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Global primary energy consumption has been steadily increasing since the Industrial
Revolution, and it is showing no sign of slowing down in the coming years. This trend is ac-
companied by increasing concentrations of pollutants in the Earth’s biosystems and general
concerns regarding the health and environmental impacts that will ensue. Air quality, water
purity, atmospheric CO2 concentration, etc., are some examples of environmental parame-
ters that are degrading due to human activities. Pollutant abatement systems, biobased
processes, novel environmental assessment tools, and pollutant monitoring equipment and
methods can help us to reach environmental neutrality of human activities.

In this background, the Special Issue of the International Journal of Environmental
Research and Public Health on the Environmental Impact Assessment by Green Processes
offers insights into the sustainable conversion processes and environmental assessment
using novel monitoring methods and tools useful for policymakers. A significant collection
of contributions and studies is presented. Overall, 15 manuscripts were published in this
Special Issue after evaluation by the Guest Editors and by many experts involved in the
peer-review process.

The collected articles cover a wide range of macro-themes:

- The environmentally friendly conversion processes;
- Novel monitoring systems and technologies;
- Environmental assessment tools and qualifying parameters that are useful for political

decision-makers.

De Bari et al. [1] individuated wastewater treatment as a high-environmental-impact
process in biorefinery systems, while Giuliano et al. [2] showed that direct DME synthesis
can be used as an environmentally friendly strategy for carbon dioxide recycling. Two
papers collected in the first group, “the environmentally friendly conversion processes”,
studied wastewater from two different points of view. Catizzone et al. [3] developed
innovative processes for the purification of wastewater from biomass conversion thermo-
chemical processes. Two commercial activated carbons and two residual biochars obtained
through pyrolysis and gasification processes were assessed as potential adsorbents for the
purification of wastewater produced in a syngas wet scrubber unit of a biomass gasification
plant. Phenol solution was used as a model solution for the investigations. The results
indicated the superiority of activated carbons due to the higher pore volume, including
biomass-derived char. The phenol adsorption capacity increases from about 65 m g−1

for gasification biochar to about 270 mg g−1 for commercial activated carbon. Camilleri-
Rumbau et al. [4] studied the experimental setup of membrane-based manure and digestate
purification processes in a review. The effects of the feed characteristics, membrane operat-
ing conditions (pressure, cross-flow velocity, temperature), pH, flocculation–coagulation
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and membrane cleaning on fouling and membrane performance were presented. Mem-
brane fouling represents one of the major drawbacks when using membrane technologies
during farm effluent processing. However, by understanding the related mechanisms
and fouling composition and establishing efficient membrane pretreatment and cleaning
strategies, membrane technologies can lead to outstanding performance in terms of volume
reduction and nutrient recovery.

Four papers were collected in the second group concerning novel monitoring tech-
nologies. Lotrecchiano et al. [5] aimed to analyze the air quality data of the monitoring
network of the regional agency for environmental protection of the Campania region (Italy),
integrated with an innovative monitoring station based on IoT technology to highlight
criticalities in the levels of pollution. In-depth analyses showed that two events related
to Saharan dust occurred, which led to an increase in the measured PM10 values. These
Saharan phenomena were the cause of very high values for PM10 (until 260 μg m−3). From
air quality to the toxicity of heavy metals in an aquatic ecosystem, Adnan et al. [6] presented
the acute and chronic toxicity based on luminescence inhibition assay using newly isolated
Photobacterium sp. NAA-MIE as the indicator. Two different mathematical approaches,
Toxicity Unit (TU) and Mixture Toxicity Index (MTI), were used to describe it. The toxicity
result of this strain may be effective for taking the toxicity levels of a mixture of pollutants
that occur together in ecosystems into theoretical consideration and in the same way con-
tribute extrapolation studies under acute to chronic exposures for mixture metal toxicity in
deriving safe limits and standards aimed at protecting organisms in the environment. Sui
and Lv [7] applied the environmental Kuznets curve hypothesis and a decoupling analysis
to examine the relationship between crop production and agricultural carbon emissions
during 2000–2018, and it further provided a decomposition analysis of the changes in
agricultural carbon emissions using the log mean Divisia index (LMDI) method. Overall,
agricultural economic growth played a significant role in the increase in agricultural carbon
emissions, while agricultural carbon emission intensity was the main factor behind the
decline in agricultural carbon emissions in China, especially in the years 2003 and 2008,
when turning points toward a downward trend in agricultural carbon emissions and strong
decoupling states appeared. Different from strong decoupling, both agricultural carbon
emission intensity and agricultural labor forces acted as positive driving factors of agricul-
tural carbon emissions, while the agricultural structure and agricultural economic growth
acted as inhibitory driving factors of agricultural carbon emissions. Celades et al.’s [8]
sampling methodology and mathematical data treatment were developed, which enable us
to determine not only total suspended particulates emitted at channeled sources but also
the PM10, PM2.5, and PM1 mass fractions and emission factors, using a seven-stage cascade
impactor. The proposed methodology was applied to different stages of the ceramic process,
including ambient temperature (milling, shaping, glazing) and medium–high-temperature
(spray-drying, drying, firing, and frit melting) stages. In total, more than 100 measurements
were performed (pilot scale and industrial scale), which leads to a measurement time of
1500 h.

Regarding the environmental assessment tools and qualifying parameters useful for
political decision-makers, nine papers were submitted to the Special Issue. In particular,
Lin et al. [9] introduced the concept of innovative human capital by developing a new index
that measures human capital based on the number of patents for every one million R&D
full-time equivalent staff. On the other hand, Wang et al. [10] studied the impact of the
Emissions Trading System (ETS) on the Green Total Factor Productivity (GTFP) based on
the spatial difference-in-differences approach. The paper resulted in the ETS significantly
improving the GTFP of the pilot cities, producing a spatial spillover effect. The results
were robust to the placebo test; further analysis showed that the policy effect was mainly
driven by improving energy efficiency, promoting green innovation, and optimizing the
industrial structure. The third environmental parameter was proposed by Liu et al. [11],
using the carbon tax as the main policy tool to promote low-carbon economic development.
This had a positive impact on reducing corporate carbon dioxide emissions, promoting the

2
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development of more energy-saving emission reduction technologies, and exploring more
renewable resources. The research also showed that the levy of a carbon tax will adversely
affect economic development, residents’ income, and social welfare. However, introducing
a suitable carbon tax recycling mechanism when formulating carbon tax policies can reduce
the impact of the carbon tax on related industries. The same research group, Liu et al. [12],
reconsidered the carbon tax recovery policy supplemented by technological progress in the
clean power sector, showing that it can promote economic growth, improve social welfare,
and reduce the intensity of carbon dioxide emissions. The introduction of clean power tech-
nology advances makes up for the negative impact of economic growth and social welfare
losses, promoting the sustainable growth of the green economy. Advances in clean power
technology promote the transformation of the power structure. The advancement of clean
power technology drives the production of the clean power sector and replaces thermal
power generation. Mehmood Ali Shah et al. [13], differently to previous studies, adopted a
mediation model and unfolded not only the role of green human resource practices in the
psychological climate and green organizational culture but also clarified the mediating role
of the green psychological climate and green organizational culture in sustainable environ-
mental efficiency. The work recommended that a green psychological climate and green
organizational culture can be strengthened to achieve more environmental benefits of green
human resource management practices in organizations. The results urged researchers to
reconsider green human resource management policies for more clarification on the present
needs of organizations for developing a green environment. Finally, four works focused
on manufacturing activities’ environmental compliance. Liu et al. [14] used the random-
effects Tobit model and the double hurdle model to empirically conduct a robustness test.
The robust conclusion was that environmental compliance had a significant U-shaped
relationship with enterprise innovation, which means that environmental compliance will
inhibit enterprise innovation on the left of the inflection point of environmental compliance,
while environmental compliance on the right of the inflection point will promote enterprise
innovation. How CEO tournament incentives induce top executives to invest more in green
innovation was studied by Ullah et al. [15]. The main results supported tournament theory,
which proposed that better incentives induced top executives’ efforts to win the tournament
incentives, and such efforts were subject to fiercer competition among employees, which
improved firms’ social and financial performance. Sunday Adebayo et al. [16] re-assessed
the environmental Kuznets curve, taking into consideration the role of hydroelectricity
consumption and urbanization. As a result, regulations that decrease the usage of hy-
droelectricity will hurt economic growth. Any hydroelectricity deficit will also hinder
economic progress. Furthermore, a decrease in output will hurt the hydroelectricity de-
mand. Any shock to one of the series of interests will be felt in the others, and the feedback
flow will keep the chain going. As a result, expansionary hydroelectricity plans would
bring benefits. Hatice Sezgin et al. [17] focused on human development in reducing CO2
emissions in the G7 and/or BRICS (Brazil–Russia–India–China–South Africa) economies.
According to the G8 countries’ joint declarations, efforts were consistently taken to signif-
icantly reduce greenhouse gas emissions and to support sustainable energy and human
development. However, as most scholars indicate, there was still a gap between political
decisions, on the one hand, and the position of different researchers and analysts regarding
the need to further and intensify environmental stringency policies, on the other hand. Our
findings indicated that environmental stringency policies and human development were
important for environmental sustainability. However, environmental stringency policies
can negatively affect economic growth and employment by raising costs at the beginning.
However, the countries offset the negative economic effects of environmental stringency
policies through innovation, considering the Porter hypothesis and empirical findings over
time. On the other hand, improvements in human development were also effective for
environmental sustainability.

3



Int. J. Environ. Res. Public Health 2022, 19, 15575

Author Contributions: Conceptualization, A.G., M.E., H.S. and P.A.; writing—original draft prepara-
tion, A.G.; writing—review and editing, P.A.; supervision, P.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The Guest Editors wish to thank all the authors who contributed to the success
of this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Bari, I.; Giuliano, A.; Petrone, M.T.; Stoppiello, G.; Fatta, V.; Giardi, C.; Razza, F.; Novelli, A. From Cardoon Lignocellulosic
Biomass to Bio-1,4 Butanediol: An Integrated Biorefinery Model. Processes 2020, 8, 1585. [CrossRef]

2. Giuliano, A.; Catizzone, E.; Freda, C. Process Simulation and Environmental Aspects of Dimethyl Ether Production from
Digestate-Derived Syngas. Int. J. Environ. Res. Public Health 2021, 18, 807. [CrossRef] [PubMed]

3. Catizzone, E.; Sposato, C.; Romanelli, A.; Barisano, D.; Cornacchia, G.; Marsico, L.; Cozza, D.; Migliori, M. Purification of
Wastewater from Biomass-Derived Syngas Scrubber Using Biochar and Activated Carbons. Int. J. Environ. Res. Public Health 2021,
18, 4247. [CrossRef]

4. Camilleri-Rumbau, M.S.; Briceño, K.; Fjerbæk Søtoft, L.; Christensen, K.V.; Roda-Serrat, M.C.; Errico, M.; Norddahl, B. Treatment
of Manure and Digestate Liquid Fractions Using Membranes: Opportunities and Challenges. Int. J. Environ. Res. Public Health
2021, 18, 3107. [CrossRef] [PubMed]

5. Lotrecchiano, N.; Capozzi, V.; Sofia, D. An Innovative Approach to Determining the Contribution of Saharan Dust to Pollution.
Int. J. Environ. Res. Public Health 2021, 18, 6100. [CrossRef]

6. Adnan, N.A.; Halmi, M.I.E.; Abd Gani, S.S.; Zaidan, U.H.; Abd Shukor, M.Y. Comparison of Joint Effect of Acute and Chronic
Toxicity for Combined Assessment of Heavy Metals on Photobacterium Sp.NAA-MIE. Int. J. Environ. Res. Public Health 2021,
18, 6644. [CrossRef] [PubMed]

7. Sui, J.; Lv, W. Crop Production and Agricultural Carbon Emissions: Relationship Diagnosis and Decomposition Analysis. Int. J.
Environ. Res. Public Health 2021, 18, 8219. [CrossRef] [PubMed]

8. Celades, I.; Sanfelix, V.; López-Lilao, A.; Gomar, S.; Escrig, A.; Monfort, E.; Querol, X. Channeled PM10, PM2.5 and PM1 Emission
Factors Associated with the Ceramic Process and Abatement Technologies. Int. J. Environ. Res. Public Health 2022, 19, 9652.
[CrossRef] [PubMed]

9. Lin, X.; Zhao, Y.; Ahmad, M.; Ahmed, Z.; Rjoub, H.; Adebayo, T.S. Linking Innovative Human Capital, Economic Growth, and
CO2 Emissions: An Empirical Study Based on Chinese Provincial Panel Data. Int. J. Environ. Res. Public Health 2021, 18, 8503.
[CrossRef] [PubMed]

10. Wang, S.; Chen, G.; Han, X. An Analysis of the Impact of the Emissions Trading System on the Green Total Factor Productivity
Based on the Spatial Difference-in-Differences Approach: The Case of China. Int. J. Environ. Res. Public Health 2021, 18, 9040.
[CrossRef] [PubMed]

11. Liu, W.; Li, Y.; Liu, T.; Liu, M.; Wei, H. How to Promote Low-Carbon Economic Development? A Comprehensive Assessment of
Carbon Tax Policy in China. Int. J. Environ. Res. Public Health 2021, 18, 10699. [CrossRef] [PubMed]

12. Liu, W.; Liu, M.; Liu, T.; Li, Y.; Hao, Y. Does a Recycling Carbon Tax with Technological Progress in Clean Electricity Drive the
Green Economy? Int. J. Environ. Res. Public Health 2022, 19, 1708. [CrossRef] [PubMed]

13. Shah, S.M.A.; Jiang, Y.; Wu, H.; Ahmed, Z.; Ullah, I.; Adebayo, T.S. Linking Green Human Resource Practices and Environmental
Economics Performance: The Role of Green Economic Organizational Culture and Green Psychological Climate. Int. J. Environ.
Res. Public Health 2021, 18, 10953. [CrossRef] [PubMed]

14. Liu, M.; Liu, Y.; Zhao, Y. Environmental Compliance and Enterprise Innovation: Empirical Evidence from Chinese Manufacturing
Enterprises. Int. J. Environ. Res. Public Health 2021, 18, 1924. [CrossRef] [PubMed]

15. Ullah, S.; Khan, F.U.; Cismas, , L.-M.; Usman, M.; Miculescu, A. Do Tournament Incentives Matter for CEOs to Be Environmentally
Responsible? Evidence from Chinese Listed Companies. Int. J. Environ. Res. Public Health 2022, 19, 470. [CrossRef] [PubMed]

16. Adebayo, T.S.; Agboola, M.O.; Rjoub, H.; Adeshola, I.; Agyekum, E.B.; Kumar, N.M. Linking Economic Growth, Urbanization,
and Environmental Degradation in China: What Is the Role of Hydroelectricity Consumption? Int. J. Environ. Res. Public Health
2021, 18, 6975. [CrossRef] [PubMed]

17. Sezgin, F.H.; Bayar, Y.; Herta, L.; Gavriletea, M.D. Do Environmental Stringency Policies and Human Development Reduce CO2
Emissions? Evidence from G7 and BRICS Economies. Int. J. Environ. Res. Public Health 2021, 18, 6727. [CrossRef] [PubMed]

4



Citation: Celades, I.; Sanfelix, V.;

López-Lilao, A.; Gomar, S.; Escrig, A.;

Monfort, E.; Querol, X. Channeled

PM10, PM2.5 and PM1 Emission

Factors Associated with the Ceramic

Process and Abatement Technologies.

Int. J. Environ. Res. Public Health 2022,

19, 9652. https://doi.org/10.3390/

ijerph19159652

Academic Editors: Yinchang Feng

and Paul B. Tchounwou

Received: 19 April 2022

Accepted: 29 July 2022

Published: 5 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Channeled PM10, PM2.5 and PM1 Emission Factors Associated
with the Ceramic Process and Abatement Technologies

Irina Celades 1,*, Vicenta Sanfelix 1, Ana López-Lilao 1, Salvador Gomar 1, Alberto Escrig 1, Eliseo Monfort 1

and Xavier Querol 2

1 Institute of Ceramic Technology (ITC-AICE), University Jaume I, Campus Universitario Riu Sec,
Av. Vicent Sos Baynat s/n, 12006 Castellón, Spain

2 Institute of Environmental Assessment and Water Research (IDAEA-CSIC), C/Jordi Girona 18,
08034 Barcelona, Spain

* Correspondence: irina.celades@itc.uji.es; Tel.: +34-964-34-24-24

Abstract: A sampling methodology and a mathematical data treatment were developed that enable to
determine not only total suspended particulates (TSP) emitted at channeled sources but also the PM10,
PM2.5, and PM1 mass fractions (w10, w2.5, and w1) and emission factors (E.F.), using a seven-stage
cascade impactor. Moreover, a chemical analysis was performed to identify the elements present in
these emissions. The proposed methodology was applied to different stages of the ceramic process,
including ambient temperature (milling, shaping, glazing) and medium–high-temperature (spray-
drying, drying, firing, and frit melting) stages. In total, more than 100 measurements were performed
(pilot scale and industrial scale), which leads to a measurement time of 1500 h. Related to the mass
fractions, in general, the mean values of w10 after the fabric filters operated at high performance are
high and with little dispersion (75–85%), and it is also observed that they are practically independent
of the stage considered, i.e., they are not significantly dependent on the initial PSD of the stream to be
treated. In the case of the fine fraction w2.5, the behavior is more complex (w2.5: 30–60%), probably
because the only variable is not the cleaning system, but also the nature of the processed material.
Regarding abatement measures, the use of high-efficiency cleaning systems considerably reduces
the emission factors obtained for fractions PM10, PM2.5, and PM1. In reference to chemical analysis,
the presence of ZrO2 and Ni in the spray-drying and pressing stages, the significant concentration
of ZrO2 in the glazing stage, the presence of Pb, As, and Zn in the firing stage, and the presence of
Zn, Pb, Cd, and As compounds in the frits manufacturing should all be highlighted. Nevertheless, it
should be pointed out that the use of some compounds, such as cadmium and lead, has been very
limited in the last years and, therefore, presumably, the presence of these elements in the emissions
should have been also reduced in the same way.

Keywords: channeled emission; emission factor; particulate matter; abatement technology; ceramic
industry; PM10, PM2.5, and PM1

1. Introduction

Air pollution has been recognized as the single biggest environmental threat to human
health, based on its notable contribution to disease burden [1]. In this sense, European air
quality regulations related to particulate matter (hereinafter PM) have been established and
significantly modified in the last decades. In the 1990s, only total suspended particles (TSP)
were regulated. However, since Directive 1999/30/EC entered into force, limit values for
PM10 (particulate matter which passes through a size selective inlet with a 50% efficiency
cut-off at 10 μm aerodynamic diameter) have been established, specifically, an annual
limit value of 40 μg PM10 μg/m3 with a maximum of 35 days of exceedances of the daily
limit value of 50 μg/m3. This PM10 can be divided into two different categories: coarse
fraction, which is mainly deposited in the tracheobronchial region (2.5–10 μm), and fine
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fraction (<2.5 μm, including ultrafine particles (<0.1 μm)), which can penetrate deep into
the lungs and translocate to the other parts of the body [2]. In this regard, in the last
years, epidemiologic studies [3–6] have evidenced the negative effect of fine fraction on
health. For this reason, in 2008, Directive 2008/50/EC added PM2.5 fraction (particulate
matter which passes through a size-selective inlet with a 50% efficiency cut-off at 2.5 μm
aerodynamic diameter) and set an annual target value of 25 μg/m3.

In the same line, the recent publication in 2021 of the document WHO Global Air Qual-
ity Guidance [1] promotes the necessity to reduce the limit values because of their impact on
health. In this regard, this document defines quantitative health-based recommendations
for air quality, expressed as either long- or short-term concentrations of different key air
pollutants. Specifically, Air Quality Annual Guidance levels of 15 μg/m3 and 5 μg/m3 are
recommended for PM10 and PM2.5, respectively. These guidelines are not legally binding
standards; however, they provide countries with an evidence-informed tool which they
can use to inform legislation and policy.

The main contributors of PM are traffic, natural phenomena, combustion in agriculture,
domestic fuel burning, and industry [7]. In fact, the emissions into the air are one of the
main environmental impacts from industrial activities. With regard to industrial emissions,
as with air quality, regulations are becoming increasingly restrictive in terms of permitted
concentrations and have broadened the parameters of interest [8]. This behavior is driven
following the enforcement of Industrial Emissions Directive (IED, Directive 2010/75/UE)
and Integrated Pollution Prevention and Control (IPPC, Directive 1996/61/EC), where
Emission Limit Values associated with Best Available Techniques (BAT-AELs) have been es-
tablished according to BAT Reference Documents (BREFs). As an example, for the ceramics
industry (CER-BREF [9]), a generic BAT-AELs for dust is 30–50 mg/Nm3. Nevertheless, it
should be highlighted that in the BREFs updated after 2012 (cement, wood, ferrous metals,
non-ferrous metals, large combustion plants, glass, and waste incineration [10–16]), the
limits established for dust are becoming much more restrictive (1–20 mg/Nm3).

In fact, in the discussion and approval of the recent BREFs, PM10 and PM2.5 are in-
cluded as parameters to be monitored, but when deriving BAT-AELs, the limit is only estab-
lished for TSP including PM10 and PM2.5 [17]. The PM10 parameter has appeared for the first
time for emissions, additionally to the usual TSP, in tools derived from the IED, knows as
Pollutant Release and Transfer Register in Europe (E-PRTR) and Spain (PRTR-Spain [18]).

On the other hand, PM2.5 determination can be deemed essential not only because of
its potential impact on health, but also because it allows for the detection of anthropogenic
particulate pollutants, excluding crustal particulate interference [19]. However, this param-
eter alone does not seem to be adequate to quantify the impact of some industries with
significant primary particulate emissions (such as those of ceramics [19]). For this reason, it
is necessary to obtain accurate information on both fractions (PM10 and PM2.5) in order to
identify the contribution of different particulate matter sources and, therefore, to establish
specific measures that allow for the improvement of air quality [20].

In Spain, according to the values declared in PRTR-Spain, more than 8381.4 tons of
industrial primary PM10 were emitted into the atmosphere in 2020, of which more than 10%
corresponds to ceramic industries [18]. In fact, air quality studies performed in ceramic
areas have evidenced the influence of ceramic industry on air quality not only by the
presence of high PM concentration, but also for the significant levels of different heavy
metals [21–24]. The contribution of ceramic and related industries to PM10 and heavy
metals which may be considered as tracers of the ceramic industry [24], information which
is available in PRTR, is shown in Figure 1. In Table 1, the main characteristics of ceramic
process emissions are shown.
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Figure 1. Contribution of ceramic industries (3g) to some air quality indicators in Spain, 2020 [18].

Table 1. Ceramic process emissions.

Process Stage Emission Flow Type Pollutant

Tiles

Storage and
handling of raw

materials
Variable Continuous Diffuse PM

Milling (dry)
Variable Continuous/

Discontinuous
Ambient

channeled
PMMilling (wet)

Spray-dried Constant Continuous 1 Hot channeled PM and gases

Pressing Variable Continuous Ambient
channeled PM

Dry Constant Continuous 1 Hot channeled PM and gases

Glaze preparation Variable Discontinuous Ambient
channeled PM

Glazing Variable Continuous Ambient
channeled PM

Firing Constant Continuous 1 Hot channeled PM and gases

Frits
Milling Variable Continuous/

Discontinuous
Ambient

channeled PM

Frits melting Constant Continuous/
Discontinuous

1 Hot channeled PM and gases

1 Hot channeled refers to those medium–high-temperature processes.

As it can be drawn for Table 1, the ceramic tile production process may generate both
channeled and diffuse emissions:

• Diffuse emissions are those which pass to the atmosphere without being channeled. In the
ceramic industry, they are mainly related to bulk material storage, handling, and transport.
They can also occur in some operations such as milling, grinding, and trucking.

• Channeled emissions are those which pass to the atmosphere through a pipe. They can
be divided into medium–high- and ambient-temperature emissions. The main mea-
sures proposed in the CER-BREF [9] to reduce this type of emissions are (1) primary
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measures: related to reducing the use of raw materials that could contain hazardous
components; and (2) secondary measures: different abatement technologies are avail-
able as wet scrubber systems, Venturi type, fabric filters, and electrostatic precipitators.

Although the impact of the ceramic industry on air quality is well known [21–24], PM
emission factors related with channeled emissions from ceramic process are not available
in the EMEP/EEA air pollutant emission inventory guidebook 2019 [25]. There are some
reference documents [26] which are based on US-EPA (Environmental Protection Agency)
documents and previous studies [27–46] in which we can check on emission factors for
spray-drying, drying, glazing, and firing resulting in a global emission factor between
2.4–11.1 kg TSP/ton depending on the implemented mitigation measures. Nevertheless,
these emission factors are only available for TSP. In order to extend the information in
public inventories such as E-PRTR and harmonize the key control parameters between air
quality and industrial emissions (TSP, PM10, and PM2.5), the rationale of the present study
was, firstly, to develop a sampling methodology based on the previous study performed
by Erlich et al. [47,48] and other previous studies performed at industrial scale [49–55];
secondly, to determine PM10, PM2.5, and PM1 emission factors associated with different
stages that take place during the ceramic tiles manufacturing process.

To this aim, this study was performed in a wide variety of facilities located in the
ceramic production area of Castelló (Figure 2). This area extends from the coastal flat
(mainly occupied by residential areas and orange tree plantations) to the mountain chain of
La Cruz. This area is the largest ceramic-tile-producing zone in the EU, accounting for a
turnover in 2020 of approximately EUR 3842M [56] and EUR 1200M [57] for ceramic tiles
and frit and pigments, respectively. As a consequence of the high concentration of ceramic
and related industries in a small area, an Air Quality Plan [58] was elaborated in 2008 to
implement high-efficiency PM emissions abatement technologies in ceramic facilities and
to replace impurity-bearing raw materials.

Figure 2. Map of the Castelló ceramic cluster [59].
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2. Methodology

The method to perform the PM monitoring campaigns is based on the inertial separa-
tion of the PM target fractions and its subsequent gravimetric determination. The applied
methodology was performed in accordance with the reference standards [60,61] and the
specific previous studies focused on ceramic emissions [62,63], and its application allowed
us to obtain the chemical characterization of the ceramic PM channeled emissions.

2.1. Physical Characterization of the PM Emitted

The physical characterization allowed for the determination of particle size distribution
(PSD), mass fractions (wx: w10, w2.5, and w1) and specific emission factors (EF10, EF2.5, and
EF1) for each process stage. Measurement campaigns were carried out at several ceramic
companies which manufacture wall and floor tiles and frits (Table 2). All measurements
were carried out under real operating conditions. The sampling period was chosen in such a
way that sufficient mass is collected to permit weighing with the required accuracy without
overloading the stages. Since the total PM concentrations were usually low at the tested
industrial plants, very long sampling times must be provided for the reasons mentioned.

Table 2. Industrial scenarios.

Industrial Process Stage Process

Ceramic tile

Milling
Spray-drying

Pressing
Glaze preparation and glazing

Drying
Firing

Ceramic frit Frit melting

It should be highlighted that, in some stages, measures were performed before and
after the cleaning system (cyclone, wet scrubber, fabric filter, and electrostatic precipitator).

With this aim, experimental measures were taken at industrial scale using a cascade
impactor (Anderson Impactor type Mark III). This impactor is designed to meet the specifi-
cations reported by VDI 2066 [64,65] and to fractionate suspended particles into different
sizes categories according to their inertia.

The cut-size associated with each impactor stage depends on flow and temperature of
the airstream. To calculate the PSD and mass fractions of interest (w10, w2.5, and w1) easily
and accurately, the results need to be adjusted to a distribution. This distribution could be
the log-normal one, which is the most usual to treat PSD data because, from the mathemati-
cal point of view, it ensures that all obtained values are positive and, therefore, they have
a physical meaning. From the literature review, different types of distributions has been
identified, which yield very good results in this field, such as the Rosin–Rammler–Sperling–
Bennet distribution (RRSB) [47,66]. For this reason, the results obtained with log-normal
distribution in the present study were compared with those obtained by RRSB distribution.

The procedure applied to calculate the cumulative log-normal and RRSB distribution
is described in Figure 3.
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Figure 3. Flow chart of the mathematical treatment used to calculate PSD and wx. D: geometric
diameter (μm); S: geometric deviation; R: correlation index.

The detailed assessment of the proposed methodology was carried out in previous
studies [62,63]. The evaluation criteria used was the compatibility index (CI) (EN ISO/IEC
17043 [67]), which allows us to know if two results associated with their respective uncer-
tainties are comparable. The results compared were the total concentration measurement
determined by using a cascade impactor and one obtained with the standard method (EN
13284-1 [68]). The CI was satisfactory in most of the cases studied, so it was considered
that there was a good correlation between the compared concentrations. Therefore, both
distributions can be considered appropriate for the objectives of the present study.

Despite the favorable results obtained in this study, and following the recommenda-
tions of the standards (EN ISO 23210 [69]), the use of a cascade impactor for the quantifica-
tion of the total PM concentration is not recommended in those cases where the objective of
the measurement is to ensure compliance with the established regulations.

2.2. Chemical Characterization

The objective of the chemical characterization was to obtain the chemical profile of the
mass fractions w10 and w2.5 from the emissions associated with the ceramic process.

The selection of the analysis technique for the determination of the mass concentration
of specific elements in the particulate matter emissions of the studied industrial processes
was dependent on the amount of sample required to perform the analysis. In fact, it was
the main drawback of samplings carried out at industrial scale.

This situation is more critical because of the extensive implementation of Best Available
Techniques in the ceramic plants, which significantly reduces the emissions and requires
very long sampling times, which makes it difficult to comply with the technical criteria
established in the sampling standards. In these cases, the measurements were carried
on a pilot scale (emission simulator; Figure 4), whose use was evaluated in previous
studies [62,63].

The PM emissions generator allows for the regulation of the flow rate and the amount
of solid material fed into an airstream with an air velocity similar to industrial installations
(10–15 m/s) which transfer the dust to the sampling area, obtaining a range of PM con-
centrations. The feasibility of this system was deemed essential to obtain enough amount
of sample for chemical analysis, upholding the technical requirements of the sampling
standards. In this system, the powdered material used was provided by ceramic industries
from the waste captured by the fabric filters installed to abate PM emissions generated in
each stage of the process (Table 2).
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Figure 4. PM emissions generator diagram.

The sampling by means of the PM emissions generator is based on the assumption that
the content of PST and fractions w10, w2.5, and w1 of the material collected by the different
cleaning systems (fabric filter and electrostatic precipitator) is similar to the composition
of the w10, w2.5, and w1 of the emissions generated after the abatement system. This
assumption is based on the fact that the temperature of the gases as they pass through the
cleaning systems is of the same order as the emission temperature, and therefore, a priori, it
is not expected that condensation processes, which could modify the chemical composition
of the issued PM, take place.

The device used for collecting the sample was a Tecora cyclone, designed to meet the
specifications reported by USEPA in the Method 201A [70] and to measure PM10 and PM2.5
in stack emission [62,63]. This device allowed us to obtain the required amount of sample to
subsequently perform the chemical analysis of the PM10 and PM2.5 captured. The cyclone
is required since the cascade impactor has different stages and, therefore, it would be very
difficult to obtain enough mass of sample for the subsequent analysis using this device.

The sampling of particulate matter was carried out by means of quartz glass filters
(QF20 Schleicher and Schuell). Once the PM concentrations were obtained by weighting
the filters using standard procedures, one-half of each of them was digested and analyzed
following the method by Querol et al. [19,71]. This method is based on an acid attack using
low-pressure Teflon bombs. The solution obtained was then centrifuged and analyzed
by (a) inductively coupled plasma–atomic emission spectrometry (ICP-AES) for major
elements, and (b) inductively coupled plasma–mass spectrometry (ICP-MS). A quarter
of each filter was used to analyze boron by the Azomethine-H method. Finally, the last
quarter was sometimes used for the morphological characterization.

2.3. Summary of Sampling Campaigns

In total, more than 100 measurements were performed (pilot scale and industrial scale),
which led to a measurement time of 1500 h (Table 3).
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Table 3. Sampling campaigns description.

Physical Characterization Chemical Characterization

Scenario Industrial Pilot scale
(PM emission generator)

Device Cascade impactor PM10/PM2.5 cyclone

Sampling campaigns Number of samplings: 47
Sampling hours: 1150

Number of samplings: 95
Sampling hours: 470

3. Results

3.1. Physical Characterization of the PM Emissions
3.1.1. Determination of PSD and wx

The determination of wx was obtained from the PSD, applying the mathematical
treatment described in Figure 3. In this regard, two mathematical methods were evaluated:
log-normal and RRSB (Section 2.1). It can be observed that both methods are comparable in
all cases (Figure 5), so the log-normal model was applied, since it is the commonly used
one in the surveyed literature.

Figure 5. Granulometric fractions w10, w2.5, and w1 calculated by the log-normal method and
RRSB method.

The average fractions w10, w2.5, and w1 obtained from the PSD are shown in Tables 4
and 5. More detailed information about the average PSD is shown in the Supplementary
Material (Figures S1–S3 and Tables S1 and S2). The average process stage PSD was calcu-
lated from the sum of the mass of the particles (within the same size range) of each of the
individual samplings.
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Table 4. w10, w2.5, and w1 obtained during milling, pressing, and glazing (ambient emissions).

Process Stage
Cleaning
System

Number of
Samplings (n)

Tgases (◦C)
Average Values

CTI (mg/Nm3) w10 (%) w2.5 (%) w1 (%)

Milling Fabric filter 4 15–30 <5 74.8 53.4 38.0

Pressing None 1
15–30

109 ± 33 21.0 2.1 0.23
Fabric filter 1 <5 75.3 28.9 5.3

Glaze preparation
and glazing

None 2
18–40

132 ± 71 51.8 20.1 7.5
Fabric filter 3 <5 74.5 41.7 22.9

Table 5. w10, w2.5, and w1 obtained during drying, spray-drying, firing, and frits melting (medium-
and high-temperature emissions).

Process Stage
Cleaning
System

Number of
Samplings (n)

Tgases (◦C)
Average Values

CTI (mg/Nm3) w10 (%) w2.5 (%) w1 (%)

Spray-drying
Cyclone 1

75–120
>1000 73.4 41.3 21.8

Fabric filter 2 <5 75.4 50.0 33.2
Cyclone +

wet scrubber 2 60–65 75 ± 34 97.7 80.6 39.2

Drying None 1 110–120 <5 84.5 66.9 52.2

Firing
None 2 160–210 11 ± 5 99.4 93.9 75.9

Fabric filter +
reagent 2 140–160 <5 81.6 59.2 41.7

Frits melting
None 3 110–260 415 ± 318 74.9 59.1 43.9

Fabric filter 1
110–210

<5 83.1 61.1 43.5
Electrostatic
precipitator 1 <5 88.0 67.5 49.2

In order to compare the results, graphs representing the cumulative probability (cu-
mulative mass expressed in %) versus particle diameter were produced (Figures S1–S3).
This type of graph is easy to interpret and yields a straight line whenever the characterized
particles come from a single source or when they have similar sizes, even if they come from
several sources [72–74].

The average wx (expressed in %), as a function of the particle size, was grouped
attending to the following criteria, to be easily understood:

• Emissions generated in ambient-temperature processes (<50 ◦C): milling, pressing,
and glaze preparation and glazing (Table 4).

• Emissions generated in medium–high-temperature processes (60 ◦C to >150 ◦C):
drying, spray-drying, firing, and frits melting (Table 5).

It is remarkable the long sampling times (>40 h) required to determine the wx and PSD in
those stack emissions with low particle concentrations (dryers or emissions after treatment).

3.1.2. Determination of EF

This section sets out the specific emission factors obtained for the PM10, PM2.5, and
PM1 for the different stages of the ceramic process, expressed as mgPMx/m2 or mgPMx/kg
depending on the characteristics of the processed product. For this purpose, a specific
weight of 21 kg of spray-dried granulate/m2 was considered and the specific flow rates
were obtained from previous studies in the ceramic industry [58,59].

The sources studied were divided into two groups, based on process temperature, as
was performed in Section 3.1.2, since the literature reports and results obtained from the
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present study evidenced that this characteristic notably influences the size and composition
of the PM emitted from these sources. Emission factors are shown in Tables 6 and 7.

Table 6. Emission factors for milling, pressing, and glaze preparation and glazing (ambient-
temperature processes).

Process Stage
Cleaning
System

1 Q (Nm3/kg) Units
Average Values

EFPM10 EFPM2.5 EFPM1

Samplings at
ambient temperature
sources (T < 40 ◦C)

Milling Fabric filter 4 mg/kg 2 2 1

Pressing None
4 mg/m2 1923 192 21

Fabric filter 8 3 1

Glaze preparation
and glazing

None
4 mg/m2 7183 2212 724

Fabric filter 48 31 29
1 Specific flow rate obtained from Monfort et al., 2013 [59] and Conselleria de Medi Ambient, Aigua, Urbanisme i
Habitatge, 2008 [58].

Table 7. Emission factors for spray-drying, drying, firing, and frits melting (medium- and high-
temperature processes).

Process Stage
Cleaning
System

1 Q (Nm3/kg) Units
Average Values

EFPM10 EFPM2.5 EFPM1

Samplings at
medium–high-

temperature ceramic
sources

Spray-drying

None

4 mg/kg

4147 2734 1137

Fabric filter 3 2 1

Wet scrubber 297 244 99

Drying None 3 mg/m2 155 123 96

Firing
None

4 mg/m3
901 857 690

Fabric filter +
solid reagent 11 8 5

Frit melting

None

4.4 mg/kg frit

1376 1045 643

Fabric filter 1 1 1

Electrostatic
precipitator 19 15 11

1 Specific flow rate obtained from Monfort et al., 2013 [59] and Conselleria de Medi Ambient, Aigua, Urbanisme i
Habitatge, 2008 [58].

3.2. Chemical Composition of PM Emissions

In this section, the average chemical profiles are shown (Table 8), including major
and trace elements of PM emission from ceramic process stages. This average profile was
obtained from at least three individual valid samplings for each process stage. The major
elements (expressed as oxides) are those whose percentage in composition is higher than
1%, and the trace elements are those where the concentration is higher than 100 mg/kg.
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Table 8. PM emission composition (major and trace elements) associated with different ceramic
process stages.

Process Stage Major Elements Trace Elements

Spray-drying
Drying

Pressing
ZrO2, ZnO, BaO, PbO Hf, Cr

Glazing B2O3, BaO, PbO, ZnO, ZrO2 Cu, Cr, Cd, Sn, Hf

Firing Na2O, K2O, ZnO, PbO S, Tl, As, Cr, Rb, Cs, Cu

Frits melting SiO2, Al2O3, CaO, MgO, K2O, Na2O, BaO, ZnO S, Sr, Cs

In stages such as spray-drying, pressing, and drying, where the processed product
is quite similar (in terms of chemical composition) and has not suffered any significant
physical–chemical transformations (low–medium process temperature), it is considered
that the chemical profile is common for the different stages. More detailed information
about the identified major and trace elements can be obtained from the Supplementary
Material (Figures S4–S9).

From these results (Table 8), and taking into account previous air quality studies per-
formed in the ceramic area of Castellón, the main tracers and other legislative elements (Ni
and Cd) were selected to study the segregation of these elements in fractions PM10 (Figure 6)
and PM2.5 (Figure 7), associated with the different stages of ceramic process considered.

Figure 6. PM10 composition in the different stages of the ceramic process.

15



Int. J. Environ. Res. Public Health 2022, 19, 9652

Figure 7. PM2.5 composition in the different stages of ceramic process.

4. Discussion

The Discussion section follows the same structure as the Results section.

4.1. Physical Characterization of the Emitted PM
4.1.1. Determination of PSD and wx

Regarding the comparison between the log-normal and RRSB distributions, it can
be seen that both methods are comparable since in all cases (w10, w2.5, and w1) a trend
line with a slope coefficient close to 1 and a regression coefficient higher than 0.90 was
obtained. In addition, none of the methods have a clear tendency to either overestimate or
underestimate the results. It can therefore be concluded, considering this evaluation, that
both methods can be indistinctly used, so the log-normal model was applied, since it is the
most commonly used one in the surveyed literature.

In reference to the PSD obtained in the present study, the fit parameters to a log-normal
distribution, obtained by applying the calculation procedure described in Figure 3 for the
calculation of wx, showed good agreement (R2 > 0.90).

From the results obtained without cleaning system, wide PSD can be observed. In the
case of ambient- and medium-temperature process stages, it can be due to the presence of
coarse particles, in the form of granulates and agglomerates, and fine particles. The fine
particles are associated with individual particles of the processed material and particles
generated by the breakage of agglomerates/aggregates (Figure 8). In high-temperature
processes, wide PSD is also observed as a result of different origins for PM, coarser material
generated by carryover of batch particles and finer PM from volatilization–condensation
processes (Figure 9).
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Figure 8. SEM photograph of the PM emitted by the cyclones after spray-drying.

  

Figure 9. SEM photograph of the PM emitted in the frit melting stage.

Regarding the influence of the cleaning systems on the particle size of the emitted PM,
it should be noted that, in most of the processes studied (except the firing stage with solid
reagent injected in the exhaust stream to remove gaseous pollutants), the finest fractions are
enriched after the cleaning system. Moreover, the PSDs were less wide, presumably due to
the fact that the coarser fraction was highly efficiently reduced. Finally, it was considered
interesting to make some specific comments on some of the stages and cleaning systems
studied (Table 9).

Table 9. Comments about wx associated with different ceramic process stages and cleaning systems.

Process Stage Cleaning System Granulometry

Spray-drying Cyclone + wet scrubbing system The increase of wx is due to the breakage of the
agglomerates by wetting.

Firing Fabric filter + solid reagent The reduction of wx is a direct consequence of injecting
solid reagent to remove gaseous pollutants.

Frit melting Fabric filter

The increase of the wx emitted post-cleaning can be
explained by the thermal origin

(volatilization–condensation) of the particles when the
temperature of the exhaust gases is reduced (<200 ◦C)

before entering into the cleaning system.
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In general, the mean values of w10 after the fabric filters operated at high performance
are high and with little dispersion (75–85%), and it is also observed that they are practically
independent of the stage considered, i.e., they are not significantly dependent on the initial
PSD of the stream to be treated.

In the fine fraction w2.5, the behavior is more complex (w2.5: 30–60%), probably because
the main variable is not the cleaning system, but also the nature of the processed material.

4.1.2. Determination of EF

In general, the use of high-efficiency cleaning systems considerably reduces the emis-
sion factors obtained for fractions w10, w2.5, and w1. Nevertheless, the type of cleaning
system and other operational parameters (such as the material processed and/or process
temperature) can have an influence on the obtained results:

• In medium–high-temperature stages, concretely in the spray-drying and frits melting,
the emission factors obtained differ by a factor of 10 in the case of frit melting and by a
factor of 100 in the case of spray-drying, depending on the Best Available Technique
(BAT) implemented. The lowest values correspond to the technological scenario
corresponding to fabric filters.

• In those stages where the processed materials are similar, but the process temperature
is significantly different, such as the milling and spray-drying stages, the average emis-
sion factors obtained were very similar when a fabric filter was used as an abatement
technology (EFPM10: 2–3 mg/kg, EFPM2.5: 2 mg/kg, and EFPM1: 1 mg/kg).

• On the contrary, when the material processed is different and the process temperature
is similar, such as the pressing and glazing stages, the emission factors obtained differ
considerably (EFPM10: 8–48 mg/m2, EFPM2.5: 3–31 mg/m2, and EFPM1: 1–29 mg/m2).

The obtention of specific emission factors for different particle size and stage processes,
including the influence of the abatement system, is considered of great practical interest for
the ceramic industry, technological providers, public authorities, and research groups for
performing emission inventories (e.g., E-PRTR), deriving new BAT-AELs (Emission Limit
Values associated with Best Available Techniques), air pollution diagnosis studies, envi-
ronmental impact studies from a lifecycle analysis perspective, and air quality assessment
studies, among others.

