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Abstract

Industrial hazardous waste (IHW) comes in a wide variety of types and is difficult to dispose
of completely on a local scale. Cross-regional cooperation is an effective way to achieve the optimal
allocation of resources. This study constructs an ecological compensation framework for the cross-
regional transfer of IHW, based on the generation and disposal status in Wenzhou, the utilization rate
of disposal capacity, and the associated ecological environmental losses, development opportunity
losses, and disposal costs. The results revealed that Wenzhou has sufficient capacity for IHW disposal,
but the utilization rate is only 40%. Implementing the cross-regional transfer and disposal of IHW is
conducive to utilizing the idle disposal capacity of Wenzhou and optimizing the resource allocation in
the surrounding areas. Ecological compensation standards for various IHW were quantified. Among
them, the incineration process requires the highest ecological compensation standard, which amounts to
1,629 CNY/t. The type of IHW with the largest disposal capacity in Wenzhou is HW17,
and its recommended ecological compensation standard is 633.6 CNY/t. Full utilization of this
disposal capacity can generate over 145 million CNY in ecological compensation income.
This ecological compensation framework provides reasonable compensation standards and guidance
for the cross-regional transfer of IHW and has strong applicability.
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Introduction

Given their unique resource attributes and hazardous
characteristics, industrial hazardous waste (IHW)
falls within the category of solid waste subject to the
strictest environmental supervision and attracts the
greatest level of social concern [1, 2]. With the rapid
development of China’s economy, the rapid progress
of urbanization and industrialization, as well as the
continuous improvement of human living standards,
the amount of various types of solid waste has been
increasing year by year [3-5]. In recent years, the
concept of “zero-waste cities” has been proposed and
implemented in China [6, 7]. This also leads to a situation
in which landfill-based IHW disposal faces bottlenecks
in developed cities with scarce land resources. Wenzhou
is an important city in the Yangtze River Delta region,
with a population of nearly 10 million and a GDP of
approximately 1 trillion CNY. However, nearly 80%
of Wenzhou’s land area consists of mountains and
hills, making its land resources extremely precious.
Therefore, promoting the joint construction and sharing
of IHW recovery and disposal facilities and establishing
the “resource management” concept becomes extremely
important.

The cross-regional disposal of IHW 1is often
accompanied by problems such as pollution transfer,
environmental risk transfer, regulatory responsibility
transfer, and the transfer of the “not in my backyard”
sentiment [8]. To avoid unnecessary risk responsibilities,
the local government of the receiving area often lacks
enthusiasm to accept external solid waste, especially
IHW. The resistance of local governments to the transfer
of IHW to recovery and disposal reflects the lack of
compensation for the transfer of environmental pollution
responsibility. The establishment of a scientifically
sound and rational ecological compensation mechanism
constitutes the cornerstone of achieving cross-regional
governance. Some cities in China have conducted in-
depth explorations on the ecological compensation
system for the cross-regional transfer and disposal of
domestic waste and have achieved certain results [9-11].
However, there is still a lack of a theoretical basis for the
ecological compensation of [THW.

Quantifying the compensation standard is the core
for determining the amount of ecological compensation,
and it is also the key to establishing an effective
ecological compensation scheme [12]. It directly affects
the scientific validity and implementation effectiveness
of ecological compensation. The calculation methods
of the existing ecological compensation standards
for cross-regional transfer are mainly based on ecosystem
service valuation, cost-benefit analysis, and opportunity
cost methods [13-15]. Ecosystem service valuation
can reflect the benefits of the ecological environment.
This method realizes the monetization of ecosystem
service functions, referred to as ecosystem service
value (ESV). Costanza et al. (1997) classified the
global biosphere ecosystem services into 17 categories

and estimated the functional values of all biosphere
areas, such as water regulation, water supply, and soil
and water conservation, based on existing international
research [16]. The specific methods involve the
equivalent factor method, the market price method,
and the contingent valuation method, etc. [17-19].
The construction of IHW disposal facilities, whether
it is a landfill, an incineration plant, or a recycling
factory, will occupy and change the nature of the land,
thereby causing damage to the surrounding ecological
environment. On the other hand, cost-benefit analysis
mainly consists of investment costs and ecological
benefits [20]. At present, methods such as questionnaire
surveys and indirect calculations are commonly adopted.
IHW disposal facilities incur costs such as investment,
operation, and depreciation, but they can also generate
income through the recovery of resources and energy.
Opportunity cost refers to the continuous cost resulting
from the restriction of development opportunities due to
environmental damage, both in the present and in the
future [21]. In the cross-regional transfer and disposal
of IHW, the opportunity cost is an important factor that
cannot be ignored, as it directly affects the vital interests
of residents.

