prod. 179, 1-11.

Yao, H., Zhang, C., 2018. A bibliometric study of China’s resource recycling industry
policies: 1978-2016. Resour. Conserv. Recycl. 134, 80-90.

Zamorano, M., Grindlay, A., Molero, E., Rodriguez, M.I., 2011. Diagnosis and proposals
for waste management in industrial areas in the service sector: case study in the
metropolitan area of Granada (Spain). J. Clean. Prod. 19, 1946-1955.

Zhang, M., Wang, Y., Song, Y., Zhang, T., Wang, J., 2016. Manifest system for
management of non-hazardous industrial solid wastes: results from a Tianjin
industrial park. J. Clean. Prod. 133, 252-261.

Zhao, H., Zhao, H., Guo, S., 2016. Using GM (1,1) optimized by MFO with rolling
mechanism to forecast the electricity consumption of inner Mongolia. Appl. Sci. 6,
20.

Zhou, P., Ang, B., Poh, K.L.J.E., 2006. A trigonometric grey prediction approach to
forecasting electricity demand. Energy 31, 2839-2847.


http://refhub.elsevier.com/S0301-4797(20)31552-8/sref22
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref22
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref23
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref23
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref24
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref24
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref25
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref25
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref25
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref26
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref26
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref26
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref27
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref27
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref27
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref28
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref28
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref29
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref29
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref30
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref30
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref30
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref31
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref31
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref31
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref32
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref32
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref32
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref33
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref33
https://doi.org/10.1016/j.matpr.2020.02.949
https://doi.org/10.1016/j.matpr.2020.02.949
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref35
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref35
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref35
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref36
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref36
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref37
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref37
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref37
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref38
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref38
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref39
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref39
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref39
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref40
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref40
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref40
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref41
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref41
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref42
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref42
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref42
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref43
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref43
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref43
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref44
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref44
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref44
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref45
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref45
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref45
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref45
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref46
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref46
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref46
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref47
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref47
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref48
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref48
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref48
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref49
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref49
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref50
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref50
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref51
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref51
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref51
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref52
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref52
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref53
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref53
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref53
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref54
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref54
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref54
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref55
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref55
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref55
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref56
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref56
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref57
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref57
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref57
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref58
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref58
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref58
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref59
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref59
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref59
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref60
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref60
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref60
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref61
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref61
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref61
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref62
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref62
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref63
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref63
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref63
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref64
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref64
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref65
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref65
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref65
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref66
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref66
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref67
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref67
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref68
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref68
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref68
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref69
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref69
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref69
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref70
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref70
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref70
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref71
http://refhub.elsevier.com/S0301-4797(20)31552-8/sref71

	Exploring the industrial solid wastes management system: Empirical analysis of forecasting and safeguard mechanisms
	1 Introduction
	2 Methodology
	2.1 The modeling algorithm of GM (1,1)
	2.2 The metabolic grey model
	2.3 The accuracy measurement

	3 Results and discussions
	3.1 The result of correlation test
	3.2 Prediction of ISWs generation and treatment

	4 Discussions
	5 Proposed framework for ISWs management
	6 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	References