Despite the potential use of the ceramic specific emission factors mentioned above, it is
remarkable that these are not currently available in those reference emission factors guides
such as the AP-42/EPA [26] and EMEP-EEA [25] and in the BAT Reference Document
applicable to the ceramic and related industries (CER BREF [9], GLS BREF [12], and
WGC BREF [17]).

Table 10 shows a compilation of emission factors obtained in other similar studies [47]
and in the present study. In general, they are coherent PM emissions from combustion pro-
cesses (e.g., firing and fusing) finer than those generated from mechanical treatments (e.g.,
press and milling). In one case, significant deviations were detected between comparable
processes, such as isostatic pressing of minerals; this could be due to the different sizes of
the material processed.

4.2. Chemical Characterization of the PM Emissions

Finally, regarding the chemical analysis, the following conclusions may be drawn:

• In the spray-drying and pressing stages there was an important presence of ZrO2 and
Ni, which can be attributed to the presence of these components in the raw materials
and also in the ceramic sludges. It should be highlighted that the ceramic sludges,
which are reused in the spray-drying stage, are generated during different cleaning
operations (glaze preparation and glazing stage) and, therefore, they have a similar
composition to the raw materials used in these last-mentioned processes.

• In the case of glazing, the concentration of ZrO2, which is mainly used to achieve
opacity, is significant. Nevertheless, this composition can be very variable because it
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depends on the final aesthetic requirements of the ceramic tiles produced, and this
compound is not present in all glaze compositions.

• Regarding the firing stage (emissions before the abatement system), the presence of
PbO, As, and Zn compounds was associated with the raw materials used in body and
glaze composition.

• Finally, in the case of the melting stage for frits manufacturing, the presence of Zn,
PbO, Cd, and As compounds was linked to raw material compositions. Nevertheless,
it should be highlighted that the use of cadmium and lead in the frits composition has
been very limited in the last years, and, therefore, presumably the presence of these
elements in the emissions should have been reduced in the same way.

Table 10. Compilation of emission factors.

Source
Industrial

Process

Subsector, Basic Input
Material, Fuel

Cleaning
System

TSP
(mg/Nm3)

Mean Values (%)

EFPM10 EFPM2.5 EFPM1

Findings of
this research

Ceramic tile
manufacturing

Ceramic tile manufacturing,
milling, batch Fabric filter <5 74.8 53.4 38.8

Previous
studies [47]

Treatment
natural stone,

sand

Crusher plant,
limestone, dolomite Fabric filter 1.2 69.2 14.2 5.0

Findings of
this research

Treatment
natural stone,

sand

Preparation of ceramic raw
materials, loam, clay,

porosity material
Fabric filter 0.8 80.4 34.4 16.5

Findings of
this research

Ceramic tile
manufacturing

Ceramic tile manufacturing,
isostatic compression press,

spray-dried powder
Fabric filter <5 75.3 28.9 5.3

Previous
studies [47]

Manufacture of
porcelain/press

Isostatic compression press,
porcelain substance Fabric filter 0.1 94.9 57.4 38.3

Findings of
this research

Ceramic tile
manufacturing

Ceramic tile manufacturing,
firing, continuous, natural gas None 11 99.4 93.9 75.9

Previous
studies [47]

Tunnel oven
ceramic industry

Oven without additive, loam,
clay, gas None 5.3 93.9 85.0 79.7

Oven with additive, loam,
clay, gas, lime None 3.4 95.4 88.6 84.9

Findings of
this research Glass industry Ceramic frit manufacturing Fabric filter <5 83.1 61.1 43.5

Ehrlich et al.
2007 [47] Glass industry

Manufacture of goblets and
beakers, bath, cullet, batch,

natural gas
Fabric filter 0.8 93.4 53.3 37.7

Another aspect studied was the possible segregation of the components and elements
of interest (As, Cd, Ni, PbO, ZnO, and ZrO2) in the PM10 and PM2.5 fractions for each of the
process stages. It was observed that the enrichment in one or another fraction is associated
with the emission mechanism of the component and/or element evaluated and with the
granulometry of the source material.

• For example, in the spray-drying stage, there is an enrichment in Ni in the PM2.5
fraction. The presence of this element is associated with the use of ceramic pigments
whose granulometry is usually very fine.

• Regarding the emission mechanism, the fluxing nature of lead compounds means that
this is present mostly by volatilization from the melt; hence, an enrichment of this
component is observed in the finest fraction, specifically in the frit melting and firing
stages after the cleaning system.
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• In the melting stage of ceramic frits, both As, a trace element associated with the
natural raw materials that introduce boron into the composition of ceramic frits, and
ZrO2, a raw material for frits and atomized granules, are enriched in the PM10 fraction,
probably because the emission mechanism in both cases is mechanical in nature.

5. Conclusions

The conclusions of this study are presented in accordance with the structure followed
in the previous sections.

5.1. Physical Characterization
5.1.1. Assessment of Methodology Used to Determine wx and PSD

• The cascade impactor is suitable for determining and studying both the PSD and the
w10, w2.5, and w1 fractions. The use of the impactor is not recommended due to the
uncertainty that may be associated with the filters weighted.

• The two mathematical processing methods of the PSD data (log-normal distribution
and Rosin–Rammler–Sperling–Bennet) exhibit similar results for the determination of
the w10, w2.5, and w1 fractions. The log-normal adjustments with R2 greater than 0.90
were obtained.

5.1.2. Determination of PSD and wx

• The PSDs obtained are relatively wide, due to the different mechanisms of origin of
the particulate matter, mechanical, and/or volatilization–condensation.

• The average values obtained for w10 and w2.5 after fabric filters, operated at high
performance, are in the range of 75–85% and 30–60%, respectively. In the case of the
fine fractions, the wide range is due to the influence not only of the cleaning system
but also of the nature of the processed material.

5.1.3. Determination of the EF

• The highest efficiency, for the ceramic stages studied, is reached when fabric filters
are applied.

• In those cases where the materials processed are similar, such as the milling and spray-
drying stages, the process temperature does not significantly affect the EFs obtained.

5.2. Chemical Characterization of the PM Emissions

• The use of the pilot-scale emission simulator made it possible to significantly reduce
the sampling times and consequently to obtain a large amount of samples of the
different granulometric fractions, which allowed a complete chemical characterization.

• The chemical analysis showed that ZrO2, ZnO, BaO, PbO, B2O3, Hf, Cr, Cu, Cd, and Sn
were the main components in the emissions related to ambient-temperature processes
(spray-drying, pressing, and glazing) while SiO2, Al2O3, CaO, MgO, Na2O, K2O,
BaO, ZnO, PbO, S, Tl, As, Cr, Rb, Cs, Cu, and Sr were the main components of the
medium–high-temperature processes emissions (firing and frits melting).

• The emission mechanism (mechanical and/or volatilization–condensation) and the
particle size of the source material are the parameters that most influence the potential
segregation of the components and elements evaluated (As, Cd, Ni, PbO, ZnO, and
ZrO2) in the PM10 and PM2.5 fractions.

6. Future Research Lines

From the results obtained in the present study, a series of future research lines to
complement some of the results achieved are proposed:

• To develop an emission simulator in order to modify the temperature of the stream
and the introduction of gases, and thus study the effect of the temperature and the
composition of the gas stream on the characteristics of the particulate matter.
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• To use more complete particle size distribution determination systems, even comple-
menting several systems simultaneously, which allow us to obtain information in a
wider range of particle sizes. In this sense, it would be especially interesting to address
the study of the submicron and ultrafine fractions in emissions from high-temperature
processes, both in concentrations and their variation and possible correlation with
emission mechanisms and scrubbing systems. These fractions are of increasing en-
vironmental interest, and therefore receive greater legislative attention due to their
possible effects on health.

• It would be extremely interesting to initiate a line in collaboration with analytical
chemists to clarify some aspects that could not be determined in this work, such
as the detailed study of the behavior of some elements and their compounds, in
particular of the most volatile elements, such as boron, lead, arsenic, thallium, etc., in
processes and emissions at higher temperatures, in order to deepen the knowledge of
the volatilization–condensation mechanisms and minimize possible emissions. To this
end, it is necessary to develop methodologies that integrate equipment allowing for
the characterization of very small samples.

• To carry out a specific study of high-temperature process steps in order to determine
the influence of raw material composition, process variables, scrubbing systems, etc.,
on the characteristics of particulate matter emissions.

• To complement the results of this study with air quality studies in the area, for which
it is necessary to determine the behavior of particulate matter and gases emitted
by different sources in the atmospheric environment, studying the mechanisms of
interaction between different primary and secondary pollutants.
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Abstract: The environmental issue is a significant challenge that China faces in leading the develop-
ment of the green economy. In this context, reducing CO2 emissions is the key to combatting this
problem. Taking the 2017 social accounting matrix (SAM) as the database and combing macroeco-
nomic parameters from previous studies, this article constructed the environmentally computable
general equilibrium (CGE) model as an analytical model to analyze the economic–environmental–
energy impacts of recycling carbon tax with technological progress in clean electricity. We found that
when the rate of clean electricity technological progress reaches 10%, the carbon recycling tax that
reduces corporate income taxes will achieve a triple dividend of the carbon tax, namely, promoting
economic development, reducing carbon emissions, and improving social welfare. In the meantime,
on the basis of carbon tax policies that raise the price of fossil energy, clean electricity technological
progress will help accelerate the transformation of electricity structure, reduce the proportion of
thermal power generation, and better promote emission reduction. In addition, due to the high
carbon emission coefficient, coal contributes significantly to carbon emission reduction. Therefore,
China should implement a carbon tax recycling policy supplemented by the progress of clean power
technology as soon as possible to better promote green economy development.

Keywords: carbon tax recycling policy; green economy; technological progress; CGE model; triple
dividend; carbon emissions

1. Introduction

Green and sustainable development is a core driver of economic development world-
wide. However, the growing amount of carbon emissions poses a tremendous threat to
it. The current status of China’s carbon emissions has remained underwhelming. In 2020,
China’s primary energy demand increased by 2.1%, and total carbon dioxide emissions
increased by 0.6%. By contrast, the proportion increased. Specifically, fossil energy con-
sumption accounted for 85.2% of total energy consumption. The high proportion of fossil
energy has led to higher CO2 emissions. As the largest carbon emission producer in the
world, China is actively committed to adopting more effective policies and measures to
reduce carbon emissions [1]. On 22 September 2020, President Xi Jinping proposed at the
general debate of the 75th United Nations General Assembly that “China will increase its
nationally determined contributions (NDC), striving to reach the peak of carbon dioxide
emissions by 2030, further, try to achieve carbon neutrality by 2060”. Later, at the Climate
Ambition Summit, he announced that China’s carbon dioxide emissions per unit of GDP
will drop by more than 65% compared to 2005 by 2030, the proportion of non-fossil energy
to primary energy consumption will reach about 25%, and wind and solar power generation
capacity will reach more than 1.2 billion kilowatts. In response, it is necessary to study how
China can promote carbon reduction, achieve carbon emission commitments, and drive the
development of a green economy.

Int. J. Environ. Res. Public Health 2022, 19, 1708. https://doi.org/10.3390/ijerph19031708 https://www.mdpi.com/journal/ijerph
25



Int. J. Environ. Res. Public Health 2022, 19, 1708

In the process of promoting the development of a green economy, the power industry,
as an industry with a relatively large volume of emissions, should be of particular concern.
Coal-fired power generation is the main source of power generation in most parts of the
world [2]. As for China, in 2020, nuclear power generation accounted for 4.7% of produced
power; hydropower generation accounted for 17%; and renewable energy power generation
accounted for 11%. Based on the above data, clean powers’ proportions are relatively low.
Coal-fired power generation was still the primary source of power generation, accounting
for 63% of the power produced (https://www.bp.com/, (accessed on 23 January 2022)).
China’s coal reserves are relatively sufficient, and coal-fired power generation has the
advantages of controllability and stability. Therefore, thermal power generation relies
primarily on coal combustion [3]. It is undeniable that high carbon emissions accompany
the combustion process. According to the IEA, the global electricity and heat sector
contributes 42% to CO2 emissions, with China contributing a larger share in comparison
(https://www.iea.org/, (accessed on 23 January 2022)). At the same time, in the light
of the CEADs database statistics, the industries involved in the production and supply
of electricity, steam, and hot water produce the highest carbon dioxide emissions (https:
//www.ceads.net/, (accessed on 23 January 2022)). China’s power industry has enormous
potential for emission reduction. The green development and transformation of China’s
fuel power generation industry have become a general trend.

Countries worldwide have been exploring corresponding measures to achieve green
economic development, including carbon pricing policies, which can advance progress
towards the achievement of climate goals [4]. Carbon emission reduction incentives based
on carbon pricing policies help the competitive market play a role, reducing carbon emis-
sions further. Specifically, carbon tax and trading policies are two effective carbon pricing
policies [5,6]. The carbon tax policy is a price control strategy levied on fossil energy’s
carbon content or emissions, whereas the carbon trading policy is a total quantity control
strategy [7,8]. In addition, the carbon tax is simpler and faster than the Emission Trading
Scheme (ETS) for developing countries within the short to medium term [9]. At the same
time, a more rational carbon tax corrected the intra-sector distortions created by ETS [10].
However, the operation of a carbon tax policy causes the price of related energy to rise,
affecting corporate investment and household consumption, which is not conducive to
economic growth or the improvement of social welfare. In this regard, a properly de-
signed carbon tax recycling policy is the key to achieving the double dividend (promoting
economic growth and reducing carbon emissions) [11]. To be more specific, a carbon tax
recovery policy refers to the imposition of a carbon tax while returning it to residents
or businesses in various forms, such as reducing existing distortionary tax rates (lower
corporate income tax, resident income tax, and others), affecting socio-economic variables
such as corporate income and resident income [12]. Furthermore, as crucial factors of
production, the efficiency and technology of energies are also effective measures that can be
used to avoid the adverse effects of carbon taxes. Technological progress can curb carbon
emission intensity while not reducing long-term economic growth [13]. Combined with
the above analysis, both carbon tax recovery and technological progress are effective and
important tools to maintain economic growth under carbon reduction targets.

Nevertheless, existing studies mainly focus on individual research on carbon tax
policy and the impact of technological progress on carbon emission reduction, whereas
there are few studies on the combination of carbon tax recycling policy and technological
progress. Moreover, the analysis does not focus on technological progress in the clean
electricity sector, applying the same rate of technological progress to all sectors and making
it difficult to distinguish the impact of technological progress on specific industries. In this
regard, this article constructs an environmental CGE model that includes the subdivision
of power sectors, combining the carbon tax recycling policy with the progress of clean
electricity technology for research, intending to explore the carbon tax’s emission reduction
and economic growth effect. Furthermore, we explore the possible carbon tax policy’s
social welfare effects on this basis. Our study is conducive to realizing the recovery of the
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green economy and achieving China’s Nationally Determined Contribution (NDC), thus
promoting China’s ecological civilization construction and green economy development.

The structure of this article is as follows: Section 2 compares relevant literature,
Section 3 describes the model construction and data source, and Section 4 analyzes the
results of the policy combination simulation. The last section summarizes the conclusions
drawn by the model and puts forward relatively reasonable policy recommendations to
provide relevant policy references for national policymakers.

2. Literature Review

2.1. Research on Electricity and Carbon Emissions

Since the Industrial Revolution, the rapid increase in greenhouse gas emissions has
caused severe environmental and health problems [14]. To date, the issue of climate
change caused by a large amount of greenhouse gas emissions is still receiving widespread
attention from countries all over the world. Among them, CO2 is a kind of greenhouse gas
that has attracted much attention. Focusing on the power industry that emits more carbon
dioxide, many scholars have studied the relationship between electricity and carbon dioxide
emissions. The consumption of electricity has a detrimental effect on carbon emissions.
In particular, electricity generated from fossil fuels causes damage to carbon emissions
and is the primary source of carbon emission reduction. Renewable power generation can
weaken the adverse impact of power generation on carbon emissions [15,16]. Combining
the STIRPAT model and the panel threshold model, Lin and Li found that electricity
usage affects carbon emissions negatively, especially when clean electricity accounts for a
relatively high proportion of the energy used [17]. Wong and Zhang conducted a natural
experiment on Australia’s carbon pricing mechanism (CPM), finding that the carbon tax has
little impact on areas where renewable energy power generation accounts for a relatively
high proportion of the energy produced. After abolishing the carbon tax, the market
behavior, which had begun to shift from coal-fired power generation to other energy
sources, was reversed, showing that coal-fired power has higher carbon emissions [18].
Yang and Song introduced clean coal-fired power generation to study the effects of emission
reductions in the coal-fired power generation sector [19]. Haxhimusa and Liebensteiner
evaluated the impact of electricity demand reductions on emission reductions based on the
analysis of COVID-19 shocks to electricity demand using an applied econometric model
in an instrumental variables framework [20]. Fang et al. analyzed the characteristics
of carbon emissions and carbon intensity in the power sector from a spatial perspective
using the Moran index. Additionally, based on the multi-regional input-output table, inter-
provincial embodied carbon transfer in the power sector was explored [21]. By using a
system dynamics approach, Mostafaei et al. discovered a new model for using renewable
electricity to reduce CO2 emissions [22]. The empirical results of the above literature show
that electricity impacts carbon emissions. Therefore, it is important that we dig deeper into
the issue of carbon emission reduction within the power sector as a starting point.

2.2. Research on Carbon Tax and Carbon Tax Recycling Policy

For a long time, the carbon tax policy has been a policy tool used to reduce greenhouse
gas emissions and weaken the negative impact of climate change. In 2020, the carbon
tax policy took effect or was in the process of being implemented in 30 countries and re-
gions [23]. Many scholars have made corresponding assessments on the effect of the carbon
tax policy’s implementation, mainly reflected in three aspects. First of all, the existing litera-
ture has tested the emission reduction effect of the carbon tax and proved the effectiveness
of carbon tax for carbon emission reduction. Secondly, as for the macroeconomic impact of
carbon taxes, Yamazaki’s research found that although income-neutral carbon taxes do not
harm employment, carbon taxes have caused employment to shift from carbon-intensive
industries to cleaning service industries [24]. Furthermore, carbon taxes affect the GDP
negatively and affect economic growth [25,26]. Finally, regarding the effects of the carbon

27



Int. J. Environ. Res. Public Health 2022, 19, 1708

tax on residents’ welfare, Khastar et al. demonstrated that the Finnish carbon tax had a
specific negative impact on social welfare [27].

There is a need to recycle carbon taxes in the face of the negative impact of carbon
taxes on the economy and social welfare. Pearce showed that the carbon tax policy has a
“double dividend” effect. Specifically, for one thing, a carbon tax can affect carbon emissions
and improve environmental quality; for another thing, a carbon tax can offset corporate
income tax to increase corporates’ investment and enhance the efficiency of economic
operations. Implementing appropriate carbon tax recovery policies can effectively increase
residents’ and enterprises’ income, further stimulate consumption and investment, and
promote economic growth [28]. The realization of the double dividend depends on the
recycling method of the carbon tax revenue. Specifically, there are two types of carbon
tax recovery: the income-neutral principle and the income-positive principle [29]. The
principle of income neutrality introduces carbon taxes while canceling or reducing some
taxes to maintain income neutrality [30], while under the principle of income positivity, the
government recycles the additional carbon tax received back to the household or corporate
sectors to increase the corresponding income. Ojha et al. used a recursive dynamic CGE
model to study the issue of carbon tax recycling in India. They considered that based on
carbon emission reduction, the recycling of carbon tax would benefit economic growth and
weaken the inequality of income distribution [31]. Li et al. simulated the impact of a carbon
tax on employment under various carbon tax recovery scenarios [12]. Generally speaking,
recycling carbon taxes reduces the tax burden and the negative impact on the economy,
and different carbon tax recovery schemes will have different results [32]. The ultimate
acceptance and successful implementation of a carbon tax depend on how the carbon tax
revenue is utilized [33]. Most scholars study whether the carbon tax’s double dividend will
be realized. At the same time, there are few considerations of social welfare, causing the
absence of rational exploration and discovery of the carbon tax’s triple dividend.

2.3. Research on Technological Progress and Carbon Emission Reduction

Carbon tax recycling policy has indeed contributed to carbon emission reduction.
At present, achieving emission reduction targets while ensuring sustainable economic
development is an important challenge for the government [34]. Technological progress
is undoubtedly the most promising solution to the challenge [13]. Chen et al. found that
technological advances reduced carbon emissions during the study period in China [35].
Considering that technological progress is an essential factor in promoting carbon emission
reduction, Wu et al. introduced technological progress into the CGE model to predict
the carbon emission situation of the global economy and evaluate the effect of different
technological advancements on carbon emission reduction [36]. After simulation and
prediction analysis, Guo et al. once again posited that the continuous improvement of total
factor productivity is one of the critical conditions that needs to be met for China to achieve
the goal of energy regulation [37]. Using the best technologies to reduce unnecessary
energy consumption and improve energy efficiency deserves attention [38]. However, the
relationship between technological progress and carbon dioxide emissions is still complex
and requires in-depth research [39]. Wang et al. comprehensively studied the relationship
between technological progress and CO2 emissions and found heterogeneity in the effects
of technological progress on different economic sectors and emission agents [40]. As far as
technological progress in the power industry is concerned, there is still room for growth. For
example, the intermittent and random nature of renewable energy power generation has
brought massive challenges to the operation and planning of the power system [41]. Sofia
et al. approved that the electricity market must be reformed to encourage the development
of zero-emission technologies [42]. Nonetheless, few documents have targeted their analysis
on the effects of technological progress in the clean power sector, lacking a reasonable
expectation of technological advancement in a specific clean power sector.
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2.4. Research on CGE Model Involving Electricity

The literature mentioned above uses various theories and empirical models for re-
search. Nevertheless, the CGE model is widely used in policy simulation. As a tool for
policy simulation analysis, CGE can study issues such as carbon taxes, carbon trading
rights, and energy efficiency improvements. In addition, many scholars have studied
power-related issues using the CGE model. Based on the static CGE model, He et al.
analyzed the impact of coal price adjustments on the power industry and electricity price
adjustments on China’s macroeconomics [43]. Meng constructed a CGE model to examine
the impact of Australia’s carbon tax policy on the power sector [44]. Lin and Jia used the
improved CGE model to analyze only the relevant effect of the power industry’s carbon
trading market, indicating that the annual decline factor can reach 0.5% when allocating
carbon allowances in the power sector [45]. Mardones and Brevis constructed a social
accounting matrix (SAMEA) with environmental accounts and found differences between
power sectors. If the power sector is not highly decomposed, the simulation effects of en-
ergy and environmental policies are biased [46]. Cui et al. used CGE models with different
nesting structures and power sector substitution flexibility to study reducing the impact of
renewable power reduction policies on economic development and the environment. Their
studies have shown that reducing renewable electricity cuts can achieve various green
benefits, such as cutting CO2 emissions generated from the power sector and improving the
real GDP [47]. Zhang et al. assessed the impact of three policies, including technological
progress, on power generation, carbon emissions, and prices, analyzing how nuclear power
generation could be promoted [48]. Nong built a CGE model of the electricity environment
to study South Africa’s carbon tax policy [49]. Based on these works, we selected the CGE
model for research.

From the above research review, most of the existing articles analyze and simulate
scenarios where only one variable changes, and it is impossible to further compare the
results of the combined effects of multiple strategies. Although previous studies have
recognized the negative impact of clean electricity on carbon emissions, none have analyzed
whether its technological progress will further promote carbon emission reduction. To our
knowledge, this study is the only of its kind attempting to fill this gap in understanding.
Motivated by these limitations, this article mainly put forth the following contributions.
First, this article simulated a combination of a carbon tax recycling policy and clean power
technology, exploring the effectiveness of this interaction; second, this article introduces
technological progress of the clean electricity sector and divides the power sector in detail.
In this way, we analyzed the critical role of the combination of technological progress in the
clean power sector and a carbon tax recycling policy in a targeted manner to identify the
heterogeneity of different power sectors; finally, under the principle of tax neutrality, based
on the double-dividend theory of carbon tax, this article conducts further excavations to
explore carbon tax’s triple-dividend effect.

3. Methodology and Data

3.1. CGE Model Structure

The CGE model builds on the Walras general equilibrium theory and portrays the real
economic system. Precisely, the model consists of a production module, a trading module
(domestic product demand and distribution), an institutional module, an equilibrium
module, a social welfare module, and a carbon emission and carbon tax module, covering
three types of institutions, namely the resident, the corporate, and the government. Figure 1
presents a general framework of the model.
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Figure 1. The framework of the CGE model.

3.1.1. Production Module

The production module of the CGE model in this paper includes five nested layers, all
linked by a constant elasticity of substitution (CES) function, except for the intermediate
inputs, which use the Leontief function. In the first layer, fossil energy is subdivided into
coal and oil–natural gas, and electricity is divided into five types according to different
generation technologies, namely thermal, hydro, nuclear, solar, and wind power. The
second layer is the synthesis between fossil energy and electricity. The third layer is the
synthesis of capital and energy complexes. The fourth layer is the synthesis between capital,
energy complexes, and labor, i.e., the value-added component of the synthesis. The fifth
layer synthesizes capital, energy, and labor complexes with intermediate inputs.
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3.1.2. Trade Module

The allocation of domestic products in the trade module takes the form of a CET
function, which describes the distribution strategy of commodities produced by domestic
production activities between domestic production and domestic sales and exports. The
demand for domestic products takes the form of an Armington function, which further
compounds domestic production and domestic sales with imported goods to form domestic
market commodities.

3.1.3. Institutional Module

The institutional module mainly includes residents, enterprises, and government
modules. We set the corresponding income and expenditure functions. In the resident
module, residents’ income primarily comes from labor income, capital income, and transfer
payments from enterprises and the government. The income of residents is used for
consumption and saving, and this paper used a linear function to describe the consumption
behavior of residents. In the enterprise module, enterprise income is mainly derived from
capital income, and enterprise savings are derived from enterprise after-tax income minus
enterprise transfers to residents. In the government module, the government income
consists of indirect taxes, customs duties, residential and corporate income taxes, and
carbon taxes. These revenues are in turn used for government consumption as well as
savings, etc.

3.1.4. Balance Module

Four balances are set up in the equilibrium module, namely factor market equilibrium,
product market equilibrium, savings–investment equilibrium, and balance-of-payments
equilibrium. In this paper, we adopted the neoclassical closure rule, which assumes that
the prices of labor and capital are endogenous and that full employment is achieved in the
labor and capital markets. Therefore, in factor markets, the aggregate supply of labor and
capital is equal to the aggregate demand for that factor. For product markets, the aggregate
supply of products equals the aggregate demand. For saving and investment, when the
economy reaches equilibrium, both aggregate investments equal aggregate savings. For
the balance of payment equilibrium, we chose the closure rule with the exchange rate as
the endogenous variable and foreign savings as the exogenous variable. Meanwhile, we
set up the nominal GDP and real GDP equations. Nominal GDP is defined as the sum of
total capital input, total labor input, and indirect tax revenue, while real GDP consists of
consumptions, investments, and net exports.

3.1.5. Social Welfare Module

In the social welfare module, we introduced Hicks equivalence changes to measure
the change in social welfare following a policy shock [50]. Specifically, the Hicks equivalent
change calculates the change in utility before and after the policy’s implementation, using
the commodity’s price before the policy shock as the standard. As shown in Equation (1):

EV = E
(

Us, PQb
)
− E

(
Ub, PQb

)
= ∑

i
PQb

i · HDs
i − ∑

i
PQb

i · HDb
i (1)

where, EV measures the change in the welfare of the population, E
(

Us, PQb
)

and E
(

Ub, PQb
)

denote the expenditure required to achieve population welfare Us and Ub, respectively, at
PQb

i consumer prices before the policy shock. HDs
i and HDb

i represent the populations’
consumption after and before implementing the policy, respectively. When EV is positive,
it means that the population’s welfare improved after the policy’s implementation, and
contrarily, if it is negative, the population’s welfare has been compromised.
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3.1.6. The Carbon Emission and Carbon Tax Module

This module calculated CO2 emissions, further introducing a carbon tax. To analyze
the carbon tax policy effect, we introduced a carbon tax shock module:

CTAXi = tc · ∑
j

Ei,j · θj, (2)

CTAXj = tc · ∑
i

Ei,j · θj, (3)

TCTAX = ∑
j

CTAXj, (4)

tcj =
CTAXj

PQj · QQj
, (5)

where, j = coal, oil − gas. Among the above formulas, θj indicates the CO2 emission factor
per unit of energy from fossil fuels (coal and oil–gas), tc denotes the amount of carbon tax
levied per ton of CO2 emissions, tcj indicates the corresponding carbon tax rate of fossil
energy source j. CTAXi and CTAXj denote the amount of carbon tax levied on the sector i
and the intermediate input component of fossil energy j, respectively. TCTAX represents
the total amount of carbon tax. This paper levied a carbon tax on intermediate energy
inputs in the production process, not on the final demand sector.

3.2. Data

The data basis for the CGE model is the SAM table. The SAM table describes the
supply and use flows between accounts in the System of National Accounts (SNA) and
their equilibrium relationships, comprehensively portraying the economic linkages among
sectors. Based on the 2017 China Input-Output tables (http://data.stats.gov.cn/, (accessed
on 23 January 2022)), taxation, capital flows, and other relevant data, we constructed the
SAM table in this paper. Among them, indirect taxes, as well as taxes such as income
tax, were derived from the 2018 China Financial Yearbook (https://www.epsnet.com.cn/,
(accessed on 23 January 2022)), and the capital and balance of payment transfer data are
from the 2018 China Statistical Yearbook (http://www.stats.gov.cn/tjsj/ndsj/, (accessed on
23 January 2022)). In the SAM table, we set up six main account types: production activity
accounts, commodity accounts, factor accounts, institutional accounts, investment accounts,
and foreign accounts. According to the research needs, the CGE model constructed in this
paper contains 13 industries and 13 commodities; the factor accounts include labor and
capital, and the institutional accounts cover households, corporates, and the government.
Specifically, in terms of methods of relevant research, combining relevant data from the
2019 China Electricity Yearbook (https://navi.cnki.net/knavi/yearbooks/, (accessed on
23 January 2022)) and the 2017 China Industrial Statistics Yearbook (https://data.cnki.
net/Yearbook/, (accessed on 23 January 2022)), we divided the electricity sector [46,51].
Electricity production consists of five power generation technologies [37]: thermal, hydro,
nuclear, wind, and solar power, including four clean power generation sectors: hydro,
nuclear, wind, and solar power. Of these, coal and oil–gas only have intermediate inputs to
thermal power, and there are no intermediate inputs to the clean power sector.

Calibration and setting of parameters in the model mainly include the carbon emission
factor and the elasticity of substitution factor. The CO2 emission factor for fossil energy
is calculated based on the ratio of CO2 emissions to actual energy consumption, where
the CO2 emissions data were obtained from International Energy Statistics (https://www.
eia.gov/, (accessed on 23 January 2022)). As for the setting of the relevant elasticity
coefficients required for the model, we refer to the relevant research literature [52–54],
setting the production function elasticity of substitution coefficient, the CET function
relevant elasticity of substitution, and the Armington function elasticity of substitution.
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The share parameters were calibrated using the variable base year data and the elasticity of
substitution calculations.

4. Simulation Analyses

Carbon tax policy is an effective tool for reducing carbon emissions, but it may ad-
versely affect economic development and social welfare. This article analyzes the economic–
environmental–energy effects of carbon tax policies and carbon tax recycling policies with
and without clean power technology progress under specific carbon emission reduction
targets and explores the possible triple dividends of carbon taxes. According to related
simulation studies and empirical analysis, we set the simulated clean power sector’s tech-
nological progress rate as 1%, 5%, and 10%, finding changing trends in various variables
as technology advances [55,56]. We conducted relevant analysis against the benchmark
scenario (no carbon tax and carbon tax recovery policy). The five scenarios are as follows:

Scenario 1: Assuming that the annual carbon dioxide emissions are reduced by 5%
compared to the benchmark scenario, a carbon tax is levied on the intermediate energy
input in the production process, while no carbon tax is levied on the final demand sector.

Scenario 2: Assuming that the annual carbon dioxide emissions are reduced by 5%
compared to the benchmark scenario, a carbon tax is levied on the intermediate energy
input in the production process, while no carbon tax is levied on the final demand sector.
Under the premise of ensuring the neutrality of government revenue, the resident income
tax rate will be reduced.

Scenario 3: Based on Scenario 2, we set different rates of technological progress for the
clean power sector.

Scenario 4: Assuming that the annual carbon dioxide emissions are reduced by 5%
compared to the benchmark scenario, a carbon tax is levied on the intermediate energy
input in the production process, while no carbon tax is levied on the final demand sector.
Unlike Scenario 2, under the premise of ensuring the neutrality of government revenue,
the corporate income tax rate will be reduced.

Scenario 5: Based on Scenario 4, we set different rates of technological progress for the
clean power sector.

4.1. The Impact of Policy Scenarios on Macroeconomic Variables

Based on the scenario shocks set in this article, the prices of input factors and rel-
evant products were affected accordingly, and the entire economic system was further
exerted through enterprise modules, resident modules, and other modules. Taking into
account the three goals of economic growth, carbon emission reduction, and social welfare
improvement, Table 1 presents the percentage changes in nominal GDP, real GDP, total
carbon dioxide emission intensity, residential income, and enterprise income relative to the
baseline scenario under different policy scenarios, showing the resulting social welfare.

Table 1. The impact of macroeconomic variables.

Scenarios RTP GDP (%) RGDP (%) TCOEI (%) EV YTH (%) YTE (%)

Scenario 1 0% −0.0377 −0.0493 −4.9641 −424.3465 0.0162 −0.0753
Scenario 2 0% −0.0500 −0.0505 −4.9525 851.6128 −0.0144 −0.1022

Scenario 3
1% −0.0457 −0.0334 −4.9566 865.6442 −0.0126 −0.0889
5% −0.0289 0.0335 −4.9725 922.0437 −0.0052 −0.0371
10% −0.0093 0.1144 −4.9912 993.0338 0.0034 0.0240

Scenario 4 0% −0.0303 −0.0441 −4.9712 −530.8357 −0.0103 −0.0730

Scenario 5
1% −0.0266 −0.0273 −4.9747 −470.2937 −0.0086 −0.0606
5% −0.0125 0.0389 −4.9881 −232.3547 −0.0018 −0.0127
10% 0.0041 0.1189 −5.0039 55.9304 0.0062 0.0439

Note: RTP stands for the rate of technological progress for the clean power sectors; GDP stands for nominal GDP;
RGDP stands for real GDP; TCOEI stands for total carbon dioxide emission intensity; EV stands for social welfare;
YTH stands for the resident income; YTE stands for the corporate income.
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4.1.1. Nominal GDP and Real GDP

It is clear from Table 1 that in Scenarios 1, 2, and 4, the nominal and real GDP decline.
As carbon tax implementation leads to a fall in total output, the capital required for
production falls, the price of capital decreases, and capital revenues fall. The labor price is
the benchmark price, which keeps labor income constant. Indirect taxes do not account
for a large proportion of the GDP, so the nominal GDP declines. For the real GDP, fossil
energy price also rises due to implementing the carbon tax policy. First, the rising cost
of fossil energy leads to an increase in the price of related commodities and a decline
in overall consumer demand; secondly, the decrease in the demand for fossil energy by
various sectors causes a decrease in enterprise output and investment; finally, the domestic
levy of carbon taxes increases domestic commodity-related prices. Further, net exports are
reduced. In summary, the real GDP falls.

As technological advances in clean electricity continue to rise, the capital required for
production increases, and capital prices and capital revenues increase, leading to a gradual
trend of increasing nominal GDP under both carbon tax recovery scenarios. Regarding the
actual GDP, in Scenarios 2 and 3, when the carbon tax is recycled to residents to reduce
residents’ income tax, residents’ income tax is lowered, which boosts the relevant consumer
demand of residents. Likewise, the carbon tax is recycled to corporates, the corporate
income tax is reduced, and the corporates’ savings rise. According to the neoclassical
closure rule used in this paper, investment is determined by savings. Thus, corporate
investment rises further, promoting economic growth. In addition, the progress of clean
power technology has further mobilized the enthusiasm of clean power companies in
production, and the actual GDP continues to rise.

4.1.2. Resident Income

Resident income comprises labor income, capital income, and transfer payments from
enterprises and the government. The model uses labor price as the benchmark price for
related simulations as far as labor income is concerned. Therefore, the labor income of
residents remains unchanged. In terms of capital income, the carbon tax policy raises the
price of fossil energy, especially the cost of production for resource-intensive enterprises,
causing a fall in total output and a decline in the demand for capital. Correspondingly,
capital prices and total capital income are reduced. Residents receive capital income
according to a set proportional coefficient, and therefore, their capital income decreases
accordingly. In Scenario 1, due to the implementation of the carbon tax policy, government
revenues increase, which increases the transfer payments to residents in turn, so overall
residents’ income can be improved. As for Scenario 2, the carbon tax is transferred to
residents at a reduced income tax rate, which declines residents’ income tax. However, the
government income decreases relative to Scenario 1, resulting in a decrease in government
transfers to residents. In general, residents’ income decreased. In Scenario 3, with the
advancement of clean power technology, the clean power output increases significantly, and
the demand for capital rises, which corresponds to the rise in capital prices. The corporate
capital income and transfer payments to residents increase. In addition, residents’ capital
income also increases, making residents’ income gradually rise compared with Scenario
2. Similarly, in Scenario 4, the government’s transfer payments to residents decrease, and
residents’ revenues decline. In Scenario 5, the progress of clean power technology causes
residents’ income to gradually rise compared with Scenario 4.

4.1.3. Corporate Income

The corporate income is derived from the income generated by the capital elements
input. Total capital income is allocated to the business on a proportionate share base. Like
the relevant analysis of residents’ income, in Scenarios 1, 2, and 4, the carbon tax levy
reduces capital income and corporate income. For Scenarios 3 and 5, advances in clean
power technology further increase the demand for capital in the production process. Capital
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prices gradually rise, capital income increases, and corporate income also shows a gradual
upward trend. In the end, under the advancement of 10% clean electricity technology
for both scenarios where the carbon tax is recycled to residents and businesses, business
revenues rise by 0.0240% and 0.0439% relative to the baseline scenario, respectively.

4.1.4. Social Welfare

As for Scenario 1, on the one hand, the increase in residents’ income leads to an
increase in residents’ demand. On the other hand, the levy of carbon taxes increases the
production costs of enterprises, further increasing product prices and reducing consumer
demand, which ultimately causes negative social welfare. Regarding Scenario 2, the carbon
tax is recycled for residents. Although the decline in capital income and government
transfer payments to residents causes a decrease in residents’ income, the income tax rate
of residents decreases, which eventually increases residents’ demand, and social welfare
becomes positive. Regarding Scenario 3, as the rate of clean power technology progress
gradually increases, capital income rises, corporate transfer payments to residents increase,
residents’ consumption demand further increases, and social welfare continues to improve.

For Scenario 4, the carbon tax is recycled to corporates, residents’ income is decreased,
and consumption is reduced. Compared to Scenario 1, the social welfare is smaller. For
Scenario 5, the carbon tax is recycled to corporates, and as the clean electricity technology
advances, corporate further increases the production in the clean electricity sector, which
in turn increases the corresponding consumption of the residents. Moreover, due to
the increase in firms’ income, production in other sectors also rises to various degrees,
increasing the corresponding consumption. As for residents, the increase in residents’
income also drives up residents’ consumption. Therefore, social welfare continues to rise
as well. Eventually, social welfare becomes positive when clean electricity technology
advances by 10%.

4.1.5. CO2 Emission Intensity

The main reason for the reduction in carbon dioxide emission intensity is that the
price of fossil energy has risen, the use of fossil energy has fallen, and more clean energy
sources have replaced fossil energy with higher carbon content. Accordingly, there is a
corresponding reduction in CO2 emissions. In particular, the clean power sector technology
further promotes fossil energy conversion, the share of clean power usage rises, and the
industrial structure is adjusted and upgraded. Under the conditions of a certain decline in
carbon dioxide, the nominal GDP has a rising trend, and the intensity of carbon dioxide
emissions continues to decline. As shown in Table 1, with the progress of clean power
technology, the reduction in carbon dioxide emission intensity gradually increases, which
is beneficial to achieving China’s carbon emission reduction targets.

From the results in Table 1, we can see that the carbon tax recovery policy and tech-
nological progress are important conditions in achieving the triple dividend of the carbon
tax. The carbon tax recycled to residents directly improves social welfare, and with the
advancement of clean power technology, social welfare is further improved. While carbon
tax recovery to companies initially hurts the welfare of residents, social welfare improves
when clean electricity technology advances to a certain level. Finally, at the 10% level of
clean electricity technology, carbon tax recycling to corporates realizes the triple dividend
of the carbon tax. Compared to the baseline scenario, GDP rises, carbon reduction intensity
decreases significantly, and social welfare improves.

4.2. The Impact of Policy Scenarios on Carbon Dioxide Emissions

Based on the impact of carbon tax policy and clean power technology progress on
CO2 emissions, we simulated the relationship between carbon tax recovery with clean
power technology advancement and a carbon tax rate under the 5% emission reduction
constraint, analyzing the emission reduction contribution of different fossil energy sources.
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We only selected the 5% clean power technology progress rate as a representative value.
Table 2 displays the carbon tax rate and fossil energy emission reduction contribution under
different policy simulation combinations.

Table 2. The carbon tax rate and contribution of fossil energy emission reduction.

Scenarios 1 2 3 4 5

Emission reduction
contribution (%)

Coal 97.5820 97.6405 96.8750 98.1246 97.2784
Oil–gas 2.4180 2.3595 3.1250 1.8754 2.7216

Ad valorem tax rate Coal 0.0505 0.0508 0.0435 0.0517 0.0443
Oil–gas 0.0129 0.0130 0.0111 0.0133 0.0113

Carbon tax rate (CNY/ton) 15.3563 15.4551 13.2062 15.7485 13.4477

Under specific CO2 emission reduction targets, the carbon tax rate was determined.
Regardless of the carbon tax recovery policy, with the technological advancement of the
clean power sector, the carbon tax rate declines. This results from technological advances
in clean power, where more fossil energy is replaced by clean power, with less fossil
energy consumption and lower carbon emissions per unit. As a result, the carbon tax rate
declines under a set carbon reduction target. We found that technological advances in
appropriate clean electricity lower the carbon tax rate, which is beneficial for promoting
carbon tax policies.

As seen in Table 2, the ad valorem tax rate on coal is relatively high. This is because
coal has a higher carbon content and a higher carbon dioxide emission coefficient than
oil–gas. Coal is more impacted by carbon tax policies and bears more taxes. Similarly, with
the advancement of clean power technology, ad valorem tax rates for coal and oil–gas fall.

In terms of emission reduction contribution, it is not difficult to find that coal emission
reduction’s contribution is enormous, while the oil–gas emission reduction contribution
is relatively low. Being a major source of CO2 emissions in China, coal has a high carbon
emission coefficient, which is the key to carbon emission reduction. Therefore, the use of
coal resources should be reduced. Additionally, coal-to-electricity technology should be
promoted, with relatively clean energy sources as an alternative.

4.3. The Impact of Policy Scenarios on Electricity Energy

Refining the power sector helped us study the power energy changes in detail during
the simulation period. In this regard, the focus was to analyze the impact of carbon tax
recovery policies on power consumption under the progress of clean power technology
and the impact of departmental thermal power consumption; thus, we demonstrated the
transformation of the power structure further and analyzed the effect of the policy.

4.3.1. Electricity Consumption

The collection of carbon tax policy affects the price of fossil energy and increases the
production cost of enterprises. In this regard, the consumption demand of various energy
sources will also change. In addition, technological progress in the clean power sector has a
specific impact on various energy sources, especially electric energy. Selecting the 5% clean
electricity technology progress rate as a representative value, we considered the changes in
electricity consumption under carbon tax policies and different carbon tax recovery policies,
as shown in Figure 2.
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Figure 2. Percentage changes in electricity consumption (2017).