In summary, the design of the ecological
compensation system has already laid a certain
foundation. However, no quantitative, technology-
specific framework has been developed for the cross-
regional transfer of IHW. As the cross-regional transfer
of IHW involves transportation, storage, and centralized
disposal, it faces problems such as ecological and
environmental protection pressures and residents’ health
concerns in the receiving area, making it difficult to
simply measure its value and increasing the difficulty
of cost accounting for ESV. Meanwhile, the form of
compensation will also affect the stability and reliability
of the system. To fill this gap, this study attempted
to propose an ecological compensation framework
for the cross-regional transfer of IHW by integrating
ecosystem service valuation, cost-benefit analysis,
and opportunity cost. First, the necessity and feasibility
of ecological compensation for the cross-regional
transfer of IHW in Wenzhou were summarized
and analyzed. Second, the ecological compensation
standard was constructed by using ecosystem service
valuation, cost-benefit analysis, and opportunity cost
analysis. Finally, an ecological compensation system
for the cross-regional transfer of IHW was developed
based on IHW disposal capacity. It may provide
valuable references and suggestions for China to break
through the resource bottleneck, improve the disposal
capacity of IHW, and achieve common prosperity in the
region.
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Materials and Methods
Study Area and Data Collection
Study Area

Wenzhou is a city located in the southeast of Zhejiang
Province, China (N27°03’~28°36’, E119°37°~121°18’,
Fig. 1). Wenzhou has a subtropical monsoon climate
with four distinct seasons and abundant rainfall. The
annual average temperature ranges from 17.3 to 19.4°C,
andtheannual precipitationisbetween 1,113 and 2,492 mm.
As of 2024, the permanent resident population of
Wenzhou is 9.85 million, the gross domestic product
(GDP) reached 971.8 billion CNY, and the per capita
GDP reached 99,106 CNY (equivalent to 13,919 USD).
There were 9,291 industrial enterprises above designated
size in Wenzhou, achieving an industrial added value
(IAV) of 173.69 billion CNY, an increase of 10.2%.
Therefore, industry in Wenzhou is still developing at
a high speed, and the discharge of IHW will still show
an increasing trend in the future.

Data Sources

The time span of this study is from 2022 to 2024.
The basic statistical data of Wenzhou, such as the
permanent resident population, GDP, per capita net
income, and TAV, all come from the statistical yearbooks
released by the Wenzhou Municipal Government.
The data related to IHW, such as annual generation
volume, generation types, disposal volume, incineration
volume, and comprehensive utilization capacity, all

come from the Information Announcement on the
Prevention and Control of Environmental Pollution by
Solid Waste in Wenzhou. The market data, including the
prices of landfill, incineration, and pollution emission
rights trading, were obtained from the government
pricing catalog published by the Development and
Reform Commission of Zhejiang Province in 2022. The
specific data source information is shown in Table 1.

Theoretical Basis

The main purpose of ecological compensation is
to reduce or eliminate the negative impacts caused by
human activities through compensation measures [22,
23]. In the field of solid waste resource utilization, it
was extended to reward the negative impacts offset by
resource utilization through compensation measures,
thereby encouraging enterprises to undertake such
ecological and environmental protection projects [24].
Therefore, it is of great importance to determine the
ecological compensation standard. Based on this logic,
the most crucial part of ecological compensation for
IHW lies in accounting for the social harm cost caused
by non-resource treatment and the expected benefits
after resource utilization. As shown in Fig. 2, the
cross-regional transfer of IHW involves many aspects,
including incineration, landfill, and recovery, etc.
The model for the cross-regional transfer of THW
includes the loss of ecological and environmental
functions (LE), the loss of development opportunities
in the surrounding areas of the disposal facilities due
to environmental deterioration (LO), the disposal cost
(CD), the dividends generated from the sale of resource
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Fig. 1. Location of the study area.
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Table 1. Related data sources.

Data category

Name

Data sources

Basic
statistical data

Land area; the permanent resident population;
GDP; per capita disposable income; [AV; per capita
healthcare expenditure; population migration rate.

