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Abstract

The existing studies of emissions reduction focus mainly on the technical potential
and abatement costs while overlooking firms' willingness to pay (WTP) for emissions
reduction. Yet WTP is a key parameter in a firm's decision to carry out emissions
reduction while maximizing its profits. This paper estimates China's manufacturing
industry (CMI) firms' maximum WTP for carbon abatement—defined as the cumulative
product between the marginal abatement cost and corresponding abatement
potential—using a large sample from a data envelopment analysis model. The results
show that (a) the maximum WTP is significantly constrained by an isocost carbon
abatement curve at RMB 8.65 million for the representative CMI firm; (b) the repre-
sentative firms' WTP for carbon abatement varies among the sub-sectors; and
(c) profitability and production scales both positively affect firms' WTP for carbon
abatement in all of CMI sub-sectors, while innovation investment has a negative
effect. The results suggest that the cost of carbon reduction technology for CMI firms
should be below RMB 8.65 million for a representative CMI firm. The government
should formulate subsidies or tax relief policies to help firms reduce their abatement
costs. Further, the division of tasks in different sub-sectors, between carbon emissions
reduction on the one hand, and ongoing innovation on the other, should be clearly dis-

tinguished by policy bias to promote the transformation of industrial structure.

Abbreviations: CGE, computable general equilibrium; CMI, China's manufacturing industry; DEA, data envelopment analysis; GS, grid search; ICAC, isocost carbon abatement curve; LEAP, long-
range energy alternative planning system; MAC, marginal abatement cost; MACC, marginal abatement cost curve; VRS, variable returns to scale; WTP, willingness to pay.
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1 | INTRODUCTION

Global warming caused by excessive carbon dioxide emissions is
steadily intensifying, causing a series of environmental problems.
Many countries have taken action to reduce carbon emissions to alle-
viate climate deterioration (Zhou et al., 2020). As the largest carbon
emitter, China has announced ambitious carbon emissions reduction
targets for 2030 and 2060 (Weng et al., 2021).

To achieve carbon emissions reduction targets, China launched a
national emissions trading system (ETS) in 2021 (Fang & Cao, 2021). It
covers only coal-fired and gas-fired power plants. However, the
manufacturing industry, which is China's largest energy-consuming
sector (Xu & Lin, 2017), which directly and indirectly emits more than
half of the country's carbon emissions, has not yet been covered.
When and how to incorporate manufacturing into China's ETS still
needs further evaluation (Wang et al., 2023).

Marginal abatement cost (MAC) and emissions abatement poten-
tial are often used as two important reference indicators for carbon
emissions abatement policy formulation (An & Zhai, 2020; Zhou
et al., 2014), but a study of the relationship between the two indicators
of China's manufacturing industry (CMI) firms is still lacking. Although
the marginal abatement cost curve (MACC) has portrayed this relation-
ship, it is only for an independent, individual firm or region from an
abatement technology perspective (Busch et al., 2019). Furthermore,
the MAC reflects the cost per unit of carbon abatement, and the abate-
ment potential reflects possible carbon emissions reductions. Estimat-
ing any of the two indicators depends on the assumption of the other,
and thus presentation of the estimated individual indicator may be mis-
leading. In contrast, the product of the two indicators can be regarded
as the total abatement cost, which objectively and realistically reflects
the firm's willingness to pay (WTP) for carbon abatement. However,
most of the existing studies pertaining to CMI firms' WTP for carbon
abatement (WTPCA) focus on technology cost estimation (Bostanci
et al, 2018; Krozer, 2013; Pilorgé et al., 2020; Rubin et al., 2012;
Rubin & Zhai, 2012) and questionnaire surveys (Liu et al., 2013; Liu &
Fan, 2018; Zhao et al., 2018). There is still a gap in the estimation of
the maximum WTP of CMI firms from an objective perspective. Fur-
thermore, there are few studies of the MAC at the firm level.