After implementing the carbon tax policy, coal and oil–natural gas were directly im-
pacted. Corporates continue to seek alternative energy sources. Electricity, as an alternative
energy source, is also indirectly affected. As a secondary energy source, thermal power in-
directly emits carbon dioxide, and the levy of a carbon tax reduces the energy consumption
of thermal power. Hydropower, nuclear power, wind power, and solar power generation,
on the one hand, as clean energy, can replace fossil energy and thermal power and reduce
carbon dioxide emissions. As a result, the consumption of clean power energy increases.
On the other hand, as the rate of technological progress in the clean power sector increases,
the clean power sector has increased production to replace thermal power generation.
Thermal power consumption continues to decline, while clean power energy consumption
increases significantly. The progress of clean power technology has a greater impact on the
power industry. At the same time, the above results show that different power sectors have
different responses to the impact of carbon taxes and technological progress, confirming
the importance of subdividing the power sector.

4.3.2. Sectoral Thermal Power Consumption

In China, coal is the primary raw material for thermal power generation. We focused
on selecting thermal power sources with higher carbon dioxide emissions, analyzing the
impact of carbon tax recovery policies and clean power technology progress on thermal
power consumption in various sectors.

Undoubtedly, from Figure 3, it can be seen that the consumption of thermal power in
the clean power sector has increased, while the consumption of thermal power in other
sectors has decreased. Among them, the coal sector has the largest decline in thermal
power consumption, followed by oil–gas and construction industries. This is because the
levy of a carbon tax increases the price of fossil energy and indirectly increases the cost of
thermal power generation. The carbon tax has a relatively small impact on clean power,
and China’s clean power accounts for a relatively small proportion. Enterprises’ demand
for clean power increases, the clean power sector continues to grow, and the consumption
of thermal power in the clean power sector increases. This change is noticeable, especially
after the advancement of clean power technology, because the clean power sector develops
more rapidly.
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4.3.3. Electricity Structure

The levy of a carbon tax increases the price of fossil energy, while the output of fossil
energy and thermal power energy declines. Coupled with the progress of clean power
technology, the output of clean power energy increases. In this regard, the power structure
has been improved continuously.

As shown in Figure 4, thermal power is the main source of power generation. Progress
in clean power technology significantly changes the power structure. With technological
progress, the production efficiency of the clean power sector increases, and the output
increases. In contrast, thermal power production declines. Therefore, the proportion of
thermal power declines. The advancement of clean power technology is significant for
changing the power structure and reducing carbon emissions. The proportion of thermal
power is still large. Thus, reasonable measures need to be taken to adjust the power
structure to reduce the proportion of thermal power continuously.
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5. Conclusions and Policy Suggestions

This paper constructed a computable general equilibrium model of the power sector
segmentation, taking into account the two tools for reducing carbon dioxide emissions,
technological progress, and carbon tax, studying the economic–environment–energy effects
of the carbon tax recovery policy with clean power technology progress. Through the
above research, we have drawn several conclusions. First, a carbon tax recovery policy
supplemented by technological progress in the clean power sector can promote economic
growth, improve social welfare, and reduce the intensity of carbon dioxide emissions, real-
izing the triple dividend of the carbon tax. Carbon tax alone can reduce carbon emissions
and adjust the energy structure, but the carbon tax policy will adversely affect economic
development and social welfare [25–27]. A carbon tax recovery policy can remedy this
problem. At the same time, the introduction of clean power technology advances make
up for the negative impact of economic growth and social welfare losses, promoting the
sustainable growth of the green economy. Second, advances in clean power technology
promote the transformation of the power structure. The advancement of clean power
technology drives the production of the clean power sector and replaces thermal power
generation. Without difficulty, we found that the proportion of thermal power production
declines, while the proportion of other clean power increases, which is conducive to pro-
moting carbon emission reduction. Lastly, increasing the use of clean energy is the key
to reducing carbon emissions. By analyzing the contribution of carbon dioxide emission
reduction, we found that the contribution of coal emission reduction is relatively significant,
and the ad valorem tax rate is high. The above is because coal has a higher carbon content
and emits more carbon dioxide.

Based on the conclusions of the above research, we put forward the following policy
recommendations for the future development of China’s economy. Firstly, we should
pay attention to the role of carbon tax policy and carbon tax recycling. As an essential
environmental fiscal policy, the carbon tax is an important measure needed to achieve
carbon peak and carbon-neutral goals. However, China has not yet implemented a carbon
tax policy and is still in the exploratory stage. The carbon tax policy can effectively
supplement China’s existing ETS [57]. On this basis, we should adopt reasonable carbon
tax recovery methods to reverse the adverse effects of carbon tax policies continuously.
Secondly, we need to continue to accelerate technological progress in the clean power
sector and deepen the technical research and development of China’s clean power sector
and accelerate the transformation of electricity, that is, to promote the transformation of
electricity from high-carbon to low-carbon sources, in a fossil-energy-based to clean-energy-
based transformation. The substitution of thermal power and clean power is worthy of
attention. We should vigorously develop clean power and reduce carbon dioxide emissions.
Finally, we must promote clean coal and coal-to-electricity policies and accelerate the
implementation of energy decarbonization policies. Coal significantly contributes to carbon
emissions; therefore, it is essential that we accelerate and promote the transition from coal
to electricity. Additionally, the state should increase the promotion of alternative renewable
fuels [58].

This article provides a scientific basis for realizing carbon emission reduction targets
and provides a particular reference for policymakers weighing economic development,
environmental quality, and social welfare goals. However, there is still room for exploration
in this article. First, a dynamic CGE model should be introduced to further compare the
long and short-term effects of a carbon tax recovery policy along with the development
of clean power technology on the power industry. Second, China’s economic system is
relatively complex. To avoid one-sided research, more policy tools should be taken into
consideration while exploring a more effective combination of carbon emission reduction
and stable economic growth policies, contributing to the sustainable development of
China’s green economy.
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Abstract: Relying on tournament theory and environmental management research, we examine how
CEO tournament incentives induce top executives to invest more in green innovation. Using a sample
of Chinese listed companies from 2010 to 2016, we find evidence that CEO tournament incentives are
positively associated with green innovation. In addition, we find that a positive relationship between
CEO tournament incentives and green innovation is stronger in state-owned enterprises than in
non-state-owned enterprises. These results support tournament theory, which proposes that better
incentives induce top executives’ efforts to win the tournament incentives, and such efforts are subject
to fiercer competition among employees, which improves firms’ social and financial performance.
Moreover, our findings have implications for policy makers and regulators who wish to enhance
environmental legitimacy by providing tournament incentives to top executives.

Keywords: green innovation; CEO tournament incentive; tournament theory; state-owned enter-
prises; China

1. Introduction

The recent stratospheric emphasis on incentivizing executives for achieving social
goals has caught scholars’ attention. Companies concerned about environmental degrada-
tion are more likely to correlate executive compensation to environmental performance,
recognizing that management should be rewarded for the higher risk associated with
long-term goals (i.e., environmental performance) [1]. Indeed, some firms connect CEO
compensation to environmental performance, recognizing that if they connect CEO com-
pensation and environmental performance, they can effectively reduce environmental
degradation in polluting industries [1]. As developing countries’ environmental quality
are extremely low, moreover, these countries are likely to face green innovation adoption
challenges [2]; therefore, researchers are looking for drivers to promote green innovation
in underdeveloped countries [3]. Because investment in green innovation is highly risky,
and the payback period is long [4,5], the agency costs attached to such innovation are
likely to be high, and designing an incentive package to induce innovation is specifically
demanding [6].

Prior researchers in the field of environmental management sought to determine the
factors that drive green innovation. In doing so, it was established that internal drivers are
the most fascinating factors affecting sustainability performance [7–9]. The top management
is a crucial internal factor for adopting green initiatives to improve social and environmental
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performance [10–13] because the top managers are accountable for firms’ ethical actions,
such as ensuring the implementation of sustainability initiatives [14–16]. Being a powerful
member of a top management team, a chief executive officer (CEO) pledges with his/her
strong will to focus on all stakeholders, including the customers, shareholders, society, and
environment at large [17,18]. Some studies asserted that green practices in firms cannot be
entrenched without the top management’s (CEOs) support [19,20].

Therefore, research on top management has bolstered an effort to disclose what de-
termines and motivates executives to be environmentally responsible. Because of their
individual qualities, which provide them with a high level of satisfaction in such endeavors,
top executives engage in environmentally friendly activities [21,22]. The top executives
tend to deploy firm resources for the enhancement of their own narrow financial benefits
at the cost of the company’s long-term objectives, and, hence, are hesitant to invest in
environmental projects that help organizations in the long run [1,23]. In this vein, scholars
have largely focused on executives’ traits and their effect on green performance, such as a
CEO’s power, [24], political affiliation [25], duality [26], gender [27], hubris [18], education
and tenure [28] as well as compensation [1]. Based on upper echelons theory, research has
found a link between CEO gender and corporate social performance. Many academics con-
tend that female CEOs are more concerned with CSR-related topics than male CEOs [29,30].
According to the authors, women are more society- and environment-oriented, whereas
male managers are more self-oriented, based on the concept of social role theory. The differ-
ences in the CEOs’ careers have varied social outcomes [31]. Because young managers must
deliver good observable results to the market, the authors suggest, they are more inclined
to adopt measures that focus on short-term observable outcomes and less likely to increase
social- or environmental-related field operations. Unlike younger executives, elderly CEOs
are not under as much market pressure as their younger counterparts; therefore, they are
more motivated to care about corporate social performance. Several studies using upper
echelons theory have found a correlation between CEO education and corporate social
performance. Huang [32] conducted research in which the educational specialization of
CEOs was shown to be related to the CSR performance of companies. Similarly, Lewis,
Walls, and Dowell [28] discovered that managers with MBA degrees are more likely than
other enterprises to disclose environmental information, but peers with law degrees are
less likely. However, our research goes beyond the existing literature on the demographics
of CEOs by exploring whether tournament incentives motivate chief executives to spend
more on environmentally friendly innovations.

The connection of CEO remuneration to social and environmental performance
(e.g., greenhouse gas reduction targets, staff training in green practices, and adherence to
moral principles in developing countries)—is a modern phenomenon in corporate gover-
nance. Many companies have bound compensation structure to sustainability performance;
for instance, Xcel Energy implies that 75 percent of its incentives are still based on profits
per share growth, but the other 25% are based on ecological footprint and greenhouse
gas emissions reductions. Likewise, Intel connects CEO pay to corporate environmental
targets, such as product energy efficiency, carbon emissions and power consumption sav-
ings, as well as improved environmental leadership reputation [33]. Superior social and
environmental performance is often the result of long-term efforts that demand a long-term
approach [34,35]. Firms may gain trust and acquire the social license to operate by actively
interacting with local communities and contributing to their well-being over time. Similarly,
businesses may reduce their environmental impacts by investing in renewable technology,
sustainable energy, and other green initiatives that will take time to yield tangible results.
We anticipate that incentivizing managers based on social and environmental performance
goals will attract them to focus on longer-term initiatives, leading them to embrace a longer
time horizon. As a result, they are less likely to ignore valuable long-term stakeholder
initiatives, improving the firm’s worth. Key stakeholders’ pressure might encourage CEOs
to practice quality management in order to maintain their market reputation. As a result,
the CEO’s quality management efforts are strengthened by fulfilling the needs of the major
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stakeholders. Moreover, winning an industry award improves a CEO’s reputation while
also increasing a firm’s credibility in the eyes of its key stakeholders [36,37]. Higher lev-
els of reputation, as well as primary and secondary stakeholder pressures, are linked to
higher levels of quality management, which leads to environmental innovation [38]. As a
result, when managers are properly rewarded, they are more likely to take steps to reduce
their environmental impact. They could, for example, reduce pesticide use, minimize
energy, implement a recycling system, involve their employees in community clean-ups
and environmental protection efforts, upgrade their facilities to prevent oil spills and other
environmental disasters, construct green buildings, or switch to renewable energy and
clean fuels. We expect firms’ emissions to diminish as a result of such measures [33].

The recent trend in CEO tournament incentives suggests that tournament incentives
are the pay gap between CEO and other executive pay and likely a powerful steward that
may prompt executives’ performance [39–43]. It is obvious that participants in the competi-
tion deploy their full potential if pay is based on a tournament scheme [44]. Specifically,
the tournament theory posits that the variance in pay between CEOs and other executives
leads to a fiercer competition that exerts more efforts to improve firms’ performances for
winning the contest [45,46]. Thus, the motivation of this study takes its philosophical roots
from tournament theory, which seeks to understand the mechanism by which incentive
packages induce green performance. As top executives are assessed on the basis of their
relative performance, rather than absolute performance, our study predicts that tournament
incentives will motivate CEOs to be more environmentally responsible in response to huge
incentives gaps.

Our study contributes in two significant aspects. First, this study extends from prior
research on the internal determinants of green performance [8,9,12,13,47] by exploring
chief executive tournament incentives as an important determinant of green innovation
performance. We submit that CEO tournament incentives positively affect firms’ green
innovation, suggesting that a compensation gap drives CEOs to be green by investing more
in green innovation. Second, the situation becomes particularly vital when we demonstrate
this within the Chinese context. China is a transition economy designed to pool resources
of land, capital, and human resource in emerging markets. Simultaneously, the state plays a
monopolistic role, in terms of asset, policy, and law execution [48], and runs SOEs to exercise
financial and social activities [49]. As the institutional environment of China is distinct in
nature [50,51], former researchers recommended that effective corporate governance must
acknowledge the institutional environment wherein corporate entities maneuver [52,53].
However, in the case of China, most of the listed firms are state-owned enterprises, and
the state as a major shareholder gives more priority to social, environmental, and political
goals [54,55]. Thus, we contribute by exploring whether the impact of chief executive
tournament incentives on green innovation differs among state firms and non-state firms.
Our study also finds that the positive impact of tournament incentive is more noticeable in
state enterprises than it is in non-state enterprises.

2. Literature Review

2.1. CEO Tournament Incentives and Green Innovation

A firm’s participation in social activities is influenced by a variety of factors at firm
level, and, among them, the top executives’ incentives play a central role in motivating
management efforts. The impact of executive pay disparity on a company’s social and fi-
nancial consequences has sparked open discussion [56,57]. According to certain academics,
CEO compensation is positively related to environmental performance [1,58]. A stream of
studies suggests that pay gap can be an effective motivator and stimulate pay rivalry, which
motivates executives to exert effort for involvement in long term projects—such as R&D
projects [59–62]. More related to social and environmental performance, previous research
highlights that executives are awarded higher incentives for social and environmental
endeavors that have many significant implications including personal reputation, career
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enhancement, stakeholder satisfaction, and organizational legitimacy [63–66]. The previous
studies suggested that environmental process innovation, business analytics, and environ-
mental product innovation have a significant impact on the green competitive advantage
of the companies [67,68]. Corporate social responsibility is exemplified by environmental
innovation. Significant eco-innovation may have a favorable influence on a firm’s repu-
tation and political links, resulting in intangible assets and the ability to raise capital. As
a result, substantive eco-innovation is linked to the long-term success of businesses, and
businesses should invest in substantive eco-innovation in order to obtain resources [69].

Conversely, other authors documented a negative and weak relationship between
executive compensation and environmental and social performance [70–73], as investment
in social objectives could be a financial burden on a firm’s financial performance. Further-
more, stakeholder mismatching happens when stakeholders who receive an advantage
from environmental reputation (e.g., the general community) are not the same individuals
who assess a firm’s performance (e.g., stockholders) [74]. In the executive pay structure,
the same paradox exists. The large pay gaps between executives and other employees
leads to a negative impression that discourages the collective efforts of employees, which is
detrimental to innovation [75,76].

However, in this research, we look at how CEO tournament incentives influence
green innovation in China, where the regulatory structure embodies the intriguing fea-
tures of an emerging and transition economy [77,78], and where the general public is
becoming completely conscious of the worsening air quality and the dangers posed by
industrial pollution [79,80]. As the environmental standards are lower in China compared
to developed countries, and environmental rules and their enforcement are notoriously
weak [81,82], we posit that such tournament incentives can encourage top managers to
harvest green practices.

The interesting logic behind tournament incentives is that a CEO is sitting on the top
ladder rung of the firm, where there are no chances of further promotion; thus tournament
incentives can be considered as a catalyst to trigger a CEO’s effort in order to invest in
social projects [55], while other senior executives exert effort for promotion-based and
performance-based incentives [83,84]. If senior executives receive a promotion to the
CEO position, they receive modest pay and incentives, and such compensation schemes
enhance their motivation level for winning prizes and corporate performance [45,85].
Firms that believe that an organization’s competitive environment encourages talent will
prefer high compensation, as assumed by tournament theory [86,87]. According to this
theory, compensation based on position is an effective reward method for motivating
employees [45]. Previous researchers demonstrate that higher tournament incentives tend
to increase wide-spread firm activities, including research and development that translates
into firm performance [88,89]. The perceived value of tournament incentives is that they
motivate managers to put in more effort, which leads to more innovative performance.
Consistent with this conjecture, Shen and Zhang [90] find evidence in U.S. public firms that
tournament incentives strengthen the efficiency of firms’ innovations. This implies that
managers usually respond actively to tournament incentives to achieve better results.

A group of studies has shown that one manifestation of the greater effort made by
competing against other executives is risk-taking [91–93]. For instance, in professional
sports competitions, there is only one winner who receives a high prize; nonetheless, all
other players adopt an aggressive risk-taking approach since they have nothing to lose
and are hoping to gain great results by taking risks (Grund et al. 2013). Similarly, a
higher tournament incentive brings over investment in risky innovative projects without
calculating the potential benefits that might have a drastic effect on a firm’s innovative
capability [94]. Goel and Thakor [95] also find that executives can increase the probability
of winning a tournament by plunging into excessive risky projects. The evidence on how
tournament incentives affect executives’ risk-taking behaviors and innovations, however,
remains relatively scant in organizational governance literature [90].
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Drawing on tournament theory, we hypothesize that CEO tournament incentives are a
driving force that triggers green innovation because investment in green projects relies on
the CEOs’ decisions, and these incentives will be a stepping stone towards the long-term
stability of an organization by achieving higher environmental performance. Overall, this
discussion leads us to the following hypothesis:

Hypothesis 1 (H1). Tournament incentive is positively related to green innovation.

2.2. The Moderating Role of Ownership Structure

Next, we predict a higher correlation between a CEO tournament incentive and green
innovation in state-owned businesses than in non-state-owned companies. Ownership type
is an environmental catalyst for green innovation that influences the tendency towards
going green. The government, as a major shareholder, tightly controls the financial and
non-financial resources for innovation [96].

In a developing market (such as China), the government seems to be the most impor-
tant institution, wielding enormous influence over finite resources and enacting policies to
determine enterprises’ goals in a competitive market [97]. The government is considered a
significant stakeholder to secure the uncertain risk involved in green innovation because,
if the state does not provide enough support in policies, it is tough for businesses to gen-
erate long-term growth [98]. China is a transition economy characterized by public and
private ownership, where the regulatory framework illustrates the features of an emerging
market [77]. In particular, the Chinese government motivate firms towards environmental
legitimacy [99], and the government acts as a stewards of SOEs to implement its social and
economic agenda [49]. SOEs are often large, whereas private businesses are typically small.
As a result, disparities in CSR that appear to be caused by ownership may instead be due,
instead, to the size of the company. Furthermore, CSR assessments differ from one another
since various items are used in different research. Faced with market transition, increased
competition, and crucial trade frictions, Chinese private firms failed to compete with SOEs,
foreign-owned enterprises, and multinational enterprises, especially due to their tiny size,
inexperienced management, and poor technology [100].

According to institutional theory, companies also improve their environmental legiti-
macy because of external stakeholder pressure. In such a scenario, a firm’s establishment
of a connection with the government is one significant approach to create legitimacy [101].
Major Chinese state-owned firms solely rely on the government for receiving opportunities
involved in new product development; thus, such enterprises avail themselves the ben-
efits of approving patents and the financial and other resources required for innovation.
As managers of state-owned enterprises have easy access to government support, policy
information and other guidelines, this may also affect the firms’ likelihoods towards in-
vestment in environmental innovation, which further provides a signal of organizational
legitimacy [102,103]. Because CEOs build social ties with the government in a way that
strengthens recognition as a government representative, they obtain more government
support and resources for combating environmental risk. Farag et al. [104] found that
SOEs are more motivated to invest in socially responsible activities than NSOEs and are
more conscious about environmental protection. Such evidence echoes that of Usman
et al. [105] and Huang et al. [106], who identified Chinese listed firms that politically led
CEOs to promote more green innovation in SOEs than NSOE. These CEOs established
diplomatic relations with the government, which provides an edge to access information,
environmental policies, and state support. In response, firms may face more pressure for
environmental legitimacy.

Taken together, top executives in state enterprises are more motivated to make deci-
sions in favor of the state, which places them in a better position to win tournaments or
promotion rewards [107]. Ethical leadership of state enterprises shows a commitment to
enhance the reputation of a firm using the investment in CSR because of state regulatory
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due diligence [108]. The executives in SOEs are assessed on the basis of social and financial
performance; thus, social activist CEOs strive to engage more in green innovation for
image-building in order to obtain government privileges and win incentives, as CEOs of
state-owned firms do not face these financial barriers. Furthermore, CEOs of Chinese state-
run firms are usually supervised, hired, and promoted through political interference, and
their pay is compressed in alignment with state interests. As a result, SOE board members
and management are highly incentivized to make decisions that benefit the state by putting
social goals ahead of economic objectives [61,109]. Moreover, the Chinese government
offers grants to state firm top executives [110] in return for legitimate business actions [111].
Consequently, sound tournament incentives will induce the state-owned enterprise CEOs
to invest more in green innovation. We draw the hypothesis that the influence of CEO pay
incentives on green innovation would be more evident in state enterprises than in non-state
enterprises. Thus, we formulate the following hypothesis:

Hypothesis 2 (H2). The positive impact of CEO tournament incentives on green innovation is
more pronounced in SOEs than in non-SOEs.

3. Methodology

3.1. Data Sources and Sample

This study used a panel dataset of Chinese A-share companies listed on the Shanghai
and Shenzhen stock exchanges for the period ranging from 2010 to 2016. The data relating
to green innovation is obtained from the National Intellectual Property Administration
(NIPA) database. The NIPA database provides summary details for all information about
innovation type, title, application date, applying firm or person, and a short summary
of the patent. We also used the enterprises’ annual reports and China Stock Market and
Accounting Research (CSMAR) to collect data on the independent variable (tournament
incentive) and other control variables. The sample distribution by industry is given in
Appendix A. The study’s final sample is comprised of 6515 observations excluding firm-year
observations for which the required information on explanatory variables were missing.

3.2. Measures
3.2.1. Dependent Variable

Our study’s dependent variable is green innovation (GI), representing environmentally
related patents. Consistent with previous studies on green innovation and the availability
of data in the context of China, we selected a summary of green patents using several termi-
nologies related to the environment, such as green, less carbon, environmental protection,
clean, emission reduction, sustainable, recycling, economical, ecology, and environmental
performance [112,113]. Eventually, we accumulated the patent number at the firm level
and obtained each firms’ green innovation.

3.2.2. Independent Variable

Our main independent variable is the tournament incentive (T_Incentives). Following
previous studies [55,88,114,115], we measure CEO tournament incentives (T_Incentives)
as the difference between CEO pay and the other executives of a firm. We applied the
following distinctive formula to calculate the tournament incentive:

T_Incentives = Log (CEO Pay − Average Executives Pay)

In addition, we estimate the impact of CEO tournament incentives on green innovation
in SOEs and non-SOEs. Hence, we measured SOE as a dummy variable that equals ‘1’
when the controlling shareholder of Chinese firms is the local or central government and ‘0’
otherwise.
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3.2.3. Control Variables

In line with previous studies on green innovation and CEO attributes [1,18,55,89,116,117],
we control for a number of firm-level characteristics. CEO features include CEO age
(CEO_Age), calculated in number of years. CEO duality is a dummy variable for which
we assign one when a CEO also serves as a board chairman and zero otherwise. CEO
ownership (CEO_Shares) is defined as the percentage of shares held by the CEO. This study
also adds board ownership (Board_Shares), or the percentage of shares owned by a firm’s
board members, and board size (Board_Size), measured as the number of directors on the
board because board members also contribute to important strategic choices. A company’s
financial attributes can also influence its societal engagements [50]. Thus, we include firm
size (Size), measured as a log of total assets; firm size (Growth), calculated as the increase in
a firm’s total assets; financial leverage (Leverage), which is the ratio of the total debt divided
by the total assets; and firm performance (ROA), explains accounting-based performance
measured as the net profit divided by the total assets. Finally, we include year and industry
dummies in each regression analysis to capture the fixed effects of time and industry that
may have an impact on the relationship between CEO tournament incentives and green
innovation.

3.3. Statistical Model

To test the hypothesis of whether a firm’s tournament incentives inclined CEOs to-
wards green innovation, we estimate Equation (1). To determine whether CEOs in state-
owned enterprises are more motivated for green innovation as compared to non-state-
owned enterprises, we apply Equation (1) for both the state and non-state firms’ samples.
Consistent with previous studies [50,55,118], we apply an ordinary least squares (OLS)
model as the baseline approach for estimating Equation (1). The model is as follows:

GIit = β0 + β1 T_Incentivesit +
n

∑
i=1

βn Controlsit + εit (1)

In the above model, GI indicates green innovation, representing the dependent vari-
able. T_Incentives is our main independent variable, and controls refers to all control
variables. Table 1 reports a detailed description of each variable.

Table 1. Variables definitions and details.

Variable Details

GI
Green innovation is defined as the number of environment related patents (such as
patents related to environmental protection, low carbon, eco-energy saving, emission

reduction, sustainability, recycling, pollution, water resources, and biodiversity).

T_Incentives Log of the CEO compensation gap and the average pay of other executives.

SOE Defined as the dummy variable which equals one if the local or central government
is the ultimate owner and zero otherwise.

CEO_Shares Indicates the percentage of shares owned by a CEO.

CEO_Age Equals age of the CEO in years.

CEO_Duality A dummy variable equals one if the CEO is also the chairperson of the board and
zero otherwise.

Board_Shares The percentage of shares held by a firm’s board of directors.

Board_Size Defined as number of directors on the board.

Size Indicates the natural log of total assets.

Growth Calculated as change in total assets.

Leverage Indicates ratio of total debt to total assets.

ROA Shows return on assets, which is measured by dividing the net profit by total assets.
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3.4. Descriptive Statistics and Correlations

Table 2 illustrates the summary statistics for all variables used in the analysis. The
results show that the mean GI score is 2.553, which indicates that, on average, Chinese firms’
secure three environment-related patents that reflects their green performance. A higher
mean score of green innovation shows higher environmental performance. The mean of the
tournament incentives (T_Incentives) is 402,665 Yuan (CNY), showing that CEOs receive
an average 402,665 Yuan (CNY) annually beyond the pay that other executives receive. The
mean value of SOEs is 0.467, which declares that 47 percent of the firms in the sample are
state-owned enterprises where state owners are the major shareholders.

Table 2. Descriptive statistics.

Variable Mean Std. Dev. Min Max

GI 2.553 5.23 0 39

T_Incentives 402,665 545,034 −915,000 1,500,000

SOE 0.467 0.498 0 1

CEO_Shares 0.041 0.107 0 0.805

CEO_Age 48.588 6.229 25 77

CEO_Duality 0.246 0.431 0 1

Board_Shares 0.103 0.186 0 0.892

Board_Size 10.211 2.557 5 26

Size 3.090 0.058 2.704 3.350

Growth 7.665 1.336 1.609 13.223

Leverage 0.456 0.562 0.007 46.159

ROA 0.039 0.545 −48.316 22.005

Table 3 presents the correlation for selected variables using a variance inflation factor
(VIF) test and a Pearson’s correlation. The results show that the correlation between the
green innovation and tournament incentive is positive and significant. We also find SOEs
to be positively associated with green innovation; thus, the results provide preliminary sup-
port for our propositions. Additionally, the correlation between all independent variables
is within the acceptable limits, which shows that there is no problem of multicollinearity.
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4. Results

Table 4 displays the OLS regression results for the proposed hypotheses. Hypothesis 1
expects a significant and positive relation between CEO tournament incentives and green
innovation. Model 1 of Table 4 lends support to the first hypothesis of this study by
showing that the coefficient of CEOs tournament incentives (T_Incentives) is significantly
positive (β = 0.165, p < 0.05). This result confirms that tournament incentives encourage
CEOs to invest more in the firm’s green innovation to boost environmental performance.
Moreover, the result supports tournament theory, which posits that the compensation gaps
enhance competitiveness among CEOs and other top executives, thereby encouraging top
executives to be greener by investing in environmentally related projects. This finding is
consistent with latest study of Ali et al. [55], who documented a positive influence of CEO
tournament incentives on CSR.

Table 4. Main evidence of CEOs tournament incentives and green innovation.

OLS Regressions Cluster-OLS Regressions

Variables Full Sample SOEs N-SOEs Full Sample SOEs N-SOEs

T_Incentives 0.165 ** 0.697 *** 0.203 *** 0.613 *** 0.711 *** 0.681 ***
(2.465) (5.128) (2.666) (4.798) (3.362) (3.087)

CEO_Shares 0.145 −15.515 0.330 1.183 1.095 −15.582
(0.185) (−1.181) (0.458) (0.972) (0.931) (−1.163)

CEO_Age 0.001 0.052 0.007 0.019 −0.016 0.053 *
(0.136) (0.466) (0.684) (1.328) (−1.245) (1.732)

CEO_Duality −0.100 ** −0.365 * −0.073 * −0.574 ** −0.352 −0.376
(−2.148) (−1.741) (−1.813) (−2.267) (−1.402) (−0.619)

Board_Shares 0.609 −6.760 0.286 −1.747 *** −0.995 −6.893
(1.394) (−0.955) (0.686) (−2.599) (−1.573) (−0.980)

Board_Size 0.011 * 0.059 ** 0.058 * 0.076 * 0.099 ** 0.061
(1.765) (2.378) (1.939) (1.839) (2.203) (0.867)

Growth −0.000 −0.151 −0.009 0.011 0.033 −0.050
(−0.009) (−1.486) (−0.214) (0.260) (0.950) (−0.562)

Size 1.691 *** 0.023 ** 1.193 *** 2.121 ** 1.473 3.473 **
(31.997) (2.335) (17.381) (2.236) (1.491) (2.278)

Leverage −0.699 *** −3.480 *** −0.743 *** 0.011 −0.017 −6.774 **
(−3.177) (−6.586) (−3.157) (0.080) (−0.217) (−2.206)

ROA 0.348 * 7.119 *** 0.231 * 1.044 *** 5.500 ** 3.931 ***
(1.687) (2.910) (1.784) (2.776) (2.718) (3.105)

Constant −14.609 *** −13.616 *** −10.849 *** −9.094 *** −5.516 ** −13.571 ***
(−13.463) (−6.270) (−8.743) (−4.606) (−2.368) (−4.185)

Observations 6515 2740 3775 6515 2740 3775
R-squared 0.223 0.142 0.149 0.100 0.081 0.140

Industry & Year Yes Yes Yes Yes Yes Yes
Chi2 value = 9.600

p-value = 0.001

Note: Table 4 reports result for the proposed hypotheses. T_Incentives indicate tournament incentives of CEOs.
T-statistics are documented in parentheses. ***, **, and * denote significance level at 1, 5, and 10%, respectively.
This table also reports the value of Chi2 for the sake of sub-sample comparison.

Table 4 also presents the findings for the sub-samples of state-owned and non-state-
owned firms. Model 2 shows the finding of SOEs sub-sample, where the coefficient of the
tournament incentive is 0.697, significant at 1%. The finding implies that top executives
of state-owned firms receive tournament incentives so that they are more ingrained in
environmental performance and earn legitimacy. The reason is that the CEOs of state-owned
firms receive pressure from the government and public to meet political and social targets.
The result also supports institutional theory [119], whichpostulates that organizations
seeking legitimacy succumb to institutional pressure, thus influencing their behavior.
Alternatively, Model 3 reports the coefficient of CEO incentives for non-SOEs which is
0.203, significant at 1%, indicating that CEO tournament incentives in non-state firms also
have a positive impact on green innovation.

However, comparing the findings of state and non-state enterprises indicates that
a state enterprise’s executive incentives have a greater and more favorable impact on
green innovation than non-state firms, which acknowledges our second hypothesis. The
coefficient value of Model 2 is significantly greater than that of Model 3. In order to compare
the beta values for every model, we use an independent regression technique. Because
of the significant influence of tournament incentives in state firms, the Chi2 value (9.601),
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which has a p-value = 0.001, shows that green innovation is more visible in state firms than
in non-state firms.

Other robustness checks were also used to verify the authenticity of our conclusions.
For the baseline regression findings, we attempted ordinary least squares (OLS) estimation,
but the OLS criterion that observations should be independent could not be met in our
analysis, as we use more than one observation in each of the selected companies, which
could lead to biased estimates. To overcome this limitation, we used OLS regression with
clustering of the standard error by firm (Cluster-OLS). Table 4 highlights the results for the
cluster OLS estimations. These findings again confirm that tournament incentives positively
affect corporate green innovation, and this relationship is stronger in state-owned firms.

Table 4 also highlights results for firm-level control variables. We find that except for
CEO ownership, age, board ownership, and growth, all other variables have significant
impacts on green practices. In particular, the coefficient of CEO duality indicates that it
may generate a negative impact on environmental innovation. This is because a CEO may
grow more powerful with dual job status, and, hence, may utilize corporate resources for
self-interest rather than for societal interest. Conversely, Board_Size is positively associated
with GI because a larger board contains the diversified knowledge and experience that
often leads to firms going green. Similarly, firm size (Size) and profitability (ROA) have
positive relationships with green innovation, as larger and more profitable firms receive
more attention from stakeholders with regards to environmental concerns. In addition,
such firms are considered resourceful to invest in green innovation. Finally, the coefficient
of leverage suggests that with higher level of leverage, firms will be less likely to invest in
green innovation.

5. Endogeneity

Our OLS regression results on the link between CEO tournament incentives and green
innovation may be biased due to potential endogeneity issues. To solve this problem,
our study uses three alternative statistical methodologies following previous research
studies [55,113,120].

First, this study uses fixed-effects estimations to address the issue of unobserved
factors (The Hausman test has been used to check the probability that a fixed-effects model
or random effect is suitable to use. In doing so, the value of the Hausman test (247.66 at
p < 0.01) confirms that the fixed-effects estimation is suitable over the random effect model.).
For instance, one of the major issues in the estimation of panel datasets is the possibility of
unobservable time-invariant characteristics. In such a case, a fixed-effects model has an
advantage over other OLS estimations of explicit models’ characteristics, which are quite
stable, thereby reducing cross-sectional fluctuations.

Table 5 presents the findings of the fixed-effect model and affirms that T_Incentives
significantly and positively impacts a firm’s environmental performance. In addition, the
findings of the sub-samples (SOEs and non-SOEs) suggest that tournament incentives in
state firms increases the CEOs’ likelihood, more than in non-state firms, for investing in
environmentally responsible projects. However, the regression models using fixed effects
provide results that are consistent with the baseline analysis, confirming that our conclusion
is unaffected by the omitted-variable bias.

Second, due to self-selection bias, our first OLS findings may be inaccurate, i.e., the
features of a more environmentally responsible and a less environmentally responsible
firm may differ, resulting in different outcomes for firms to be greener. In such a case, firms
are considered greener because of firms-level characteristics, rather than due to increased
CEO incentives. To address this issue, this study creates a dummy variable that equals
one if a firm secures environmentally related patents more than the industry median, and
zero otherwise, and compares the firms on the basis of the control variables by applying a
propensity score matching (PSM) technique.
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Table 5. Endogeneity test: fixed-effect model.

Variables Full Sample SOEs N-SOEs

T_Incentives 0.264 *** 0.292 *** 0.236 *

(3.079) (2.699) (1.657)

CEO_Shares −0.582 1.623 −0.771

(−0.555) (0.060) (−0.741)

CEO_Age 0.030 ** 0.053 ** 0.010

(2.298) (2.454) (0.605)

CEO_Duality −0.206 −0.474 −0.006

(−1.036) (−1.358) (−0.024)

Board_Shares 0.522 20.592 * 0.060

(0.506) (1.758) (0.059)

Board_Size 0.011 0.015 −0.006

(0.454) (0.393) (−0.178)

Growth −0.092 *** −0.052 −0.121 ***

(−3.001) (−1.065) (−3.182)

Size 0.510 *** 0.334 *** 0.798 ***

(4.252) (2.815) (4.663)

Leverage 0.020 −2.086 * −0.775

(0.059) (−1.902) (−1.157)

ROA 0.116 −2.168 0.040

(0.767) (−1.024) (0.227)

Constant −1.128 *** −6.453 *** −1.494 ***

(−2.770) (−2.711) (−2.819)

Observations 6515 2740 3775

R-squared 0.089 0.110 0.081

Year Yes Yes Yes
Note: Table 5 presents findings of fixed-effect model, which addresses issues of omitted factors. T-statistics are
documented in parentheses. ***, **, and * denote significance level at 1, 5, and 10%, respectively.

The findings of PSM models are highlighted in Table 6. However, consistent with
our main evidence in Table 4, we find in all three models of Table 6, that T_Incentives are
positively and significantly related to green innovation. In addition, we observe in Model
2 and Model 3 that the coefficient of T_Incentives remains greater for the SOEs’ sample,
confirming that tournament incentives induce the SOEs’ CEOs more for investing in green
innovation than the CEOs of NSOEs. Overall, these results suggest that our main findings
are not driven by the firm-level characteristics.

Next, we apply an instrumental variable method known as Two-Stage least squares
regression (2SLS) to address endogeneity issues. In this technique, the criteria that an
“instrumental variable should be correlated with the independent variable but not with
the dependent variable” must be fulfilled. Following this condition, our study uses the
tournament incentives’ industry average as an instrumental variable because it is highly
correlated with our independent variable (T_Incentives) but has no correlation with our
dependent variable (GI). The results of the 2SLS method are reported in Table 7. Again,
we find that these results are consistent with our initial findings, which makes our main
evidence more robust.
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Table 6. Propensity score matching (PSM) results.

Variables Full Sample SOEs N-SOEs

T_Incentives 0.1444 *** 0.1548 *** 0.0830 ***

(7.75) (5.15) (3.26)

CEO_Shares 0.4137 * −1.4760 0.1738

(1.80) (−0.49) (0.71)

CEO_Age 0.0059 ** 0.0123 *** 0.0016

(2.22) (2.71) (0.48)

CEO_Duality −2334 *** −2532 *** −1213 **

(−5.35) (−3.25) (−2.18)

Board_Shares −5153 *** 0.1516 −1162

(−4.19) (.10) (−0.84)

Board_Size 0.0258 *** 0.0247 *** 0.1222

(3.96) (2.76) (1.22)

Size 0.0056 −0271 0.02551 **

(0.47) (−1.22) (1.97)

Growth 0.0023 0.0035 0.2197 ***

(1.12) (1.12) (9.63)

Leverage −3348 *** −4381 *** −1596 **

(−6.33) (−4.26) (−2.28)

ROA −0939 −0375 −2039

(−0.52) (−0.07) (−0.51)

Constant −2.7491 *** −3.159 *** −3.3937 ***

(−10.59) (−7.57) (−9.44)

Observations 6515 2740 3757

R-squared 0.0315 0.0214 0.0412

Industry & Year Yes yes Yes

Note: Table 6 highlight results to validate our main hypotheses using PSM approach. T-statistics are documented
in parentheses. ***, **, and * denote significance level at 1, 5, and 10%, respectively.

Table 7. Two Stage least squares (2SLS) results.

Variables Full Sample SOEs N-SOEs

T_Incentives 1.002 *** 1.285 *** 0.368 ***
(7.712) (5.384) (2.618)

CEO_Shares 1.692 −9.922 0.436
(1.472) (−0.544) (0.445)

CEO_Age 0.011 0.039 −0.016
(0.763) (1.436) (−1.124)

CEO_Duality −0.830 *** −0.761 * −0.198
(−3.806) (−1.767) (−0.880)

Board_Shares −1.733 *** −14.071 0.538
(−2.713) (−1.443) (0.942)

Board_Size 0.074 ** 0.031 0.077 *
(2.210) (0.601) (1.885)

Growth −0.101 −0.225 −0.068
(−1.321) (−1.636) (−0.867)

Size 0.022 ** 0.028 ** 1.361 ***
(2.488) (2.449) (4.505)

Leverage −2.633 *** −7.014 *** −0.847 ***
(−8.400) (−8.112) (−3.021)

ROA 2.912 * 8.587 *** 1.370
(1.781) (2.715) (0.807)

Constant −11.560 *** −18.606 *** −12.490 ***
(−6.512) (−5.784) (−6.681)

Observations 4596 2044 2547
R-squared 0.105 0.155 0.157

Industry & Year Yes Yes Yes

Note: Table 7 presents results of instrumental variable approach (2SLS). T-statistics are documented in parentheses.
***, **, and * denote significance level at 1, 5, and 10%, respectively.
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6. Discussion and Conclusions

We consider the importance of a top executive’s role in environmental performance,
as green practices cannot be initiated without top management support [20]. This research
takes a holistic view to examine whether CEO tournament incentives result in improved en-
vironmental performance and fills the gap identified by [55]. Our expectations are founded
on tournament theory, which states that promotions, awards, and incentives incentivize
managers to accomplish company goals. These types of incentives create a competitive
spirit among senior managers, who promote both financial and social performance within
organizations [45].

When the executives choose to concentrate on consumers, workers, the environment,
and other stakeholders, rather than shareholders, they have a great deal of flexibility [121].
It is established that compensation for non-financial performance is an approach by which
a firm’s internal governance may affect its corporate environmental performance. Theoreti-
cally, a well-calculated prize range can stimulate prolific performance in a competition for
incentives. It is argued that competing participants tend to perform better when the deter-
mination of compensation is carried out, keeping in mind the tournament viewpoint [44].
This indicates that if there is a pay disparity, a competition between the CEO and other man-
agers will develop, resulting in better organizational effectiveness in terms of financial and
non-financial performance, which greatly enhances the firm’s position in the marketplace.
In line with this conventional notion, we argue that executives tournament incentives push
them to spend more on environmentally friendly innovations, since such innovations may
promote the reputation of an organization, stakeholders’ trust, brand image, and reduce
tensions among the many stakeholders. Furthermore, as the CEOs positions rise, they are
more inclined to focus on the company’s long-term success.

6.1. Theoretical Implications

This study used a sample of Chinese listed firms over the time period from 2010 to
2016 and confirms that CEOs are more inclined to invest in green innovation as a result
of the tournament incentive. Our findings support tournament theory, suggesting that
when compensation is determined on the basis of tournaments, the competing participants
perform better. Compensation gaps encourage top decision makers to reach decisions
with social, economic, and strategic consequences in mind. The pay disparity between the
tournament winner and the runner-up acts as a strong motivator for senior managers to
put greater efforts into winning the tournament. Organizations may gain from the aggre-
gate enthusiasm of managers because pay incentives drive individual efforts to perform
well [56,122]. Hence, our findings imply that firms’ green practices and their environmental
legitimacy can be improved at the expense of incentivizing their executives. Top executives
are considered powerful figures; thus the structuring of handsome compensation schemes
for CEOs is advisable to stimulate a CEO’s likelihood to deploy efforts and resources
towards green initiatives.

In addition, we find that when receiving tournament incentives in SOEs, executives
are more engaged in green practices than in non-SOEs. These findings contribute to institu-
tional theory, which advocates that, in a particular business environment, organizations
need to imitate social means as the existence of the firm depends on external social ap-
proval [119]. Moreover, social and environmental behavior is contextualized by institutional
pressures [123]. The SOEs face more stringent regulatory and institutional pressure (such
as government and media) as compared to non-SOEs [50], which may induce SOEs further
to adopt environmentally friendly policies. Neo-institutional theory also suggests that the
institutional structure influences the decision making of a firm [124] and permits discover-
ing and comparing executives’ non-financial motives (like green investment) in both formal
and informal institutional contexts [125].
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6.2. Limitations of the Study

Although, the study objectives are attained, certain limitations are essential to explain.
These limitations should be considered for future potential research, as well as for the in-
terpretation and generalizability of the results. First, our study sample is confined by the
unique structure of the Chinese market, where most of the firms are controlled by the gov-
ernment. In this way, the generalization of the findings is constrained, as the Chinese market
varies from those of advanced nations. Therefore, a future study could be carried out to
verify the same arguments in developed countries. Second, patents are not the only way to
safeguard green innovations; lead times, industrial capacity, and complicated standards can
all have an impact [126,127]. Therefore, future research work can be conducted to capture
the other dimensions of green innovations that will further determine the applicability of
results. Finally, the study results assert that top executive tournament incentives push more
state-owned firms towards environmental innovation as compared to non-government firms,
but this relationship may be aroused through mediated factors, such as societal expectations
or government pressure. The reason is that private firms take social objectives as a cost, not as
holy obligations, while, the sense of responsibility to achieve societal targets and government
supervision drives state organizations to pursue environmental stewardship. This concern
must be addressed in future work through an exploration of the role of social- and state-level
pressures on CEOs’ excellent performance in state-level organizations and how these influence
their incentives and environmental innovation.
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Appendix A

Table A1. Sample Distribution by Industry (N = 6515).