Statistical yearbooks of Wenzhou (2022, 2023, 2024)

The total amount of IHW; the detailed amount of
HW12, HW17, HW18, HW22, HW34, HW49; the
disposal capacity of IHW; the number of disposal

facilities; the amount of IHW transferred out; the

amount of IHW transferred in.
IHW data

Information Announcement on the Prevention and Control of
Environmental Pollution by Solid Waste in Wenzhou (2022,
2023, 2024)

Pollution emissions

Environmental Impact assessment reports (Wenzhou Xizilan
Environmental Protection Technology Co., LTD, 2016;
Zhejiang Ligao Environmental Protection Technology Co.,
LTD, 2016; Zhejiang Hetai Thermal Power Co., LTD, 2023;
Yueqing General Industrial Solid Waste Landfill, 2020)

Benchmark price of emission rights trading;
disposal fees of IHW

Zhejiang Province Pricing Catalogue (2022 Edition)

Market data

sales revenue

Gross profit margin of IHW disposal enterprises;
disposal cost of different disposal methods; product

Shanghai Stock Exchange
https://www.sse.com.cn/disclosure/listedinfo/regular/
(Shanghai Conglin Environmental Protection Technology
Co., LTD 688370; Beijing High-Energy Dianchen
Engineering Co., Ltd 603588)

Shenzhen Stock Exchange
http://www.szse.cn/disclosure/index.html
(Dongjiang Environment Co., LTD 002672.SZ)

Annual loss rate of ESV

[4]

Reference data

ESV of different land types

[27]

recovery and reuse (DR), and the gains from energy
recovery and utilization (ER).

Calculation of Ecological
and Environmental Losses

In this study, the loss of ecological and environmental
functions was divided into two parts: ecological loss
(LE) and environmental loss (LE,). The former was
used to measure the damage caused by IHW to the
ecosystem, while the latter was used to measure the
environmental pollution caused by the disposal of THW.
The specific Equation is as follows:

LE = LE, + LE, 0

Ecosystem service value (ESV) was used to
quantitatively calculate LE . To ensure the operability
of the model, cultivated land, forest land, wetland, water
area, and green land (grassland) were selected as the
accounting indicators. In this study, the weighted factor
method is adopted to calculate ESV [25]. The weighted
ESV is calculated by the following Equation.

ESV = Z};Zk X ESVk ()

where & denotes the land use types; Z is the weight
coefficient; ESV is the ecosystem services value,
CNY/(hm?-a).

Therefore, the calculation formula for LE is as
follows:

_ on TaXESVXA .

where i denotes the disposal types of IHW,;
r, represents the annual loss rate of £SV of Wenzhou;
A is the total ecological impact area of IHW disposal
facilities, hm?;, G is the IHW disposal capacity of
Wenzhou, t/a; O is the amount of IHW, t/a.

The accounting indicators for LE, include losses
from air, water, noise, solid waste, and soil pollution,
among others. Considering that the impact of noise
is relatively small, and end-of-life disposal does not
generate additional solid waste pollution, only the losses
of air and water pollution were considered. China has
established a trading system for pollution discharge
rights. In this study, the calculation of environmental
losses was based on the benchmark price of pollution
discharge rights. Thus, the calculation Equation for LE,
is as follows:

LEb = Z?ZTPJXEUXQL (4)
where j denotes the typical pollutants: SO,, NO_, VOCs,
COD, and NH,-N, respectively; P is the benchmark price
of pollution discharge rights, CNY/kg; E is the amount
of pollutants generated by different disposal types, kg/t.
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Fig. 2. Ecological compensation framework for cross-regional transfer of IHW.

Calculation of the Loss
of Development Opportunities

This part of the loss can be measured by the
opportunity cost method and the market value method
[21, 26]. Specifically, it is possible to estimate the
mobility of the regional labor force, the income levels
of local farmers and urban residents, and the medical
expenditures related to pollution (i.e., the loss of human
health). The calculation Equation for LO is as follows:

pXAX(rpxIr+hxen)

LO = z )

where p is the population density, p/hm? r, is the
population migration rate; /_is the per capita disposable
income of rural residents, CNY/p; % is the health risk
coefficient; e_ is the per capita healthcare expenditure,
CNY/p.

Calculation of Costs and Benefits
of IHW Disposal

Recovery, incineration, and landfill are three
dominant disposal types of IHW. Apart from landfills,
which offer no subsequent products, both recovery and
incineration have products available for sale. Therefore,
this part of the calculation will determine the costs and
benefits based on the disposal types for different product
categories. The disposal cost (CD) refers to the disposal
costs of IHW without subsequent product sales. The
calculating Equation is as follows:

CD = X' rai X Q (6)

where i denotes the types of IHW; r, is the unit price
required for different disposal types of THW, CNY/t;
O is the disposal amount, t/a.