Exploring the manufacturing firms' maximum WTPCA can provide
critical information for carbon abatement policy formulation and tech-
nology research, development, and deployment. In order to maximize
the firms' profits, the decisions they make depend on the costs and
benefits. Hence, the total abatement cost is the decisive factor affect-
ing a firm's emissions abatement investment, and thus, the maximum
WTP is a hard constraint for the individual firm. This is because most
firms are profit-oriented entities that care more about their own earn-
ings (Mazlan et al., 2022). Such information will help policymakers to

understand the limit any policy can push. In the research and

development process of energy-saving and carbon reduction technol-
ogies in the CMI, the overall carbon price can be used as a guide for
the cost of the technology. This total cost can also be regarded as the
maximum WTPCA.

In this study, using a large firm-level sample, we investigate the
overall relationship between the MAC and emissions abatement
potential in CMI firms through a data envelopment analysis (DEA)-
based model. The carbon abatement costs that the CMI firms are will-
ing to pay are further analyzed by each sub-sector based on the rela-
tionship. The drivers that influence the carbon abatement costs
between sub-sectors are also analyzed.

The study fills the gaps in the research relating to CMI firms. First,
through analyzing the overall distribution characteristics of the MACs
and abatement potentials, the abatement cost constraint curve of
CMI firms is found and can be considered as the firms' maximum
WTPCA. Second, the carbon abatement costs for firms in CMI sub-
sectors are estimated, and the drivers causing the heterogeneity
among the sub-sectors are clarified. Third, the implications for carbon
abatement both from technology development and policy develop-
ment are drawn.

The remainder of this article is as follows: Section 2 reviews the
literature related to this study, Section 3 outlines the model and data,
Section 4 presents the results, Section 5 discusses the results, and the

final section summarizes the conclusions and policy implications.

2 | LITERATURE REVIEW

Researchers of carbon emissions reduction have devoted considerable
attention to the MAC and abatement potential. The MAC refers to
the cost of reduction per unit of emissions and is often used as a ref-
erence for carbon pricing when formulating abatement policies. Many
existing studies have estimated the carbon MAC of China's economic
sectors (Lee & Zhang, 2012; Wang & He, 2017; Xiao et al., 2014; Xie
et al., 2017). Taking the region as the research object, there are also
some studies that have measured the MAC of carbon emissions in
Chinese cities, provinces, and even the whole China (Dai et al., 2020;
Wang et al., 2017; Wang, Xian, et al., 2020; Xue et al., 2021). How-
ever, both technology and policy must be applied to micro-enterprises
to further produce macro-level implementation effects. The measure-
ment of the MAC in a macroscopic may be different from the actual
MACs of firms (An et al., 2021; Wang & He, 2017). However, only a
few studies have used firm-level data (An et al., 2021; Nakaishi, 2021;
Wei et al,, 2013).

There are several methods available for estimating the MAC.
Sjostrand et al. (2019) estimated the MAC using the expert-based
approach. The top-bottom economic model, like the computable

general equilibrium (CGE) model, can also be used to measure the
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marginal abatement for macro individuals (Jiang et al., 2022; Tang
et al., 2020; Zhang et al., 2021). The distance function is used to esti-
mate the MAC by calculating the shadow price (An et al., 2021). There
are two forms of distance function: parametric and non-parametric.
The parametric method is used mainly to measure the MAC by fitting
the production function parameters. The quadratic production func-
tion is one of the most widely used forms of distance function (Cheng
et al,, 2019). Many studies have used it to measure the MAC (Ji &
Zhou, 2020; Wang, Chen, et al., 2020; Wei et al., 2013). The non-
parametric method is the DEA approach. Since the DEA method esti-
mates the direction distance function, the production function form is
not selected in advance, and the data requirements are relatively low.
Therefore, it is also widely used in the measurement of MAC (An &
Zhai, 2020; Kaneko et al., 2010; Lee et al., 2002; Wang & Wei, 2014;
Xian et al., 2020).