Industry Name Full Sample SOE Obs N-SOE Obs

Agriculture, forestry, animal husbandry, and fishery 75 29 46
Mining industry 279 97 182

Manufacturing industry 4181 1593 2588
Electricity, thermal, gas and water production, and

supply industry 218 163 55

Construction business 225 102 123
Wholesale and retail business 295 178 117

Transportation, warehousing, and postal service 206 173 33
Accommodation and catering 72 28 44

Information transmission, software and information
technology services 428 132 296

Real estate 172 96 76
Culture, sports and entertainment 33 10 23

Leasing and business services 41 13 28
Scientific research and technology services 46 18 28

Water conservancy, environment and public
facilities management 34 11 21

Education 58 24 34
Health and social work 115 46 69

Comprehensive 37 25 12
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Abstract: An eco-friendly environment with green strategies can help to achieve better environmental
performance. However, literature on the relationship between green human resource management
practices (GHRMP) and sustainable environmental efficiency (SEF) is limited. Moreover, there is
limited knowledge about the factors that could mediate the relationship between GHRMP and SEF.
Therefore, the present study examines the impact of green human resource management practices
mediating through green psychological climate (GPC) and green organizational culture (GOC) for
better environmental efficacy. For this purpose, the primary data on variables are collected by using
structured assessment tools and analyzed through regression models. Unlike previous studies, this
study adopts a mediation model and unfolds not only the role of green human resource practices in
psychological climate and green organizational culture but also clarifies the mediating role of GPC
and GOC in sustainable environmental efficiency. The findings unfolded that ecological factors such
as green psychological climate, green organizational culture, and sustainable environmental efficiency
are positively affected by green human resources management. In addition, green organizational
culture and green psychological climate positively mediate the relationship between GHRMP and
SEF. This study recommends adopting green human resource management strategies and increasing
technical innovations to improve sustainability and economic performance.

Keywords: human resource management (HRM); green psychological climate (GPC); green organi-
zational culture (GOC); environmental concerns; economic performance

1. Introduction

Human activities have increased global warming up to 1.0 degrees Celsius over
pre-industrial levels. This global warming is leading to climate change, which in turn
increases unexpected weather changes over time, such as devastating storms and droughts,
heatwaves, and forest fires, ecological destruction, and environmental degradation. Thus,
climate change is considered to be among the most challenging issues of the twenty-first
century [1]. The significant impact of climate change on a local, regional, and international
scale can be felt around the world, while the corporate sector is also at the forefront of all
sustainability controversies [2]. Companies may also play an essential part in dealing with
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ecological problems [3] and today’s magic word is “environmental consciousness,” which
has infiltrated every part of our lives and workplaces.

Late in life, our personal and professional habits started to affect the planet negatively,
and we could not afford to ignore the implications. We need to change our living habits for
better consequences. Undoubtedly, the corporate community participates in discussions
on environmental issues and hence plays an essential role in resolving ecological threats.
Green human resource practices is a concept that aids in creating a green workforce in a
sustainable community that recognizes and values environmental stewardship.

As described by [4], green HRM is the application of HRM policies to encourage com-
panies in utilizing their resources efficiently and promoting environmental stewardship,
thus improving employee morale and happiness. Others describe green HRM as using
HRM policies, principles, and practices to promote the productive usage of business re-
sources while avoiding environmental harm caused by organizations [5]. Human resource
management (HRM) is an essential administrative factor that deals with the most critical
resource in organizations. Therefore, sustainability has become an important goal of HRM
since environmental performance cannot be achieved without human efforts.

Moreover, [6] pointed out the degree of environmental commitment that determines
the resulting set of environmental targets. Substantial work relevant to the manufacturing
sector was performed in ecological improvement. A factor of 1.5 can be attained when
pollution control is the strategic objective [5] while several scholars suggest a factor of
four as a practical short-term eco-productivity objective [7]. Reduced environmental costs,
above a multiplier of four, appear appropriate in terms of drastic changes coming from
eco-innovation, and environmental load reductions up to a factor of 50 were listed for
sustainability. The achievement of the fundamental global goal is heavily dependent on
population growth, size estimations, supply, and demand dynamics [8]. In addition, we
assert that the most critical part of development is green human capital management. In
this context, analyzing the role of green practices for human resource management (HRM)
in sustainable environmental management is the sole objective of this paper.

2. Literature Review and Hypotheses Development

An organization’s human resources department plays an essential role in developing
the longevity of an enterprise [9]. Green management can be considered as to how an
enterprise handles the climate with different techniques [10,11]. This term covers green
procurement, green placement, green preparation, green success assessments, green re-
wards, and compensation. This activity must be effectively maintained. It is essential to
learn how these healthcare institutions manage these activities in their fields. For hour
managers, the critical issue in organizations will be working on numerous practices which
improve their employees’ environmental performance and green behavior. A detailed anal-
ysis is needed to determine how green HRM activities are supposed and handled within
these organizations in different practices. This specific report makes efforts to understand
the connection between green human resource management strategies, environmental
efficiency, and employees’ green behavior.

Because of the growing global environmental deprivation confronting current and fu-
ture generations, there is a stronger focus on environmental sustainability and sustainable
development growth (SDG) over the last decade [12–14]. Indeed, the world was identified
as the most critical market concern of the 1990s [15]. Since then, it has spawned the idea of
“Go Green,” which is a worldwide buzzword among academics, the financial and environ-
mental, and the public because of disturbing climate change and global warming [10,16–19].
This can be seen in the case of industries and other financial institutions where environmen-
tal issues affect living beings, such as global warming, acid rain, air and water pollution,
ozone layer depletion, and climate change, and these are addressed through voluntary
codes of conduct, including the United Nations Environment Programme-Finance Initiative
(UNEP-FI), the Equator Principles for Project Finance, and others [20].
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Environmental issues are perceived to be a very significant selling aspect that has led
to the green marketing idea, which focuses on designing marketing campaigns that fulfill
consumers’ environmental wishes. Like conventional marketing, greening is related to
the concept of social marketing by identifying green practices and perceptions that could
be used to develop green ideas and goods for encouraging the inclusion of fiscal, social,
and environmental considerations in the implementation of values. Green initiatives may
be considered a socially conscious policy that reaffirms an organization’s dedication to
its corporate social obligations and acts as a benchmark to improve the efficiency of an
enterprise. For most sectors worldwide, this is often deemed as an obstacle to incorporate
adequate and acceptable green policies essential for modern enterprises. It is necessary to
remember the environmental commitment to companies that is becoming an important
consideration for consumers to support their decisions.

Environmental performance evaluation (EPE) is a process developed by the Interna-
tional Standard Organization (ISO) to assist management in understanding and making
decisions about an organization’s environmental performance by data collection and analy-
sis and obtaining evaluation-based information on environmental performance. This study
aims to provide the readers with basic understandings of green HRM, multiple valuable
works on green HRM by others, and an improved range of green activities that can be used
to build a healthy green workplace. The following are several attempts to suggest such
HR environmental policies: to study the impact of green HRM practices on organizations’
environmental performance, mediating through the green climate and moderated through
green organizational culture. Green HRM practices play a significant role in industry to
boost environment-related issues. Organizations have enough chances of growth by being
green and making a new responsive environment, which helps in substantial operational
savings by decreasing their carbon impression.

By adopting green practices, firms can considerably reduce service costs by using
energy-efficient, low-waste technologies. Green HRM can create a culture of concern for
the well-being and health of our fellow employees.

Green HRM can improve the environment by recycling waste material, which makes
the environment clean and sustainable. A sustainable environment enhances the air quality
and ensures the health of the public. This study investigates the organization’s green HRM
practices and finds ways to implement them to maintain the environment and improve
business performance.

By adopting green practices, the environmental performance becomes sustainable,
which helps the organization to achieve competitive advantages. A sustainable environ-
ment also makes society green, which makes sure the health safety of an individual. Green
HRM practices in an organization and society ensure the sustainability of the domain.

2.1. Green Human Resource Management and Environmental Performance

The concept of green management was initiated as a part of business strategy during
the 1990s [21]. However, in the 2000s, it began to gain power. In essence, Wehrmeyer and
Parker (1996) coined the term green HRM as the organized and intended integration of
traditional HRM activities with the organization’s environmental priorities [22]. More-
over, [23] stressed the dire need to create correlations between human resource practices
and sustainable development. In this context, a modern concept of economic growth is dis-
cussed that aims to promote politically, ecologically, and socially sustainable development
through trade and foreign policy, financial and fiscal policies, agricultural, and industrial
policies [24]. The literature on the degree to which HRM is green is frequently analyzed on
a spectrum of traditional HR practices: employment research, recruiting and placement,
induction, preparation, assessment of results, and awards [24].
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Designing and implementation of new roles and positions to concentrate exclusively
on environmental aspects of organizations can be referred to as reen work design [25].
It includes combining various roles, duties, and obligations in each work relevant to
environmental protection. In other terms, the addition of environmental factors into
the work definition and, at the same time, the integration of green competence in job
specification is an intriguing part of green job-research [25].

Many businesses have already begun to adopt sustainability practices for environ-
mental protection and each work description has started to directly provide at least one
ecological maintenance requirement and even ecological concern [24]. The green recruiting
and selection process is based on environmentally friendly methods for recruitment such
as internet resources and reduced paper use during the recruitment phase, and the use of
green attitudes at selection [26]. The green skills of individuals are essential to environmen-
tal success [27]. Therefore, it is worth remembering individuals who value sustainability
practices and adopt simple ecological activities such as recycling, carpooling, and energy
saving. On the other side, even applicants who respect ethical commitments will be drawn
to environmentally friendly and “green employer” organizations [22]

Furthermore, [25] notes that green induction entails familiarizing new hires with
the organization’s greening activities and empowering them to show green interpersonal
citizenship. New workers must have a genuine understanding and strategy for their
organizational environmental culture [28]. Organizations can take two approaches to
this, i.e., general green induction and green work induction [29]. Under general green
leadership, companies provide prospective members with basic knowledge on strategies
and procedures on environmental sustainability. New hires are focused on sustainability
projects unique to their work during specific eco induction. Today, all these tactics in
companies prove their merit.

Environmental consciousness should be considered a precondition for achieving
triumphant environmental success by corporate workers at all levels. Therefore, environ-
mental education is essential to improve the mindset and actions of the organizational
participants [29]. The focus was placed on providing such instruction for workers who
would promote conservation and waste management practices. Training workers to gen-
erate green workspace research and energy conservation, execute rotations to prepare
green management for the future, and improve green personal abilities may be regarded as
valuable green training and growth strategies.

The green performance assessment is a performance assessment based on green
standards that has a different aspect to the success in greening the performance feedback
interview [30]. Such green activity will show its merit since once an action is assessed to
evaluate a person, its perceived value increases, and efforts are made to adhere. Thus,
using green measures in the performance assessment scheme will speed up employee
adoption [17]. Moreover, [31] have welcomed the inclusion of environmental sustainability
priorities in the performance assessment scheme, as it guarantees that workers’ progress is
regularly provided with reviews.

This involves the adaption of programs to reward the development of renewable
skills, the usage of monetary and non-monetary environmental incentives (such as benefits,
cash premiums, sabbaticals, gifts), and connectint green pay and reward systems to the
green system activities [5]. It must be emphasized that green habits are rewarded in the
workplace, and carbon footprints are reduced. This can be seen as a possible instrument
for promoting organizational environmental practices.

Green empowerment: encouraging corporate employees to make environmental
choices and encourage them to take accountability for their actions that lead to cost ap-
preciation, a sense of identity, and improved ecological efficiency. Such green behavior
strengthens employees’ commitment to sustainability programs and their happiness after
achieving their environmental targets.
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People and their harmful activities have affected the world and the company [4,32].
Green human resources management functions can build an environmentally sustainable
ecosystem for companies. The HR professionals and the cooperation of workers are
responsible for protecting the environment [33]. Different activities in HRM may be used
to render it environmentally friendly. So, according to Cherian and Jacob (2012), the
organization will achieve good results if it integrates human resources activities with
environmental policies. Furthermore, [31] indicated that if companies do not include their
workers in ecological activity, they will affect their ecological success. However, [34] noted
later that many companies now rely very actively on protecting their community by their
workers.

Green recruiting and selection are regarded as the strongest HRM methods in present-
ing applicants with the green HRM plan. One of the challenges facing HR people these
days is to recruit and attract skilled people. Many organizations are still struggling to main-
tain their climate. It might help us get candidates who take the climate and sustainability
seriously. This would help companies hit their environmental sustainability goal. More-
over, [34] green training and advancement are often deemed an essential human resources
strategy for organizational success in environmental performance. Environmental training
is considered an essential method for developing human resources [33,35]. This type of
training can create an employee ethos, such that green sustainable policies, including
waste reduction and a pro-active attitude to the environment, are developed. According to
the [31] training curriculum, such activities as environmental protection techniques, energy
conservation, safety recycling, and waste management may be used.

Green HRM practices can encourage people to engage in environmentally friendly
behavior [36]. The relationship between green HRM practices, such as green employment,
green recruitment, green choice, green education, and green rewards, and the positive
environmental performance is up to date by many scholars [37]. With the help of green
practices, organizations can achieve sustainability and competitive advantages. The essen-
tial elements of green HRM are sustainability and environmental activities, but a lack of
resources in previous studies [37].

Business organizations showcase themselves as natural conservatives in a range to
pull incredibly savvy experts with excellent green information, adopting green practices
and maintainability issues (Rawashdeh and Karim Al-Adwan, 2012). (Cherian and Jacob,
2012) pointed out that organizations focused on greening human resource purposes may be
more efficient and generate positive outcomes. Conversely, companies not associated with
employees who engage in green activities may be less efficient in ecological performance.
Furthermore, [31] suggested that ecological enterprises should focus on fascinating and
selecting applicants with knowledge of the environment.

According to the author of [38], the impact of HRM practices on business execution
can be seen in two ways. The central approach is a methodology guide that considers the
effect of a series of standard HRM activities on the success of an organization. The second
strategy offers unique insight by exploring the impact of such HRM operations on the
company’s execution. Since environmental efficiency drives business success, businesses in
different industries use strategic ecological improvement practices to achieve a competitive
edge [39].

The economic and ecological success is highly dependent on its management pol-
icy [1]. Changes to the organization’s environmental performance policy, facilities, and staff
responses to it are often part of the procedure. A significant boundary state is a transition
and organizations address environmental concerns such as energy and water conservation
through employee behavior improvement, greenhouse gas pollution reduction, increased
recycling efforts, and increased usage of public transportation.
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Employee involvement in environmental management initiatives is essential, and
they are most involved in partnering with companies concerned about environmental
concerns [40]. Using acceptable HRM procedures at all levels of the organizational phase, a
review of companies with ISO 14001 qualification and their findings shows that organiza-
tions with high worker motivation have improved environmental efficiency.

Some considerations are critical when implementing green HRM activities, such as
selecting applicants with a solid experienced environmental understanding and providing
staff with regular environmental training [30].

The efficiency of the organizational climate can be explained as activities that have a
positive environmental effect. Organizations must carry out practical ecological programs
to do this [41]. Both pieces of research indicated the diverse GHRM practices that have a
favorable and essential effect on organizational environmental practices. This would also
give the rivals a competitive edge. After the discussion mentioned below, hypotheses are
developed:

H1: GHRM has a positive and considerable impact on GPC.

H2: GOC is positively influenced by GHRM.

2.1.1. Green Psychological Climate

The green climate was identified as the climate for businesses that achieve sustain-
ability objectives by implementing environmentally-friendly policies [42]. A green psycho-
logical environment is thus a consciousness of individual green policies, processes, and
practices that represent the organization’s green values [5]. If the organization prepares
a robust environmental policy, it signals the integrity of its employees at the core of the
enterprise [33]. Through following green HRM policies, companies deliver messages to
workers on their environmental concerns above and beyond merely economic incentives to
include employees in green decisions and activities [31].

There is an association between the understanding of corporate policy and the produc-
tive green actions of employees through the green psychology of a corporate world (Norton
et al., 2014). Employees cannot invest in the working climate as they are not directly liable
for energy expenses and supplies [42]. It is, therefore, necessary to explain the green duty
of the company. Regarding the proper conception and evaluation of jobs; adequate green
award helps articulate green workplace responsibility, fosters employee understanding of
green benefit, and encourages employee interest in green business. Green psychological
climates mediate the connection between green HRM and environmental success in the
current study.

H3: GPC has a positive impact on SEF.

H4: GPC positively mediates between the GHRM and P and SEF.

2.1.2. Green Organizational Culture

The culture of an organization is supposed as “green” if the employees of the organiza-
tion think and act outside the profit-seeking purposes to maximize the optimistic impact of
organizational operations while at the same time reducing destructive operational events
on the natural environment [43]. Organizations with a green culture tend to measure
and change several policies to solve problems associated with the environment. Such
an organization takes steps to integrate policies for environmental development in the
organizational mission and vision (Afum, Agyabeng-Mensah, and Owusu, 2020). Having
a committed green culture applies pressure and prompts manufacturers to stay faithful to
corporate values.
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As stated by [41], an organization desires to increase environmental performance
which emphasizes the top management and takes a sensible struggle to invest in other
organizational members concerning ecological initiatives. Such organizations integrate
green practices into their mission statements to place corporate members and grow per-
sonnel skillful at solving environmental issues to achieve better quality environmental
performance [44].

One of the main reasons for accepting a green culture policy is to confirm that the
idea of environmental sustainability fills the thinking of all organizational employees. As
organizations accept a green culture based on a persuasive strategy, where all corporate
employees are fully involved, environmental performance will likely improve. Therefore,
the current study will investigate the environmental performance of green HRM practices
by moderating the role of green organizational culture.

Previous research has shown that a green culture will benefit the workers of companies
where they work, thereby influencing the association between green HRM and environ-
mental change. To better explain the partnership, the present research examines green
HRM activities utilizing ecological efficiency as an intervening element in the presence of a
green organizational culture.

The sustainability program must be recognized as a company-wide goal that includes
all aspects of business activity [45]. The corporate culture improves sustainability and
gains competitive advantages. Specifically, organizational culture development embraces
the sustainability issues that are a vital source of sustainable competitive advantage.

The definition of corporate culture also appeared in green literature. Green corporate
culture is a collection of principles, icons, assumptions, and organizations, representing
the commitment or willingness to be an environmentally sustainable organization. Organi-
zational culture is characterized as “a set of common mental assumptions that direct the
action and perception of an organization by identifying appropriate behavior for various
circumstances [46]. Symbolism for environmental conservation and security inside a green
society forms the attitudes and activities of association participants.

Many authors argued that green organizations must make drastic behavioral changes
to address environmental problems. Greening aims to increase the quality of non-renewable
and renewable resource use, minimize emissions, and modify organizations and procedures
that perform operations in a reasonable way concerning the environment [47].

Businesses choose to follow a green culture approach as management respect and
express concern in protecting the environment [48]. OGC is essential in helping businesses
turn their renewable success approach into a green one. Management issues in indus-
trial enterprises facing environmental constraints compromise two competing objectives.
Through selecting the optimum level of green performance and competitive advantage,
profits may be reduced and green performance to increase benefit [49]. Companies with-
out green culture can need limited capital to invest in a green strategy. These services
may be allocated to critical corporate needs rather than environmental regulations by its
management.

H5: GOC has a positive impact on SEF.

H6: GOC positively mediates between the GHRM and P and SEF.

2.2. Model Development

Two hypotheses were used to describe this theoretical research model. In the first
place, we used the ability-motivation-opportunity (AMO) theory. According to the AMO
theory, capacity, motivation, and opportunity are the components in HRM activities that
describe how HRM actions increase an organization’s human resources by increasing their
competence, resulting in better outcomes, less waste, and a sustainable green climate. In
addition, our study further supports the principle of the SVF, which confirms how personal
beliefs affect employee behavior. Moreover, [42] has observed that personal environmental
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thoughts play a significant role in the eco-friendly actions of workers. Therefore, the SVF
theory supports the structure suggested in this research by providing an organization with
an atmosphere that promotes the personal beliefs of its workers and thus improves its
environmental efficiency. In our study, the dependent variable is sustainable environmental
efficiency (SEF). Because different multinationals may integrate the ethical responsibility
and institutional push for green behaviors in their business operations with the use of
environmental management practices to enhance their environmental performance. For
this purpose, better results can only be achieved by focusing on sustainable environmental
efficiencies and these have their impact on management systems. GHRM progressively
investigates human resources and their environmental efficacy. The investigation of the
relationship between GHRM and SEF can better explain the mechanisms through which
they impact environmental and economic performances [50]. In contrast, the green human
resources management (GHRM), green physiological climate (GPC), and green organiza-
tional culture (GOC) are used as a mediator between GHRM and SEF. Figure 1 shows the
research model for determining the mediating impacts.

Figure 1. Conceptual model.

3. Methodology

3.1. Data Collection and Measurement

A quantitative study approach is chosen for the present study. Primary data is collected
using questionnaire techniques and used for analysis by computing descriptive statistics
and performing regression analysis to evaluate mediation and moderation effects within the
variables. This study evaluated sustainability management strategies in human resources,
environmental efficiency, and workers’ green behavior. The research focuses on the highest
middle and lower category of staff in various organizations. Data is obtained by stratified
random sampling, in which a sample size of 480 workers was taken from the highest,
medium, and lower levels. The questionnaire was prepared for research staff to assess
green HRM policies, environmental efficiency, and green conduct. The population of the
study has consisted of Chinese firms. In this analysis, primary parameters are retrieved that
reflect the Chinese marketing background and marketing activities. The details began with
the respondents’ demographic profiles. The second section of the questionnaire consisted
of ecological HRM activities, environmental and progressive behavior. Input on green
HRM was provided on green preparation, green compensation and reimbursement, green
performance assessment, and green promotion. Strongly agree = 5, agree = 4, Neutral = 3,
Disagree = 2, Strongly disagreed = 1. All elements except demographics were assessed
at the five-point scale. Table 1 describes the variables used in the study. Below Table 1
indicated variables with a description of items and the Likert Scale, which has been used
for data collection.
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Table 1. Variables with the description used under the present study.

Variable Description 5-Point Likert Scale

GHRM It provides a modern concept to promote
sustainable development by following
innovative policies on environmental aspects of
organizations and encourage people to engage in
green behavior.

Strongly agree = 5, agree = 4,
Neutral = 3, Disagree = 2,
Strongly disagreed = 1

GPC Providing green climate by implementing
environmentally-friendly policies of
organizations to explains the green duty and
mediates the link between green HRM and
environmental success for both employees and
companies.

Strongly agree = 5, agree = 4,
Neutral = 3, Disagree = 2,
Strongly disagreed = 1

GOC Organizations with green culture evaluate the
diverse policies to solve environment-related
problems and improve the environmental
performance for better development and achieve
the required target and vision.

Strongly agree = 5, agree = 4,
Neutral = 3, Disagree = 2,
Strongly disagreed = 1

SEF It pushes green behaviors in organizations with
the implementation of environmental
management policies for enhanced performance.

Strongly agree = 5, agree = 4,
Neutral = 3, Disagree = 2,
Strongly disagreed = 1

3.2. Data Analysis and Measurement of Model

SMART PLS 3.3 (SmartPLS GmbH, Schleswig-Holstein, Germany) is used for data
analysis to employ the PLS algorithms with bootstrapping to 5000 substitute samples [51]
Smart PLS is one of the leading software applications for partial least squares structural
equation modeling (PLS-SEM). PLS is an emerging multivariate data analysis method,
making it easy for researchers, academics, or even journal editors to let inaccurate appli-
cations of PLS-SEM go unnoticed. It was established by [52] and the software has gained
acknowledgment since its introduction in 2005. It is munificently accessible to academics
and researchers and has a gracious and responsive user interface and enhanced reporting
aspects. Different tests were used for data validity and reliability such as CFA, rho_A, data
reliability, AVE, and CR. Various items were used to improve the reliability and validity
of data computed by the 5-point Likert scale, such as 1 for strongly disagree to 5 strongly
agree. The mostly 5-point Likert scale is used in research because less than five and more
than 7-Likert scales are less accurate [51]. Table 2 presenting the demographic values of the
data, and according to Table 3, all the values of CA, rho_A, CR, AVE, and FL is greater than
the standard, e.g., the standard value for CA, rho_A, and CR is equivalent or superior to
0.7 and 0.5 for AVE [52]. Table 4 shows the discriminant validity of the model.

To get the final solution, the confirmatory factor analysis was completed on the
data, the root mean square error of approximation (RMSEA), the standardized root mean
square residual (SRMR) [51], normed fit indexed (NFI) [53] the squared Euclidean distance
(d_ULS), the geodesic distance (d_G) values, among others, were all contained by the
expected range, indicating that there was no considerable common method variance (CMV)
among the data assembled. The anticipated structural model was then anticipated to assess
path evaluation and complete model fit. According to the evaluation, demonstration data
is fit and satisfactory.
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Table 2. Demographic information.

Frequency Percentage

Gender
Male 254 53%

Female 226 47%
Age

21–30 years old 198 41%
31–40 years old 185 39%
41–50 years old 97 20%

Education of Respondents
Bachelors 240 50%
Masters 206 43%

PhD. Degree 34 7%
Type of Occupation

Government Job 78 16%
Private Job 146 30%

Student 94 20%
Businessman 130 27%
Housewife 32 7%

Table 3. Factor analysis, data validity, and reliability.

Constructs FL CA rho_A CR AVE

GHRMP 0.984 0.984 0.985 0.814
GHRMP1 0.811

GHRMP10 0.926
GHRMP11 0.856
GHRMP12 0.923
GHRMP13 0.898
GHRMP14 0.945
GHRMP15 0.954
GHRMP2 0.864
GHRMP3 0.905
GHRMP4 0.885
GHRMP5 0.887
GHRMP6 0.956
GHRMP7 0.907
GHRMP8 0.886
GHRMP9 0.917

GOC 0.917 0.925 0.936 0.710
GOC1 0.847
GOC2 0.829
GOC3 0.763
GOC4 0.820
GOC5 0.936
GOC6 0.852
GPC 0.941 0.950 0.955 0.810
GPC1 0.875
GPC2 0.932
GPC3 0.907
GPC4 0.850
GPC5 0.933
SEF 0.967 0.968 0.974 0.884
SEF1 0.951
SEF2 0.927
SEF3 0.944
SEF4 0.924
SEF5 0.955

Standard method variance (CMV) is a generous systematic error that is frequently recognized as a feasible subject
in standardized data analysis as a method of logical fallacy. Although we presented unidentified assessments on
the respondents, the outcomes of this investigation may still be biased due to the circumstance that the predicted
variables and predictor factors were derived from a particular survey.
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Table 4. Discriminant validity.

Constructs GHRMP GOC GPC SEF

GHRMP 0.902

GOC 0.823 0.843

GPC 0.800 0.688 0.900

SEF 0.994 0.825 0.802 0.940

4. Results

As per findings the major fit indicators are Chi-square = 7526.023, SRMR = 0.043,
NFI = 0.727, d_ULS = 0.913, d_G = 8.141 and RMS theta = 0.156. The compositions and the
pathways statement a substantial portion of the variation in the endogenous constructs
postulated. Table 5 is showing the R square values, Like, GOC = 0.678, GPC = 0.640 and
SEF = 0.785. It means that model is significant and well explained, like 68%, 64% and 78%,
respectively.

Table 5. R Square Values.

R Square

GOC 0.678
GPC 0.640
SEF 0.785

Figure 2 shows the outer loadings and path analysis values from H1, H2, H3, and
H5. Table 6 also contains beta, SD, T Statistics, and p Values. These values show that H1,
H2, H3, and H5 have a strong positive relationship. According to the conclusions, the
effect of “GHRMP” on “GPC” and GOC is (β = 0.800, p = 0.000) and (β = 0.823, p = 0.000),
respectively. The impact of “GPC” on “SEF” is (β = 0.445, p = 0.000), and “GOC has the
impact on “SEF” is (β = 0.520, p = 0.000).

 
Figure 2. Factor loadings and direct path analysis.
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Table 6. Direct path coefficient.

Hypotheses β SD T Statistics p Values

H1 GHRMP -> GPC 0.800 0.029 27.812 0.000
H2 GHRMP -> GOC 0.823 0.025 32.823 0.000
H3 GPC -> SEF 0.445 0.066 6.689 0.000
H4 GOC -> SEF 0.520 0.063 8.261 0.000

Figure 3 and Table 7 are showing the mediation analysis of the model. According to
results, “GPC” and “GOC” strongly mediates the between “GHRMP” and “SEF”. E.g.,:
(β = 0.356, p = 0.000) and (β = 0.428, p = 0.000) respectively.

Figure 3. Mediator analysis.

Table 7. Mediator analysis.

Hypotheses β SD T Statistics p Values

H5 GHRMP -> GPC -> SEF 0.356 0.063 5.616 0.000
H6 GHRMP -> GOC -> SEF 0.428 0.062 6.871 0.000

5. Discussion

This study has far-reaching implications for theory and practice. This GHRMP study
adds to the persistent need for further research to bring together the various HRM out-
lets for achieving environmental sustainability. Environmental concerns are commonly
regarded as a significant selling point. The goal of green marketing is to create marketing
campaigns that satisfy consumers’ ecological desires. Green ventures can be seen as an
economically responsible approach that reaffirms a company’s commitment to corporate
social responsibility. This is often regarded as an impediment to the introduction and
application of appropriate and suitable green policies in most industries worldwide. It
is crucial to note that a company’s environmental responsibility is getting increasingly
important as customers become more influential in their purchasing decisions.
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Prospective employees are more apt to see GHRM-enabled companies as the place to
work for their dreams, and they are more likely to show long-term environmental produc-
tivity. These results demonstrate GHRM’s potential to help organizations becoming more
environmentally conscious. This knowledge would encourage physicians to effectively in-
tegrate GHRM into strategy, practice, and workforce training programs to attract qualified
candidates. This has ramifications for organizational relationships, as organizations will
emphasize the environmental friendliness of their hiring messages. Given that the report’s
respondents were final-year students, businesses will likely benefit from open dialogue
about their environmental commitments and achievements at various stages of the campus
recruitment and selection process. Eco-conscious organizations would gain a strategic
edge in recruiting technical workers and, as a result, win the fight for talent in this highly
dynamic business environment if they had to make open and meaningful disclosures
of their green practices. To build faith and show genuine concern for the environment,
it is recommended that organizations back up their claims and accomplishments with
facts. Pro-environmental information in employment advertisements has been identified
as attractive, prestigious, and deliberate information because organizations that advocate
environmental conservation are likely to positively impact potential recruits in the hiring
process [54].

The present study also affects organizations that are not known for their sustainability
activities. As a result, those organizations will either be overlooked or considered by
potential employees while considering possible job opportunities. This study contributes
to the limited academic literature on sustainable HRM literature and sustainable environ-
mental efficiency. Previous literature does not analyze the mediating role of GPC and GOC
in the nexus between GHRMP and SEF. By cultivating a positive corporate citizen role,
the organizations that practice GHRM influence prospective workers’ choices to join and
collaborate for them. Organizations known for their business citizenship are perceived as
ideal places to work, and business citizenship increases their attractiveness. The increased
appeal of these organizations has influenced people’s desire to work with them. As a
result, this research established organizational attractiveness as an important psychological
mechanism for understanding GHRM’s impact on prospective employees’ attitudes and
affective reactions to the business. The studies of [50,54] blend a positive sustainability
message with an ecological green community and climate somewhat support the findings
of this study. By explaining the boundary restrictions of the GHRM/SEP relationship,
the study has implications for the organizational selection process, which considers the
intimate environment and green culture of prospective employees. To attract high-quality
applicants, the corporation must hire environmentally conscious individuals who will
support the organization’s GHRM efforts by proactively engaging in sustainability events
and displaying green attitudes.

6. Conclusions

Human resource management (HRM) is an essential management factor that deals
with one of the most valuable assets of a human resources organization. The whole HRM
background is presently under consideration in the context of sustainability. By extending
this statement, we argue that the essential part of sustainability is green human resource
management. In this article, we concentrate specifically on green human resource manage-
ment (GHRM), in which human resources management (HRM) manages an organization’s
ecosystem. The study of [44] describes green HRM as using HRM policies to facilitate effi-
cient resource use within companies and the cause of the ecosystem that further enhances
employee productivity and satisfaction. Others characterize green HRM as using HRM
policies, perceptions, and practices to support the sustainable utilization of business capital
and prevent harm from environmental issues among organizations [55].

Organizations must understand the value of green human resource activities and their
effect on environmental sustainability to compete in today’s business world. The primary
goal of this paper was to investigate the impact of green human resource management
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activities on environmental performance. According to the association study findings,
both environmental efficiency and green attitudes have a strong influence on green HRM
activities. This study evaluated sustainability management strategies in human resources,
environmental efficiency, and workers’ green behavior. The research focuses on the highest
middle and lower category of staff in various organizations. Data is obtained by stratified
random sampling, in which a sample size of 480 workers was taken from the highest,
medium, and lower levels. All elements except demographics were assessed at the five-
point scale.

Furthermore, the research sought to include comprehensive mediation and modera-
tion models to emphasize the interaction more clearly. Because of the regression study, the
organizational environment is a mediating variable. In contrast, green corporate culture
serves as a moderating variable, reducing the influence of the contingent and independent
variables. The findings prove that GHRMP and SEF relationship is positively mediated by
GOC and GPC.

6.1. Theoretical Implications

This paper highlights the emergence and dissemination of green HRM activities that
positively support environmental performance. GHRM activities reflect a company’s
vital assets as they are a sustainable competitive advantage. GHRM researchers aim to
use the company’s resource-based perspective [56] to clarify the importance of GHRM
activities in environmental efficiency and sustainability [57]. For example, [58]) argues that
a green atmosphere or a green culture inside a company can be a source of sustainable,
triumphant environmental success. Moreover, [59] argues that a GHRM framework can
be a unique source of sustainable competitivity, particularly when its components have
a high level of green experience both internally and externally. In short, most GHRM
theories concentrate on the causal mechanism by which internal capital or processes such
as green climate and culture may contribute to both corporate success, and environmental
performance. Management fashion theory and institutional theory concentrate on the
aspects of the outside world around organizations that affect organizations’ activities and
resulting outcomes. Management is a comparatively transitory common belief spread
by fashion designers that contributes to rational management success through a specific
management technique. Management modes, including aesthetic fashion, are typically
defined by quick, gloomy swings in management.

6.2. Policy Recommendations

Due to the increasing amount of environmental concerns, organizations are under
raising pressure to respond properly and for the purpose to implement sustainable business
methods, and by following sustainable policies, the development of green human resource
management (HRM) practices benefit both the organization and its stakeholders. It makes
a strong vision to investigate how green HRM practices might improve environmental
economic performance and its sustainable impact [60]. GHRM is an expansion of HRM and
is a key player in developing policies, legislation and directing public awareness campaigns
to educate employees about the importance of a green environment. GHRM policies and
their practices are not limited to specific enterprises, it is for the whole area of any business
and is responsible for green careers and green concerns in an environmentally friendly
approach for better environmental and economically green performances [61]. Environmen-
tal protection through pollution deterrence, resource management, and lessened energy
utilization provoke organizations to add green practices into their supply chain for green
psychological climate, human resource strategies, and practices. It proposed the impact
of green human resource management and green climate methods on effective market,
social, financial, and environmental performance [62]. There is a dire need to uncover
more effects of GHRM policies for employee satisfaction, economic performance, the link
between GHRM policy practices and green management, reputation, quality, external
and internal factors of organizations, employees interact with the organization, and most
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importantly, how these integrated GHRM policies are beneficial for better environmental
performances [63]. Here, all the HRM activities, programs, and initiatives will be consid-
ered in terms of green psychological climate sustainability. An increment in these elements
of green HRM results can help to achieve the organization’s green strategic goals.

This research also explained how environmentally effective green HRM activities are
required and how workers learn green behavior. These respondents should be used further
about the studies’ direction to make up a more comprehensive survey. It may also be seen
in other markets, such as the automotive and utility sectors. The current study recommends
that GPC and GOC can be strengthened to achieve more environmental benefits of GHRMP
in organizations. The present results urge the researchers to re-consider GHRM policies
for more clarifications behind the present needs of organizations for developing a green
environment. The significance of originality in promoting competitiveness, as well as the
urgency of resource preservation, embracing environmentally driven technologies look to
be a natural choice for promoting sustainable development for organizations and better
economic performances.
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Abstract: Facing the increasingly severe environmental problems, the development of a green and
sustainable low-carbon economy has become an international trend. In China, the core issue of
low-carbon economic development is effectively resolving the contradiction between the exploitation
and utilization of fossil energy and greenhouse gas emissions (mainly carbon emissions). Based on
the SAM matrix, we established a static Computable General Equilibrium (CGE) model to simulate
the impact of carbon tax policies on energy consumption, carbon emissions, and macroeconomics
variables under 10, 20, and 30% emission reductions. Meanwhile, we analyze the impact of different
carbon tax recycling mechanisms under the principle of tax neutrality. We find that the carbon tax
effectively reduces carbon emissions, but it will negatively impact economic development and social
welfare. A reasonable carbon tax recycling system based on the principle of tax neutrality can reduce
the negative impact of carbon tax implementation. Among the four simulated scenarios of carbon
tax cycle, the scenario of reducing residents’ personal income tax is most conducive to realizing the
“double dividend” of carbon tax.

Keywords: carbon tax; low-carbon economy; CO2 emissions; double dividend; CGE model; tax
neutrality; carbon tax recycling system

1. Introduction

The fundamental way for humanity to cope with climate change and realize the
coordinated development of energy, environment, and economy is to implement and
develop a low-carbon economy [1,2]. The global economic growth and the gradual increase
in production activities have accelerated carbon emissions [3]. At the same time, the rapid
growth of carbon emissions has seriously threatened the survival of human beings and
the sustainable development of the social environment [4]. In recent years, more than
30 countries around the world have established the goal of achieving carbon neutrality
around the middle of this century [5]. As the world’s largest carbon dioxide emitter, China
also pledged at the 2020 United Nations General Assembly to achieve carbon neutrality
by 2060, and carbon dioxide emissions peaking before 2030. However, judging from
the current situation, for countries in the process of high-speed industrialization, energy
demand will show an upward trend for a long time. Therefore, controlling greenhouse gas
emissions is still a key consideration in formulating environmental policies [6].

In order to promote the development of a low-carbon economy and reduce the impact
of carbon emissions on the social environment, governments of various countries have
begun to explore ways to reduce carbon emissions [7]. For example, implementing carbon
taxes and carbon emission trading schemes are effective policy tools to reduce carbon
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emissions [8,9]. Among them, carbon tax policy has shown promising results in controlling
carbon emissions [10–12]. The carbon tax is an environmental protection tax, which aims to
reduce carbon emissions and alleviate global warming. Because the levy of a carbon tax will
increase energy products’ prices, the demand for energy products will decrease, reducing
carbon emissions [13]. Secondly, the market mechanism will encourage clean energy to
achieve sustainable energy development and the double emission reduction effect of the
carbon tax [14]. However, the carbon tax will also bring some negative effects [15], such
as increasing the tax burden of enterprises and residents, affecting their social welfare. In
order to reduce these adverse effects and ensure the carbon tax system’s implementation,
reasonably using the incentive mechanism to design the carbon tax and integrating it into
the existing tax system or adapting it to tax system reform is significant to improving the
environment and strengthening the tax system’s income redistribution [16,17]. Therefore,
when formulating carbon tax policies, it is necessary to determine a reasonable carbon tax
recovery mechanism based on the principle of tax neutrality.

The principle of tax neutrality refers to keeping taxes and expenditures unchanged,
achieving budget neutrality, minimizing distortions to the market as much as possible, and
ensuring the market’s pure competitiveness. It does not aim to increase fiscal revenue,
but returns most of the carbon tax revenue to taxpayers in the form of subsidies and
compensation, thereby increasing the acceptability of the carbon tax system and reducing
the impact of the carbon tax on social welfare. A carbon tax system that complies with the
principle of tax neutrality will also reduce the “extra burden” of the carbon tax itself and
the negative impact of the regressive nature of the carbon tax on taxpayers, especially low-
income households. In the initial stage of the implementation of the carbon tax, to enhance
the acceptability of carbon tax, the tax rate will usually be gradually increased from a lower
level, so as to give play to the emission reduction function of the carbon tax system, which is
in line with the principle of tax neutrality and the goal of sustainable economic development.
The “tax neutrality principle” requires that taxpayers’ tax burdens be balanced and stable at
the macro level. Besides, China is implementing “structural tax cuts”. Therefore, taxpayers’
tax burdens in other areas should be reduced while carbon taxes are levied; it will realize
the “double dividend” of improving enterprises’ and residents’ welfare and enhancing
carbon emission reduction. The carbon tax recycling mechanism ensures that the overall
income and expenditure remain unchanged and conform to tax neutrality. Meanwhile,
it can reduce the impact of other distorting taxes and achieve tax burden shifting [18]. It
also considers the environmental and economic goals of carbon tax collection, as making it
more systematic can achieve the double dividend of reducing emissions and increasing
social welfare. A carbon tax will only be accepted and supported by the public if it can
achieve the goal of reducing carbon emissions. The double dividend effect of the carbon
tax recycling mechanism further guarantees public support, making the implementation of
the carbon tax more likely.

As a favorable tool for policy analysis, scholars have adopted different CGE models
(such as static CGE, dynamic CGE, etc.) to study the effect of carbon tax policy implemen-
tation, confirming that the CGE model has significant advantages over other measurement
tools in the field of policy simulation [19,20]. This paper conducts empirical analysis
by establishing an environmentally Computable General Equilibrium (CGE) model for
analyzing carbon tax policies. However, most previous studies have only analyzed the
effects of the carbon tax and paid less attention to the synergy of multiple policies. In
addition, these studies lack effective incentive policies to implement the carbon tax policy
better. Additionally, they have seldom paid attention to the distortion of resource allocation
caused by the additional burden of taxation. Differently, the contribution of this article
is to uphold the principle of tax neutrality to design-related carbon tax simulations. In
formulating the carbon tax revenue use mechanism, a carbon tax recycling system that
reflects the principle of tax neutrality has been incorporated, and the revenue from the car-
bon tax will be used to reduce the tax burden of distorting taxes such as corporate income
tax, so as to keep the overall tax burden from increasing. We contribute to incorporate
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the carbon tax, comprehensively analyzing carbon taxes’ socio-economic impact on the
country’s low-carbon economy; meanwhile, we verify the existence of a double dividend.
Finally, this article provides relevant policy recommendations for the government to design
a reasonable carbon tax.

The study is structured as follows: Section 2 addresses the literature review. Section 3
outlines the methodology and data description. Section 4 presents the scenarios setting.
The empirical results are presented in Section 5. Finally, Section 6 provides the discussion
and conclusion.

2. Literature Review

2.1. Research on Influencing Factors of Carbon Emissions

Since the 21st century, China’s economy has developed rapidly, and the energy pro-
vided by fossil fuels has greatly promoted the development of industries. With the massive
exploitation and use of fossil energy, global air pollution, and the greenhouse effect have
affected human survival and sustainable development [21,22]. In order to control carbon
emissions effectively, it is essential to conduct in-depth research on the factors affecting its
emissions, and it has become a hotspot in energy and environmental policy research.