The resource utilization of THW generates both
explicit economic benefits and implicit welfare gains.
Explicit benefits arise from the sale of recovered
resources, which provides direct revenue for enterprises.
Implicit welfare gains are reflected in improvements to
the urban environment through reduced waste emissions
and lower costs associated with pollutant discharge
penalties. The specific formula for DR is as follows:

DR = Y1 YT"(R; x Wy X Q;) )

where / denotes the products for sale; R is the revenue
from the direct sale of item /, CNY/t; W is the products
generated from the recovery of IHW, t/t; O is the
recovery amount of [HW, t/a.

Part of the THW with calorific value can be
incinerated to recover energy, thereby generating energy
recovery benefits. The specific Equation is as follows:

ER =XI'Vi X Q; ®)

where V' is the economic value of the energy produced
by incinerating per unit of the waste, CNY/t; Q is the
incineration amount of IHW, t/a.

Ecological Compensation Standard

In this study, ecological losses, environmental losses,
opportunity losses, as well as revenue from resource
sales and energy recovery during the disposal process
of IHW were considered comprehensively. Suppose that
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TL is the sum of all losses, which is taken as the total
amount of the ecological compensation. The specific
calculation model is as follows:

pXxAX(rpXL+hxep)
G

A XESVXA
TL; = [%+27Pj X Ejj +

+ g — XMRy X W) — Vi] X Q;
)

Therefore, the calculation model of the ecological
compensation standard (Si) is as follows:
Si =TL;/Q; (10)

where S is the ecological compensation standard for
different types of IHW.

Results and Discussion
Current Status

In the past three years, the production of THW
in Wenzhou has shown a continuous growth trend.
As shown in Fig. 3a), the annual generation of THW
increased from 470.4 kilotons in 2022 to 506.3 kilotons
in 2023, then to 545.1 kilotons in 2024, with the
annual growth rate exceeding 6%. In terms of output,
the main types of IHW were, in order, surface treatment
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Fig. 3. The current situation of IHW disposal in Wenzhou.
a) the annual production of IHW in Wenzhou (HW17: Surface treatment waste; HW18: Incineration residue; HW22: Copper-containing
waste; HW34: Waste acid; HW49: Waste circuit boards); b) the proportion of disposal types; c) the utilization rate of IHW disposal
capacity in Wenzhou; d) the amount of IHW transferred cross-regionally.

waste (HW17), incineration residues (HWI18), waste
acid (HW34), waste circuit board (HW49), and copper-
containing waste (HW22). Among them, both HW17 and
HW49 have shown a significant year-on-year increase.
The other three types of IHW, however, had years with
both flat year-on-year growth and years of decline. The
production of other types of IHW has shown a trend
of decreasing year by year. Overall, the total amount
of IHW generated in Wenzhou has been gradually
increasing, but it is mainly concentrated in categories
HW17 and HW49. The top five IHW categories account
for over 85% of the total.

Meanwhile, the dominant type of IHW disposal
in Wenzhou is recovery (as shown in Fig. 3b).
The proportion of recovery showed a gradually
increasing trend, ranging from 58.7% in 2022 to 59.6%
in 2023 and 64.5% in 2024. The next dominant method
is landfill, with proportions ranging from 33.1% in
2022 to 33.7% in 2023, then to 29.9% in 2024, showing
a stable trend with a slight decline. Although
incineration is also a common method for IHW disposal,
its application in Wenzhou is not widespread. In 2024,
only 2.7% of IHW adopted this method, but it is worth
paying attention to in the future. Finally, every year,
approximately 2.5% of IHW was stored for subsequent
disposal. Although storage of IHW may lead to safety
risks, the proportion remains relatively low [28]. As the
amount of IHW generated continues to increase, the
rates of recovery and landfill have remained relatively
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stable, suggesting that Wenzhou has sufficient disposal
capacity for IHW. However, there are still weaknesses in
the disposal capacity for certain types of IHW. Fig. 3c)
perfectly validates this hypothesis. The total disposal
capacity of IHW in Wenzhou far exceeded its production
amount. In 2024, it reached 826 kilotons/a, resulting
in a utilization rate of disposal capacity of only 40.3%.
This means a huge waste of resources, while also
generating many cross-regional transfer demands.
As shown in Fig. 3d), the total amount of THW
transferred out from Wenzhou to other regions was
21.5 kilotons in 2024, which accounted for only 3.9% of
the total amount of IHW. On the other hand, the amount
of THW transferred in from other regions outside
Wenzhou remained at a low level. The highest figure
was 5.5 kilotons in 2022, which accounts for only 1% of
the total disposal volume.