As an indicator for the guidance of carbon policy, abatement
potential has been estimated using a variety of methods from differ-
ent levels. Abatement potential refers to the potential emissions
reduction that an individual firm or geographical area can achieve
under the premise of being technically and economically feasible,
which can also be regarded as an untapped carbon abatement ability
(Yu et al.,, 2016). It is often used to evaluate the feasibility of emis-
sions reduction targets (Clarke et al., 2016; Tan et al., 2018; Zeng
et al., 2020) or to explore a different way to reduce carbon emissions
(Wang et al.,, 2019; Yuan et al., 2019). Similar to the MAC, most stud-
ies relating to abatement potential for China are from province-level
and city-level perspectives. To measure the carbon abatement poten-
tial, Wang et al. (2018) used the learning curve and discovered China's
regional carbon abatement potential. Wang et al. (2019) explored the
carbon abatement potential of China's provinces using the windows
analysis approach. Yuan et al. (2019) calculated the carbon abatement
potential of multiproduct pipelines by using a bottom-up framework
and a stepwise multiple linear regression. Hu et al. (2019) estimated
the carbon reduction potential of the post-industrial city using a long-
range energy alternative planning system (LEAP). Zeng et al. (2020)
investigated the carbon reduction potential for China's thermal power
industry through a two-stage DEA method.

Most of the existing literature relates to the relationship between
the MAC and abatement potential. The MAC curve essentially links
abatement costs and technology for a firm (McKitrick, 1999), but it is
now also applicable to macro-individual areas and sectors. Du et al.
(2015) estimated China's provincial MAC curve, and the reduction
goal is drawn correspondingly. Wang, Xian, et al. (2020) explored the
optimized carbon abatement trajectory for China's petroleum industry
by estimating MAC curves. Yue et al. (2020) used the MAC curves to
compare the emissions reduction technology options.

The studies about carbon abatement costs that firms are willing
to pay are concentrated mainly on technology costs and questionnaire
survey aspects. Rubin and Zhai (2012) investigated the cost of carbon
capture and storage for natural gas combined cycle power plants.
Rubin et al. (2012) evaluated the cost of three forms of carbon cap-
ture: post-combustion, pre-combustion, and oxy-combustion capture.
Krozer (2013) analyzed the costs and benefits of renewable energy
generation. Bostanci et al. (2018) explored the cost of the
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supplementary cementitious materials that can be added to cement in
order to reduce carbon emissions. Pilorgé et al. (2020) assessed car-
bon capture and storage for the industrial sector. Other studies con-
centrated on firms' WTPCA. Liu et al. (2013) explored the firms'
WTPCA using a multiple-bounded discrete choice format and found
that market competition degree and firm size had a significant impact
on the WTP. Through a questionnaire survey, Zhao et al. (2018) found
that emissions trading schemes in China could increase firms' WTPCA
by 7%. Liu and Fan (2018) investigated 105 firms in cement sub-sec-
tors, and found that the WTP for emissions abatement would be RMB
90/t-CO, by 2030.

In summary, there are two notable gaps in the literature. First,
the research on the MAC and reduction potential is focused mostly
on the macro perspective. Although the microscopic MAC measure-
ment is closer to the true value (An et al., 2021), there are few
studies that concentrate on the firm level, especially for manufactur-
ing firms. Second, while the MAC curve can reflect the relationship
between the MAC and abatement potential, it usually reflects the
characteristics of an individual firm. The overall distribution relation-
ship between the two indicators of firms has not been described.
The existing literature on firms' WTPCA is concentrated mainly on
specific emissions reduction technologies and questionnaire surveys
which do not actually reflect the real carbon abatement cost that
firms are willing to pay due to the lack of practicality or the exis-
tence of subjectivity.