The signing of the “Kyoto Protocol” in 1997 brought China’s climate change re-
search and governance into a new chapter [23–25]. Scholars around the world have
conducted intense discussions on greenhouse gas emissions and governance. Among
them, many scholars have demonstrated that the greenhouse effect has varying degrees
of negative impact on different industries [26–28]. Pearce et al. [29] studied the impact of
climate change on Employment in Australia and drew the conclusion that climate change
may bring about employment growth and decline in different fields. Awan et al. [30]
have suggested that firm environmental management capabilities at the production level
have considerable value for addressing CO2 emissions and minimizing environmental
pollution. It requires a varied degree of competencies, in the product life cycle stage at the
level of process and product to ensure and improve pollution performance. Research on
climate governance relies on the decomposition and calculation of reliable carbon emissions
influencing factors. Zhao et al. [31] studied the relationship between China’s import and
export and carbon emissions, confirming that the changing trend of low-carbon industry
structure can effectively reduce carbon emissions growth.

In studying the influencing factors of carbon emissions, the decomposition identity
of carbon emission factors proposed by Japanese scholar Kaya is widely used [32]. On
this basis, Ang and Liu [33] proposed a new decomposition method—LMDII, which
quantitatively decomposed the influencing factors of carbon emissions and confirmed that
this method has a perfect effect on greenhouse impact emissions from various fields. For
example, Liaskas et al. [34] use this method to analyze the influencing factors of industrial
carbon dioxide emissions in E.U. countries. Zhang et al. [35] conduct a complete factor
decomposition on China’s energy carbon dioxide emissions and emission intensity during
1991–2006. In terms of application, scholars have done a lot of research. For example,
Schipper et al. [36] applied the AWD (Adaptive-Weighting-Divisia) method to analyze
the carbon dioxide emission trends of 13 countries. It is believed that energy intensity
and energy consumption structure can explain most carbon emission intensity changes
for most countries. Davis et al. [37] used the AWD method to analyze the reasons for the
decline in energy intensity and carbon emissions in the United States from 1996 to 2000
and believe that energy structure adjustment is not the main reason, but weather changes
are the main reason.

Based on the above analysis, it can be concluded that energy consumption is closely re-
lated to carbon dioxide emissions. Implementing measures to control energy consumption,
such as a carbon tax, is the most effective means to reduce carbon dioxide emissions. Next,
we will review the current major carbon emission mechanisms and choose the emission
reduction mechanism that best suits China’s national conditions.
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2.2. Research on Carbon Emission Mechanism

Carbon taxes and carbon trading systems are carbon pricing policy tools commonly
used by countries to promote carbon emission reduction, which will affect the cost of enter-
prises and individuals [38]. Currently, most countries have different emission reduction
targets. The main reason is that countries are in different development stages, so the carbon
emissions are also very different. As the world’s largest carbon dioxide emitter, some
regions in China have begun to implement the carbon trading system. In recent years, as
countries have become increasingly aware of carbon taxes, it is necessary to assess whether
carbon taxes effectively achieve emission reduction targets [39]. Next, we mainly conduct a
comparative analysis of the two main carbon emission reduction systems, carbon tax and
emission trading.

From the perspective of implementation costs, the carbon tax implementation cost
and supervision cost are lower than the carbon trading system [40]. The carbon tax can be
directly implemented as a tax item of environmental protection tax, reducing the cost of
use [41]. The carbon trading system lacks coercive force in carbon emission reduction. In
the carbon trading environment, the cost of carbon emission reduction depends on the un-
controllable market, which easily brings unreasonable emission reduction costs and greatly
reduces the emission effect [42]. From the perspective of economic impact, under the princi-
ple of tax neutrality, the carbon tax has the characteristics of “double dividend” [43,44]. The
collection of the carbon tax is not only conducive to achieving carbon emission reduction
and improving the environment, but also guiding companies to make business decisions
that are conducive to their own development and environmental protection based on
the determined carbon tax price, making the economy more efficient [45]. However, the
carbon emission price that relies on the market price mechanism is uncertain and cannot
provide companies with an accurate assessment basis. For social welfare, Timilsina and
Shrestha [46] used a static CGE model to find that the carbon tax has a smaller impact on
the total social welfare compared with other emission reduction policy tools. When carbon
tax revenue is used to reduce the existing indirect tax rate of non-energy products, the
impact on the total social welfare is minimal.

2.3. Research on CGE Model of Carbon Tax

The carbon tax has become an emission reduction measure strongly recommended by
economists and international organizations to reduce greenhouse emissions. Beginning
in the 1990s, many scholars started to use the CGE model to simulate national carbon
taxes [19,20], and then analyze the impact of carbon taxes on the energy system and eco-
nomic variables such as GDP, welfare, investment, imports, and exports. At present, the
CGE model has become one of the most mainstream tools for analyzing energy, environ-
mental, and climate policies globally.

Garbaccio et al. [47] used a dynamic CGE model to simulate and analyze the impact
of the carbon tax on China’s economic development under the co-existence of a planned
economy and a market economy. Shrestha and Marpaung [48] used the CGE model to study
the impact of carbon taxes on the Indonesian power sector and proposed that the levy of
carbon taxes can lead to a substantial increase in prices in the power sector and a significant
decline in energy consumption. Wissema and Dellink [49] used the CGE model to analyze
the impact of levying a carbon tax in Ireland on its economy and proposed that a carbon
tax levying would significantly affect Irish consumption patterns. Allan et al. [50] used an
energy-economy-environment CGE model to study Scottish carbon taxes’ economic and
environmental impacts. The study found that carbon taxes may achieve double dividends
when carbon tax revenues are recycled through income taxes. Lin and Jia [51] analyzed the
impact of carbon tax policies on the energy environment and economy by constructing CGE
models of different carbon tax usage scenarios. The study found that the negative impact
of the carbon tax on GDP is acceptable, and the higher the carbon tax rate, the greater
the carbon dioxide emission reduction of the carbon tax policy. Fu et al. [52] developed a
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CGE model to examine the social impact of carbon tax policy, finding that a carbon tax is a
powerful driving force to reduce carbon emissions and promote the energy revolution.

In summary, domestic and foreign scholars have adopted the CGE model to conduct
related research on the emission reduction effects of carbon tax policies, proving that the
CGE model has significant advantages over other measurement tools in policy simulation.

This paper conducts empirical analysis by establishing an environmentally Com-
putable General Equilibrium (CGE) model for analyzing carbon tax policies. Specific
simulation research on the impact of carbon tax policies implemented to control car-
bon dioxide emissions on energy consumption, carbon dioxide emissions, and sectoral
economic variables; analyze different carbon tax cycle policies’ impacts on China’s macroe-
conomic variables under the principle of tax neutrality, and explore how to realize double
dividend. The above analysis can provide references for the implementation and policy
formulation of China’s carbon tax policy.

3. Methodology and Data

3.1. Description of the CGE Model

The CGE model adopted in this study has been widely used to simulate and analyze
energy and environmental policies [53–55], systematically analyzing policy’s impact under
the general equilibrium framework. This model is based on Walras’ general equilibrium
theory, with producers, consumers, government, and foreign sectors as the basic economic
units, and it can analyze the interaction of one or more variable disturbances on other
variables and the entire economy [56–58]. Figure 1 portrays the detailed model skeleton.

Figure 1. Skeleton of proposed CGE model.

The main structure of the production module is a five-layer nested structure. Given
the importance of energy inputs to carbon emissions and the substitution effect among
different energy sources, the energy inputs (coal, oil, and gas) are described by Constant
Elasticity of Substitution (CES) functions and form an energy synthesis factor. The energy
synthesis factor is in turn combined with capital through the CES function to form the
energy capital factor, like many other studies [59,60]. Then, combined with labor through
CES function to form the energy-capital-labor factor, that is, the value-added composites.
This allows substitution between various input factors. The energy-capital-labor factor and
non-energy intermediate inputs are combined through a Leontief function to form sectoral
outputs. Most research on the CGE model separates oil and natural gas, but the separation
method is quite rough and does not consider the difference in intermediate inputs. The
main fossil energy is coal, so this article does not separate the two industries.

Referring to previous studies [61,62], the trade module functions are the constant
elasticity transformation (CET) and Armington functions, assuming the distribution of
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domestically produced products and the domestic demand. The household consumption
function generally adopts the Stone-Geary utility function, but its parameters are difficult
to estimate. At the same time, this article is a static analysis. Therefore, the household
consumption function adopts a simple linear function form. The closed rule adopts the
neoclassical closure rule, assuming that labor and capital prices are endogenous. The labor
and capital market achieve full employment. The social welfare function is measured by
Hichsian equivalent variation. Specifically, it is based on the commodity price before im-
plementing the policy and measures the household utility level change after implementing
the policy.

Carbon dioxide emissions associated with fuel combustion and carbon taxes are
introduced into the environmental module. The carbon tax is levied on carbon dioxide
emissions related to fuel. By calculating the total carbon tax ratio on each fossil energy to
the total fossil energy demand, the Ad valorem tax rate for fossil energy is obtained.

3.2. Data Sources
3.2.1. Source of Basic Data

The basic data of this CGE model is obtained from the 2017 social accounting matrix
(SAM) table, which is based on China’s 2017 input-output table and relevant data on cus-
toms, tax revenues, international payments, and capital flows. The SAM table includes nine
sectors1, three institutions (households, enterprises and government), and three production
inputs (labor, capital and energy). The capital, government, and foreign inputs come
from the 2018 China Statistical Yearbook (http://www.stats.gov.cn/tjsj/ndsj/, accessed on
6 October 2021) and the 2018 China Financial Yearbook (https://www.epsnet.com.cn/, ac-
cessed on 6 October 2021). Households savings are taken from the 2017 Flow of Funds State-
ment (http://www.stats.gov.cn/tjsj/ndsj/, accessed on 6 October 2021). The carbon diox-
ide emissions data come from the International Energy Statistics (https://www.eia.gov/,
accessed on 6 October 2021) on the carbon dioxide emissions of China’s three fossil
energy sources.

3.2.2. Parameter Calibration

The model’s parameters that need to be calibrated mainly include substitution elastic-
ity coefficient, share parameter, and carbon dioxide emission coefficient. The substitution
elasticity coefficients in the production and trade function are generally obtained through
econometric methods or consulting relevant experts. The setting of alternative elastic
parameters in this article mainly refers to previous literature [63]. The shared parameter
is calibrated by the elasticity of substitution and the base year data of the variable. Using
statistical data from the International Energy Statistics, the carbon dioxide emission coeffi-
cient is calculated based on the fossil energy sources’ carbon dioxide emissions and the
actual energy consumption.

4. Scenarios Setting

4.1. Carbon Tax Design

In the climate policy simulation of this model, carbon dioxide emissions can be directly
calculated. That is why we use carbon dioxide emissions as the basis for calculating the
carbon tax. The final investment and consumption demand of fossil energy accounts for
a relatively small proportion of the total demand for fossil energy. Therefore, this article
assumes that no carbon tax is levied on the final demand part, and only the intermediate
input of fossil energy is taxed. The specific carbon tax design is as follows:

CTAXi = tc · ∑
j

Ei,j · θi (1)

CTAXj = tc · ∑
i

Ei,j · θi (2)
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TCTAX = ∑
i

CTAXi (3)

where, CTAXi, CTAXj, and TCTAX are the carbon tax levied on the intermediate input
of fossil energy i, carbon tax levied by sector j and the total carbon tax, respectively; tc
represents the amount of carbon tax levied per ton of carbon dioxide emissions, that is,
carbon tax; Ei,j represents the energy input of fossil energy i in the sector j; θi is the unit
energy carbon dioxide emission coefficient of energy i.

Based on the above calculations, we can convert the carbon tax rate of fossil energy
into an ad valorem tax rate, that is, the carbon tax ratio on certain fossil energy to the value
of the domestic demand for that fossil energy. The calculation formula in Equation (4).

tci =
CTAXi

PQi · QQi
(4)

where, PQi and QQi, respectively, represent the demand and price of fossil energy i. As
a result, the price of fossil energy demand will become (1 + tci) · PQi. This will increase
the cost of using fossil energy in the production function energy input, and government
revenue will increase due to carbon tax.

4.2. Simulation Scenario Design
4.2.1. Carbon Emission and Energy Simulation Analysis

The ad valorem tax rates levied on different fossil energy sources are affected by the
energy’s carbon dioxide emission coefficient. The price of fossil energy and the production
cost of enterprises will increase due to the levy of carbon taxes, affecting the consumption
demand of different energy sources. Meanwhile, the ratio of fossil energy input to total
input in different sectors is different. The production functions and the substitution
elasticities of various production factors are inconsistent, affecting the fossil energy demand
of different sectors. Therefore, we simulated and analyzed the impact of the carbon tax
on various energy, sector, and macroeconomic variables under the emission reduction
scenarios of 10, 20, and 30% reduction in total carbon dioxide emissions, respectively.

4.2.2. Carbon Tax Recycling Simulation Analysis

Levying a carbon tax can improve the environment, but it will have an adverse impact
on economic development, residents’ income, and social welfare. At the same time, it will
increase corporate production costs and decrease corporate profits. For producers, it will
increase investment in alternative energy sources, which will improve the efficiency of
fossil energy utilization and the development of new energy. For consumers, rising energy
prices will cause them to look for alternatives such as clean energy. If there is no good
spending policy when the carbon tax is levied, its redistributive effect will be limited even if
the policy is already very sound. The makers of carbon taxes should shift the tax burden to
those directly responsible, so as to provide effective incentives to reduce carbon emissions.

The principle of tax neutrality requires that taxpayers’ tax burdens are balanced and
stable at the macro level. The carbon tax recycling mechanism ensures that the overall
income and expenditure remain unchanged, in line with the principle of tax neutrality.
Using carbon dioxide taxes to reduce the tax rates of existing taxes (such as income taxes,
capital taxes, etc.) can reduce the impact of carbon taxes on related industries. At the same
time, we will realize the double dividend of environmental taxes [26]. The first dividend
is to improve the efficiency of fossil energy utilization, thereby reducing environmental
pollution and improving the ecological environment. The second dividend reduces other
tax rates or government transfer payments while imposing a carbon tax, increasing social
welfare, and enhancing corporate competitiveness.

In summary, this study starts from the principle of tax neutrality, assuming three
carbon tax recycling scenarios to compare the impacts on the social economy and verify
the carbon tax double dividend. In the simulation analysis, Business as Usual (BaU)
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leverages a carbon tax under the scenario of reducing carbon dioxide emissions by 20%.
The simulation scenario is to set up different carbon tax recycling methods. The specific
settings for the simulating scenarios are designed, as listed in Table 1.

Table 1. Scenarios setting.

Design Exploration Scenarios Description

Carbon tax policy Business as Usual
(BaU)

A carbon tax is levied on the
intermediate input of energy in the

production sector, and no carbon tax is
levied on the final demand sector.

Carbon tax cycle Scenario 1
Based on the BaU scenario, reduce the
resident income tax rate and maintain

government revenue neutrality.

Scenario 2
Based on the BaU scenario, reduce the

enterprise income tax rate and maintain
government revenue neutrality.

Scenario 3
Based on the BaU scenario, reduce the

enterprise indirect tax rate and maintain
government revenue neutrality 1.

1 Since the department’s indirect tax rate is not equal, an equal percentage reduces its indirect tax rate.

5. Results

5.1. Energy and Carbon Emissions Simulation Results
5.1.1. Energy Effect

With the increase of carbon dioxide emission reduction, the carbon tax level gradually
increases, as shown in Table 2. Meanwhile, the ad valorem carbon tax rate levied on fossil
energy (coal, oil, and natural gas) gradually increases, with coal having the highest tax rate.
When the emission reduction reaches 30%, coal’s ad valorem tax rate will reach 41.95%. As
for oil and natural gas, it is relatively low. In different emission reduction scenarios, fossil
energy contributes differently to the total CO2 emission reduction. We can see that the
reduction task is mainly coal energy. This finding is consistent with other studies [51,52].

Table 2. The carbon tax and energy statistics.

Scenarios Energy 10% 20% 30%

Carbon tax (yuan/ton) 30.50 71.35 128.20
Fossil energy tax rate Coal 0.11 0.24 0.42

O-G 0.03 0.06 0.11
Fossil energy reduction

contribution Coal 97.46% 96.87% 96.10%

O-G 2.54% 3.13% 3.90%
Energy consumption

change Coal −12.22% −24.29% −36.14%

O-G −1.26% −3.10% −5.78%
Electricity −0.44% −0.92% −1.46%

Note: O-G stands for oil and gas.

When carbon dioxide emission reductions decrease, the reduction ratio of energy
consumption also increases. Among them, the reduction ratio of coal is the largest. When
the emission reduction falls from 30 to 10%, the reduction ratio of coal consumption drops
from 36.14 to 12.22%. However, the degree of electricity decline is not large, with a change
of only 1.02%.

5.1.2. Sectoral Effects

Under different emission reduction scenarios, various sectors’ demand for fossil
energy (coal, oil, and natural gas) and electricity is depicted in Figure 2. The bars express
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the percentage change in sectors’ energy consumption. The demand for coal in all sectors
has fallen sharply. With the increase in emissions reductions, the extent of the decline has
continued to increase. Taking the transportation industry as an example, when the carbon
dioxide emission reduction is 10%, the demand for coal decreased by 12.86%; when the
emission reduction is 30%, the sector’s coal consumption reduces by 38.16%. The oil and
natural gas consumption has fallen in most sectors, but the power sector has risen. When
the emission reductions are 10, 20, and 30%, oil and gas consumption in the power sector
has increased by 1.24, 2.21, and 2.66%, respectively. The electricity energy consumption in
various sectors can also be seen in Figure 2. Overall, except for the electric power sector,
the demand for electric energy in all sectors has declined. With the increase in emission
reductions, the decline has increased. Taking the service industry as an example, when the
emission reduction varies from 10 to 30%, the decline in electricity and energy consumption
increases from 1.26 to 4.53%. When the emission reduction varies from 10 to 30% for the
power sector, the power consumption will increase from 1.71 to 6.00%.

 
Figure 2. Consumption of each sector. The nine sectors and their classification are as follows: Agriculture (agric), Heavy
industry (hindus), Light industry (lindus), Building industry (buil), Transportation industry (trans), Service industry (serv),
Coal industry (coal), Oil and gas industry (o-g), Electricity industry (eletr).

The changes in carbon dioxide emissions and emission intensity of various sectors
are shown in Figure 3. The bars express the percentage change in sectors’ emissions and
emissions intensity of carbon dioxide. It is obvious that the levy of a carbon tax reduces
the carbon dioxide emissions of sectors. Among them, sectors with high demand for fossil
energy, such as coal, have a significant reduction in carbon dioxide emissions, while oil
and natural gas sectors have a relatively low reduction. The CO2 emission intensity of each
sector is obtained by comparing the total CO2 emission of each sector with the sector’s
nominal GDP. Due to the levy of carbon taxes, the total CO2 emissions of the sectors have
decreased to varying degrees, but some sectors have increased for sector GDP. This leads
to complex changes in the intensity of carbon dioxide emissions among sectors.

89



Int. J. Environ. Res. Public Health 2021, 18, 10699

 

Figure 3. The sectors’ emissions and emissions intensity of carbon dioxide.

5.1.3. Macroeconomic Variables Effects

The levy of carbon taxes lead to a decline in nominal GDP and real GDP, and with the
continuous increase in emission reductions, the fall has gradually increased [41]. Table 3
shows the impact of carbon taxes on different macroeconomic variables. For households,
the levy of a carbon tax leads to a rise in total income, and it increases with the emission
reductions growth. The decline in households’ demand leads to a rise in households’
savings. With the increase of the carbon tax, social welfare has fallen more and more.
The social welfare drops from −80.206 billion yuan to −295.336 billion yuan, when the
emission reduction ranges from 10 to 30%. For enterprises, levying a carbon tax leads to
a decline in income. Their savings have also fallen, and the decline is even greater with the
increase in emission reductions. For the government, the main revenue comes from taxes.
With the increase in carbon tax revenue, government revenue and savings have increased
significantly. When carbon dioxide emissions are reduced by 10, 20, and 30%, government
revenue will increase by 1.65, 3.43, and 5.4%, respectively. As emission reductions continue
to increase, the reduction in carbon dioxide emission intensity gradually increases.

Table 3. Statistics of macroeconomic variables.

Scenarios 10% 20% 30%

Nominal GDP −0.09% −0.20% −0.33%
Real GDP −0.11% −0.28% −0.52%

Household income 0.03% 0.06% 0.08%
Household demand −0.25% −0.55% −0.92%
Household saving 0.03% 0.06% 0.08%
Enterprise income −0.20% −0.43% −0.70%
Enterprise saving −0.20% −0.42% −0.70%

Government income 1.65% 3.43% 5.40%
Government saving 1.65% 3.43% 5.40%

CO2 emission intensity −9.91% −19.84% −29.77%
Social welfare −802.06 −1767.84 −2953.36

5.2. Carbon Tax Recycle Simulation Results
5.2.1. The Impact on Institutions

The changes of various economic institutions in different simulation scenarios are
depicted in Table 4. Regarding households’ income, under the four scenarios, households’
labor income remains unchanged, and the income of capital decreases. Households’ capital
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income fell by 0.43, 0.54, 0.42, and 0.28% under the baseline scenario and the three simulated
scenarios. Therefore, as Table 4 shows, the total income of residents under the four scenarios
declines, and compared with the baseline scenario, the decline in the simulated scenario
is greater. Households’ demand level rose by 1.02% in scenario 1 and declined in other
scenarios. Households’ savings level fell the most in scenario 1, which was 0.08%. In
scenarios 2, 3, the decline was 0.06 and 0.04%, respectively. It can be seen from the
baseline scenario that the levy of a carbon tax caused the social welfare of residents to
drop to −1767.84. Compared with the baseline scenario, households’ social welfare in
scenarios 1 imposes a carbon tax while reducing resident income tax and 3 imposes carbon
tax while reducing corporate indirect tax under the carbon tax cycle improved to 3276.83
and −337.08.

Table 4. Statistics of macroeconomic variables of institutions.

Heading Heading Scenarios
BaU Scenario 1 Scenario 2 Scenario 3

Households

Social welfare −1767.84 3276.83 −2203.59 −337.08
Labor income 0.00% 0.00% 0.00% 0.00%

Capital income −0.43% −0.54% −0.42% −0.28%
Total income 0.06% −0.08% −0.06% −0.04%

Demand −0.55% 1.02% −0.69% −0.11%
Savings 0.06% −0.08% −0.06% −0.04%

Enterprises Total income −0.43% −0.54% −0.42% −0.28%
Savings −0.42% −0.54% 2.48% −0.28%

Government
Total income 3.43% 0.00% 0.00% 0.00%

Demand 3.18% −0.20% −0.26% 0.29%

For the enterprise, the income of the enterprise fell in all four scenarios. The decline
rates of the baseline scenario and simulated scenarios 1, 2, and 3 are 0.43, 0.54, 0.42, and
0.28%, respectively. It is worth noting that under scenario 2, which is to impose a carbon
tax while reducing corporate income tax, the income of enterprises has fallen, but due
to the reduction of the corporate income tax rate, the level of corporate savings has been
significantly increased. The corporate savings have increased significantly by 2.48%. In
other scenarios, corporate savings have fallen. As for the government, the total revenue is
fixed under these three simulation scenarios. Under scenarios 1 and 2, the government’s
demand drops by 0.2 and 0.26%, respectively. However, in scenario 3, government demand
rises by 0.29%.

In general, scenario 1 imposes a carbon tax while reducing residents’ income tax,
which increases the level of residents’ demand and social welfare. Scenario 2 reduces the
corporate income tax rate, increasing corporate savings but resulting in a more significant
decline in residents’ consumption and income. Compared with the baseline scenario, the
social welfare of residents has fallen even more. Scenario 3 reduces enterprises’ indirect
tax rates while increasing government consumption. Compared with the baseline scenario
where only a carbon tax is levied, residents’ social welfare has improved.

5.2.2. The Impact on the Economy

The changes in GDP are shown in Table 5. Both nominal GDP and real GDP declined
in the four scenarios. Compared with the baseline scenario, nominal GDP in scenario 3
has the largest decrease, which is 0.86%, scenarios 1 and 2 fall by 0.25 and 0.17%, respec-
tively. Scenario 1 has a larger reduction of real GDP than the BaU, which is 0.28%. For
total investment, scenario 2 increases by 1.21%. Scenarios 1 and 3 reduce by 0.48% and
0.24%, respectively.
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Table 5. Statistics of the economy and carbon emissions.

Heading Scenarios
BaU Scenario 1 Scenario 2 Scenario 3

Nominal GDP change −0.20% −0.25% −0.17% −0.86%
Real GDP change −0.28% −0.28% −0.26% −0.23%

Total investment change −0.19% −0.48% 1.21% −0.24%
CO2 emission intensity change −19.84% −19.80% −19.86% −19.30%

Carbon tax (yuan/ton) 71.35 71.88 73.44 76.97

5.2.3. The Impact on Carbon Emissions

As shown in Table 5, under the premise of reducing carbon dioxide emissions by
20%, the baseline scenario’s carbon dioxide emission intensity has dropped by 19.84%.
The changes in scenarios 1, 2, and 3 are almost the same as the BaU, with a decrease of
19.8, 19.86, and 19.30%, respectively, which can also achieve carbon emission reduction.
Compared with the BaU, the carbon tax changes very little. The four scenarios’ carbon tax
prices are 71.35, 71.88, 73.44, and 76.97 yuan/ton.

6. Discussion and Conclusions

6.1. Discussion

In this article, using the 2017 input–output table and other official data sources, we
constructed a static CGE model with nine sectors to simulate the impact of China’s low-
carbon economic policies on the social economy. The specific analysis includes the impact
of carbon tax policies on energy consumption, carbon dioxide emissions, sectoral economic,
and macroeconomic variables under different carbon dioxide emission reductions. Besides,
we analyze the impact of carbon tax cycle mechanisms on macro-social economic variables
under the principle of tax neutrality and test the “double dividend” theory.

When a carbon tax is imposed, the ad valorem tax rate levied on fossil energy gradually
increases as the total emission reductions increase. Among them, the tax rate of coal is
higher than that of oil and natural gas. The results are consistent with some previous
studies [51,52]. Obviously, most of the contribution to emission reduction comes from
coal, which is mainly due to the high carbon emission coefficient of coal and that coal
occupies a dominant position in China’s energy consumption structure. With the gradual
increase in CO2 emission reductions, energy consumption has gradually decreased, coal
has the largest decline, while electricity has a smaller decline. According to Wang’s research
findings [9], carbon dioxide emissions in China’s fossil energy consumption mainly come
from coal, and the empirical results of this paper also confirm this conclusion. A carbon tax
would have the biggest impact on coal than any other energy source. Therefore, companies
will reduce the demand for coal to cut down production costs. As a secondary energy
source, electricity consumes a large amount of fossil energy. Still, it is indirectly affected by
collecting carbon taxes and does not directly emit CO2, so it has little effect on electricity
consumption. From the impact of carbon taxes on different sectors, it is found that the
demand for coal in sectors has dropped significantly, and the decline has increased with
the gradual increase in emissions reductions. In terms of oil and gas consumption, the
consumption in sectors other than the power sector has declined. The main reason is that
the mutual substitution of input factors between sectors and the increase in other input
factors’ prices for the power sector has led to a rise in oil and natural gas demand. Due to
a carbon tax levy, sectors’ emissions have declined when total CO2 emission reductions
gradually increase. Among them, sectors with high demand for fossil energy, such as coal,
significantly reduce CO2 emissions.

Various scenario simulations have an impact on macroeconomic variables. In the case
of only levying a carbon tax, with the gradual increase in emission reductions, the decline
in macroeconomic variables such as GDP, real GDP, social welfare, and total corporate
income gradually increase. The total income of residents and the government has gradually
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increased. Furthermore, to reduce the negative impact of the carbon tax, we simulated
carbon tax recycling measures such as reducing indirect corporate tax and household
income tax while collecting carbon tax. While levying carbon taxes, reducing residents’
income tax increases residents’ demand, thus increasing residents’ social welfare. Besides,
imposing a carbon tax has improved the environment, thus realizing the “double dividend”
of the carbon tax. While imposing carbon taxes, the corporate income tax rate is lowered.
Because carbon taxes impact the production process, enterprises’ capital price and total
income are still falling. However, due to the reduction of corporate income tax rates,
corporate savings have increased significantly. The decline in residents’ capital income
leads to a substantial decrease in residents’ income, savings, and consumption, which
cause a decrease in residents’ social welfare and cannot realize the “double dividend” of
the carbon tax. While levying carbon taxes, the corporate indirect tax rate is lowered. Since
indirect taxes only occur in the distribution of domestic products, companies can pass the
tax burden on to consumers, affecting domestic production product demand and demand
prices. Therefore, corporate income and savings will decline; the decline in residents’
capital income will also decrease. However, due to the reduction of indirect taxes, the
demand price of products has fallen. Therefore, the consumption demand of residents has
risen. At the same time, compared with just levying a carbon tax, residents’ social welfare
has increased.

6.2. Conclusions

The purpose of this study is to explore how the carbon tax policy that promotes the
development of a low-carbon economy should be effectively implemented, so as to achieve
green and sustainable development. Studies have found that carbon tax has a positive
impact on reducing corporate carbon dioxide emissions, promoting the development
of more energy-saving emission reduction technologies, and exploring more renewable
resources, which is conducive to the realization of green and sustainable development
goals. The research results also show that the levy of a carbon tax will adversely affect
economic development, residents’ income, and social welfare. However, introducing a
suitable carbon tax recycling mechanism when formulating carbon tax policies can reduce
the impact of the carbon tax on related industries. The implementation of a carbon tax
recycling system based on the principle of tax neutrality, on the one hand, is conducive to
achieving carbon emission reduction targets. On the other hand, it can improve the level of
social welfare of residents, so as to achieve the double dividend of carbon tax.

Implementing a reasonable carbon tax recycling system (such as reducing the personal
income tax of residents when formulating carbon tax policy) can reduce carbon emissions,
promote economic growth, and achieve the “double dividend” effect. Currently, China is
implementing a structural tax reduction policy. Whether the carbon tax can be implemented
well is a challenge and an opportunity to further improve China’s taxation system. The
carbon tax system’s design must conform to the overall direction of “tax reduction and
burden reduction”, by upholding the principle of tax neutrality, and gradually achieving
the goal of green emission reduction.

Some limitations of this research will be addressed in future work. On the one hand,
a dynamic CGE model will be established on the basis of the carbon tax static CGE model
constructed in this article, so as to better reflect the long-term impact of the carbon tax policy.
On the other hand, in future works, our research can be extended to analyze different
market-based tools, such as tradable emission permits.
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Abstract: How to effectively identify the spatial effect of the emissions trading system(ETS) on
urban green total factor productivity(GTFP) generated through the linkage of economic factors
between cities is a necessary part of scientifically evaluating the effect of ETS policy in emerging-
market countries. This study aims to examine the spatial effect, mechanism, and heterogeneity of
the ETS on urban GTFP based on the panel data of 281 cities from 2004 to 2017 in China, applying
spatial difference-in-differences(DID) Durbin model (SDID-SDM) with multidimensional fixed effect
(FE). The results show that ETS significantly improves the GTFP of the pilot cities, produces a
spatial spillover effect and the results are robust to the placebo test, propensity score matching SDID
(PSM-SDID) test, and Carbon-ETS interference test. Further analysis shows that the policy effect
is mainly driven by improving energy efficiency, promoting green innovation, and optimizing the
industrial structure. In addition, we found that ETS performs better in regions with a high degree of
marketization, strong environmental law enforcement, and a low proportion of coal consumption. In
general, the identification method of this study can be used as a scientific reference for conducting
similar research in other emerging countries.

Keywords: emissions trading system; green total factor productivity; spatial difference-in-difference;
energy efficiency; green innovation; industry structure; spatial heterogeneity

1. Introduction

China is the world’s largest developing country and an important member of emerging-
market countries. In the past four decades, the gross domestic product (GDP) of China has
maintained an average of more than 9%. Even under the negative impact of the 2008 inter-
national financial crisis, it has maintained a high growth rate of more than 6.5% (excluding
the impact of price factors). However, such rapid economic growth data is accompanied
by excessive energy consumption and serious environmental pollution problems [1–3]. In
2010, the former Ministry of Environmental Protection, the National Bureau of Statistics,
and the former Ministry of Agriculture jointly issued the “First National Pollution Source
Census Bulletin” (census in 2010). The communique data shows that the total emissions of
major pollutants are 2.32 million tons of sulfur dioxide(SO2), 30,289,600 tons of chemical
oxygen demand, and 179.777 million tons of nitrogen oxides. To deal with the environ-
mental challenges caused by pollutant emissions, many developed countries such as the
European Union and the United States first launched the emissions trading system(ETS),
such as the US SO2 emission allowance trading project, nitrogen oxides (NOX) trading
project, etc. [4–6]. China formally approved 11 pilot provinces (cities) including Zhejiang,
Jiangsu, Inner Mongolia, Hubei, and Hunan as national-level pilot units in 2007 and actively
explored and implemented the paid use and transaction system of pollution rights. ETS
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is an important institutional arrangement aimed at using market mechanisms to reduce
pollutant emissions, which can internalize corporate emission reduction costs through total
pollutant control and quota trading. The policy goal is to establish a long-term mechanism
for energy conservation and emission reduction [7,8]. Therefore, investigating the impact
mechanism of the pilot emission trading system on green total factor productivity is crucial
to how the government uses market-oriented environmental policy tools to deal with the
dual challenges of green sustainable development and high-quality economic growth.

Cities are the main spatial carrier of environmental pollution control, and they are
the key to achieving the goal of total pollutant emission, promoting the sound operation
of the ETS, and then achieving the goal of green and high-quality development; the
environmental regulation goals at the provincial level that are broken down to the enterprise
execution level are also implemented at the city level. Due to the circulation connection
of resources and factors between cities, the impact of the emission trading system within
the city on the emission behavior of enterprises will inevitably produce a certain degree
of spatial externality on the surrounding areas through the economic connection between
cities [9–11]. Nevertheless, previous studies have seldom paid attention to the mechanism
of the city-level ETS on the green total factor productivity(GTFP) of the city itself and
surrounding areas, and the spatial effect of this market-oriented environmental policy
cannot be ignored [12,13].

Theoretically, within the city, the influence of ETS on the territorial GTFP is mainly
realized by influencing the decisionmaking of micro-enterprises. Specifically, the pilot
policy transfers the cost of emission reduction directly to pollutant producers, who can
make flexible choices among pollutant emission quota trading, emission reduction deci-
sions (enhancing energy efficiency, launching green innovation activities, etc.), and location
decisions to effectively respond to the policy pressure of the pilot policy [14,15]. In general,
when the cost of pollutant emissions is lower than its revenue, these companies choose to
purchase pollutant emission quotas; when the revenue from pollutant emissions cannot
cover the cost, companies often make active emission reduction decisions such as optimiz-
ing resource allocation, improving energy efficiency, and investing in green technologies
innovation, etc., for example, when the benefits of green innovation are higher than the cost
of emission reduction, companies often choose green technology innovation to solve the
pollution problem; and when the benefits of green innovation cannot cover local emission
reduction costs, companies often choose to relocate which makes the green innovation
benefits of the new location higher than the emission reduction costs. Producers’ emission
reduction decisions, green innovation decisions, and relocation decisions at the macro level
drive capital and economic factors to gradually withdraw from polluting industries to
clean industries, affecting energy efficiency, technological innovation and the adjustment of
industrial structure, and then improving the overall GTFP of the city. Among cities, due to
the policy pressure of ETS, some emission companies cannot cover emission reduction costs
through green innovation and other emission reduction decisions. These companies will
choose to withdraw from the local market and relocate. The relocation of these polluting
companies can increase the overall GTFP level of the original location. On the other hand,
because these companies have technical efficiency advantages relative to the new location,
they passively improve the technical efficiency of the new location, thereby generating the
spatial spillover effect of GTFP [16].

We use China’s ETS to empirically test the impact mechanism of market-oriented
environmental tools on GTFP, which has the following significance: firstly, China’s rapid
economic growth is accompanied by serious environmental pollution problems, such as ex-
cessive energy consumption and excessive pollutant emissions. These are typical problems
that have occurred or are about to occur in developing countries and some emerging-
market countries [17]. Secondly, the pilot areas approved by the Chinese government
have different geographical locations in which the spatial heterogeneity of humanities,
economics, and geography is significant. It is possible to comprehensively examine the
possible potential spatial heterogeneity of the effects in areas with different economic
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development levels and different cultural and geographical characteristics [15]. In ad-
dition, the ETS is a typical market-oriented environmental policy tool, and the effect of
the policy is sensitive to the degree of marketization in the pilot area and the intensity of
environmental law enforcement, and it is a challenge to China, which has been criticized
by the West for “low marketization and strong government intervention”. Therefore, it
has great practical value to examine the effect of the ETS in the context of government
intervention to understand how environmental governance policies improve GTFP in a
complex market environment.

In summary, this study is based on the panel data of 281 cities across the country from
2004 to 2017 and takes the spatial difference-in-differences(DID) Durbin model (SDID-SDM)
as the benchmark model to empirically examine the impact mechanism of the ETS on GTFP.
This study carried out a parallel trend test and found that there is no significant difference
between the treatment group and the control group before the implementation of ETS,
which means the treatment group and the control group meet the parallel trend assumption.
The estimation results of the SDID-SDM model show that the GTFP in the pilot cities has
increased significantly, and the ETS also has a positive spatial spillover effect on the GTFP
in the surrounding areas of the pilot cities. In addition, to eliminate the potential influence
of selectivity bias and possible confounding factors, a series of tests such as placebo test,
propensity score matching SDID (PSM-SDID) test, and triple-difference test to exclude the
effects of Carbon-ETS were further conducted, and the empirical results remained robust.

In addition, we also conducted empirical tests on the three potential mechanisms
of the ETS on GTFP. The mechanism analysis results show that the ETS may achieve
the policy effect of improving GTFP by improving energy efficiency, promoting green
technology innovation, and optimizing industrial structure. Secondly, by grouping the
samples according to the degree of marketization, environmental enforcement, and energy
consumption endowment level, we thoroughly investigate the heterogeneity of policy
effects. The estimation results show that the positive policy effect of the ETS on GTFP
performs better in regions with a high degree of marketization, strong environmental law
enforcement, and a low proportion of coal consumption.

The marginal contribution of this research to the existing literature is mainly in the
following three aspects: first of all, this study enriches the empirical test of the spatial
effect of ETS in improving GTFP. Previous studies were mainly based on the perspective
of panel data [18–20], ignoring the circulation of resources and factors between cities, and
the impact of ETS on corporate emissions behavior will inevitably affect the policy effect
through the cross-regional economic connections, which forms the spatial externality of
policy effects. It means that the application of panel data model estimation results may
lead to model setting bias. This study applies the SDID-SDM approach to estimate the
policy effect to avoid this model setting bias which may truly reflect the GTFP promotion
effect of the ETS.

Secondly, this study enriches the empirical test of the effectiveness of the ETS in
emerging-market countries and developing countries. Previous studies tend to focus on the
evaluation of environmental policy effects in developed countries such as in Europe and the
United States [15,21], and they easily ignored the effects of environmental policies in coun-
tries with poor economic and social development. On the one hand, underdeveloped areas
themselves lack the motivation for active market-oriented environmental regulation. On
the other hand, it is also related to the reality that underdeveloped regions will undertake
the transfer of polluting industries due to the global industrial layout. Developed countries
in Europe and the United States have a relatively developed market and economic system
and are equipped to effectively implement market-oriented environmental policies. It is
worthy of thorough analysis and research on whether emerging-market countries that
are under market-oriented construction and developing countries with relatively under-
developed economic and social development can effectively take market-oriented policy
tools to achieve green and sustainable development. Our research results show that even
in emerging-market countries and developing countries, market-oriented environmental
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policy, such as the ETS, can still exert policy effects and bring positive spatial economic
effects on GTFP.

Finally, based on the benchmark model, this research further examines the impact
mechanism of the ETS on urban GTFP through mechanism analysis and enriches the spatial
dimension of the existing ETS mechanism analysis.

The study is organized as follows: Section 2 summarizes the relevant literature and
policy implementation background of China’s ETS. Section 3 introduces the empirical
research design based on the SDID-SDM. Section 4 reports the estimation results of the
benchmark model. Section 5 analyzes the influence mechanism of the policy effect, and
Section 6 examines the heterogeneity of the policy effect. Section 7 details the different
robustness tests carried out, and the last section gave the main conclusions and policy
recommendations of this study on the impact of China’s ETS on GTFP.

2. Literature

2.1. Green Innovation Effect of ETS

In 1990, Article 4 of the US “Clean Air Act” amendment proposed the “Acid Rain
Plan”, which was approved by Congress to use SO2 emission allowance trading as a
means of emission reduction. It was an early and successful environmental policy tool to
achieve reductions through market-based emissions allowance trading [22,23]. Pollutant
emission trading refers to the use of emission quota trading to reduce the emissions of
major pollutants and reduce the negative impact on the environment. It aims to use market
competition and price mechanisms to guide producers to emission reduction behaviors and
to achieve the goal of total pollutant control. At the same time, it reduces the overall cost of
pollution control in society and realizes green technological innovation. In terms of existing
research on the policy effects of the emission trading system, scholars have focused on the
following aspects: one is emission reduction effect, which is the core policy goal [24,25]; the
other is the economic growth effect, which is the policy economic development goal [26,27];
the third is the green innovation effect which is the efficiency goal, and few scholars have
conducted analysis and research on the relationship between the ETS and GTFP [28–30].
The first two aspects are the key research content of environmental economics in the
past decades, and the green innovation effect of environmental regulations has been the
research focus in recent years; of note, the research on the impact of GTFP is becoming an
academic hotspot. This study summarizes previous studies on the impact of the ETS on
green technology innovation and GTFP, and it shows that the academic community has not
reached a consensus on the green innovation effect of the ETS, and the existing research
conclusions mainly have three aspects, namely: promotion theory, Inhibition theory and
(U-shaped and inverted U-shaped relationship, etc.) nonlinear relationship theory.

First of all, many scholars support the promotion theory based on the classic “Porter
Hypothesis” [31,32], that is, environmental policies represented by the ETS have a positive
effect on green technology innovation and improves GTFP [33,34]. Zhang L et al. (2019)
based on the empirical analysis of the regulatory data of listed companies in seven pilot
provinces and cities showed that China(CN)-ETS is significantly positively correlated with
green innovation, while market competition has weakened this positive correlation [30].
However, some other scholars in the empirical research found that the classic “Porter
hypothesis” conclusion did not appear, and environmental policies brought more negative
externalities, that is, environmental policies represented by the ETS restrained the green
technological innovation and hindered the green technological innovation process of
enterprises [35,36]. In addition, some studies found that both the promotion theory and
the suppression theory are valid. They are just the results of different effects shown in
different stages of nonlinear policy effects. Therefore, the impact of environmental policies
represented by the ETS on GTFP is a process of non-linear change with both promotion
and suppression effects [20].

In summary, the research on the impact of ETS on GTFP is important, but the academic
community has not yet reached a consensus. Moreover, the sample areas for this type

100



Int. J. Environ. Res. Public Health 2021, 18, 9040

of research are mostly developed countries such as regions in Europe and the United
States, and they lack extensive attention to relatively underdeveloped economies such
as emerging-market countries and developing countries. However, it is precisely these
relatively underdeveloped economies that are facing more complex environmental is-
sues. In recent years, scholars have begun to pay attention to the treatment effects of
market-oriented environmental policy tools in emerging-market countries and developing
countries [37–39], such as Oliveira et al. (2019), who applied the Economic Projection and
Policy Analysis (EPPA6) model to assess ETS cooperation between Brazil and Europe. This
showed that a domestic ETS reduces emissions and promotes technological substitution
towards alternative energy for both participants [40]. Therefore, we use China’s ETS as
a research sample which is a typical representative of emerging-market countries and
developing countries, to examine the identification of the policy effects of the ETS. It will
help to investigate whether economies facing the dual pressure of economic growth and
sustainable development can adopt market-oriented environmental policy tools to a green
effect, and how the influence mechanism works on the green economy effect.