The Necessity of Cross-Regional Cooperation

The generation of IHW is closely related to the
industrial structure of the city [29]. Wenzhou is one
of the important industrial cities in the Yangtze River
Delta region. Stainless steel and automotive components
are important pillar industries in Wenzhou. The THW
emission intensity of a city can be measured by input-
output analysis [30]. As shown in Fig. 4, the generation
of IHW per billion AV of Wenzhou was 1,771 t in 2024.
It is far lower than the average levels in Zhejiang Province
and China, which are 2,625 t and 3,210 t, respectively.
Although there is a considerable gap compared to that of
Beijing, overall, it is close to Shanghai and Hangzhou,
which also have developed manufacturing industries.
Compared with the typical heavy industrial city of
Tangshan, the IHW emission intensity in Wenzhou is
much lower. Meanwhile, Wenzhou has a strong disposal
capacity of IHW, but most of it is idle, and the utilization

6000

rate is only 40%, which results in a significant waste
of resources. Therefore, Wenzhou has the necessary
conditions to receive IHW transferred across regions.

The Ecological and Environmental Losses

In the ecosystem of Wenzhou, the forest, grassland,
farmland, water area, and wetland ecosystems account
for 61.10%, 0.67%, 12.90%, 4.41%, and 4.36% of the
regional land area, respectively, a total of 83.44%. Each
ecosystem has its corresponding ESV [31]. According
to the distribution of the ecosystem and based on the
area size, weight coefficients are assigned to the five
major systems: forest ecosystem (forest land), grassland
ecosystem (green land), farmland ecosystem (cultivated
land), aquatic ecosystem (water area), and wetland
ecosystem (wetland). Ultimately, a weighted ESV of
Wenzhou can be obtained. The parameters for ecological
loss calculation are shown in Table S1. The weighted
ESV of Wenzhou is 37,450 CNY/(hm?-a).

The ecological and environmental losses caused
by IHW are mainly based on ecosystem degradation
and environmental pollution resulting from its
disposal facilities [32, 33]. The distribution of THW
disposal facilities in Wenzhou is shown in Fig. S1. The
ecological impact range is defined as the circular area
of the radius of the influence range of air pollutants of
a single disposal facility, that is, a circle with a radius
of 2.5 km (an area of approximately 20 km?). Given that
the influence ranges of some disposal facilities overlap,
after correction, the total affected area is 489 km? for
all 30 disposal facilities. According to the report by Liu
et al. on the profit and loss evaluation of the Wenzhou
ecosystem, the annual loss rate of ESV of Wenzhou
() was set at 1.16% [4]. From 2022 to 2024, there were
29, 29, and 30 disposal facilities of IHW in Wenzhou,
respectively. Consequently, the IHW disposal capacity
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Table 2. The ecological losses caused by IHW disposal in Wenzhou.

Years Facility numbers Inﬂuehr;c; area Disposatl/ :apacity Ecologicc;}\l((;tss (LE)

2022 29 47270 806,000 255

2023 29 47270 806,000 255

2024 30 48900 826,000 25.7
Average 293 47813 812,667 25.6

of Wenzhou was 812,667 t/a on average. Substituting
this data into Equation (3), the ecological loss (LE))
caused by IHW disposal facilities in Wenzhou can be
obtained. The results were listed in Table 2. This means
that the ecological loss caused by the disposal and
utilization of IHW in Wenzhou was 25.5 CNY/t in 2024,
and 25.6 CNY/t on average.

On the other hand, the environmental losses
caused by IHW disposal mainly result from waste gas
emission, wastewater discharge, and noise impact. Due
to the difficulty in quantifying the impact of noise, it
was not considered in this study. Three representative
gaseous pollutants (SO,, NOx, VOCs) and two typical
water pollutants (COD, NH,-N) were used as the basis
for calculating environmental losses. According to the
trading system for pollution discharge rights of China,
these five pollutants were assigned specific benchmark
prices, which can thus serve as an important reference
for assessing environmental losses. In order to obtain
the amount of pollutants generated by unit IHW during
disposal, the authors investigated the environmental
impact reports of relevant disposal facilities and obtained
the following data, as listed in Table S2. Substituting

the data into Equation (4), the environmental losses
(LE,) caused by the IHW disposal each year can be
obtained. As shown in Fig. 5, the amount of IHW locally
disposed of in Wenzhou has been increasing year by
year. Both landfill and recovery have seen significant
growth, while incineration decreased from 27.8 to
14.3 kilotons/a. The pollution charge of recovery is the
highest compared to the other two types, resulting in
nearly 85% of the environmental loss originating from
the local IHW recovery in Wenzhou. After estimation,
the environmental loss caused by the disposal and
utilization of THW in 2024 was 0.86 million CNY,
which was much smaller than the ecological loss caused.
Therefore, the ecological and environmental losses (LE)
caused by recovery, incineration, and landfill are 30.6,
28.1, and 26.1 CNY/t, respectively.