3 | METHODOLOGY AND DATA

3.1 | Model

The model in this section was designed to measure the MAC and
abatement potential of China's manufacturing firms based on the DEA
method. We define manufacturing firm j as DMU;, j=1,2,---,N. In the
period t, the j,th manufacturing firm's inputs fixed assets cost kF",
labor cost I}-tn, materials cost cfn, and energy cost e}" to produce desired
output revenue y}". The production process is accompanied by carbon
emissions which are an undesirable output bjfn (Shi et al., 2020). In a
short period T (T=1,2,---,t), the DMU; 's production technology TE}n

can be defined as formula (1).

t t t t

Sk <k, ST <l S Al sk, Y ATel <ef
n"n In Indn T n In"In In In"In In

TEC = (Kt et vt bt ‘T:1 T=1 T=1 T=1

Jn T Un?"Jn’ "In? Jn‘yln‘ In t . t LT . t T

Tyl >yt Tpl <pt -

> i 2V X A by <bi, 304 =1

T=1 T=1 T=1

&y

where vector /1]7” denotes the weight combination of the production
technology for the years, 1€ R/". Considering that both production
and emissions reduction have scale effects, we assume that the model
has variable returns to scale (VRS), that is, > /1]-: = 1. Both the produc-
tion and carbon emissions of the DMU;. Gre constrained by formula
(1) due to the technology limitation.

Generally, manufacturing firms' production is aimed at either
its minimizing cost or maximizing profit. To calculate the MAC
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instead of reducing output from technological advancement and
reducing the desirable output, we assume that the DMU; in the
model performs production based on orders y; - That means the
DMU;, seeks a weight combination of the production technology }‘i:
to make its cost optimized under the premise of achieving the desir-
able output y]?:. Then, the decision function for DMU; can be

expressed as model (2).

minlt +ct +ef +k! +7b!
In i 0 TN in

t _
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where the 7; is the unit carbon price formulated by carbon policy,
7;>0,7;€R.

The DMU;, will realize the carbon abatement potential when the
carbon price 7; is larger than its MAC; . Therefore, the MAC; can be
solved by the search method according to the method by An et al.
(2021). We define two carbon prices t,, and 7, 7 < 7. If 7o-7y <a and
%ﬂ 7@m <0 hold for every positive real number a, we obtain
MAGC;, = . The corresponding abatement potential Abjf" is bjt,.m *bjt,.n
where the b}"m and bjtm are the optimal solutions for model (2) when
the carbon prices are 7, and z,, respectively. To achieve the above
calculations, we used grid search (GS) as the solution method; the

Tnh-Tm IS the search step.

3.2 | Data description
The data used in this study were based on a 50% sample of the
Chinese tax database. Based on the availability, the data are from
2008 to 2011. While the data are a decade old, it has several advan-
tages over the prevailing firm-level data. Compared with the listed
firms' data that have often been used for emission studies, our data
have a large sample size and cover every sub-sector of CMI. In con-
trast, there are only less than 3000 listed firms in China. Compared
with another large sample data, China Industrial Economic Survey
Data, the major advantage of our data is the availability of energy con-
sumption data, which is essential to calculate emissions. Our data have
been used in recent publications, such as Wang et al. (2022, 2023).
Considering the representativeness of the study, we further
extracted firms with stable operating data. Firms with unstable

operating data (including operating employees, output value, and
energy input) were excluded from the sample data. The carbon emis-
sions of firms were calculated according to the Intergovernmental
Panel on Climate Change (IPCC, 1995) method. The production of
firms based on orders are represented by the average of their own
output values. The search step is set at RMB 10/ton when solving the
model (2) using the GS method.

4 | RESULTS

41 | Constraint curve of CMI firms' WTPCA
Based on the model and data in Section 3, the overall results are
drawn in Figure 1, including the MAC and abatement potential for
CMI firms' carbon reduction. It shows the relationship between the
abatement potential and corresponding MAC. Each point shows how
a firm would reduce its carbon emissions and realize the correspond-
ing abatement potential when the carbon price formulated by a partic-
ular policy is higher than its MAC.