2.2. ETS in China

To reverse the extensive economic growth mode with high pollution, high energy
consumption, high emissions, and low efficiency and to quickly realize the sustainable
development of a green economy, the Chinese government has conducted a great deal of
environmental policy exploration, especially about the issue of pollutant emissions [41,42].
In 1987, the Minhang District of Shanghai launched a water pollutant discharge transaction.
In 1988, the former National Environmental Protection Agency approved 18 cities including
Shanghai, Beijing, Tianjin, Shenyang, Xuzhou, and Changzhou as pilot areas developing
water pollution discharge permits. In 2003, the former State Environmental Protection
Administration cooperated with the US Environmental Protection Association to carry out
training on total sulfur dioxide control and emissions trading across the country. In 2007, the
Ministry of Finance together with the former Ministry of Environmental Protection and the
National Development and Reform Commission successively approved 11 provinces (cities)
including Tianjin, Hebei, Shanxi, Inner Mongolia, Jiangsu, Zhejiang, Henan, Hubei, Hunan,
Chongqing and Shaanxi as national pilot units to carry out the pilot work of the ETS. In
2014, Qingdao City of Shandong Province was included in the pilot program (see Figure 1).
The emission trading training in cooperation with the U.S. Environmental Protection
Association makes China’s ETS design similar to that of the United States, including total
amount control, initial allocation, quota period, quota use, and penalties for violations,
while the specific content is subject to adaptive adjustments by the local government which
are significant regional differences, such as transaction methods (competitive transactions,
negotiated transactions, public auctions, quota transfers, etc.) and transaction price systems
(paid use prices, transaction benchmark prices, government repurchase prices).

Based on the statistical data officially released by China, the ETS in China has achieved
its policy results. The first is the effect of pollutant emission reduction. The “Second Na-
tional Pollution Source Census Bulletin” jointly issued by the three departments in 2020
(the census period is 2017) shows that compared with the data of the first national pollution
source census, the emissions of pollutants in 2017 such as the sulfur dioxide, chemical
oxygen demand, and nitrogen oxides decreased by 72%, 46%, and 34% respectively com-
pared with 2007. The second is the scale of emissions trading. As of August 2018, the
total amount of paid use fees for emission rights collected on the primary market was
11.77 billion yuan, and the cumulative transaction amount in the secondary market was
7.23 billion yuan. It shows that China’s pilot policy for emissions trading has achieved
goals in pollutant reduction and economic benefits, but official statistics have not disclosed
the green innovation effect of the pilot policy, so it is necessary to conduct a more in-depth
analysis to examine whether the pilot policy achieves the policy goal of improving GTFP
and to deeply explore the internal mechanism of the pilot policy affecting GTFP and the
heterogeneity of policy effects.
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Figure 1. Distribution of ETS pilot areas in China.

3. Research Design

3.1. Samples and Data

In 2007, the Ministry of Finance, the former Ministry of Environmental Protection, and
the National Development and Reform Commission successively approved 11 provinces
(cities) including Tianjin, Hebei, Shanxi, Inner Mongolia, Jiangsu, Zhejiang, Henan, Hubei,
Hunan, Chongqing and Shaanxi as national pilot units to carry out the pilot work of the ETS.
In 2014, Qingdao City in Shandong Province was included in the pilot program. This study
uses 2003–2017 as sample period, deleting the cities adjusted by administrative divisions
during the sample period, and replacing them with newer administrative divisions, such as
Chaohu City in Anhui Province and Longnan City in Gansu Province, also deleting areas
with missing data such as Tibet et al. In addition, Hong Kong, Macao, and Taiwan, all with
different statistical calibers, were deleted. Finally, the panel data of 281 cities from 2003
to 2017 were selected as the research data set for empirical testing. Economic data at the
city level were deflated based on prices in 2003. The input-output data required for GTFP
calculations including undesired output and control variable data are all from the “China
Statistical Yearbook”, “China Regional Economic Statistical Yearbook”, and “China City
Statistical Yearbook”. The city patent authorization data comes from the China Research
Data Service Platform (CNRDS) database.

3.2. Variables
3.2.1. Dependent Variable—GTFP

The measurement of GTFP is mainly based on the malmquist-luenberger(ML) index
method of the slacks-based measure(SBM) directional distance function [43]. The input
factors include labor (employed population), capital (capital stock), and energy (industrial
electricity). The expected output is the actual GDP of the region after price deflation. The
undesired output is industrial smoke and dust emissions (tons), wastewater emissions,
sulfur dioxide emissions (tons), and PM 2.5.

3.2.2. Key Explanatory Variable—ETS Dummy

The key explanatory variable of this study is the multi-period combined dummy
variable of the ETS, which is composed of the pilot group dummy variable and the pilot
time group dummy variable. When a city belongs to the pilot group, the pilot group
dummy variable is 1; otherwise, it is 0. The pilot cities include 12 provinces (cities), which
are Tianjin, Hebei, Shanxi, Inner Mongolia, Jiangsu, Zhejiang, Henan, Hubei, Hunan,
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Chongqing, Shaanxi, and Shandong Qingdao, that is, there are 109 cities in the treatment
group, and the remaining 172 cities are the control group. In addition, since the approval
time of the above 109 pilot cities is not uniform and belongs to the multi-phase DID
situation, it is assumed that when city i is approved as a pilot in year t, the value of the city
will be 1 for each subsequent year (because the months of approval for the pilot project
are all at the end of the current year, so the second year of approval is used as the starting
point of the pilot. For example, Qingdao City in Shandong Province was approved as a
pilot in December 2014, so 2015 is the starting year of the Qingdao pilot.).

3.2.3. Control Variables

Based on existing literature [18,20], we controlled for a set of variables to capture the
influence factors of the GTFP. The control variables mainly include economic development
level (measured by per capita GDP), population size (measured by population density),
energy consumption scale (measured by industrial electricity consumption), industrial
structure (measured by industrial output value to GDP), and innovation level (measured
by the number of invention patents).

3.3. Empirical Model

We applied SDID-SDM to study the impact of ETS on GTFP. The SDID-SDM model is
setting as follows:

gt f pit = α0 + ρ(Ω′ ⊗ W ′)itgt f pit + α1DIDit + γ1(Ω′ ⊗ W ′)itDIDit + γ2(Ω′ ⊗ W ′)itcontrolit + α2controlit + cityi + yeart + εit (1)

where the dependent variable gtfpit denotes the GTFP measured by SBM-ML in city i at
year t. the independent variable DIDit denotes the dummy variable of ETS, which equals 1
if the city i at year t is approved as the pilots; otherwise, it equals 0. controlit denotes
control variables. (Ω′ ⊗ W ′)it denotes the space-time weight matrix, while Ω′ denotes the
temporal weight matrix, and W′ denotes the spatial weight matrix. α0 denotes the constant,
ρ denotes the coefficients of spatial lag of dependent variable, α1 denotes the coefficients
of the independent variable, α2 denotes the coefficients of control variables, γ1 denotes
the coefficients of spatial lag of independent variable, and γ2 denotes the coefficients of
spatial lag of control variable. cityi is urban fixed effects absorbing all unobserved city-
specific, time-invariant factors that may influence the dependent variable. yeart is the year
fixed effect to control for the general macroeconomic factors affecting all cities. εit is a
random error.

4. Empirical Analysis

4.1. Parallel Trend Test

The key identification hypothesis of the DID model is that non-pilot areas provide
effective counterfactual changes for the policy treatment effects of pilot areas [44,45], that
is, before the implementation of the ETS, urban GTFP maintained relatively stable changes,
while there is a significant difference between the treatment group and the control group
after the pilot implementation. To ensure the basic assumption is met, this study follows
the parallel trend test method of multi-period DID, and performed SDID-SDM regression
for the first three years and the last three years of the treatment period. The regression
results show that before the implementation of the emission trading system, there was no
systematic difference in the time trend between the pilot area and non-pilot area which
means it satisfies the parallel trend assumption. It should be noted that there is a certain
time lag effect in the emission trading system, as shown in Figure 2, three years after the
treatment time.
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Figure 2. Parallel trend test.

4.2. Baseline Regression

As shown in Table 1, column (1) is the estimated result of the panel-DID model as a
comparison to investigate the average treatment effect when there is no spatial dimension,
and column (2) is the estimated result of Equation (1). The results show that after controlling
for city-fixed effects, year-fixed effects, and control variables, without considering spatial
effects, the ETS has a significant positive effect on GTFP in pilot cities. After considering
the spatial effects in this study, the ETS still significantly improves the GTFP of the pilot
cities, and the coefficient is significant at the 1% confidence level. In addition, the ETS
also drives the growth of GTFP in the surrounding areas of the pilot cities, and the spatial
lag coefficient is significant at the 5% confidence level. This finding is consistent with
existing relevant research conclusions and theoretical hypotheses [18,20,46], that is, after
the implementation of the ETS, the GTFP of the territorial cities and surrounding areas
increased significantly.

Table 1. Baseline regression results.

Model Panel-DID SDID-SDM

Variables (1) (2)

DID
0.491 *** 0.662 ***
(11.57) (2.93)

W × DID
2.190 **
(2.11)

Control Y Y
Year-fe Y Y
City-fe Y Y
Obs. 3934 3934
R2 0.440 0.472

Note: DID is short for difference-in-differences, SDID-SDM is short for spatial difference-in-differences Durbin
model. The parentheses are the t-values. *** and ** represent significant levels at 1% and 5%, respectively.

5. Mechanism Analysis

As discussed in Section 1, the ETS may affect GTFP changes through energy efficiency,
green innovation, and industrial structure. We empirically tested these potential impact
mechanisms respectively.
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5.1. Impact of Energy Efficiency

When faced with the policy pressure of the emission trading system, producers in pilot
cities often choose different emission strategies based on the relationship between emis-
sion quota expenditures and emission benefits and between emission reduction costs and
emission reduction benefits. When the emission quota expenditure is higher than the emis-
sion income, producers will adopt corresponding energy-saving and emission-reduction
measures under policy pressure, such as improving energy efficiency by reforming energy
technology and changing energy consumption structure [47]. The improvement of energy
efficiency can significantly improve the allocation efficiency of energy resources, thereby
realizing the improvement of GTFP. In addition, there are still some companies that cannot
cover costs even if they improve energy efficiency. These producers often choose green
technology innovation or relocation. Relocation will not only improve the overall energy
efficiency level of the original location but also relies on the energy efficiency advantages of
the original location relative to the new location to indirectly improve the energy efficiency
level of the new location, and then turns out a positive spatial spillover effect. We used
the ratio of industrial electricity consumption to regional GDP, that is, the level of energy
consumption per unit of GDP, to measure city-level energy efficiency and examine the
mechanism through the following model:

gt f pit = α0 + ρ(Ω′ ⊗ W ′)itgt f pit + γ2(Ω′ ⊗ W ′)itcontrolit + α2controlit + cityi + yeart + εit
+(α1DIDit + α3eeit + α4DIDit × eeit) + (Ω′ ⊗ W ′)it(γ1DIDit + γ3eeit + γ4DIDit × eeit)

(2)

Table 2 column (1) gives the estimated results of Equation (2). It is shown that the
interaction coefficient of the emission trading pilot DID and energy efficiency is significantly
positive at the 5% level, and the spatial lag coefficient of the interaction term is significantly
positive at the 10% level, indicating that the emission trading system can improve the energy
efficiency of territorial cities, and it can also positively promote GTFP in the surrounding
areas of the pilot cities.

Table 2. Results of the impact mechanism analysis.

Model Energy Efficiency Green Innovation Industry Structure
Variables (1) (2) (3)

DID × ee
0.036 **
(2.21)

W × DID × ee
0.413 *
(1.65)

DID × gti 0.280 *
(1.83)

W × DID × gti 3.725 *
(1.91)

DID × str
−0.295 **
(−2.26)

W × DID × str
1.857 *
(1.75)

Control Y Y Y
Year-fe Y Y Y
City-fe Y Y Y
Obs. 3934 3934 3934
R2 0.356 0.359 0.355

Note: DID is short for difference-in-differences. The parentheses are the t-values. ** and * represent significant
levels at 5%, and 10%, respectively.

5.2. Impact of Green Innovation

The impact of the ETS on green technology innovation is mainly reflected in two
aspects. On the one hand, the classic Porter hypothesis, strict and flexible environmental
regulations can provide incentives for clean technology innovation ([48]). The ETS will
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not only stimulate quota income companies to obtain higher quota sales profits through
innovation but also stimulate emission companies that purchase quotas to reduce pollution
costs and increase profits through green innovation. These two ways work together to
enhance the overall green technological innovation of the city. On the other hand, for those
companies that are unwilling to innovate or have low innovation gains, they will relocate
the companies from the pressure area through relocation decisions, thereby improving the
green efficiency in the region, and the companies that move away will also increase the
technological efficiency of the new location. Therefore, it produces the spatial spillover
effect of green innovation, which we call the Porter spatial effect. We use the ratio of
the number of green patents to the total number of patent grants to measure the level
of green innovation at the city level and examine the above mechanism through the
following model:

gt f pit = α0 + ρ(Ω′ ⊗ W ′)itgt f pit + γ2(Ω′ ⊗ W ′)itcontrolit + α2controlit + cityi + yeart + εit
+(α1DIDit + α3gtiit + α4DIDit × gtiit) + (Ω′ ⊗ W ′)it(γ1DIDit + γ3gtiit + γ4DIDit × gtiit)

(3)

Table 2 column (2) gives the estimated results of Equation (3). The interaction coeffi-
cient of the emission trading pilot DID and green innovation is significantly positive at the
10% level, and the spatial lag coefficient of the interaction term is significantly positive at
the 10% level, indicating that the emission trading system can improve the green innovation
of territorial cities, and it can also positively promote GTFP in the surrounding areas of the
pilot cities which verifies the Porter spatial effect of the ETS.

5.3. Impact of Industry Structure

The ETS can also affect the macro-industrial structure of cities [49] and affect GTFP
through industrial structure adjustments. In the pilot areas, due to severe environmental
protection policy pressures, operating costs of pollutant producers have significantly in-
creased, such as the cost of pollutant emission quotas, pollutant reduction cost, monitoring
and verification cost of pollutant emissions, etc., which directly or indirectly affect the
resource allocation decision of the enterprise which may gradually fade out of polluting
industries; this will reduce the proportion of the secondary industry [15,50]. In addition,
the total emission limit and the market-oriented quota trading mechanism will promote
the gradual transfer of pollution capital from the pollution industry to the clean industry
or other industries, promote the green innovation of the pollution industry, and further
accelerate the shrinkage of the traditional pollution industry. Therefore, the ETS can the-
oretically affect GTFP by affecting the adjustment of the industrial structure. We use the
proportion of the secondary industry to measure the city-level industrial structure, and the
estimation model is set as follows:

gt f pit = α0 + ρ(Ω′ ⊗ W ′)itgt f pit + γ2(Ω′ ⊗ W ′)itcontrolit + α2controlit + cityi + yeart + εit
+(α1DIDit + α3strit + α4DIDit × strit) + (Ω′ ⊗ W ′)it(γ1DIDit + γ3strit + γ4DIDit × strit)

(4)

Table 2 column (3) gives the estimated results of Equation (4). The interaction coeffi-
cient between the DID and the industrial structure is significantly negative at the 5% level,
and the spatial lag coefficient of the interaction term is significantly positive at the 10% level,
indicating that ETS can increase urban GTFP by reducing the proportion of the secondary
industry in pilot cities, and it can also increase the GTFP in the surrounding areas by
increasing the proportion of the secondary industry in the surrounding cities to produce a
positive spatial spillover effect.

6. Heterogeneity Analysis

The effective implementation of market-based environmental governance policies
depends on the pilot areas with a high level of marketization. When the pilot areas have
a low level of marketization, a market-based environmental policy, such as ETS, will be
greatly restricted and then unable to handle the internalization of pollution emissions cost,
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and the quota revenue cannot cover the cost of reduction well, which makes the policy
effect greatly discounted [18]. Therefore, the treatment effect of the ETS will show spatial
heterogeneity due to the different degrees of regional marketization. Secondly, the effective
implementation of market-oriented environmental policies is also closely related to the
implementation of regional environmental enforcement [51,52]. Strong environmental
enforcement by local governments will improve environmental governance efficiency. As
known, the environmental enforcement of environmental policies in developing countries
and some emerging-market countries is weak, and previous studies have shown that the
effectiveness of environmental policy is greatly reduced in areas where environmental
enforcement is low (poor supervision). Regulatory power rent seeking is an important cause
of environmental economic corruption that leads to weak environmental enforcement [53].
In addition, the region’s energy consumption endowment (mainly the proportion of coal
consumption) is also an important source of the spatial heterogeneity of environmental
policy effects [54].

According to the research of Li R, Ramanathan R (2018, [55]), Hou B et al. (2020, [18]),
we adopt the provincial marketization data disclosed by Fan Gang et al. (2011, [56]),
according to the median of the total marketization index divides the sample cities into
two groups, namely, regions with a higher degree of marketization and regions with a
lower degree of marketization. Secondly, different from Hou B et al. (2020, [18]), this study
used the ratio of the number of environmental administrative punishment cases to the
total energy consumption in the provincial environmental law enforcement data disclosed
in the “China Environmental Statistics Yearbook” to measure the intensity of regional
environmental enforcement. This measurement can avoid differences in environmental
enforcement caused by differences in energy consumption between provinces. Cities are
also grouped according to the median of the number of cases and divided into two groups:
strong law enforcement and weak law enforcement. Similarly, we used provincial energy
structure data to measure urban energy consumption endowment, which is measured by
the proportion of provincial coal consumption in energy consumption based on the data
from the “China Energy Statistics Yearbook”, to group it by the median, and classify it into
high coal consumption group and low coal consumption group. It should be noted that the
above three data sources are all province-level data. It is reasonable to use province-level
data to assign value to cities for which spatial heterogeneity of China’s environmental
enforcement and marketization is mainly driven by provincial differences because differ-
ences in culture, economic development, and energy consumption endowments within the
province are generally significantly smaller than inter-provincial differences. The group-
ings in the heterogeneity analysis all adopted the data before the pilot period which may
somehow avoid possible selectivity deviations, and in this study, we adopted the data
from 2007.

Table 3 shows the estimated results of the heterogeneity analysis of policy effects.
Columns (1)–(2) are the estimated results of different marketization levels. Coefficients in
column (1) are significant, and column (2) is not significant, indicating that the average
treatment effect of the pilot policies in regions with a high degree of marketization on
GTFP is still significant, and the ETS in regions with a low degree of marketization have no
significant impact on GTFP. Secondly, the coefficients of the DID and W*DID in column (1)
are higher than those of column (2), indicating that the pilot program in regions with a
higher degree of marketization performs better. This heterogeneous result is relatively
easy to understand. The ETS is a typical market-oriented environmental policy, and the
degree of marketization of the pilot city will directly affect the effectiveness of the pilot
policy on market. The higher the marketization, the clearer the pilot policy signals will
be communicated, and the easier it will be to influence enterprises’ pollution discharge
decisions, green innovation decisions, and relocation decisions through policy pressures,
resulting in better effects on GTFP.
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Table 3. Heterogeneity analysis results.

Model
Marketization Level Environmental Enforcement

Energy Consumption
Endowment

(1) (2) (3) (4) (5) (6)
Variables High Low Strong Weak Heavy Light

DID 0.758 *** 0.014 0.680 0.433 **
(2.29)

0.611 *** 11.394 ***
(3.08) (0.03) (1.06) (2.74) (5.25)

W × DID 3.189 *** 2.496 −6.246 *** 6.064 *
(1.958)

2.732 ** −6.434 ***
(3.76) (1.20) (−2.77) (2.24) (−2.59)

Control Y Y Y Y Y Y
Year-fe Y Y Y Y Y Y
City-fe Y Y Y Y Y Y
Obs. 2268 1666 2240 1694 2450 1484
R2 0.434 0.501 0.486 0.519 0.412 0.536

Note: DID is short for difference-in-differences. The parentheses are the t-values. ***, ** and * represent significant levels at 1%, 5%, and
10%, respectively.

Columns (3)–(4) are the estimated results of different environmental enforcement. The
coefficient of the DID in column (3) is not significant, the coefficient of the W × DID is
significant, and the estimation results in column (4) are significant. It shows that the ETS
in different environmental enforcement groups still significantly affects GTFP, and there
are differences between groups in treatment effects. It shows that the average treatment
effect of the regional pilot policies with strong environmental enforcement on GTFP is
mainly achieved through negative spatial externalities, while the impact of the regional
pilot policies with weak enforcement on GTFP is consistent with the benchmark model.
Secondly, the coefficient of the W × DID in column (3) is negative, which may indicate that
areas with strong environmental law enforcement will increase the burden of environmental
PR costs for companies in the pilot city. Compared with areas with weak law enforcement,
more companies will consider relocation decisions, and these relocation companies only
relocate due to the strong environmental enforcement rather than the pressure from ETS,
which makes the new location have a green productivity advantage over the old location.
Therefore, this relocation decision will increase the GTFP of the old location while reducing
that of the new location. The objective reason is that excessively strict environmental
enforcement has distorted the market-oriented allocation process of the ETS.

Columns (5)–(6) are the estimation results of different energy consumption endow-
ments. The coefficients of columns (5)–(6) are all significant. The coefficient of DID in
column (5) is significantly lower than column (6), the W*DID coefficient in column (5)
is positive, and the W*DID coefficient in column (6) is negative, which means there are
significant differences between the group. The DID coefficient in column (5) is signifi-
cantly lower than that in column (6). It indicates that the effect of the ETS in areas with
a higher proportion of coal consumption is significantly lower than that in areas with a
lower proportion of coal consumption, which means that pilot cities in regions with the
lower coal consumption are more inclined to use clean technologies (non-fossil energy)
for production, so producers’ emission reduction decisions are more inclined to improve
energy efficiency, carry out green innovation activities, etc., which then more significantly
improve productivity. Moreover, these tendencies to clean technology indicate that pilot
cities in regions with a low proportion of coal consumption have higher innovation gains.
It will attract companies with higher green productivity in surrounding cities to move to
pilot cities, which will cause negative spatial externality, so the coefficient of the W*DID
in column (6) is negative. The effects of pilot policies in areas with a higher proportion of
coal consumption are different. Producers in high coal consumption areas tend to make
emission reduction decisions in improving energy efficiency while purchasing emissions
quota. The green innovation income of these producers is relatively weaker than the first
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two, and the effect is consistent with the benchmark model, that is, it positively promotes
GTFP in territorial cities and has a positive spatial spillover effect on surrounding cities.

Above all, we believe that the treatment effect of the ETS on GTFP shows significant
heterogeneous characteristics under different marketization levels, environmental enforce-
ment efforts, and energy consumption endowments, and the promoting effects perform
better in regions with high marketization, strong environmental enforcement, and low
coal consumption.

7. Robustness Test

7.1. Placebo Test

To further eliminate the influence of other unknown factors on the selection of pilot
cities, this study conducted 999 samplings in all 281 cities and randomly selected 108 cities
as the virtual treatment group for each sampling (the original number of treatment groups
was 108), and the remaining 173 cities were used as a randomized control group. We
estimated the placebo test by adopting the SDID-SDM approach, and the results are as
shown in Figure 3. Figure 3a,b are, respectively, the distribution diagrams of the coefficients
of DID and WDID in the random sampling estimation results. It can be found that the
t value of most sampling estimation coefficients changes within a small range, and the
significance fails (that is, the pass rate is still low even under the 10% confidence level),
indicating that the ETS did not show a significant treatment effect in the random sampling
simulation. It can be considered that the conclusion of the treatment effect identified by the
benchmark model estimation passed the placebo test.

 
(a) (b) 

Figure 3. Placebo test. (a) shows the coefficient’s t distribution of DID calculated in the placebo test; (b) shows the coefficient
t distribution of W × DID calculated in the placebo test.

7.2. PSM-SDID

Although the ETS has a significant promotion and positive spatial spillover effect on
GTFP, the result may be caused by potential selectivity bias [49]. Therefore, we used the
propensity score matching (PSM) method to solve the problem of selective bias that may
exist in the grouping by identifying and matching to form a new treatment group and
control group and then continued to use the SDID-SDM model to identify and evaluate
the treatment effect. The results of the estimation of the PSM-SDID method are shown
in Table 4 (1). This study found that the ETS still significantly improves the GTFP of the
territorial cities and has a positive spatial spillover effect on the GTFP of the surrounding
cities, indicating that the research conclusions of the benchmark model are robust.
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Table 4. Estimation results in PSM-SDID and effect with Carbon ETS.

Model PSM-SDID Carbon ETS
Variables (1) (2)

DID
0.640 ***

(2.84)

W × DID
3.110 **
(2.56)

DDD
0.195 *
(1.87)

W × DDD
43.441 ***

(6.63)
Control Y Y
Year-fe Y Y
City-fe Y Y
Obs. 3201 3934
R2 0.150 0.271

Note: DID is short for difference-in-differences, PSM-SDID is short for propensity score matching spatial difference-
in-differences, ETS is short for emissions trading system, DDD is short for difference-in- difference-in-difference.
The parentheses are the t-values. ***, ** and * represent significant levels at 1%, 5%, and 10%, respectively.

7.3. Carbon ETS

Many existing policy studies on the carbon ETS have used the ETS as a confusing factor.
These studies control the possible confusion caused by the ETS by constructing dummy
variables of the ETS [18]. Therefore, in contrast to these studies, this study constructed
a combined dummy variable for the carbon ETS, that is, during the treatment period,
the value of the dummy variable of carbon emission trading pilot is 1but otherwise 0.
Then we bought it into the benchmark SDID-SDM model, and adopted the difference-in
difference-in-differences(DDD) method to identify and estimate the model. The results
are shown in column (2) of Table 4. After controlling the confusing effects of the carbon
ETS, the ETS still significantly increases the GTFP of the territorial cities and has a positive
spatial spillover effect on the GTFP of the surrounding cities, indicating that the results of
the policy effects are robust.

8. Discussion and Conclusions

8.1. Discussion

To accelerate the transition from extensive economic growth to green and high-quality
development, the Chinese government has carried out more environmental policy explo-
rations. Among them, the market-oriented environmental policy tool ETS has achieved
remarkable green economic benefits. Adopting the SDID-SDM model with multidimen-
sional FE, we examined the spatial policy impact of ETS on urban GTFP.

Benchmark regression results showed that, after controlling for individual fixed effects,
time fixed effects, and the influence of control variables, the ETS policy implemented by
China has effectively increased the GTFP of territorial cities, which is consistent with the
existing research conclusions [18,20]. In addition, as mentioned above, the effect of ETS
policy will accompany the commodity trade between cities and the circulation of resource
elements to produce spatial correlation, which is ignored or less mentioned in previous
studies [20,30]. Ignoring the impact of inter-city spatial interactions on policy effects will
bias the identification results of ETS policy effects. In this regard, we effectively identified
the spatial effects of ETS policies by applying the SDID-SDM model.

Subsequently, we also discussed in detail how ETS influences urban GTFP through
energy efficiency, green technology innovation, and industrial structure and the identifi-
cation of spatial effects under the corresponding mechanism. This verifies the important
role of urban spatial connections in energy efficiency improvement, green innovation,
and industrial structure adjustment [57]. The possible explanation behind this is that we
believe it is related to the location decision making of pollutant companies. The research on
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heterogeneous enterprise location selection theory shows that enterprise location selection
will directly or indirectly affect regional efficiency, regional innovation, regional industrial
structure, and regional spatial structure [58], and the policy pressure of ETS will drive some
pollutant companies to relocate. The spatial redistribution process of a large number of
pollutant companies will promote ETS policy effects to show more spatial effects through
macro-level energy efficiency, green technology innovation, and industrial structure.

In addition, the heterogeneity analysis results show that the level of marketization,
environmental law enforcement, and regional energy consumption endowments are im-
portant sources of heterogeneity in the effectiveness of ETS policies. Firstly, a higher level
of market-oriented reform will bring about a more obvious effect of improving territorial
GTFP and the spatial spillover effect of surrounding GTFP. The policy effect of lower
regions is not significant. This result on the one hand confirms that China’s market reform
has achieved certain results and refutes the doubts of some foreign scholars [20,59]. It also
shows the spatial heterogeneity of China’s market-oriented reforms. In the future, China
needs to continue to explore market-oriented reforms in areas with low levels of marketiza-
tion and further guide the market to play an important role in the allocation of resource
elements. At the same time, it also means that China should extend the successful experi-
ence of emissions trading pilots to more regions; expand other possible market-oriented
environmental policy tools, including intertemporal emissions rights, cross-regional trade,
and green financial instrument design, etc.; accelerate the improvement of the regional
green policy system; actively integrate into the international environmental governance
system; learn from the advanced environmental governance experience of developed
countries; and enhance the right to speak in international environmental governance.

Secondly, areas with strong environmental law enforcement have a negative siphon
effect, and areas with low environmental enforcement have a positive spillover. This result
confirms that the difference in supervision will have opposite spatial effects. When the
supervision is strong, the companies that choose to actively respond to the strategy of
polluting companies will benefit more, which will form a trend of gathering in regions with
strong supervision, and those pollutant companies that respond negatively will spread to
the surrounding area and then cause a negative siphon effect. On the contrary, in regions
with loose supervision, the profits of pollutant companies that adopt active strategies have
dropped significantly. More companies choose to purchase pollutant emission rights for
negative response strategies such as pollutant emission. In turn, innovative enterprises
move abroad, and there is a positive spatial spillover effect. In this regard, we propose the
following suggestions: one is to strengthen the supervision of local government environ-
mental law enforcement departments [60], take a zero tolerance stance for environmental
corruption, increase the rent-seeking cost of local government officials’ environmental
supervision powers and avoid the harmful impact of environmental economic corruption
on the burden of enterprises; the other is to increase the transparency of the environmental
law enforcement process, make the law enforcement process open and transparent, and
disclose information on law enforcement documents.

Finally, the heterogeneity brought about by the endowment of urban energy con-
sumption shows that coal consumption has a certain path dependence. To break this
path, we must start with the energy consumption structure, use compulsory or semi-
compulsory policy tools to guide areas with a high proportion of coal consumption to carry
out energy efficiency improvement and green innovation activities and guide the use of
clean technology.

8.2. Conclusions

In general, our research provides empirical support for the significant spatial effects
of ETS’s impact on urban GTFP and shows that the spatial correlation between cities has
significant spatial effects in terms of policy effect, influence mechanism, heterogeneity, etc.,
which makes up for the neglect of the existing ETS policy effect identification research on
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the spatial dimension. In addition, the identification method of this study can be used as a
scientific reference for conducting similar research in other emerging countries.

Although this research provided some valuable findings and enlightenment for the
government’s decision making and research in the field of emission reduction and green
growth, it inevitably has certain limitations. First of all, our research only takes China’s ETS
as a case. No cases of other emerging-market countries were introduced, and there is a lack
of more extensive identification verification. Secondly, there is a lack of finer-grained analy-
sis on the heterogeneity of policy spatial effects. For example, the introduction of spatial
measurement technologies such as multiscale geographically weighted regression(MGWR)
and geographical and temporal weighted regression (GTWR) allows finer-grained space
correlation effects, which will provide help for the precise identification of policy effects.
Finally, we did not conduct a more in-depth analysis of areas with weak environmental
law enforcement and did not examine in detail the possible role and influence mechanism
of corruption in the heterogeneity of spatial effects.
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Abstract: To study the economic and environmental effects of human capital, previous studies
measure human capital based on education; however, this approach has many shortcomings because
not all educated people are innovative human capital. Hence, this study introduces the concept of
innovative human capital by developing a new index that measures human capital based on the
number of patents every one million R&D staff full-time equivalent. After this, this paper studies
the impact of innovative human capital on CO2 emissions in China. The provincial panel data of 30
Chinese provinces from 2003 to 2017 is analyzed using the fixed effect, ordinary least squares, and the
system generalized method of moments (SYS-GMM). The analysis revealed that innovative human
capital alleviates environmental deterioration in China. The findings unfold the existence of the
environmental Kuznets curve (EKC) considering innovative human capital in the model. It implies
that Chinese economic development will eventually support environmental sustainability if China
continues to develop its innovative human capital. Among the control variables, economic structure,
population density, and energy intensity stimulate environmental degradation by increasing CO2

emissions. However, FDI has a negative relationship with CO2 emissions. Lastly, the study proposes
comprehensive policies to increase innovative human capital for environmental sustainability.

Keywords: innovative human capital; CO2 emission; Chinese provinces; economic growth

1. Introduction

Economic growth is humans’ eternal objective and the focus of economists across the
world. However, with the development of a global economy since the 1960s, environmental
problems have become serious and concerned various international organizations and
countries. Thus, in 1980, the United Nations Environment Program (UNEP) appealed for
sustainable development with two other global organizations. The Earth Summit was
held in Rio and published the very famous declaration “Rio Declaration on Environment
and Development” in 1992. Afterward, the Kyoto protocol and Paris agreement were
signed under the United Nations (UN) framework convention on climate change [1]. China
actively joined the two agreements and has made efforts to pursue green growth since then.
The idea of green growth has originated from the Asia and Pacific Region. Green growth
provides the idea of harmonizing growth and ecological sustainability while upgrading
the eco-efficiency of growth and increasing the synergies between the economy and the
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environment [2]. At present, the Chinese economy is transferring to a higher-quality, more
balanced, and greener growth path. Chinese central government has taken many measures
to reduce the environmental pressures caused by economic growth. China has made some
progress in the fields, such as energy and carbon intensities, per capita carbon emission
intensities and environmentally related taxes, etc. However, there are lots of problems
waiting to be solved in the largest CO2 emitting country.

According to the 2011 OECD Ministerial Council Meeting, innovation sustained by
a sturdy intellectual property rights system supports economic growth, conserves the
environment, and creates employment. In this regard, China has invested so much in
scientific and technological innovation for decades and ranked second for global gross
expenditure on R&D (GERD). According to the statistics, the environment-related patents
have increased 15 times for the period 2000–2012 in the context of China. This increase
is much more than the increase in the innovation of the OECD countries. However, the
inventions’ quality and protection still need to be improved. In addition, the share of
GERD in GDP and the share of research personnel in the overall employment are also
less than many OECD nations [3]. China is the number one country in terms of total CO2
emissions in the world; meanwhile, per capita carbon emission has also kept increasing [4].
As clearly shown in Figure 1, total carbon emissions increased from 138.47 metric tons to
328.86 metric tons over the period of 2003–2017 in China. In 2007, the Intergovernmental
Panel on Climate Change (IPCC) stated that the CO2 emissions emitted by humankind
contribute to 90% of global warming. The current technology is unlikely to decrease carbon
emission compared to other pollutants [5]. It is noteworthy that more effective technologies
still depend on relentless innovation by Research and Development (R&D) personnel. R&D
personnel are defined as “specific human capital whose knowledge and skills are less
transferable and have a narrower scope of applicability” [6]. This specific human capital
can also be called as innovative human capital, and it is a unique resource to promote
productivity and technological progress. Thus, innovative human capital plays a vital role
in economic development [7]. More precisely, innovative human capital can be defined as
a kind of heterogeneous capital that always possesses cutting-edge knowledge and skills
in a specific professional field, continuously carries out innovative activities, and obtains
innovative output, so that the marginal income can continue to increase.

Figure 1. Annual trend of CO2 emissions in China over 2003–2017. Data source: China energy
statistical yearbook (https://data.cnki.net/Yearbook/ accessed on 16 June 2021).
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Although innovative human capital has the strongest innovative ability to create
clean production technologies compared to the other kinds of human capital, few scholars
paid attention to the relationship between innovative human capital, green growth, and
environmental sustainability. At present, many researchers are still mainly discussing the
relationship between the quantity of human capital, economic growth, and environmental
quality. They usually use educational attainment to measure the quantity of human capital
and neglect the quality difference of human capital. However, the quality of human capital
may be more relevant to environmental sustainability and green growth. The quality
aspects of human capital may have greater potential in explaining growth [8].

The measurement of human capital, including innovative human capital has always
been a controversial issue in academic circles. In the past, many scholars used people with
tertiary education to represent innovative human capital [9–12]. Although this measuring
method is widely used, it may cause the following several problems: first, this method omits
the qualitative difference among the people with tertiary education because the people’s
educational attainment only reflects the differences in the amount of human capital [13].
Second, college students are usually included in the number of people receiving higher
education, which amplifies the stock of innovative human capital to a large extent. Third,
not all the people who have received higher education are innovative human capital, and
those who are engaged in scientific and technological work are the main part of innovative
human capital. Thus, it is very necessary and meaningful to compute the innovative human
capital by addressing all these weaknesses and probe the influence of innovative human
capital on CO2 emissions in China. It is a vital point for China to strictly control CO2
emissions and effectively execute green development. To avoid the above problems, this
paper followed the footsteps of Romer [14] and mainly considered science and technology
staff when measuring the innovative human capital.

Hence, this new proxy for innovative human capital will more likely capture the
ability of innovative human capital to promote innovation which can play a mounting
role in increasing energy efficiency and output, decreasing environmental degradation.
In addition, this will reduce the chances of unreliable results and misleading policies
that may arise due to the use of inappropriate measures of human capital. For example,
using the education-based human capital, the recent work of Ahmed et al. [15] found
that human capital is positively linked with emissions in Latin American countries. We
believe that such surprising outcomes can arise due to the weaknesses of previous proxies
of human capital. Additionally, education-based measures are mainly based on the view
that education promotes awareness that leads to environmental sustainability; however,
our measure directly promotes innovation and technological advancement, which are more
relevant for environmental sustainability.

Against this backdrop, the authors intend to explore the relationship between in-
novative human capital and CO2 emissions in China using an appropriate measure of
innovative human capital. The article uses 15-year Chinese provincial panel data to ex-
amine the impact of innovative human capital on emissions in an EKC framework. The
study extends the literature and measures innovative human capital by developing an
index based on the number of patents every one million R&D staff full-time equivalent.
The study has both theoretical meaning and practical applications. Concerning theoretical
contribution, the paper will enrich and strengthen the present literature on human capital
and environment nexus. It is conducive for us to better understand the impact mechanism
of human capital for green growth. On the practical meaning, the research is aiming at
providing some advice for the Chinese government to formulate more targeted strategies
towards environmental sustainability and green growth.

Additionally, this work is equally important for other developed and developing
countries because it presents and discusses a new measure of innovative human capital.
In recent literature, studies linking innovative human capital with different economic
and environmental indicators are growing both in China and other countries. Thus, the
methodology used in the study can be followed for measuring innovative human capital
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in other countries and regions. This will be helpful to apprehend the role of innovative
human capital in economic development and environmental sustainability and formulate
appropriate policies to achieve environmental and economic objectives.

The remainder of this article is arranged as follows: Part 2 discusses theoretical
background and literature review. Part 3 presents the model and variables. Part 4 presents
the empirical strategy. Part 5 is about the interpretation and discussion of results, and the
last part (Part 6) presents the conclusion and policy directions.

2. Literature Review and Hypothesis Development

2.1. Innovative Human Capital and CO2 Emissions Nexus

Analyzing the impact of human capital on environmental quality has recently gained
some attention from scholars. An increasing body of literature has focused on explaining
the environmental impact of human capital by using the traditional education-based
proxy [12,16,17]. Scholars have explored the relationship between human capital and
environmental issues using both the panel and the single country-level data. From a panel
perspective, Yao et al. [18,19] used the data of 20 OECD economies and found that educated
people prefer clean energy consumption over dirty energy. They uncover that advanced
human capital measured by tertiary education has a negative influence on CO2 emissions
i.e., an extra year of tertiary schooling is connected with a reduction in emissions between
50.1% and 65.8%.

Alvarado et al. [16] also found that economic development cannot reduce energy
consumption from fossil sources, but human capital does decrease the non-renewable
energy in 27 OECD countries from 1980 to 2015. Pablo-Romero and Sánchez-Braza [20]
empirically studied the relationships between energy, physical, and human capital in
a larger region including OECD, NAFTA, BRIC, East European, East Asian, and EU15
countries. They found that there are substitutability relationships between human capital
and energy utilization. Khan [21] argued that the influence of economic development on
emissions is dependent upon the human capital level, after a certain level of human capital,
CO2 emissions will be reduced, and environmental awareness and friendly technologies
will be promoted. Hao et al. [22] specially investigated the effects of human capital on CO2
emissions for G7 countries for the period 1991–2017 and discovered that human capital
can reduce CO2 emissions. Khan et al. [23] also concluded that human capital can enhance
renewable energy consumption of G7 countries by analyzing the data from 1995 to 2017.
In addition, Khan et al. [24] found that improvement in human capital can intensify the
negative relationship between CO2 emissions and fiscal decentralization in G7 countries.
The positive role of human capital in promoting renewable energy consumption was also
found in some studies for African countries [25,26].

Proceeding to the research on individual countries, Mahmood et al. [27] used the
EKC model to empirically explore the effects of economic growth and renewable energy
on CO2 emissions by adding human capital for Pakistan and discovered that the human
capital mitigates CO2 emissions. Bano et al. [28] explored the human capital and emis-
sions nexus in Pakistan and revealed that the human capital alleviates emissions without
hindering economic growth. Ahmed et al. [4] investigated the effect of natural resources,
human capital, and urbanization on environmental quality in China and found that human
capital mitigates environmental deterioration and has a moderating effect in promoting
sustainable urbanization. Xin and Lyu [29] proved that the EKC model can explain the
nexus between technological innovation and pollution in China’s major cities, and human
capital strengthens the effect of technological innovation on pollution. Wu and Tian [30]
also confirmed the EKC hypothesis at the provincial level in China and pointed out that
intermediate-level education is positively correlated with environmental pollution, but
higher-level education has the opposite impact. However, the finding of Huang et al. [31] is
partly different from Wu and Tian [30]. They separated human capital into four categories,
including primary, knowledgeable, skilled, and institutional, and discovered that these
four types of human capital have negative impacts on carbon emissions intensity among
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the eastern, central, and western regions in China [29]. Table 1 presents the summary of
literature on human capital and environmental degradation.

Table 1. Summary of literature on human capital and environmental quality nexus.

Reference Country Period Human Capital Proxy Results

Danish et al. [17] Pakistan 1971–2014 Human capital index (HCI) HC mitigates ecological
footprint

Yao et al. [19] OEDC countries 1870–2014 Total number of average
schooling years

HC has a favorable
impact on the
environment

Khan et al. [21] 122 countries 1980–2014 Primary, secondary, tertiary, and
average years of schooling

HC improves the
quality of the
environment

Hao et al. [22] G-7 1991–2017 Human capital index (HCI) HC improves
environmental quality

Mahmood et al. [27] Pakistan 1980–2014 Human capital index (HCI) HC mitigates emissions

Wang and Wu [7] China and India 2013–2018 Stock of technological innovative
professionals (10 thousand)

Improves air quality
(reduces PM2.5)

Khan et al. [24] OECD countries 1990–2018
Returns to education by

incorporating information from
the labor market

HC decreases
emissions

Bano et al. [28] Pakistan 1971–2014

Number of students enrolled in
secondary school for general

education per capita, number of
students enrolled in secondary
school for vocational education

per capita, total number of
students enrolled in secondary
school as a percentage of gross
enrollment, and human capital

index (HCI)

HC reduces emissions

Huang et al. [31] China 1998–2017
Heterogeneous human capital

based on skilled and
interprovincial migration rate.

HC decreases carbon
intensity

Zafar et al. [32] United States 1970–2015 Human capital index (HCI) HC decreases pollution
Ahmed and Wang
Ahmed et al. [33] India 1971–2014 Human capital index (HCI) HC improves

environmental quality

Ahmed et al. [34] G-7 1971–2014 Human capital index (HCI) HC improves
environmental quality

Ahmed et al. [35] 15 LCA countries 1995–2017 Human capital index (HCI) HC increases emissions

Note. HC—human capital; LCA—Latin American and Caribbean countries; HCI refers to human capital index based on the average years
of schooling and projected rate of return.

Synthesizing the above shreds of evidence, we hypothesize that innovative human cap-
ital can promote environmental sustainability through relevant research and development
activities. Hence, we formulate the following hypothesis:

H1. Innovative human capital poses a positive impact on environmental quality.