The Loss of Development Opportunities

The loss of development opportunities consists of
two parts. One part is the potential increase in health
expenditures for residents within the affected area of
the THW disposal facilities. The other part is the loss
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Table 3. The loss of development opportunities caused by IHW disposal in Wenzhou.

Influence Population Per capita Per capita healthcare | Population . Loss of development
. . . . L Health risk .
Years area density disposable income expenditure migration rate coefficient opportunities
(hm?) (p/hm?) (CNY/p) (CNY/p) (%) (CNY/t)
2022 47,270 7.07 38,482 2,229 0.35 0.1 148.3
2023 47,270 7.07 41,622 2,296 0.35 0.1 155.6
2024 48,900 7.07 44,300 2,353 0.35 0.1 163.4

of job opportunities within that area. The concepts of
population migration rate (rp) and health risk coefficient
(h) are introduced. In the past three years, the net
migration rate of the population in Wenzhou was 0.35%.
At the same time, the registered population in Wenzhou
showed a slight downward trend, but remained relatively
stable overall, at around 8.3 million. Therefore, the
population density (p) is 7.07 p/hm?. From 2022 to 2024,
the per capita disposable income of rural areas (/) in
Wenzhou increased from 38,482 to 44,300 CNY/a. On
the other hand, the per capita medical expenditure (e_) in
Wenzhou increased slightly from 2,229 CNY in 2022 to
2,353 CNY in 2024. In the health risk assessment, an HQ
(Hazard Quotient) less than 1 is considered acceptable
[34]. As the maximum ground concentration compliance
rate of pollutants within the compensation area is 10%,
the health risk coefficient (%) in this study was set at
0.1. Substituting the data into Equation (5), the loss of
development opportunities in Wenzhou can be obtained.
The results are listed in Table 3. Based on the THW
disposal capacity of Wenzhou, the losses of development
opportunities from 2022 to 2024 were 148.3, 155.6, and
163.4 CNY/t, respectively. The average annual growth
rate of LO is approximately 5%. According to this trend,
the projected LO for 2025 is expected to be 171.2 CNY/t.
Based on this, in the subsequent calculations, LO will be
set at 170 CNY/t.

Costs and Benefits of [HW Disposal
Different IHWs require different disposal methods,

and they will result in completely different costs and
benefits [35]. Therefore, the calculation of this part

Table 4. The costs and benefits of IHW disposal in Wenzhou.

is conducted based on different types of IHW. It has
been previously mentioned that the proportions of the
five major types of IHW in Wenzhou exceeded 85%.
Therefore, the focus is on accounting for HW17, HW18,
HW22, HW34, HW49, and paint waste (HW12). These
six representative IHWs were classified into three
disposal types: recovery, landfill, and incineration. By
investigating the financial reports disclosed by similar
disposal enterprises of listed companies in China, the
costs and gross profit margins of THW disposal were
examined. The Development and Reform Commission
of Wenzhou has set the corresponding disposal fees
of IHW in Wenzhou. Considering that IHW disposal
enterprises need a 25% gross profit margin to ensure
stable operation of the business, this portion of the
income needs to be considered as a cost during the
calculation. The results are listed in Table 4. Among
the three disposal types, landfill has no revenue from
by-products, but its cost is relatively lower, so the gross
profit margin is the highest, reaching 60%. Therefore,
the net cost of landfill is negative. HW17 and HW22
mainly recover high-value zinc and copper, with
relatively high by-product profits. However, the disposal
costs are also the highest, and the gross profit margin
is around 30%. HW34 mainly recycles products such as
sulfuric acid and nitric acid, with relatively low costs
and a gross profit margin of up to 43.8%. The disposal
cost of incineration is relatively high, but the disposal
fees set by the government are the highest, so there is
still a decent gross profit margin. Since the revenue
from incineration power generation is only 300 CNY/t,
the net cost of incineration is the highest, reaching
1,433 CNY/t.