In Figure 1, the distribution of most of the points is obviously
close to the coordinate axis, which can be enveloped approximately

by an inverse function curve, as formula (3).
MAC =5 /Ab. (3)

As the product of the MAC and abatement potential is the total
carbon abatement cost, the envelope curve we added can be regarded
as an isocost carbon abatement curve (ICAC). The parameter g
denotes the constraint of the carbon emissions abatement cost, which
can be expressed as the total investment necessary for most of CMI
firms in order to reduce carbon emissions provided it does not exceed
this value. As such, the ICAC can be regarded as a cost constraint on
the overall WTPCA of CMI firms, and the parameter 5 is the constraint
of the payment.

The ICAC in Figure 1 indicates that no less than 95% of the points
must fall within the space enclosed by the coordinate axis and the

- | © Firms' Abatement Actives
Envelope line (0.95, 11=8.65x10°%)

MAC

Abatement Potential x10°

FIGURE 1 The distribution of the CO, MAC and its
corresponding abatement potential for China's manufacturing firms.
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curve. Then, the parameter of the ICAC, n=28.65 x 10, means that
the most of CMI firms' WTPCA does not exceed RMB 8.65 million.

4.2 | CMl sub-sectors' maximum WTPCA

Further, we found that the distribution of the CO, MACs and the cor-
responding abatement potential for manufacturing firms in each sub-
sector are similar to those in Figure 1. This means that there is an
upper bound on the WTPCA in each CMI sub-sector. However, CMI
firms in different sub-sectors have diverse production and operation
characteristics which may lead to different WTP. To explore the dif-
ferences between each sub-sector, we further classified the calcula-
tion results into 31 sub-sectors (see Appendix A) according to the
“industrial classification for national economic activities” (National
Bureau of Statistics of China [NBS], 2017). The ICACs that envelope
95% of the firms' carbon abatement costs in each sub-sector can be
estimated in order to determine firms' WTPCA. The carbon abatement
cost constraint for each of China's manufacturing sub-sectors is
shown in Figure 2.

In Figure 2, the firms' WTPCA in nine manufacturing sub-sectors
(C16, C22, C25, C26, C28, C30, C31, C32, and C36) is above that for
China's manufacturing firms overall. Most of these nine sub-sectors
belong to heavy industry, with only three belonging to light industry.
The firms willing to pay high abatement costs are concentrated mostly
in mineral resource processing industries, such as the fuel, metallic,
and non-metallic industries. Firms in chemical and fiber processing are
also willing to pay higher abatement costs while the high-tech indus-
try firms are generally not willing to pay higher abatement costs.

Firms in the tobacco processing sub-sectors (C16) pay far more
than other sub-sectors in emissions abatement costs. This is related to
the unique policies of the Chinese government. In China, as tobacco
processing sub-sectors are monopolized by the government (Yang
et al., 2015), tobacco processing firms have a different market mecha-
nism from other sub-sectors which enables them to have higher
profits and higher taxes (Hu et al., 2006). As a result, tobacco

Million Yuan

508

70

60

Willingness to pay for carbon abatement
L
S

FIGURE 2 Firms' WTP for carbon
abatement in each CMI sub-sector.
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processing firms are willing to pay more for carbon emissions abate-
ment than other CMI firms.