2.2. Economic Growth and CO2 Emissions Nexus

The relationship between economic growth and environmental degradation has been
a hot issue over the last two decades. In 1991, Grossman and Krueger [36] first used the
concept of the EKC to study the impact of economic growth on environmental quality and
found an inverted U-shaped relationship between per capita GDP and pollution. Since
then, a bulk of studies devoted to scrutinizing the association between GDP and environ-
mental quality based on EKC, but conclusions are different. For instance, Narayan and
Narayan [37] investigated the impact of income on environmental quality in 43 countries.
Their results confirmed the existence of the EKC as environmental degradation decreases
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with the increase in income over time. Similar findings are also reported by numerous
scholars, for instance, Pata [38] for Turkey, Song et al. [39] for the United States and China,
Danish et al. [40] for BRICS countries, Narayan et al. [41] for the panel of 181 countries.
Yang et al. [42] also revealed the presence of EKC in OECD countries, suggesting that
economic growth causes environmental degradation at an early level of development but
improves environmental quality after reaching a certain level.

On the contrary, some researchers believed that the EKC is invalid. For instance,
Akbostanci et al. [43] tested the EKC hypothesis using the data of Turkey over 1992–2001.
Their results do not support the EKC for both panel and times series data. Likewise, using
the spatial econometric approach, Wang and Ye [44] investigated the impact of income
on environmental quality in China. Their results unveiled that income monotonously
increases CO2 emissions, indicating that environmental degradation will not decline with
the increase in income. In addition, some studies did not fully unfold the EKC for their
entire sample. Al-Mulali et al. [45] found that EKC is valid for upper-middle and high-
income countries but not in low and lower-middle income countries. Similarly, Guangyue
and Deyong [46] tested the EKC for China’s regional carbon emissions. Their results
indicated that EKC is valid for the central and eastern regions but not for the western
region. Therefore, we formulate the following hypothesis:

H2. There is an inverted U-shaped relationship between economic growth and CO2 emissions.

This detailed literature review represents that several studies evaluated the human
capital and CO2 emissions nexus, but all these studies used the human capital based on
education. We have already pointed out the limitations of such a measurement in Section 1.
Hence, this study uses a better measurement of human capital and examines its effects on
CO2 emissions using the EKC framework.

3. Theoretical Background and Model Construction

3.1. Theoretical Background

The concept of innovative human capital originated from some scholars who thought
about the heterogeneity of human capital. They proposed that human capital can be
divided into two categories in the form of marginal return: if the kind of human capital
increases marginal return during some special period, it will be known as idiosyncratic
human capital; conversely, it will be known as coessential human capital [47–49]. Based on
this opinion, Yao [50] first raised the concept of innovative human capital that he thought
can move the production boundary outward. Why does innovative human capital own
such an ability to increase production efficiency? The reason is that innovative human
capital can innovate knowledge, technology, and information [51]. Subsequently, some
scholars took further research on innovative human capital and classified it into many
different kinds [52,53]. From the theory of marginal return, the connotation of innovative
human capital and idiosyncratic human capital are the same.

Innovative human capital can make an impact on the economy from micro, industry,
and also on macro levels. At the micro level, the enterprise system can affect employees’
innovative behaviors from the three aspects, including incentive mechanism, transaction
costs, and uncertainty of innovation [54]. More importantly, innovative human capital
is the critical determinant of firm performance differential [55]. Enterprises’ competitive
advantage is significantly and positively influenced by innovative human capital [56].
Additionally, from the viewpoint of innovation propensity, for small firms, innovative
human capital can be more desirable and valuable [57]. University graduates are usually
regarded as innovative human capital by researchers around the world. Xia Pan et al. [58]
used the number of university graduates to measure higher education and found the
total number of university graduates reduce innovation at the provincial level, but the
graduates from the reputed higher education institutions increase firm-level innovation
at the provincial level in China. Peng [59] undertook deeper empirical research in which
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he discovered that graduates with master’s degrees can bring radical innovation, and
graduates with bachelor’s degrees can push progressive innovation for firms.

At the industry level, Xia Pan et al. [58] further pointed out that elite university grad-
uates are positively connected with the innovation of privately owned enterprises and
insignificantly connected with the innovation of the state- and foreign-owned enterprises.
However, in high-tech industries, this positive connection was more prominent. Zhu and
Li [60] concretely conducted an empirical study of the technological innovative human
capital’s impact on the manufacturing industry competitiveness based on the data of
Guangdong province in China and found that the technological innovative human capital
plays a key role in the innovation of the industry. Besides, some scholars researched the
impact of innovative human capital on different Chinese industries like the pharmaceu-
tical manufacturing, e-commerce, and high-tech industries, and they all found that the
innovative human capital has a positive impact on these industries to gain competitive
advantage [61–63].

At the macro level, there is a new trend that innovative human capital (IHC) measured
by the number of university graduates has gradually increased the contribution, and the
other kinds of human capital have gradually decreased the contribution to Chinese eco-
nomic growth [9]. The effect of IHC on China’s economic growth is several times more than
that of basic human capital [64]. Innovative human capital plays a more and more decisive
role in production [65]. Although the Chinese economy has been mainly facilitated by
investment, economic growth is increasingly dependent on innovative human capital [66].
Innovative human capital mainly promotes technological progress through technological
innovation and is essential to realize sustained and rapid economic development [67].
However, from the perspective of regional comparison, China’s innovative human capital
has obvious regional differences [10]. With the continuous deterioration of the environment,
it is obviously not enough to focus only on the impact of IHC on economic growth, but it is
also essential to explore the role of innovative human capital in environmental protection.

Theoretically, economic growth can affect carbon emissions through three main chan-
nels, i.e., scale, composition, and technique [68]. The scale effect implies that more produc-
tion requires extra material during the early stage of development, which generates more
waste and pollution. The composition effect indicates that the level of pollution and raw
material pattern used in the manufacturing process depends on the country’s economic
sectors. For instance, there will be less pollution in the countries possessing a larger ser-
vices sector. Therefore, structural transformation along with economic development affects
environmental quality. The third channel is the technique effect which implies that more
advanced and green technologies create less material-intensive goods and less pollution at
a high level of economic growth [69].

3.2. Model Construction

The EKC framework proposed by Grossman and Krueger [68,70] has been widely used
by scholars in China and other countries and has been verified to varying degrees. Hence,
following previous studies [33,71], this paper decides to build the following econometric
model based on the EKC framework.

y = α0 + β1x + β2x2 + μ (1)

In Equation (1), y measures environmental impact, x refers to GDP per capita; α0
denotes the constant, β1 and β2 are the parameters to be estimated relating to y; finally, μ
denotes the interference term. As the study uses China’s provincial-level panel data and
meanwhile considers the factor of innovative human capital influencing CO2 emissions,
the Equation (1) can be transformed into the following form:

CO2it = α0 + α1GDPit + α2GDP2
it + β1 IHC + μit (2)
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In Equation (2), subscripts i and t, respectively, denote province and year. GDP denotes
GDP per capita. IHC means innovative human capital and β1 is its parameter.

For alleviating omitted variable bias, we sequentially added several control variables,
which are possibly connected with variation in CO2 emissions. Therefore, Equation (2) can
be represented as follows:

CO2it = α0 + α1GDPit + α2GDPit
2 + β1 IHCit +

n

∑
j = 1

γj Mjit + μit (3)

In Equation (3), subscripts i and t, respectively, denote province and year. M refers
to the control variables. In the selection of control variables, after referring to the existing
literature, we decided to control four variables, including population density, economic
structure, energy intensity, and FDI. Therefore, Equation (3) can be transformed as follows:

CO2it =
p
∑

j = 1
αjCO2i,t−j + β1GDPit + β2GDP2

it + β3 IHCit + β4POPit + β5STRUit + β6ENERit

+ β7FDIit + νi + εit

(4)

3.3. Variables and Data Sources

In the above equation, CO2 is the dependent variable. The independent variables are
GDP and IHC. Besides, there are four control variables, including POP, STRU, ENER, and
FDI. Table 2 provides more detail on these variables.

Table 2. Variable’s measurement, symbol, and data source.

Variables Symbol Measurement Data Source

CO2 emissions CO2
Total annual emissions based on different fossil
fuel usage (measured in terms of metric tons) CESY

Economic growth GDP GDP per capita (constant 2003 prices in RMB) CPSY

Innovative human capital IHC The number of patents every one million R&D
staff full-time equivalent. CPSY and CSTY

Population density POP Population per square km of land CPSY

Economic structure STRU The proportion of annual industrial added value
in GDP CPSY and CSTY

Energy intensity ENER Energy consumption (ton of standard coal
equivalent) divided by GDP CESY

Foreign direct investment FDI FDI’s inflows percentage of GDP CPSY

Note: CESY—China energy statistical yearbook (https://data.cnki.net/Yearbook/ accessed on 16 June 2021); CPSY—Chinese provincial
statistical yearbook (http://www.stats.gov.cn/tjsj/ndsj/ accessed on 16 June 2021); CSTY—China science and technology statistical
yearbook (http://www.stats.gov.cn/ztjc/ztsj/kjndsj/ accessed on 16 June 2021); CESY—China environmental statistical yearbook (https:
//data.cnki.net/yearbook/Single/ accessed on 16 June 2021).

In Table 1, the data on three independent variables including real GDP per capita,
population density, and energy intensity are directly extracted from both Chinese provincial
statistical yearbooks and China environmental statistical Yearbooks. The data on the other
three independent variables (IHC, economic structure, and FDI) is calculated based on
the relative data originating from both Chinese provincial statistical yearbooks and China
science and technology statistical yearbooks. The paper’s study period is from 2003 to
2017, so we use the price of 2003 to denote real GDP per capita. The starting period of
the research (2003) is selected based on CO2 emissions data (some fossil fuel emissions
data is unavailable before 2003) and 2017 is linked with the data availability of innovative
human capital. For calculating the quantity of CO2 emissions, the paper refers to method 1
of IPCC [72] and takes the following formula:

CEit =
n

∑
n = 1

EFn Activityitn (5)
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In Equation (5), CEit indicates the CO2 emissions of the i-th province in the T-year.
EFn denotes the emission factor of the n-th source. Activityitn means the consumption of
the n-th source of the i-th province in the T-year. For all provinces in China, the main
fossil energy consumption is oil consumption (including gasoline, kerosene, diesel, and
fuel oil), coal consumption (raw coal and coke), natural gas consumption, and cement
production. Therefore, the paper will calculate the total annual CO2 emissions of the above
eight emission sources for 30 provinces (except Tibet) during the period under analysis. The
data of the total consumption of the sources can be collected from China energy statistical
yearbooks. About the emission factors of different energy sources, the paper refers to “the
guidelines for the compilation of provincial greenhouse gas inventories” published by the
Chinese national development and reform commission in 2011. The emission factors of the
eight energies are shown in Table 3.

Table 3. Carbon emission factors.

Serial Number Emission Source Name Emission Factor

1 Gasoline 2.9251
2 Kerosene 3.0179
3 Diesel 3.0959
4 Fuel oil 3.1705
5 Raw coal 1.9003
6 Coke 2.8604
7 Natural gas 2.1622
8 Cement production 0.538

Keeping in view the limitations of education-based proxies of human capital discussed
in Section 1, this paper follows Romer [14] and measures human capital based on science
and technology staff. In all kinds of Chinese yearbooks, there is no complete data of
science and technology or R&D staff from 2003 to 2017, but the complete data of R&D staff
full-time equivalent were provided for the same period. Therefore, the paper designs an
index named “innovative efficiency” to denote the innovative human capital. The index’s
formula (developed by the author) is represented as follows:

Innovative efficiencyit =
Total number of patentit

Total number of R&D staff′s full − time equivalentit
× 10000 (6)

In this Equation (6), the innovative efficiency represents innovative human capital.
The total number of patentsit means the amount of the authorized patents of the i-th
province in the t-th year. The total number of R&D staff full-time equivalentit indicates the
amount of the total working hours divided by average annual working hours in full-time
R&D jobs of the i-th province in the t-th year. The data for calculating innovative efficiency
was extracted from both Chinese provincial statistical yearbooks and China science and
technology statistical yearbooks. Thus, all variables used in this article and their data
sources were discussed.

4. Econometric Strategy

This study relied on panel data estimation techniques to empirically analyze the
impact of economic growth, innovative human capital, population density, economic
structure, energy intensity, and foreign direct investment on carbon emissions. Ahmed
et al. [15] suggested that panel data estimation models have several advantages over time
series data, such as it provides robust results and counters the issue of heterogeneity,
multicollinearity, and endogeneity. Thus, following the studies of Al-Mulali et al. [45]
and Dogan et al. [73], we employed panel ordinary least squares estimator (POLS) and
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fixed-effect method for the baseline model. Fixed effect regression accounts for unobserved
time-invariant among individual characteristics, and that may lead to biased results.

Further, this study employs the system generalized method of moment (SYS-GMM)
developed by Blundell and Bond [74]. The panel ordinary least square and fixed effect
model are criticized for the inefficient results due to unobserved correlation with the lags of
regressors [75]. To overcome this issue, Arellano and Bond [76] proposed a GMM method
to estimate a dynamic panel model that eliminates the countries’ specific heterogeneity
by using the first difference of dependent variable. However, in the simulation studies,
Blundell and Bond [74] demonstrated that the first difference GMM has poor precision;
when the autoregressive parameter is relatively large, and the time-series observations are
small, it may lead to large finite sample bias. To counter this issue, Blundell and Bond [74]
developed the system GMM, which relies on the lagged difference of a response variable
as an instrument for the equations at level and lagged as instruments for the dependent
variable equation at the first difference. Following studies of Muhammad [77] and Ibrahim
and Ajide [78], a standard SYS-GMM estimator can be stated as follows:

CO2it = α + β1(CO2it−1 − CO2it−2ϕ) + β2(GDPit − GDPit−2ϕ) + β3(GDP2
it − GDP2

it−2ϕ
)

+ β4(IHCit − IHCit−2ϕ) + β5(POPit − POPit−2ϕ) + β6(STRUit − STRUit−2ϕ)
+ β7(ENERit − ENERit−2ϕ) + β8(FDIit − FDIit−2ϕ) + ηt + μi + εit

(7)

where i exhibits 30 cross-sectional provinces of China, t is the time from 2003 to 2017.
ϕ represents auto-regression coefficient which is based on a year lag assumed sufficient
to control for past information, ηt and μi are time-specific and country-specific effects,
respectively, while ε denotes error term.

5. Results and Discussion

Descriptive statistics given in Table 4 show those carbon emissions in Chinses provinces
are less volatile than economic growth. Economic growth increased from 3603 (per capita
constant 2003) to 99783 during 2003–2017. The innovative human capital has a minimum
value of 264.25 and a maximum value of 6776.56, indicating a significant upward trend. On
average, the population density is 436.75, with a maximum value of 3826.0. Additionally,
structural changes in Chinese provinces are varying between 11.84 and 59.240. Moreover,
the average foreign direct investment is 3%, and it shows a deviation value of 2.338.

Table 4. Descriptive statistics.

Variable Obs Mean Std. Dev. Min Max

CO2 450 261.529 181.965 15.600 842.200
GDP 450 25884.9 18029.369 3603 99783.0
IHC 450 2143.165 1402.827 264.25 6776.56
POP 450 436.756 633.98 7.000 3826.0

STRU 450 39.195 8.403 11.84 59.240
ENER 450 1.172 0.740 0.250 6.740

FDI 450 3.022 2.338 0.040 15.330

Table 5 shows the outcome of the pairwise correlation matrix. It reveals a positive
correlation between GDP and CO2. Innovative human capital and population density
also show a positive correlation with emissions. The correlation between energy intensity
and carbon emissions is negative. On the contrary, structural change and foreign direct
investment also depict a positive correlation towards carbon emissions.
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Table 5. Pairwise correlations.

CO2 GDP IHC POP STRU ENER FDI

CO2 1.000
GDP 0.389 * 1.000
GDP2 0.380 * 0.999 * 1.000
IHC 0.369 * 0.651 * 0.645 * 1.000
POP 0.285 * 0.435 * 0.445 * 0.320 * 1.000

STRU 0.546 * 0.015 0.006 −0.089 0.009 1.000
ENER −0.261 * −0.740 * −0.739 * −0.694 * −0.573 * 0.162 * 1.000

FDI 0.018 0.198 * 0.204 * 0.072 0.569 * 0.037 −0.254 *
* p < 0.1.

Table 6 represents the outcome of panel OLS and fixed effects results. The findings
specify that economic growth poses a positive effect on CO2 emissions in China. The
coefficient is significant in both models, indicating that a 1% increase in GDP will increase
CO2 emissions by 2.479% and 2.376%. Meanwhile, the coefficient of GDP square is negative,
which implies that the EKC hypothesis exists in China’s provinces. These findings corrobo-
rate with the results of Ahmad et al. [79] for emerging countries, Pata [38] for Turkey, and
Ahmed et al. [80] for Japan. Thus, our result supports hypothesis 2 (H2).

Table 6. Regression results.

OLS (1) Fixed Effect (2)

Variables Coefficient Std. Error Coefficient Std. Error

GDP 2.479 ** 1.129 2.376 *** 0.359
GDP2 −0.115 ** 0.057 −0.062 *** 0.019
IHC −0.358 *** 0.055 −0.052 *** 0.018
POP 0.187 *** 0.047 0.257 ** 0.110

STRU 0.049 *** 0.003 0.193 *** 0.053
ENER 0.200 ** 0.094 0.710 *** 0.065

FDI −0.178 *** 0.042 −0.034 ** 0.014
Constant −13.448 ** 5.603 −12.414 *** 1.73

Observation 450 - 450 -
R2 0.525 - 0.788 -

Hausman test (Prob) - - 22.40 (0.002) -
Province FE - - Yes -

Year FE - - Yes -
*** p < 0.01, ** p < 0.05.

Interestingly, the coefficient of innovative human capital is significant and negative at
a 1% level, signifying a mitigating effect of IHC on environmental degradation. The result
portrays that innovative human capital in China is actively working for the betterment of
environmental quality. Thus, our results support hypothesis 1 (H1). This finding contra-
dicts the conclusion of Ahmed et al. [15] who disclosed that education-based human capital
negatively affects the environmental quality in Latin American nations because educational
attainment in these countries leads to more economic activities and more energy consump-
tion. This also opposes the outcomes of Balaguer and Cantavella [81] who concluded that
human capital in Australia increased CO2 emissions for the majority of the years from
1950 to 2014. This result also contradicts the claim of Hassan et al. [71] that human capital
in Pakistan does not influence environmental quality. Conversely, our finding is in line
with some of the studies that illustrated a positive association between environmental
quality and education-based human capital, for instance, Ahmed and Wang [33] for India,
Ahmed et al. [34] for G7 nations, and Zafar et al. [32] for the United States.

Our outcome is unique and different from previous studies since instead of using
the traditional education-based human capital which decreases or increases environmen-
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tal degradation in previous studies, we employed innovative human capital based on
R&D staff which is more relevant because it is directly linked with innovation. Thus,
innovative human capital can improve environmental quality in different ways, such as
increasing environmental-related technological innovation and sustainable usage of natural
resources [69]. Therefore, innovative human capital can be used as a valuable tool to cope
with environmental challenges. Previous studies on human capital and environment nexus
illustrate different findings possibly because human capital in those studies is based on ed-
ucation and covers the quantity dimensions rather than quality dimensions. Education and
associated awareness may pose a very small influence on environmental quality compared
to the innovation and technological advancement that are traits of our innovative human
capital. Indeed, innovation and technological advancement can influence technological
efficiency and environmental quality [1,82]. Thus, this finding highlights the need to use
an appropriate measure of innovative human capital to estimate its role in economic and
environmental quality for achieving economic and environment-related goals.

The results further indicate that the population density exerts a positive effect on
carbon emissions. China ranks as one of the most populous countries globally, with a
population estimated at 1.4 billion as of 2017. The population density was 138.5 per square
kilometer in 2003 and 472 in 2017, which shows a 244% increase. Thus, greater population
density stimulates human activities, which exert significant pressure on natural resources
and the environment. Our findings are consistent with the results of Rahman and Alam [83]
for Bangladesh and Ohlan [84] for India but against the results of Meng and Han [85].

The coefficients of structural change and energy intensity are 0.193% and 0.710%.
These are statistically significant at a 1% level, indicating that if structural change and
energy intensity increase (decrease) by 1%, then carbon emissions will increase (decrease) by
0.193% and 0.710%. The positive effect of structural change on carbon emission shows that
structural change in China is not environmentally friendly. More precisely, the structural
change deteriorates environmental quality. Energy intensity also damages environmental
quality in China. The coefficient of FDI is negative and statistically significant. The negative
effect of foreign direct investment on carbon emissions opposes the notion of the pollution
haven hypothesis. These results support the view that foreign direct inflows promote
environmental sustainability in China. It implies that China has strictly regulated its FDI
and foreign investors do not transfer dirty technology to China.

Our findings of structural change are in line with the work of Ahmad et al. [79] but
contrary to the results of Marsiglio et al. [86], and Ali et al. [87], who found that structural
change improves environmental quality. The difference in results is because the structural
change in China has increased industrialization that mainly relies on pollutant fossil fuels
that degrade environmental quality. The outcome of energy intensity supports the previous
work of Amin and Dogan [86] and Zhang and Zhou [87]. The result of FDI matches the
outcome of Saud et al. [88] in the context of belt and road nations but contradicts the
outcome of Shahbaz et al. [89], who found the deteriorating effect of FDI in France.

The outcomes of system GMM shown in Table 7 indicate that the results are consistent
with the OLS and fixed effect estimates. The results depict that the coefficient for GDP
is positive while the square of GDP is negative, which validates the EKC hypothesis in
China. The innovative human capital has a negative and significant value, and the effects
of structural change, population density, and energy intensity on carbon emissions are
significant and positive. By employing the system GMM method the long-run coefficients
of GDP, GDP square, innovation human capital, population density, structural change,
energy intensity, and foreign direct investment are 0.543, −0.027, −0.027, 0.028, 0.174, 0.044,
and −0.018, respectively.
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Table 7. System GMM results.

Variables Coefficient Stand Error T-Value p-Value

L.CO2 0.896 *** 0.049 18.38 0.000
GDP 0.543 *** 0.131 4.14 0.000
GDP2 −0.027 *** 0.007 −4.12 0.000
IHC −0.027 ** 0.010 −2.62 0.014
POP 0.028 ** 0.012 2.29 0.029

STRU 0.174 * 0.086 2.01 0.054
ENER 0.044 *** 0.015 2.87 0.008

FDI −0.018 *** 0.005 −3.39 0.002
Constant −3.307 7.590 −0.44 0.666
Sargan 121.76 - - -

P(Sargan) 0.100 - - -
AR(1) 0.534 - - -
AR(2) 0.013 - - -

Year fixed effect Yes - - -
ID fixed effect Yes - - -
Observations 415 - - -

Sargan test specifies the over-identification test for the restriction in system GMM estimation. The AR (1) and AR
(2) Arellano–Bond test represents the first and second-order autocorrelation in the first difference. *** p < 0.01,
** p < 0.05, * p < 0.1.

6. Conclusions and Policy Suggestions

This paper inspected the role of innovative human capital (IHC) in CO2 emissions
using a provincial dataset from 30 Chinese provinces from 2003 to 2017 and measuring
innovative human capital based on the number of patents every one million R&D staff
full-time equivalent. The results of fixed effect, OLS, and SYS-GMM methods revealed that
innovative human capital decreases emissions in China and helps to form the EKC between
CO2 emissions and GDP. In addition to this, economic structure, FDI, and energy intensity
increase emissions, while population density lessens emission levels. The finding of the
study reveals that China’s economic development will not be detrimental to environmental
quality if IHC could be continuously developed.

Based on the above empirical results and conclusions, the paper proposes the following
policies to realize carbon neutrality and to finally embark on the road of green development:

China needs to intensify efforts to foster innovative human capital. The paper’s
empirical result shows that innovative human capital can bring a positive influence on
reducing CO2 emissions. However, compared with the United States, Britain, Germany,
and other Western developed countries, the quantity or quality of China’s innovative
human capital is still at a comparatively low level. Therefore, from the national level, the
Chinese central government needs to do some strategic planning to nurture innovative
human capital. In this regard, launching different training programs for human capital,
and focusing on increasing R&D staff by offering some subsidies and benefits on R&D in
different sectors of the economy can help to foster innovative human capital. Moreover,
policies should be designed to develop collaboration between universities and industries
and research funding for universities should be increased to stimulate innovation. The
collaboration of industries with the universities will enable them to reap the benefits
of innovation and develop advanced technologies, which in turn will increase energy
efficiency and reduce emissions.

The independent variable STRU denotes the proportion of annual industrial added
value in GDP. The coefficient of STRU is positive indicating that it adds to emissions.
Hence, the Chinese government should optimize the economic structure of China. There
are two paths to optimize it. One is limiting or stopping the development of the heavy-
polluting industry and promoting the application of environmentally friendly production
technologies among all industries. The other is continually increasing the proportion of
the modern service industry in the economic structure. The independent variable energy
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intensity increases emissions. The main problem is that the consumption percentage of
fossil energy is still relatively high in China. The Chinese government must take strong
measures to decrease the consumption of fossil energy, at the same time, efforts are needed
to increase the use of renewable energy. Population density also drives emissions. China is
the country that has the largest population in the world, and its average population density
is also comparably high. Fortunately, in recent years, China’s population growth has been
strictly controlled, and the growth rate has reduced. The Chinese government needs to
initiate centralized city development to reduce the adverse effects of population density.
Additionally, the focus should be on continuously improving public transportation and
discouraging private vehicle ownership through different policies and taxes.

The coefficient of FDI in this study is negative. China is the largest developing
country in the world. FDI is very important to China, especially when China has just
implemented the policy of opening up. Through FDI, the Chinese government can make
use of foreign investment to increase the research and development of green production
technology, and this can also help to foster innovative human capital. Although China is
now the second-largest economy in the world, its GDP per capita ranking is still relatively
low. FDI is still very useful for China’s social and economic development, so China
should keep collaborating well with developed countries and fully use its FDI to boost
economic progress and environmental sustainability. In this regard, policies should be
launched to ease foreign investment, and unnecessary barriers should be eliminated. The
Chinese government should devise policies to direct FDI flow to the areas with relatively
low innovative human capital. This will also promote the research and development of
environmentally friendly production technology. Thus, China can embark on the road
of green development and realize the strategic goals of reducing CO2 emissions as soon
as possible.

This research explores a new topic and therefore, an extensive research gap exists
that future studies can address. The innovative human capital based on R&D staff is
directly linked with innovation and technological advancement. Thus, this measure is
more appropriate to capture the impacts of IHC on the environment. However, this
measure ignores the research output of university students (Master and Doctoral level).
Therefore, future studies may use proxies including R&D staff and educational attainment
for innovative human capital and compare the results of both methods. In addition, this
paper used FDI inflows and ignored the potential reverse technology spillover. Future
studies can expand the research on FDI in China and other countries by considering the
reverse technology spillover effect. Researchers can examine the role of innovative human
capital in economic growth for different nations using the new measure presented in
this paper. Additionally, the impact of IHC on different environmental indicators can
be investigated.
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Abstract: Modern agriculture contributes significantly to greenhouse gas emissions, and agriculture
has become the second biggest source of carbon emissions in China. In this context, it is necessary
for China to study the nexus of agricultural economic growth and carbon emissions. Taking Jilin
province as an example, this paper applied the environmental Kuznets curve (EKC) hypothesis and a
decoupling analysis to examine the relationship between crop production and agricultural carbon
emissions during 2000–2018, and it further provided a decomposition analysis of the changes in
agricultural carbon emissions using the log mean Divisia index (LMDI) method. The results were as
follows: (1) Based on the results of CO2 EKC estimation, an N-shaped EKC was found; in particular,
the upward trend in agricultural carbon emissions has not changed recently. (2) According to the
results of the decoupling analysis, expansive coupling occurred for 9 years, which was followed
by weak decoupling for 5 years, and strong decoupling and strong coupling occurred for 2 years
each. There was no stable evolutionary path from coupling to decoupling, and this has remained
true recently. (3) We used the LMDI method to decompose the driving factors of agricultural carbon
emissions into four factors: the agricultural carbon emission intensity effect, structure effect, economic
effect, and labor force effect. From a policymaking perspective, we integrated the results of both
the EKC and the decoupling analysis and conducted a detailed decomposition analysis, focusing
on several key time points. Agricultural economic growth was found to have played a significant
role on many occasions in the increase in agricultural carbon emissions, while agricultural carbon
emission intensity was important to the decline in agricultural carbon emissions. Specifically, the
four factors’ driving direction in the context of agricultural carbon emissions was not stable. We also
found that the change in agricultural carbon emissions was affected more by economic policy than
by environmental policy. Finally, we put forward policy suggestions for low-carbon agricultural
development in Jilin province.

Keywords: crop production; agricultural carbon emissions; EKC; decoupling; LMDI

1. Introduction

Modern agricultural activities play an important role in greenhouse gas emissions
due to their high material input, energy consumption, and pollutant discharge levels [1,2].
Globally, ensuring food security and coping with climate change caused by greenhouse gas
emissions are the most common challenges today. In the past two decades, greenhouse gas
emissions from agricultural activities have accounted for 10–14% of total global greenhouse
gas emissions (in CO2 equivalents) [3]. According to the 2019 Intergovernmental Panel
on Climate Change (IPCC) special report on climate change and land [4], greenhouse gas
emissions derived from agricultural activities reached 108–191 hundred million tons of
CO2 equivalents during 2007–2016, and they accounted for 21–37% of global greenhouse
gas emissions. Being an agriculture-centered country, China’s sown area has decreased
from 117 million hectares to 116 million hectares over the last four decades, while the grain
yield has increased from 321 million tons to 664 million tons, which is an increase of 107%.
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Along with the grain yield per unit area increasing, the amount of chemical fertilizer used
increased from 12.69 million tons in 1980 to 52.04 million tons in 2019, and agriculture was
the second biggest source of carbon emissions [5]. In this regard, it is necessary for China
to study the nexus of agricultural economic growth and carbon emissions.

Considering the ever-increasing speed in crop production, the relationship between
agricultural activities and environmental degradation has been intensively studied in re-
cent years, focusing on such areas as the environmental stress on the ecosystem caused
by highly specialized crop production [6] and excessive fertilizer application due to the
increasing numbers of part-time and aging farmers involved in the process of rural trans-
formation [7–10]. Meanwhile, different methods have been applied in agri-environmental
impact assessment. As is well known, the environmental Kuznets curve (EKC) describes an
inverted-U relationship between environmental degradation and income [11]. Up to now, a
large body of theoretical and empirical literature has dealt with EKC studies [12–15]. EKC
studies have tested most of the primary pollutants and relevant indicators, including SO2,
NOx, carbon emissions, ecological footprint, etc. [16–18], and both emissions per capita
and total emissions [19]; furthermore, these studies have been developed from the earliest
simple quadratic functions of the levels of income to multivariate and multi-mediation
models, intending to indicate underlying factors, such as globalization, trade openness,
human capital, etc. [20–23]. In particular, many studies have tested the existence of the
EKC hypothesis by considering CO2 emissions with time-series or panel data; some results
support the existence of an inverted U-shape [24,25], some support an N-shape [19], some
support an inverted N-shape [21], and some support a linear shape without a turning
point [26,27].

In scientific discussions on economic growth versus environmental degradation, EKC
deals with the concept of decoupling [28,29]. The Organization for Economic Co-operation
and Development (OECD) has described the synchronous changes taking place within
economic growth and pollution emissions as different degrees of decoupling/coupling
states [30], and the idea of decoupling environmental bads from economic goods has gar-
nered policymakers’ attention, with many scholars assessing the progress in the environ-
mental-degradation–economic-growth relationship. In addition to the decoupling index
proposed by the OECD [30], Tapio’s elasticity coefficient has commonly been used and ex-
tended as a decoupling index that overcomes the shortcoming of selecting a base period [31].
In terms of empirical studies dealing with decoupling analysis in China, Tian et al. [32]
used Tapio’s model to analyze the relationship between agricultural activities and carbon
emissions at the national level, and we found that weak decoupling and strong decoupling
occurred most during the years 2001–2010, while Yang et al. [33] and Chen et al. [34]
conducted further in-depth case studies of China’s main grain-producing areas.

In policy terms, decomposition analysis is increasingly used in environmental policy-
making, while the log mean Divisia index (LMDI) method is recommended for general use
in the study of CO2 emission changes as it meets all constraints, such as complete decompo-
sition, consistency in aggregation, and satisfying the factor reversal test [35–39]. In China,
many scholars have used the LMDI method to analyze the drivers of carbon emissions
related to crop production on a national or regional basis. For instance, Li et al. [40] pointed
out that agricultural economic growth in China had a strong driving effect on carbon
emissions, while agricultural production efficiency, agricultural structure, and labor force
had certain inhibiting effects on carbon emissions during 1993–2008; Li et al. [2] quantified
the contributions of factors influencing agricultural carbon emissions in China from 1991
to 2015 and found that the driving factors varied significantly by region. In fact, in terms of
empirical findings, Wei et al. [41] indicated that the state of the agricultural economy was
the decisive factor in the increase in crop production carbon footprint, while agricultural
investment, urbanization, and technological progress were important factors for reducing
the crop production carbon footprint in Guangdong province. Zhao et al. [42] confirmed
that the agricultural economic level and industrial structure were the main drivers promot-
ing the increase in agricultural carbon emissions, while agricultural production efficiency
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and agricultural labor force had inhibitory effects on the increase in carbon emissions in
Hunan province. As for Heilongjiang province, Chen et al. [34] showed that agricultural
output value was the key driving force of agricultural carbon emission increases, while
agricultural production efficiency was the primary driving force for agricultural carbon
emission reduction.

The Chinese government has pledged to peak carbon emissions by 2030 and achieve
carbon neutrality by 2060. In principle, measures to reduce carbon emissions in man-
ufacturing include technological innovation, environmental regulation, and the market
mechanism of carbon trading; however, this is more difficult for the agricultural sector due
to its multiple carbon sources, strong randomness and dispersed process, and the limited
effects of its market mechanisms. Li et al. [2] indicated that northeast China was the largest
contributor to agricultural carbon emissions in the country, and economic factors were the
main driving forces of the increase in carbon emissions. Jilin province is a major agricul-
tural province, whose corn yield per unit area ranked first in China for many consecutive
years, and it has made great contributions to ensuring national food security. Nevertheless,
the agri-environment has been deteriorating daily, and a question in the context of this
high yield arises as to the relationship between crop production and agricultural carbon
emissions, which seriously affects sustainable agricultural development [43,44]. This paper
takes Jilin province as the study area and tests the relationship between crop production
and agricultural carbon emissions using EKC and decoupling analysis; then, it decomposes
the driving factors of agricultural carbon emissions during 2000–2018, and finally, it puts
forward suggestions for agricultural carbon emission mitigation.

The structure of this article is organized as follows. Section 2 explains the methodology
and data. Section 3 presents the empirical results, using EKC and decoupling analysis to
examine the relationship between crop production and agricultural carbon emissions, and
then further decomposes the influencing factors of agricultural carbon emissions. Section 4
contains the discussion and policy implications. Section 5 concludes the study.

2. Methods and Data

2.1. CO2 EKC Model

Based on the analysis framework of EKC proposed by Friedl and Getzner [19],
Zhang et al. [45], and Lv et al. [46], considering the simulation accuracy of the CO2 EKC
model, this paper first describes the general functional form as a cubic polynomial and
builds a cubic curve equation on the basis of two indicators: crop production (expressed
as agricultural output value) and agricultural carbon emissions. In view of the target of
carbon emission reduction in agriculture, the total values of agricultural carbon emissions
and agricultural output value are chosen instead of the per capita index. Then, the existence
of a cubic curve-fitting equation is examined according to stationarity and cointegration
tests; if the cubic term is not statistically significant, it will be eliminated. Subsequently, the
form of the quadratic polynomial will be re-estimated, etc. The CO2 EKC may be U-shaped,
inverted-U-shaped, N-shaped, inverted-N-shaped, or another shape, depending on the
coefficients of the explanatory variable, and the CO2 EKC equation is quantified as follows:

Ct = β0 + β1Gt + β2G2
t + β3G3

t + εt (1)

where Ct denotes the agricultural carbon emissions in year t; Gt represents the agricultural
output value in year t; βi is the coefficient of the explanatory variable, and εt illustrates the
random error term. According to Ekins [47] and Friedl and Getzner [19], if β1 > 0, β2 < 0,
and β3 > 0, an N-shaped relationship between crop production and agricultural carbon
emissions can arise; if β1 > 0, β2 < 0, and β3 = 0, the inverted-U EKC hypothesis stands,
and so on.
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2.2. Decoupling Index

In this paper, the decoupling index (DI) is constructed following Tapio’s elasticity
coefficient [31], and it is computed using the following expression:

DIt =
ΔC
ΔG

=
(Ct − C0)/C0

(Gt − G0)/G0
(2)

where DIt is defined to explore the relationship between crop production and agricultural
carbon emissions at two time points, t and 0 represent the last period and the base period,
respectively, and the time interval is one year in this study; Ct and C0 indicate agricultural
carbon emissions in the last period and the base period, respectively; ΔC represents the
change rate in agricultural carbon emissions from the last period to the base period; Gt and
G0 indicate the agricultural output value in the last period and the base period, respectively;
and ΔG represents the change rate in agricultural output value from the last period to the
base period.

According to the different decoupling elasticity values, six degrees of decoupling/
coupling states were divided, including recessive decoupling, weak decoupling, strong
decoupling, expansive coupling, weak coupling, and strong coupling. The specific grading
standards and decoupling elasticity values are shown in Table 1.

Table 1. Degrees of decoupling agricultural carbon emissions from crop production.

Decoupling Degree
Change Rate in

Agricultural Carbon
Emissions (ΔC)

Change Rate in
Agricultural Output

Value (ΔG)
DI Connotation

Expansive coupling >0 >0 DI > 1
Agricultural economic growth
occurs at the cost of accelerated
agricultural carbon emissions.

Strong coupling >0 <0 DI < 0

The worst state when the
agricultural economy is in

recession, while agricultural
carbon emissions increase.

Weak coupling <0 <0 1 > DI > 0
Agricultural carbon emission
reduction rate is slower than

agricultural economic recession.

Weak decoupling >0 >0 1 > DI > 0
Agricultural carbon emission

growth rate is slower than
agricultural economic growth rate.

Strong decoupling <0 >0 DI < 0

The ideal state in which
agricultural economy grows, while

agricultural carbon emissions
decrease.

Recessive decoupling <0 <0 DI > 1
Agricultural carbon emission
reduction rate is faster than

agricultural economic recession.

2.3. LMDI Method

Based on the research of Li et al. [2], Wu and Zhang [48], and Li et al. [22], an extended
Kaya identity for agricultural carbon emissions in Jilin province can be expressed as
Equation (3):

C =
C
G

× G
TG

× TG
AL

× AL = CI × SI × EI × AL (3)

where C represents agricultural emissions; G represents the agricultural output value;
TG represents the gross output value of agriculture, forestry, animal husbandry, and
fishery; AL represents the agricultural labor force scale; CI is defined as agricultural carbon
emission intensity and is represented as the agricultural carbon emissions per unit of
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agricultural output value. This last is also an agricultural production efficiency factor—a
decline in CI means agricultural production efficiency increases in a specific region, which
directly or indirectly reveals a change in the relationship between crop production and
agricultural carbon emissions; SI refers to the agricultural structure, which reflects the
share of the agricultural output value in the gross agricultural output value; and EI reflects
the agricultural economic development level, considering the agricultural labor force.
Table 2 shows the meanings of all the symbols in Equation (3).

Table 2. Definition of variables in the LMDI method.

Variable Symbol Definition Unit

Agricultural carbon emissions C Carbon emissions derived from crop production tons
Agricultural output value G Value added of agriculture 100 million yuan

Gross agricultural output value TG Total value added of agriculture, forestry, animal
husbandry, and fishery 100 million yuan

Agricultural carbon emission intensity CI Carbon emissions per unit of agricultural
output value tons/yuan

Agricultural structure effect SI The share of the agricultural output value in the
gross agricultural output value %

Agricultural labor force AL Rural population engaged in agricultural
activities person

Agricultural economic effect EI Gross agricultural output value divided by
agricultural labor force yuan per capita

We used the LMDI method to decompose the drivers of agricultural carbon emissions
in Jilin province into four factors: agricultural carbon emission intensity effect (ΔCI),
agricultural structure effect (ΔSI), agricultural economic effect (ΔEI), and agricultural
labor force effect (ΔAL). ΔCI reflects the change in agricultural carbon emissions intensity,
ΔSI reflects the change in the share of the agricultural output value out of the gross
agricultural output value, ΔEI reflects the change in agricultural economic growth caused
by the agricultural labor force, and ΔAL reflects the change in the scale of the agricultural
labor force.

Based on plus decomposition, the total effects of agricultural CO2 emissions are
expressed as Equation (4):

ΔCtot = Ct − C0 = ΔCI + ΔSI + ΔEI + ΔAL. (4)

Each effect in Equation (4) is expressed as follows:

ΔCI = ∑
Ct − C0

ln Ct − ln C0
· ln (

CIt

CI0
) (5)

ΔSI = ∑
Ct − C0

ln Ct − ln C0
· ln (

SIt

SI0
) (6)

ΔEI = ∑
Ct − C0

ln Ct − ln C0
· ln (

EIt

EI0
) (7)

ΔAL = ∑
Ct − C0

ln Ct − ln C0
·ln( ALt

AL0
). (8)

2.4. Data Sources and Processing

In this study, we used time series data from 2000 to 2018 to model the EKC, build a
decoupling index, and analyze influence factors using the LMDI method.

The data for quantifying agricultural carbon emissions and the following decomposi-
tion analysis were collected from the Jilin Province Statistical Yearbook (2001–2019) and
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the China Rural Statistical Yearbook (2001–2019). Both the agricultural output value and
the gross agricultural output value were deflated to represent a constant 2000 price.

The formula for calculating agricultural carbon emissions is as follows:

C =
6

∑
i=1

Ei × fi (9)

where C denotes agricultural carbon emissions derived from crop production activities; i
represents the type of agricultural carbon sources, including 6 types of agricultural carbon
sources (chemical fertilizers, pesticides, plastic films, agricultural machinery, agricultural
plowing, and agricultural irrigation); Ei represents the amount of agricultural carbon source
i; fi is the i-type carbon emission coefficient of agricultural carbon sources (derived from
Li et al. [2], Tian et al. [32], and Guo et al. [39]), and C, CH4, and NO2 are converted into
CO2 equivalents with reference to the IPCC [49].

Table 3 reports the descriptive statistical results of the main variables in this paper.

Table 3. Summary statistics of main variables.

Variable Observations Mean
Standard
Deviation

Minimum Maximum

Agricultural carbon emissions (104 tons) 19 488.93 119.02 308.96 683.04
Agricultural output value (106 yuan) 19 61,499.98 18,592.87 32,027.00 92,833.79

Gross agriculture output value (106 yuan) 19 12,000.00 33,873.04 60,940.00 17,100.00
Agricultural labor force (104 persons) 19 516.13 24.21 478.24 573.90

Agricultural economic effect (yuan per capita) 19 23,213.92 6665.63 11,791.80 35,696.27
Agricultural carbon emission intensity

(tons/104 yuan) 19 0.82 0.16 0.65 1.15

Agricultural structure (%) 19 0.51 0.02 0.48 0.54

3. Results

3.1. Estimating a CO2 EKC

Based on time series data from 2000 to 2018, we estimated the CO2 emissions derived
from crop production in Jilin province (Figure 1). Agricultural CO2 emissions reached
3.09 million tons in the first year (2000); after a transitory upward trend, there was a slight
decline in 2003, where the annual decline rate slid to −15.3% owing to the fact that farmers’
willingness to grow food hit a low. The Chinese issued a series of policies of agricultural
tax reduction and exemption in 2004, and then, the farmers recovered their confidence in
agriculture and increased inputs in crop production, leading to agricultural CO2 emissions
increasing with a growth rate of 36.2% and reaching a phase peak of 5.91 million tons in 2007.
Subsequently, there was a clear break in the increase in agricultural CO2 emissions due to
the global financial crisis in 2008, which then plunged to a new low (annual decline rate of
−31.9%), which was even lower than in 2004. Under the stimulus of beneficial farming
policies in 2009, agricultural CO2 emissions climbed steadily and reached 6.83 million tons
in 2018. The Chinese government put forward a policy of building a resource-conserving
and environmentally friendly society in 2012, under its influence, the growth rates of
agricultural CO2 emissions declined in a fluctuating pattern during 2012–2018, while
agricultural CO2 emissions still showed a rising trend.