) Costs Benefits Gross profit
Disposal . Net cost
types IHW types | Disposal cost |  Profit cost Disposal fee | Product sales fargin (CNY/)
(CNY/t) (CNY/) (CNY/t) (CNY/) (%)
HW17 3100 1733 2000 2400 29.5 433
Recovery HW22 2800 1600 2000 2100 32.0 300
HW34 900 800 1200 400 43.8 100
HWI18 1000 1333 2500 0 60.0 -167
Landfill
HW49 1000 1333 2500 0 60.0 -167
Incineration HW12 2500 3033 3800 300 39.0 1433
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Quantification of the Ecological
Compensation Standard

Based on the above evaluations, the ecological and
environmental losses, opportunity loss, and net disposal
cost for different disposal types have been obtained.
Then, the recommended ecological compensation
standard for Wenzhou was provided. As shown in
Table 5, the ecological compensation standards and
their components for the six major types of IHW were
presented. Among them, HW12, which is disposed of
through incineration, requires the highest ecological
compensation, reaching 1,629.09 CNY/t. This is partly
due to the high cost of incineration disposal, and partly
because the anti-incineration sentiment among the
public is the strongest. The ecological compensation
required for HW18 and HW49, which are disposed of
through landfill, is the lowest, at only 31.13 CNY/t. This
is due to the high charging fee, as well as the cost of
landfill. The IHWs, HW17, HW22, and HW34, which
can still be recycled, still need to be incentivized
through ecological compensation. However, due to
the differences in recovery processes and subsequent
products, their ecological compensation standards
also vary significantly. The ecological compensation
standard for HW17 is the highest, at 633.60 CNY/t.
HW?22 follows with a standard of 500.60 CNY/t, while
HW34 has the lowest standard of 300.60 CNY/t.

Compared to the reported standard based on emergy
methods for phosphogypsum [24], which is 37.4 CNY/t
for ecological and environmental loss, this study
incorporates the same loss category but additionally
monetizes opportunity cost, disposal cost, and
technology-specific benefits, yielding a fully itemized
and transferable compensation standard.

The Rationality of Ecological
Compensation Standards

Since the construction of ITHW disposal facilities
may cause ecological damage and environmental
pollution, which in turn affects the income and health
of residents, there will be hidden costs associated with
the disposal of IHW. As the transfer-out city of IHW,
it avoids ecological damage and gains more development

opportunities.  Therefore, reasonable ecological
compensation is required for the transfer-in cities. This
framework of ecological compensation covers losses
of ecosystem and environment, loss of development
opportunities, and the net cost of disposal.

The disposal facilities are fixed after their
construction, so they have a continuous impact on ESV.
Therefore, this impact needs to be distributed among
the THW they dispose of. Then the reasonable unit
price is based on the disposal capacity of the disposal
facility. When the disposal capacity is fully utilized,
this cost will be minimized. In the past three years, the
number of disposal facilities in Wenzhou has remained
largely unchanged. In 2024, one more facility was
added. Therefore, the total ecological loss in Wenzhou
amounted to 21.42 million CNY in 2024, with a unit
price of 25.6 CNY/t.

Meanwhile, whether it is recovery, incineration,
or landfill, the disposal processes of IHW may cause
secondary pollution. Therefore, this part of the
pollutants should be regarded as cross-regional transfer,
and it is reasonable to calculate and account for it
through the trading of pollutant emission rights. Thus,
the environmental loss was classified and calculated
based on different disposal methods. The total amount of
environmental loss caused by IHW disposal in Wenzhou
was 2.18 million CNY in 2024.

The loss of development opportunities lies in the
fact that the construction of IHW disposal facilities
reduces the opportunities for residents to increase
their income and increases the cost of maintaining
health. Given that the locations of disposal facilities
are usually chosen away from densely populated urban
areas, rural residents are usually affected. Since it is
difficult to separately count the population migrations
caused by the construction of facilities, the overall
population migration rate of Wenzhou is used as
a substitute. The construction of factories often means
the relocation of residents and the influx of migrant
workers. Therefore, it is estimated that this loss exceeded
13496 million CNY in 2024 and is still growing
at a rate of 5% per year. This is also the reason why
local governments are becoming increasingly cautious
about building IHW disposal facilities.

Table 5. The ecological compensation standards for cross-regional transfer of IHW to Wenzhou.