4.3 | Heterogeneity of the maximum WTPCA

Firms in different sub-sectors differ in their WTPCA. To determine
what causes the differences among the sub-sector firms, we analyzed
the influencing indicators from six aspects referencing related studies,
including energy mix, profitability, innovation investment, labor scale,
production scale, and undesirable outputs scale (He et al., 2022;
Parry & Williams, 1999; Wright & Nyberg, 2017; Yao et al., 2018).
Energy mix reflects the proportion of electricity, which affects the
firm's carbon emission and energy transition; innovation investment
demonstrates the firm's creative ability, which can reveal the technical
level of the production; profitability, labor scale, production scale, and
undesirable outputs scale reflect the basic situation of the firm's oper-
ation. All these six factors are directly or indirectly related to carbon
emissions, affecting the WTP. To express these, we used the average
proportion of electric energy (PEE), average net profit (NP), average
R&D expenditure (RD), average number of employees (NE), average
total output value (TOV), and average total carbon emissions (TCE).
The regression model for influencing indicators of WTPCA can be
expressed as formula (4).

WTPCA = cons -+ B, PEE + f,NP + f3RD + B,NE + Bs TOV + B, TCE + e,
(4)

where f4, f, B3,
the multiple regression; cons denotes constant; and ¢ denotes random

..., P¢ represent the coefficients to be estimated in

error. Table 1 shows the regression results of the indicators that affect
CMI firms' WTPCA. These results are based on formula (4) and the
sample data.

From Table 1, it can be seen that both the F and R? values are
high, indicating that the model is highly significant. The RD and TOV
variables are significant with respect to the model at the 5% level, and

| Light industry

= Heavy industry

| High-tech industry

——- All sub-sectors
mEE e O n I l.
XN = NN T N OIS0 =A™ T OO0 O =l o
el S e e B o BN o BN o BN o B o B o B o BN oo B o B o OB o o B o S BIE o SN o SN o U s SR oo B s s ol o
CLOLLVLOLOOLULOLULOLULLULLULOLLVLLOLULOLVLOLUOLUDLLLLULOLOLOOLUDOLULOLO

Sub-sectors
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TABLE 1 The impact of indicators on CMI firms' WTP for carbon
abatement.

Variables Coefficients t P

PEE -0.0188062 -0.57 574
NP 0.8868738 4.78 000"
RD —0.3960958 -2.39 025"
NE 0.0628238 0.71 485
TOV 0.4565219 273 012"
TCE 0.0248088 0.54 591
F(6, 24) 239.74

R? 9836

*Statistical significance at the 10% level.
“Statistical significance at the 5% level.
"Statistical significance at the 1% level.

the NP variable is significant with respect to the model at the 1%
level. The variables PEE, NE, and TCE are not significant.

Hence, the indicators that significantly affect the firms' WTPCA
in each manufacturing sub-sector are profitability, innovation invest-
ment, and production scale. The coefficients of NP and TOV are
0.8868738 and 0.4565219, respectively, and mean that profitability
and production scale can promote firms' WTPCA in the CMI sub-sec-
tors. On the contrary, the coefficient of RD is —0.3960958, which
means that innovation investment has a negative effect on the
WTPCA. Therefore, the main factors accounting for the difference in
firms' WTPCA between different sub-sectors are profitability, innova-

tion investment, and production scale.

5 | DISCUSSION

The results reveal the distributional characteristics of the overall
MACs of CMI firms and the corresponding abatement potential. Most
of the carbon abatement activities of the firms can be approximately
enveloped by a space. The main reason for this phenomenon is the
non-negativity of the MAC and emissions abatement potential and
the constraint of the total cost of carbon emissions abatement that
the firms can accept.

This study reveals the relationship between the MAC and the
abatement potential in the same coordinate system. Although our
WTP concept differs from the MAC curve, they are not inconsistent.
The MACC focuses mainly on the relationship between the individual
firm's MAC and its total emissions abatement potential, reflecting the
fact that unit carbon abatement costs are affected by changes in
reduction scale from a technology perspective (Davis et al., 2023). This
study differs from other studies on MAC and abatement potential in
that it analyzes the overall carbon abatement characteristics of multi-
ple individuals over a period of time from a macro perspective and
focuses on the distributional relationship between the MACs and the
emissions abatement potentials under a certain technological level.

The results show that the representative firm is not willing to pay
for abatement activities which exceed RMB 8.65 million per year. A

new carbon reduction technology may not be widely accepted by
China's manufacturing firms if the annual cost of the technology
exceeds RMB 8.65 million for the representative firm. Previous stud-
ies also confirm that the abatement expenditure of RMB 8.65 million
per year is still unacceptable to many firms (95% of the total firms).
For example, according to the survey by Zhao et al. (2018), nearly one
third of CMI firms are willing to pay more than RMB 1 million per year
for carbon abatement during the “Twelfth Five-Year Plan” period
(from 2011 to 2015), which is close to our results. This means that the
WTPCA of RMB 1 million per year is more prevalent among CMI
firms.

Firms' maximum WTPCA differs among the sub-sectors. The dis-
tribution of firms in different CMI sub-sectors has a similar pattern
to that of the overall distribution, but the difference is that the ICACs
for different sub-sectors vary. Firms in mineral resource processing
industries, such as fuel, metallic, and non-metallic, and chemical and
fiber processing and manufacturing are more willing to pay more for
carbon emissions abatement. Firms in the cigarette and paper sub-
sectors are also willing to invest more in carbon emissions abate-
ment. But in the high-tech sub-sector, the WTPCA is less than that
in the other sub-sectors. This result is relatively close to the result
obtained by Zhao et al. (2018) through a questionnaire survey. But
the sample in our study covers all manufacturing sub-sectors rather
than seven sub-sectors in Zhao et al. (2018), making a more compre-
hensive and objective result. The sub-sectors that are willing to
invest more in carbon abatement should receive more attention in
carbon reduction technology research and development. The govern-
ment can also use policies to further stimulate firms to invest more
in energy conservation and emissions abatement (Nemet
et al., 2017).

Profitability, innovation investment, and production scale have a
significant impact on sub-sector firms' WTP. The scales of production
and profits are positively correlated with firms' emissions abatement
costs. Firms in sub-sectors that operate at a larger scale have stronger
risk resistance capabilities (Neise & Diez, 2019) and thus have high
WTP. Their large profits can guarantee sufficient funds for carbon
emissions abatement investments (Lantz & Sahut, 2005).

By contrast, investing more in innovation will reduce the firms'
carbon emissions abatement investment (Blyth et al., 2009). This
means that when a firm's financial resources are limited, more invest-
ment in innovation means less investment in carbon emissions abate-
ment. Firms with more investment in innovation, especially firms in
the high-tech sub-sectors, generally have higher energy efficiencies,
and the need for carbon emissions abatement is limited (Lin &
Yang, 2013). Moreover, the carbon intensity of high-tech firms is less
than that of other CMI firms (Wei et al., 2019). These homogeneities
suggest that a discriminatory carbon abatement policy could be more
helpful in industrial transformation and promotion of sustainable
development of CMI (An et al., 2022). For traditional manufacturing
industries, a strict carbon emissions abatement policy should be used
to stimulate carbon abatement. For firms in high-tech sub-sectors, a
less stringent carbon emissions abatement policy should be formu-
lated to reduce their carbon abatement burden and to support them
in creating more value.
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6 | CONCLUSIONS

As China is in the process of developing climate change mitigation
policies, and given that CMI accounts for the lion's share of China's
total emissions, exploring CMI firms' WTPCA can provide critical
information specifically for carbon abatement policy formulation and
technology research, development and deployment. This study
explores CMI firms' maximum WTPCA by analyzing the relationship
between the MAC and abatement potential using the DEA and GS
methods. The drivers influencing the WTP of CMI firms in different
sub-sectors are analyzed. The conclusions and policy implications can
be summarized as follows.