IHW types LE, LE, LO CD DR ER S
HW12 25.6 0.49 170 1733 0 -300 1629.09
HW17 25.6 5 170 2833 -2400 0 633.60
HW18 25.6 2.53 170 -167 0 0 31.13
HW22 25.6 5 170 2400 -2100 0 500.60
HW34 25.6 5 170 500 -400 0 300.60
HW49 25.6 2.53 170 -167 0 0 31.13
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At present, the profits of IHW disposal enterprises
mainly come from the income generated by the disposal
fees. Although incineration and recovery can bring in
sales revenue from by-products, it is far from enough
to cover the fixed investment and depreciation, labor
costs, transportation expenses, etc. According to the
data disclosed by the China Securities Regulatory
Commission for listed companies dealing with THW,
a 25% gross profit margin is the safety line for IHW
enterprises to maintain their operations. Therefore,
when calculating the net cost of IHW disposal, this
factor needs to be taken into consideration. Incineration
is the disposal method with the highest net cost, which
is 1,433 CNY/t. Landfill is a disposal method with a
negative net cost, thanks to its relatively high gross profit
margin. Considering that landfill sites occupy land and
have limited storage capacity, the cross-regional transfer
for landfilling of IHW is not encouraged. Recovery
generates different net costs depending on the types of
IHW involved, so it is necessary to conduct classified
calculations.

The purpose of ecological compensation is to
encourage cross-regional cooperation, resource sharing,
and maintain the healthy development of the THW
disposal industry. Therefore, the framework proposed
in this study is reasonable, taking full consideration of
the ecological service functions, residents’ development
opportunities, and the healthy operation of enterprises.

Benefits of Ecological Compensation

Based on the above analysis, there is still a significant
amount of idle capacity for IHW disposal in Wenzhou,
mainly concentrated in categories HW17, HW22, and
HW34. As listed in Table S3, Wenzhou has the highest
disposal capacity for HW17, reaching 483,400 t/a,
with an idle rate of 48.5%. Based on the ecological
compensation standard of HW17, which is 633.6 CNY/t,
fully utilizing this disposal capacity can bring about
145 million CNY in economic benefits. In addition,
there is also a disposal capacity of 57,600 t/a for HW22
in Wenzhou, but the idle rate has reached 88.2%.
Therefore, fully leveraging this disposal capacity can
also bring considerable economic benefits, amounting to
25.4 million CNY. The disposal capacity of HW34 has
been well utilized at present, so cross-regional transfer
is not encouraged. It should be noted that accepting
IHW transferred from other regions not only generates
substantial ecological compensation revenue but also
helps improve the business conditions of the enterprises
and promotes the healthy development of the industry.

Currently, the ecological and environmental losses,
as well as the loss of development opportunities caused
by IHW disposal, amount to nearly 160 million CNY
each year in Wenzhou. Ecological compensation can
cover these losses and help the government improve the
local ecological environment and enhance the living
standards of the residents.

Conclusions

This study conducts an in-depth analysis of
the generation and disposal situation of IHW in
Wenzhou, providing a feasible solution for future
sustainable development. Based on ecosystem service
value and market theory, a quantitative, technology-
specific framework of ecological compensation for
the cross-regional transfer of IHW was constructed.
The ecological compensation standards range from
31.13 to 1,629.09 CNY/t, converting the technical
differences into transparent price signals. This not only
compensates for the losses incurred in the disposal of
IHW but also provides a basis for decision-making for
government guidance. By implementing the ecological
compensation system to solve the problem of low
utilization rate of IHW disposal capacity in Wenzhou,
not only can considerable economic benefits be
achieved, but a feasible solution can also be provided
for the coordinated disposal of IHW in Zhejiang
Province and even the entire country. Further empirical
validation and policy refinement are required before a
comprehensive ecological compensation system can be
fully implemented.

() It is necessary to conduct a comprehensive
analysis of the current situation of IHW generation and
disposal throughout the province and even the entire
country, and to seek appropriate resource allocation
solutions.

(2) At present, there is no unified standard for
ecological compensation for cross-regional utilization
and disposal of IHW. The ecological compensation
framework discussed in this study has certain
universality in Wenzhou and even the Yangtze River
Delta, but more scenarios are still needed to assist in its
refinement.

(3) This study mainly discussed the most direct
form of compensation, government financial fund
compensation. However, the methods of ecological
compensation are diverse. Besides innovating the ways
of raising funds, various compensation methods, such
as market compensation, policy compensation, and
technical compensation, can also be considered.
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CD — disposal cost

CNY — Chinese Yuan
COD - chemical oxygen demand
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DR — dividends from recovery and reuse
ESV — ecosystem service value

GDP — gross domestic product

HW12 — paint waste

HW17 — surface treatment waste
HWI18 — incineration residues

HW22 — copper-containing waste
HW34 — waste acid

HW49 — waste circuit board

IAV — industrial added value

IHW — industrial hazardous waste

LE — ecological and environmental loss
LO — opportunity loss

USD — United States Dollar

VOCs — volatile organic chemicals
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