The carbon abatement activities of CMI are constrained by the
total abatement cost. The analyses suggest that CMI firms will reduce
their carbon emissions within the different MACs and abatement
potentials, but the costs of carbon abatement, which can be seen as
the maximum of firms' WTP, do not exceed RMB 8.65 million for the
representative firm. Additionally, firms' WTPCA in different
manufacturing sub-sectors varies. The firms in sub-sectors, which are
related to the processing of fuels, mining processing, chemicals, paper,
and tobacco, are willing to pay more for carbon abatement. These
industries fall mostly into the heavy industry category. By contrast,
the firms in the high-tech sub-sectors are willing to pay less for carbon
abatement. Furthermore, profitability and production scales have a
positive effect on firms' WTPCA, while innovation investment has a
negative effect.

Based on the above findings, the following policies should be con-
sidered. First, the Chinese government can reduce costs through subsi-
dies and tax incentives for firms to invest in new carbon reduction
technology. When applying a new carbon reduction technology, the
government should evaluate the prospects and costs. From the per-
spective of a technology developer, the constraint can be used as a
benchmark for the feasibility of new abatement technology develop-
ment. Policies, such as subsidies or tax relief, can support firms devel-
oping technologies whose costs do not exceed the cost constraint
curve. For firms with significant investments in innovation, the Chinese
government should encourage them to maintain these by tax exemp-
tion policy while reducing the amounts they pay for carbon abatement.

Second, the Chinese government could set up a discriminatory car-
bon emissions abatement policy among the CMI sub-sectors, a policy
that has been previously proposed (Zhang et al., 2022). CMI's carbon
abatement and innovation strategies should be kept separate by a dis-
criminatory carbon abatement policy. Firms with large production scales
and good performance should become the leaders in social carbon
abatement. Special policies should be formulated to encourage them to
invest in carbon abatement. The Chinese government could implement
a carbon tax or carbon trading system to encourage and support these
sub-sectors' investment in carbon abatement to promote the progress
of carbon reduction technologies. Differently, for high-tech firms with
more investment in innovation, the government should reduce their
emission costs to ensure sufficient innovation funding by the policy.

There are a few limitations with this study that provide directions

for future studies. First, it only examines the firms' WTPCA in China
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based on the cost perspective and does not take into account other
factors, such as social responsibilities, that could potentially affect the
firms' WTP. Second, the study is based on data from 2008 to 2011
due to data availability. Although the large sample size increases the
robustness of the results, the estimation could be improved by using
more recent data. Despite these limitations, the results of the study
are highly consistent with reality and the literature, which can provide

some valuable insights for policymaking.
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APPENDIX A: CHINESE INDUSTRY CLASSIFICATION CODE

Index
C13
C14
C15
C16
Cc17
Cc18
C19
C20
Cc21
C22
C23
C24
C25
C26
c27
C28
C29
C30
C31
C32
C33
C34
C35
C36
C37
C38
C39
C40
C41
C42
C43

Sub-sectors

Processing of food from agricultural products

Manufacture of foods

Manufacture of wine, beverages, and refined tea

Manufacture of tobacco

Manufacture of textile

Manufacture of textile wearing apparel

Manufacture of leather, fur, feather, and related products footwear
Processing of timber, manufacture of wood, bamboo, rattan, palm, and straw products
Manufacture of furniture

Manufacture of paper and paper products

Printing, reproduction of recording media

Manufacture of articles for culture, art, education sport activities, and entertainment products

Processing of petroleum, coking

Manufacture of raw chemical materials and chemical products

Manufacture of medicines

Manufacture of chemical fibers

Manufacture of rubber and plastics

Manufacture of non-metallic mineral products

Smelting and pressing of ferrous metals

Smelting and pressing of non-ferrous metals

Manufacture of metal products

Manufacture of general purpose machinery

Manufacture of special purpose machinery

Manufacture of transport car making

Manufacture of railroads, ships, aerospace, and other transportation equipment
Manufacture of electrical machinery and equipment

Manufacture of computers, communication equipment, and other electronic equipment
Manufacture of measuring instruments

Manufacture of others

Comprehensive utilization of waste

Repair of metal products, machinery, and equipment
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