Figure 2 shows a scatter plot of agricultural CO2 emissions and agricultural output
value at a constant 2000-level price in Jilin province. An N-shaped relationship between
crop production and agricultural carbon emissions can be seen. There were three obvious
turning points in agricultural CO2 emission levels during 2000–2018 in Jilin province,
including a slight decline in 2003 (3.13 million tons of agricultural CO2 emissions and
425.27 hundred million yuan of value added in agriculture), one phase peak in 2007
(5.91 million tons of agricultural CO2 emissions and 516.51 hundred million yuan of
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value added in agriculture), and then a low in 2008 (4.02 million tons of agricultural CO2
emissions and 594.51 hundred million yuan of value added in agriculture). This pattern
can be explained by the agricultural policies and macroeconomic factors. Agricultural CO2
emissions bottomed out in 2003 and rose after a series of agricultural policies issued in
2004, until being pushed back down again due to the global financial crisis in 2008; they
increased sharply thereafter from 2009 to 2018, which was accompanied by the improving
agricultural economy. From Figure 2 alone, we cannot infer the future relationship between
agricultural CO2 emissions and agricultural economic growth in Jilin province, that is,
there is no indication of when another turning point will occur in the upcoming period.

Figure 1. Agricultural CO2 emissions and growth rates in Jilin province during 2000–2018.

 
Figure 2. Scatter plot of agricultural CO2 emissions and value added in agriculture in Jilin province
during 2000–2018.
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Importantly, the scatter plot presents only the correlation between crop production and
agricultural CO2 emissions during 2000–2018—a causal relationship cannot be identified
without undertaking a statistical test, so an additional theoretical analysis is required.

The next analysis framework in this study, following Friedl and Getzner [19] and
Zhang et al. [45], was as follows: (1) testing for stationarity of both dependent and inde-
pendent variables in the time series; (2) examining whether both variables (agricultural
CO2 emissions and agricultural output value) are cointegrated; (3) further testing the most
suitable functional form for depicting the development of agricultural CO2 emissions in
Jilin province.

Firstly, we conducted a unit root test. In order to overcome the defects of the small
samples and prevent sequence spurious regression, we applied the ADF test to examine the
stationarity of the dependent variable (CO2 emissions, expressed as C) and the independent
variable (agricultural output value, expressed as G) for 2000–2018. Table 4 shows the results
of the unit root test, showing that both variables chosen in this paper have a significance
level of 5% and are stationary series, which can be further tested to determine the long-term
equilibrium relationship.

Table 4. Unit root test results.

Variable
Test Type ADF Test Critical Values at Significance Level

p-Value Test Results
(c, t, q) Statistics 1% 5% 10%

lnC (c,t,3) −3.833 −4.728 −3.760 −3.325 0.044 Stationary
lnG (c,t,0) −3.879 −4.572 −3.691 −3.287 0.036 Stationary

Note: In the test type (c, t, q), c, t, and q represent the constant, time trend, and lag order, respectively. The lag order is obtained based on
the SIC criterion.

Secondly, as a preliminary step for testing the EKC hypothesis, we conducted a
Granger causality test to examine the correlation between the selected variables. Table 5
shows the results of the Granger causality test; the agricultural output value is the Granger
cause of agricultural CO2 emissions at a significance level of 1% (not vice versa).

Table 5. Granger causality test results.

Null Hypothesis F Statistics p-Value Test Results

lnG is not the Granger reason for lnC 14.655 0.003 Reject
lnC is not the Granger reason for lnG 0.835 0.550 Do not reject

Finally, we constructed an empirical EKC model for Jilin’s agricultural CO2 emissions.
Based on the above test results, the regression model of agricultural CO2 emissions and
agricultural output value adopted the cubic functional form shown in Formula (10) and
Table 6.

lnC = −501.44 + 245.34lnG − 38.87(lnG)2 + 2.05(lnG)3 (10)

Table 6. Estimation of agricultural CO2 EKC for Jilin province.

Explanatory Variables Coefficient of Explanatory Variables

Constant −501.44 *
lnG 245.34 *

(lnG)2 −38.87 *
(lnG)3 2.05 *

Adjusted R2 0.71
F statistic 60.99

Note: * is at the significance level of 10%.
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According to the analysis framework of CO2 EKC (in Section 2.1), along with the
research of Ekins [47] and Friedl and Getzner [19] and the statistical quality of the estimated
CO2 EKC (Table 6), we found that the coefficient of the explanatory variable lnG, β1, is
245.34 > 0; the coefficient of the explanatory variable (lnG)2, β2, is –38.87 < 0; and the
coefficient of the explanatory variable (lnG)3, β3, is 2.05 > 0, which validates the cubic
functional form. In addition, the statistical quality of the estimation and the scatter plot
(Figure 2) confirm one another, and an N-shaped relationship between crop production
and agricultural carbon emissions results—that is, increasing agricultural CO2 emissions in
the beginning, a decline in agricultural CO2 emissions in the middle, and an upward trend
in agricultural CO2 emissions at the end. In this model, no possible turning point toward
a decline in agricultural CO2 emissions appears after 2010, which shows the challenges
faced by Jilin province to reduce agricultural carbon emissions.

3.2. Decoupling Analysis

As regards the criteria for decoupling/coupling degrees (Table 1), the results of the
decoupling of agricultural carbon emissions from crop production are shown in Table 7.

Table 7. Decoupling states in agricultural carbon emissions in Jilin province during 2000–2018.

Year
Change Rate in

Agricultural Carbon
Emissions (ΔC)

Change Rate in
Agricultural

Output Value (ΔG)
DI Decoupling States

2000–2001 0.103 0.116 0.886 Weak decoupling
2001–2002 0.086 0.133 0.643 Weak decoupling
2002–2003 −0.153 0.050 −3.075 Strong decoupling
2003–2004 0.362 0.084 4.300 Expansive coupling
2004–2005 0.241 0.062 3.909 Expansive coupling
2005–2006 0.080 0.077 1.040 Expansive coupling
2006–2007 0.034 −0.020 −1.664 Strong coupling
2007–2008 −0.319 0.152 −2.105 Strong decoupling
2008–2009 0.003 −0.019 −0.155 Strong coupling
2009–2010 0.070 0.063 1.109 Expansive coupling
2010–2011 0.034 0.073 0.473 Weak decoupling
2011–2012 0.074 0.046 1.597 Expansive coupling
2012–2013 0.125 0.060 2.078 Expansive coupling
2013–2014 0.024 0.066 0.360 Weak decoupling
2014–2015 0.102 0.047 2.143 Expansive coupling
2015–2016 0.062 0.026 2.408 Expansive coupling
2016–2017 0.017 0.070 0.247 Weak decoupling
2017–2018 0.039 0.028 1.432 Expansive coupling

There were four types of decoupling/coupling states between crop production and
agricultural CO2 emissions during 2000–2018: expansive coupling state occurred for 9 years,
followed by a weak decoupling state, which occurred for 5 years, and strong decoupling
and strong coupling occurred for 2 years each.

Generally, strong decoupling means a positive change rate in agricultural output value,
a negative change rate in agricultural CO2 emissions, and negative DI. It indicates that the
development model of high inputs and high emissions in exchange for rapid agricultural
economic growth is gradually shifting to a development model of low inputs and low
emissions, and that the pressure on the rural ecological environment has been alleviated.
Table 7 shows that the trend of strong decoupling only occurred in 2003 and 2008, wherein
agricultural CO2 emissions decreased by −15.3% and −31.9%, respectively, while the
agricultural output value increased by 5% and 15.2%, respectively. To some extent, special
events contributed to the strong decoupling taking place at these two time points. For
instance, farmers’ willingness to grow food had been in decline since 1998 and hit a low in
2003, which decreased inputs into agricultural production and agricultural CO2 emissions,
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resulting in the strong decoupling state in 2003; additionally, in 2008, a similar decoupling
state appeared in Jilin province, which was affected by the global financial crisis.

Strong coupling indicates the worst situation, with a negative change rate for agri-
cultural output value, a positive change rate for agricultural CO2 emissions, and negative
DI. In terms of the occurrence of strong coupling in Jilin province from 2000 to 2018, the
agricultural output value declined severely due to severe drought and the aftermath of the
global financial crisis in 2007 and 2009, respectively, while change rates in agricultural CO2
emissions were positive, which gave rise to strong coupling states in these two years.

Weak decoupling indicates a state with positive change rates in both agricultural
output value and carbon emissions, and a value of DI ranging from 0 to 1. Table 7 shows
that weak decoupling occurred for 5 years, although not consistently in the time series, as
it occurred in the years 2001, 2002, 2011, 2014, and 2017. This indicates that agricultural
carbon emission growth is somewhat restrained by the execution of various existing policies
and measures; however, the absolute carbon emission reduction is smaller in this period
than the agricultural economic growth, so agricultural carbon emissions are still rising, and
carbon emission reduction measures should be further implemented.

According to the criteria of the expansive coupling state (Table 1), the change rates of
both agricultural output value and agricultural carbon emissions in this period are positive,
and thus, agricultural carbon emissions rise rapidly. As the most common outcome for Jilin
province, the expansive coupling state accounted for 50% of the whole study period. For
example, in 2018, the change rate of agricultural carbon emissions was 0.039, while that
of agricultural output value was 0.028, and the DI was 1.432, which indicates agricultural
economic growth occurred at the cost of accelerated agricultural carbon emissions in 2018.

Figures 3 and 4 show the variation in the values of decoupling elasticity. The DI
clearly presents a fluctuating state, along with the different variation characteristics of
both agricultural carbon emissions and agricultural output value. Notably, decoupling
occurred only at specific time points, i.e., before the implementation of policies to strengthen
agriculture and benefit farmers in 2003, or the global financial crisis in 2008. During 2009–
2018, an expansive coupling state appeared for 6 years, inlaid and alternating with weak
decoupling states.

 

Figure 3. The change in the decoupling index of agricultural carbon emissions.
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Figure 4. Decoupling distribution of agriculture. Note: I, II, III, IV, V, and VI represent weak
decoupling, expansive coupling, strong coupling, weak coupling, recessive decoupling, and strong
decoupling, respectively.

In light of the above, there was no stable decoupling between crop production and
agricultural CO2 emissions in Jilin province during 2000–2018, and it is common that carbon
emissions increase when the agricultural economic value grows. Expansive coupling
has appeared frequently in recent years, which indicates that the target of decoupling
agricultural CO2 emissions from crop production remains elusive in the coming years.

3.3. Results of LMDI Decomposition

According to the definition of CI in this paper, agricultural carbon emission intensity
is calculated, and Figure 5 shows changes in agricultural carbon emission intensity in Jilin
province during 2000–2018.

 

Figure 5. Agricultural carbon emission intensity in Jilin province during 2000–2018.
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Based on the LMDI model and Equations (4)–(8), the decomposition results of carbon
emission changes in agriculture in Jilin during 2000–2018 are illustrated in Table 8, and
Figure 6 shows the contribution of four factors to agricultural carbon emissions. The
total change in agricultural carbon emissions was 3.74 million tons between 2000 and
2018. Generally, the positive driving factors of agricultural carbon emissions included
agricultural economic growth and agricultural structure, with contributions of 5.14 million
tons and 0.35 million tons, respectively; agricultural economic growth played an especially
significant role in the increase in agricultural carbon emissions in Jilin province, with a
contribution of 93.56%. These decomposition results are consistent with those of Li et al. [40]
and Guo et al. [39]. Agricultural carbon emission intensity and agricultural labor force were
negative driving factors of agricultural carbon emissions, with cumulative contributions
of –1.18 million tons and –0.58 million tons, respectively; notably, agricultural carbon
emission intensity had the most important inhibitory impact on the change in agricultural
carbon emissions, with a contribution rate of 66.99%, and agricultural labor force was also
a negative factor that cannot be ignored, with a contribution rate of 33.01%.

From the perspective of policymaking, we focused on several key time points in our
detailed decomposition analysis aimed at reducing agricultural carbon emissions. Accord-
ing to the above results of the CO2 EKC model and decoupling analysis, turning points
arose in the years 2003 and 2008, with consequential downward trends in agricultural car-
bon emissions, and strong decoupling states appeared; meanwhile, the only two negative
decomposition effects (−56.6 million tons and −188.7 million tons, respectively) appeared.
In 2003, except for the agricultural economic effect, which was a positive driving factor of
agricultural carbon emissions, agricultural carbon emission intensity, agricultural structure,
and agricultural labor force were all negative driving factors, especially agricultural carbon
emission intensity, the contribution rate of which was 89.36%, reflecting its significant
inhibitory effect.

Table 8. Decomposition results of agriculture carbon emission changes in Jilin province (104 t).

Year
Agricultural Carbon

Emission Intensity Effect
(ΔCI)

Agricultural
Structure Effect

(ΔSI)

Agricultural
Economic Effect

(ΔEI)

Agricultural
Labor Force Effect

(ΔAL)

Total Effects
(ΔCtot)

2000–2001 −3.89 −9.81 47.04 −1.57 31.78
2001–2002 −15.22 0.59 47.45 −3.61 29.21
2002–2003 −73.17 −4.26 25.27 −4.45 −56.62
2003–2004 83.81 1.79 32.18 −4.26 113.51
2004–2005 74.25 −24.24 47.55 5.15 102.71
2005–2006 1.58 32.16 11.26 −2.53 42.47
2006–2007 32.00 −19.04 −8.51 15.60 19.35
2007–2008 −258.01 22.39 68.73 −21.82 −188.72
2008–2009 9.00 −28.54 −0.01 20.75 1.20
2009–2010 2.69 10.74 8.36 6.42 28.20
2010−2011 −15.98 8.74 −17.06 39.13 14.83
2011–2012 12.03 −5.59 40.30 −13.84 32.89
2012–2013 30.17 12.08 22.75 −5.14 59.86
2013–2014 −21.97 12.66 39.97 −17.92 12.74
2014–2015 29.23 2.44 33.60 −9.20 56.07
2015–2016 21.65 −3.73 40.45 −20.88 37.50
2016–2017 −32.88 23.33 42.38 −21.65 11.19
2017–2018 7.71 3.68 32.72 −18.19 25.92
2000–2018 −117.72 35.40 514.42 −58.01 374.09
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Figure 6. Total contribution of four factors to agricultural CO2 emissions in Jilin province.

Figure 7 depicts the differences in the change characteristics of the four factors.

Figure 7. Characteristics of four factors’ contribution to the variation in agricultural CO2 emissions
in Jilin province during 2000–2018.

In 2008, affected by the global financial crisis, on the one hand, agricultural product
prices dramatically declined, and farmers’ engagement in agriculture and their inputs
into crop production thus greatly decreased. This led to agricultural carbon emission
intensity and agricultural labor force both reaching a low, which resulted in agricultural
carbon emissions dropping to −258 million tons and −21.8 million tons, respectively, and
the contribution rate of agricultural carbon emission intensity reached 92.2%. On the
other hand, considering the sharp decrease in agricultural labor force, the agricultural
economic effect—namely, the gross agricultural output value divided by agricultural labor
force—reached a peak, although it was far less strong than that of agricultural carbon
emission intensity.

Another two important points appeared in 2007 and 2009, with a clear peak in 2007 in
the N-shaped CO2 EKC, and the beginning of the increase in agricultural carbon emissions
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after the global financial crisis in 2009; these were the only strong coupling states. Further
decomposition analysis indicated that both agricultural carbon emission intensity and
agricultural labor force acted as positive driving factors of agricultural carbon emissions,
while agricultural structure and agricultural economic effect (a decrease in crop production
due to drought or financial crisis) acted as inhibitory driving factors. Contrary to the de-
coupling states, the increases in both the population working in agriculture and the inputs
into agricultural production counteracted the inhibitory effects of agricultural structure
and the agricultural economic factor, which brought about the increase in agricultural
carbon emissions.

Apart from the above four specific time points, most of the study period showed
either an upward trend in agricultural carbon emissions, as seen from the N-shaped EKC,
or expansive coupling alternating with weak decoupling according to the results of the
decoupling analysis, with various decompositions and combinations. In terms of the varied
trends after 2012 when industrial overcapacity was exacerbated, the agricultural economic
effect still acted as the major driving factor of increase in agricultural carbon emissions;
agricultural structure acted mostly as a positive driving factor; the agricultural labor force
became an inhibitory factor, reducing agricultural carbon emissions with the promulgation
of agricultural policy and market-oriented reforms in the process of rural transformation;
the effect of agricultural carbon emission intensity presented no stable inhibitory trend,
and it is important for Jilin province to further pursue its key role in agricultural carbon
emission reductions.

4. Discussion and Policy Implications

(1) From a policy perspective, according to the requirements for a low-carbon economy,
when the economy grows, carbon emissions should increase with either a steady or a
negative growth trend. However, it is difficult to achieve this goal in the process of
transformation in China. What we can do is to guide the transformation to a low-carbon
economy in order to achieve a growth rate of carbon emission intensity that is relatively
slower than the economic growth rate. Therefore, it is necessary to evaluate the economy–
environment relationship with scientific methods and further conduct decomposition
analyses of the influencing factors so as to provide policy suggestions.

Both the EKC hypothesis and decoupling analysis describe the dynamic relationship
between economic development and environmental pollution, which have both internal
connections and obvious differences. The EKC hypothesis expounds the nonlinear re-
lationship of environmental pollution with the level of economic development, while a
decoupling analysis reveals whether the relationship between economic development
and environmental pressure changes synchronously. The EKC describes the long-term
relationship between CO2 emissions and economic growth, but it does not capture the
short-term change in a particular year or phase. In contrast, a decoupling analysis measures
the extent to which CO2 emissions decouple from economic growth in the short term, and
its indicators provide real-time data but do not identify long-term trends—i.e., the elastic
index of decoupling describes the change rates of economic growth and pollution emissions
but ignores the absolute changes in both [50]. In light of the work of Vehmas et al. [28], not
only the shape of the EKC but also the decoupling results can stem from economic growth,
environmental policy, or some other factors. In fact, the agricultural economic development
level, industrial structure, rural labor force scale, and crop production inputs (including
pesticides, chemical fertilizer, etc.) all have an influence on agricultural carbon emissions,
but the EKC hypothesis and decoupling analysis only explain the nonlinear relationship
between economic development and environmental pollution, and the effects of economic
growth on environmental pollution cannot be expounded by means of the above methods.
With this in mind, the latter method is the most important for policymaking.

In view of this, this paper first employed the EKC hypothesis and decoupling analysis
to examine the relationship between agricultural carbon emissions and crop production in
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Jilin province, a major grain-producing area, and then analyzed the influencing factors via
LMDI decomposition, so as to provide a scientific basis for subsequent policymaking.

(2) The major findings in this paper indicate some special relationships among the
results of the CO2 EKC estimation, the decoupling analysis, and the decomposition analysis
for Jilin province. Firstly, in terms of time points, strong decoupling coincided with
declines in agricultural carbon emissions and the negative total decomposition effects
of LMDI in 2003 and 2008 (as shown in Figure 2, Tables 7 and 8); additionally, strong
coupling was partially connected with the peak in the increase in agricultural carbon
emissions (such as in 2007, as shown in Figure 2 and Table 7). Secondly, on the whole,
the agricultural economic effect played a significant role in the increase in agricultural
carbon emissions in Jilin province, while agricultural carbon emission intensity had the
most important inhibitory impact on agricultural carbon emissions (Figure 6), similarly
to existing conclusions [32,39]. We also found that the positive or negative effects (or
driving directions) of the four factors in agricultural carbon emissions were not stable, and
macroeconomic changes and the implementation of related policies can be considered to
have had an impact on agricultural carbon emissions in Jilin province during 2000–2018.
Third, in terms of the policy effect, we found that agricultural carbon emissions were
affected more by economic than environmental policy, based on integrating various time
points at which economic policies or environmental policies were issued, such as the years
2004, 2008, 2012, and so on (Figures 1 and 7). The empirical results show that agricultural
policies or macroeconomic changes affected farmers’ willingness to grow food and increase
production inputs, thus having a direct or indirect influence on the change in agricultural
carbon emissions. Therefore, policy implications can be inferred from both agricultural
and environmental policy.

(3) In terms of policy implications, there is no doubt that Jilin province will pursue
agricultural economic growth, given that it is one of China’s main grain-producing areas;
however, it is limited by the pattern of the agricultural economic growth. The existing
agricultural carbon emission reduction policies have not been effectively implemented in
practice, and the efficiency of agricultural carbon emission reduction needs to be improved.
On the one hand, the rapid improvement in rural living standards is an indisputable fact,
which will have a reducing effect on total agricultural carbon emissions. On the other hand,
agricultural carbon emission intensity, agricultural technology progress, and urbanization
each play a role in reducing agricultural carbon emissions by developing energy-saving
technology, improving agricultural productivity, adjusting the structure of urban and rural
regions, etc.; however, at present, China’s agricultural low-carbon technology is in the
initial stage, and control over the overall change in agricultural carbon emissions needs to
be further improved.

We should actively promote clean energy in rural areas and improve low-carbon agri-
cultural technologies. Clean energy includes both natural and biomass energy. Advanced
equipment and technologies producing low-emission clean energy should be actively
introduced, and farmers should be encouraged to use clean energy to replace traditional
high-emission energy.

We should increase the investment in science and technology and improve the effi-
ciency of agricultural production through agricultural technology. High-yield and efficient
agricultural production technology will provide important support for the development of
modern agriculture, as well as being a reliable basic means to achieve the goal of low-carbon
agriculture. Government departments should provide special funds for the development of
low-carbon agricultural technologies and improve the approach to technology research [48].

We should establish a set of low-carbon agricultural ecological compensation tech-
nology systems, increase compensation intensity, and encourage farmers to participate
actively in fallow and no-till, so as to reduce carbon sources and increase carbon sinks.

5. Conclusions

The following are the conclusions of the paper:
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(1) Based on the results of the CO2 EKC estimation, a long-term N-shaped EKC was found,
which reflects that Jilin province is facing a dilemma between agricultural economic
growth and agricultural carbon emissions, and the upward trend in agricultural
carbon emissions has not changed with the development of the agricultural economy.

(2) In the short term, according to the results of the decoupling analysis, weak decoupling,
strong decoupling, expansive coupling, and strong coupling occurred in alteration.
Among them, expansive coupling occurred for 9 years in total, followed by weak
decoupling, which occurred for 5 years, and then strong decoupling and strong
coupling occurred for 2 years each. Strong decoupling occurred in 2003 and 2008,
which was related to the macroeconomics and policies at these time points; strong
coupling appeared due to a severe drought in 2007 and due to the aftermath of the
global financial crisis in 2009. There was no stable evolutionary path from coupling to
decoupling during the years 2000–2018, which currently remains true.

(3) Based on previous research, we used the LMDI method to decompose the driving
factors of agricultural carbon emissions in Jilin province into four factors: agricultural
carbon emission intensity effect, agricultural structure effect, agricultural economic
effect, and agricultural labor force effect. From a policy-making perspective, we
integrated the results of both the EKC and the decoupling analysis, and we conducted
a detailed decomposition analysis, focusing on several key time points.

Overall, agricultural economic growth played a significant role in the increase in
agricultural carbon emissions, while agricultural carbon emission intensity was the main
factor behind the decline in agricultural carbon emissions in Jilin province, especially in the
years 2003 and 2008, when turning points toward a downward trend in agricultural carbon
emissions and strong decoupling states appeared. Another two important time points in
the N-shaped CO2 EKC included a clear peak that appeared in 2007 and the start of the
increase in agricultural carbon emissions after the global financial crisis in 2009; these were
the only two strong coupling states. Different from strong decoupling, both agricultural
carbon emission intensity and agricultural labor force acted as positive driving factors
of agricultural carbon emissions, while agricultural structure and agricultural economic
growth acted as inhibitory driving factors of agricultural carbon emissions.

Most of the study period showed an upward trend for agricultural carbon emissions,
as seen from the N-shaped EKC, and expansive coupling states alternated with weak
decoupling states, especially after 2010, according to the results of the decoupling analysis,
with various decompositions and combinations of driving factors. The efforts toward
agricultural carbon emission reduction in Jilin province are clearly still ineffective.
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Abstract: Achieving environmental sustainability has become a global initiative whilst addressing
climate change and its effects. Thus, this research re-assessed the EKC hypothesis in China and
considered the effect of hydroelectricity use and urbanization, utilizing data from 1985 to 2019.
The autoregressive distributed lag (ARDL) bounds testing method was utilized to assess long-run
cointegration, which is reinforced by a structural break. The outcome of the ARDL bounds test
confirmed cointegration among the series. Furthermore, the ARDL revealed that both economic
growth and urbanization trigger environmental degradation while hydroelectricity improves the
quality of the environment. The outcome of the ARDL also validated the EKC hypothesis for China.
In addition, the study employed the novel gradual shift causality test to capture causal linkage among
the series. The advantage of the gradual shift causality test is that it can capture gradual or smooth
shifts and does not necessitate previous information of the number, form of structural break(s), or
dates. The outcomes of the causality test revealed causal connections among the series of interest.
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1. Introduction

Climate change has made sustainable development the primary policy aim, with the
objective of reducing greenhouse gas (GHG) emissions [1,2]. China, the globe’s second-
biggest economy, is confronted with several environmental challenges. For instance,
China’s CO2 emissions (CO2) increased by 2.2 percent in 2018, accounting for 27.8 percent
of total CO2 emissions worldwide, and its average growth rate from 2007 to 2017 was 2.5
percent per year [3]. However, China has committed to mitigating CO2 per unit GDP by
60–65 percent by 2030, relative to 2005 levels [4]. That is, China’s economic expansion
must be accompanied by minimal environmental dangers. It is widely known that China
has made substantial economic progress over the last three decades, with China’s GDP
accounting for 14.08 percent of the world’s GDP [5]. Since the 1990s, China’s GDP growth
rates have been regarded as among the fastest on the globe. The rise in living standards
in China pushed the majority of the people to migrate to urban regions (which are more
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energy-intensive than rural regions) in search of a higher quality of life and more work
possibilities, causing the urban population to skyrocket.

In China, for example, the urban population was 16 percent of the overall population
in 1960. By 2019, the urban population accounted for 60% of China’s overall population.
As a result of this economic expansion, China’s energy consumption accounted for 24
percent of the worldwide energy consumption and 34 percent of the world’s energy use
growth in 2018 [3]. Furthermore, between 2014 and 2016, the industrial and construction
sectors absorbed the majority of China’s energy, accounting for 70% of overall energy
consumption [6]. China’s growing energy usage has resulted in much higher levels of air
pollution. China produces more GHGs emissions than does the rest of the industrialized
world combined. China released 27% of the globe’s GHGs emissions in 2019. This sig-
nificant upsurge in CO2 is attributable to an upsurge in fossil fuel utilization for energy
generation, which accounted for about 86 percent of total primary energy use in China in
2020 [7]. As air pollution levels rise in China, the government is making more efforts to
construct initiatives that encourage renewable energy [8]. For example, China has enacted
many measures to facilitate green energy, including the policy processes of 2006 and 2009,
as well as subsidy programs in 2003 and 2010, all of which were aimed at boosting the
utilization of renewable energy in the nation [9].

In China, hydroelectricity is the most prominent renewable energy source. In general,
other renewable energy sources accounted for just 5% of the whole energy mix in 2020,
whereas hydroelectricity accounted for 8% of the overall energy mix in China [7]. Along
with China’s expanding economic activity, the consumption of hydroelectricity, specifically,
and electricity, in general, is growing. Furthermore, China is among the top ten hydro-
electricity producers in the world. This renewable energy source has the potential to help
China reduce CO2 emissions. During the period between 1980 and 2021, the significance
of hydroelectricity in China rose as output levels nearly doubled. As a result, an increase
in the levels of consumption and production of this form of energy might have had a
significant impact on the reduction of environmental pollution. Hydropower can create
energy without releasing greenhouse gases into the atmosphere. It can, nevertheless, result
in environmental and societal risks, including degraded wildlife habitat, deteriorated
water quality, impeded fish movement, and reduced recreational advantages on rivers.
The destruction of forest, wildlife habitat, agricultural land, and beautiful regions occurs
when land is flooded for a hydropower reservoir. The Three Gorges Dam in China, for
example, required the relocation of whole villages to create space for reservoirs. Thus,
though hydropower aids in mitigating CO2, it also destroys ecosystems. Therefore, striking
a balance is essential.

Notwithstanding the well-established studies, scholars have paid little attention to
the influence of hydroelectricity on CO2 emissions in China. Prior research looked at many
pollution factors, such as energy usage and GDP [10–14], urban population [11,15–20],
financial development [21–23], and trade openness [24–28]. Furthermore, because CO2
emissions account for more than 76 percent of GHGs emissions, the majority of researchers
utilized CO2 as an indication of degradation of the environment [19,25,28,29]. The en-
vironmental Kuznets curve (EKC) theory has gained popularity amongst researchers as
a significant instrument for environmental policy. According to the theory, in the early
stages of a nation’s economic development, a rise in GDP growth would produce more
environmental damage until it gets to a point when the connection between GDP growth
and environmental damage is negative. The extant research in China does not sufficiently
address numerous facets of the EKC hypothesis.

Previous research has generally relied on utilization energy (e.g., coal) as a metric for
energy usage. The hydroelectricity usage role in the EKC model has not been investigated
significantly. Considering the renewable energy aggregate without taking into account the
complex nature of its elements can obscure the varying effects of different types of utiliza-
tion of energy and lead to incorrect policy conclusions for each element, particularly for
hydroelectricity, which is distinct from other types of energy and has dissimilar effects on
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emissions in China. Furthermore, structural break problems have not been fully accounted
for in the China model. Overlooking the potential of a structural break in the study might
impair the ability to reject the null hypothesis of non-stationarity [30]. Moreover, the single
break was incorporated into the ARDL approach to capture its effect on CO2 emissions.
Additionally, by enhancing the Toda–Yamamoto technique with a Fourier approximation,
a novel causality approach is provided. This technique may capture gradual or smooth
shifts and does not necessitate previous information of the number, form of structural
break(s), or dates. We intend to add to the growing research by investigating the effects of
hydroelectricity usage on environmental pollution in China.

The next segment presents the literature review in Section 2 and empirical method-
ology in Section 3. Section 4 presents findings and discussion. Section 5 concludes the
empirical analysis.

2. Literature Review

This section of the research is divided into two distinct parts. The theoretical frame-
work is centered on the EKC hypothesis and the empirical review discusses in detail the
studies conducted by prior researchers.

2.1. Theoretical Framework

The framework is based on the EKC hypothesis, which has been frequently used in
empirical research to investigate the impact of socioeconomic variables on environmental
pollution. The scale, composite, and techniques effects of an economic boom can all have
an influence on the degradation of the environment. According to the scale effect, economic
growth first leads to environmental pollution since it demands more resources and energy,
culminating in more waste and pollution [31]. The level of contamination and materi-
als used in the manufacturing process, on the other hand, are influenced by the sectoral
structure of a country. As a consequence, the composition effect predicts that a nations’
structural move from the industrial to the service sector would reduce the negative envi-
ronmental effects of economic development. Lastly, the technique effect demonstrates that
when a nation’s wealth grows, it embraces new and advanced technologies that increase
output whilst reducing pollution [32]. Renewables such as hydroelectricity consumption
are ways of mitigating environmental degradation. As such, it is expected to minimize
the level of environmental degradation. Lastly, urbanization triggers economic growth
that if not sustainable triggers degradation of the environment [33,34]. The number of
people, their activities, and the increasing demands on resources all have an influence on
the physical environment as a result of urbanization. Urbanization has significant health
implications, owing to pollution and overcrowding.

In terms of the predicted signs of the variables’ coefficients, it is commonly assumed
that increased production leads to environmental degradation through increasing utiliza-
tion of resources and energy. Due to unsustainable developmental patterns, the continual
increase in output in developing countries such as the MINT economies poses a serious
danger to the environment. In emerging countries such as China, environmental degrada-
tion worsens as income rises. In addition, GDP is anticipated to lead to increased energy
use. Countries that consume a lot of non-renewable energy have higher economic growth,
which puts more pressure on energy demand. Fossil fuels provide a significant amount
of the energy required for growing economic activity. Increasing the use of fossil fuels in-
creases CO2 emissions. As a result of this assumption, we anticipate that China’s GDP will
have a beneficial influence on CO2 emissions.

(
θ1 = δCO2

δGDP > 0
)

. Economic development,
on the other hand, enhances environmental quality once it reaches a certain point. As a
result of the above logic, GDP2 is anticipated to decrease CO2 emissions

(
θ2 = δCO2

δGDP2 < 0
)

.
Urbanization is anticipated to trigger economic growth, which also leads to an upsurge in
degradation of the environment. Thus, urbanization is anticipated to trigger CO2 emissions
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(
θ3 = δCO2

δURB > 0
)

. Furthermore, hydroelectricity consumption, which is part of renewables,
is predicted to enhance the quality of the environment. Thus, an upsurge in hydroelectricity
consumption is anticipated to mitigate CO2 emissions

(
θ4 = δCO2

δHYDRO < 0
)

.

2.2. Empirical Review

Over the years, several studies have been examined to assess the dynamic association
between CO2 emissions and hydroelectricity use, economic growth, and urbanization.
Nonetheless, their findings are mixed, which is due to the timeframe of the studies, tech-
niques employed, and characteristics of the country or countries of investigation. For in-
stance, the study of Adebayo et al. [18] on the CO2–GDP–EC association in Indonesia
utilizing data between 1965 and 2018 showed that both GDP and utilization of energy
trigger CO2 emissions. Furthermore, the investigators applied a causality test and their
outcome uncovered a one-way causal linkage from GDP and utilization of energy to CO2.
Likewise, in Malaysia, Zhang et al. [17] assessed the urbanization, GDP, and financial
development effect on CO2 by utilizing data from between 1970 and 2018 and applying
wavelet and causality tests. Their empirical outcomes revealed that both urbanization
and GDP caused degradation of the environment, while financial development mitigated
CO2. The study of Awosusi et al. [29] in South Korea on the association between CO2
and globalization, utilization of energy, and energy use using data from 1965 to 2019
showed that globalization and GDP triggers CO2. In China, Soylu et al. [13] assessed the
CO2–GDP–REC association using the novel wavelet coherence and causality approaches.
The outcomes from their study showed that renewable energy use mitigates CO2 while
GDP increases CO2. The causality test outcomes also showed that both REC and GDP can
predict CO2. Furthermore, the study validates the existence of EKC. The study of Orhan
et al. [10] on the connection between CO2 and trade openness, urbanization, and GDP
in India showed that both urbanization and GDP harm the quality of the environment,
while no significant link was fond between CO2 and trade openness. Using China as a
case study and applying the wavelet tools, Kirikkaleli [35] assessed the CO2–urbanization
connection between 1960 and 2018. The outcomes from the wavelet tool showed posi-
tive co-movement between urbanization and CO2. The study of Umar et al. [36] on the
connection between natural resources, CO2, and GDP in China used data from 1980 to
2018. Their outcomes uncovered that GDP and natural resources increased the CO2 level in
China during the period of study. Solarin et al. [30] assessed the connection between CO2,
GDP, and hydroelectricity usage in India and China, utilizing data stretching from 1960
and 2014. The empirical research utilized VECM and granger causality tests to capture
the connection, and their outcomes showed that hydroelectricity use mitigates CO2, while
GDP increases CO2. Furthermore, the study confirmed the EKC hypothesis. Solarin and
Ozturk [37] assessed the dynamics between GDP, CO2, and hydroelectricity use in selected
Latin America countries from 1970–2012. The investigators used panel causality tests and
their outcome showed that GDP and hydroelectricity use triggers CO2 emissions. The
study of Apergis et al. [38] on the hydroelectricity consumption and economic growth
nexus showed that hydroelectricity consumption triggers economic expansion. The study
of Gyamfi et al. [39] on the CO2–hydroelectricity use association showed that an increase
in GDP triggers CO2, while hydroelectricity use mitigates CO2.

3. Empirical Methodology

According to the traditional EKC hypothesis, deterioration of the environment is
proportional to GDP and GDP squared. Over the years, several studies (e.g., [18,30]) have
incorporated utilization of energy as a CO2 emissions determinant. In line with these prior
studies, the present research formulated the model as follow:

CO2t = β1 + β2GDPt + β3GDP2
t + β4URBt + β5 HYDROt + β6BDt + εt (1)
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In Equation (1), CO2 stand for emissions per capita, GDP represents economic growth,
which is measured as GDP per capita (USD Constant 2020), GDP2 is economic growth
squared, HYDRO stands for hydroelectricity consumption, which is measured as hydro
(% electricity), and URB denotes urbanization, which is measured as urban population.
The time trend is denoted by subscript t and BD denotes the dummy variable. The dummy
variable was introduced to capture the structural break in CO2. The structural shift was
selected based on the structural break of CO2 emissions at the level revealed by the Zivot
and Andrew unit root test. The structural break was in the 2002. The shift in this period was
probably due to the pattern of economic transformation that arose during that period in the
country. The break date for CO2 was 2002 in this empirical analysis. The data utilized in
this study stretched from 1985 to 2019 (34 observations). The hydroelectricity consumption
and CO2 data were obtained from the British petroleum database, while urbanization
and GDP data were gathered from the database of World Bank. In line with the studies
of [13,30,40], we added GDP into the model. Moreover, following the studies of [17,29],
we incorporated the URB into the model. Lastly, we introduced HYDRO into the model
following the studies of [11,30,41,42]. The cointegration test may be performed using the
F-test on the lagged levels of the variables [43]. The null and alternative hypotheses are
no cointegration and there is cointegration among the variables. The research utilized the
ARDL bounds test to capture the long-run association between CO2 and the regressors.
The ARDL bounds test is presented in Equation (2).

ΔCO2t = β1 +
k
∑

i=1
β2ΔCO2t−i +

k
∑

i=1
β3ΔGDPt−i +

k
∑

i=1
β4ΔGDP2

t−i

+
k
∑

i=1
β5ΔURBt−i +

k
∑

i=1
β6ΔHYDROt−i + β7CO2t−i + β8GDPt−i

+β9GDP2
t−i + β10URBt−i + β11HYDROt−i + β12BDt + εt

(2)

In Equation (2), the difference operator is depicted by Δ. All of the variables have
already been specified. The study assesses the short-run coefficients after assessing the
long-run connection between the series and determining the coefficients in the long-run:

ΔCO2t = β1 +
k
∑

i=1
β2ΔCO2t−i +

k
∑

i=1
β3ΔGDPt−i +

k
∑

i=1
β4ΔGDP2

t−i

+
k
∑

i=1
β5ΔURBt−i +

k
∑

i=1
β6ΔHYDROt−i + β7ΔBDt + β8ECMt−1

+εt

(3)

The speed of adjustment coefficient is represented by β8. The ECM represents the
error correction term that measures the speed of adjustment of our model to the long-run
equilibrium. The coefficient of ECM must be negative and statically significant.

The present research employed the gradual shift causality test to catch the causal
linkage among the series of investigations. We utilized the Fourier Toda–Yamamoto
causality test developed by [44] to capture structural shifts in Granger causality analysis—-
including gradual and smooth shifts termed the “gradual-shift causality test”. The gradual
shift equations are as follows:

yt = σ(t) + β1yt−1 + . . . + βp+dmaxyt−(p+d) + εt (4)

where, yt stand for CO2, GDP, GDP2, URB, and HYDRO; σ stands for intercept; β stands
for matrices coefficient; the error term is illustrated by ε; and the time function is depicted
by t. To catch the structural shift, the expansion of Fourier was incorporated and depicted
as follow:

σ(t) = σ0 +
n

∑
k=1

γ1k sin
(

2πkt
T

)
+

n

∑
k=1

γ2k cos
(

2πkt
T

)
(5)
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where frequency approximation is depicted by k. The components of the single frequency
are depicted in Equation (6):

σ(t) = σ0 + γ1 sin
(

2πkt
T

)
+ γ2 cos

(
2πkt

T

)
(6)

where γ2k and γ1k are utilized in measuring displacement and frequency amplitude, respec-
tively, and n stands for the frequency. By substituting Equation (6) into (4), the structural
change is thus considered and defines the FY causality with cumulative frequencies (CF).

yt = σ0 + γ1 sin
(

2πkt
T

)
+ γ2 cos

(
2πkt

T

)
+ β1yt−1 + . . . + βp+dyt−(p+d) + εt (7)

Here, the null hypothesis is tested by utilizing the Wald statistic.
Recent research in the Granger causality literature has focused on critical values of

bootstrapping to boost the strength of the test statistic in small sample sizes while also
being robust in the data’s unit root and cointegration features [45,46]. The specification
issue in Equation (5) is to determine how many Fourier frequency and lag lengths there
are. Using information criteria such as Schwarz or Akaikec to find p is a common method.
This method may also be used to solve Equation (5), although with some changes because
it also needs the frequency determination.

4. Results and Discussion

4.1. Findings

We commenced the analyses by presenting a brief description of the series. The present
study utilized the Rader chart (Figure 1) to present the description of the variable. The GDP
has the highest mean value, which is followed by URB, GDP, HYDRO, and CO2. The value
of the skewness shows that all the series of investigations are moderately skewed since
their values are less than 1. Furthermore, URB and GDP are negatively skewed while CO2
and GDP2 are positively skewed. Moreover, the value of the kurtosis showed that all the
series comply with normal distribution since their values are less than 3 (platykurtic). The
value of the Jarque–Bera for all the series showed that all the series conform to normality.

Figure 1. Descriptive statistics.

Furthermore, it was crucial to catch the series order of integration before commencing
additional analysis. Based on this, the present study utilized the Zivot and Andrews (ZA)
stationarity tests initiated by [47]. Though there are several conventional unit root tests
(e.g., ADF, PP, KPSS, and EGLS) used in empirical analysis, this present research did not
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utilize these tests because they would yield misleading outcomes if there was proof of
a structural change in the series [48,49]. The outcomes of the ZA are depicted in Table
1 and they showed that all the series are nonstationary at a level. Nonetheless, after the
series’ first difference is taken, all the series are stationary at first difference. We progressed
to the cointegration test after confirming that the series is of order (1). The bounds test
outcomes are shown in Table 2. The F-statistic (6.76) is greater than the lower and upper
critical values at 1%, 5%, and 10% significance level. This implies that the null hypothesis
of no cointegration is rejected, suggesting proof of long-run association between CO2, GDP,
GDP2, URB, and HYDRO.

Table 1. ZA (intercept and trend).

Level First Difference
t-Statistic Break Date t-Statistic Break Date

CO2 −3.368 1996 −5.700 * 2002
URB −1.752 2004 −6.028 * 2001
GDP −4.217 2009 −5.293 ** 2005
GDP2 −4.192 1995 −5.804 ** 2008

HYDRO −4.032 2012 −5.835 * 2012

Note: * and ** stand for 1% and 5% significance level. BD denote break-date.

Table 2. Bound test.

F-Statistics 6.76 *

Break Date 2002

Cointegration Yes

10% 5% 1%

F-statistics CV 2.204 3.320 2.615 3.891 3.572 5.112

Note: * represents a 1% level of significance.

After determining the presence of a long-run connection in the series, the next phase
was to assess the effects of GDP, GDP2, URB, and HYDRO on CO2 and authenticate the
EKC’s existence. Table 3 shows the short- and long-term effects of GDP, GDP2, URB, and
HYDRO on CO2. The outcomes from the long-run ARDL approach show that (i) GDP
impacts CO2 positively; (ii) URB impacts CO2 emissions positively; (iii) there is a negative
linkage between HYDRO and CO2; (iv) GDP2 impacts CO2 emissions negatively, which
confirms the EKC hypothesis; and (v) there is no significant linkage between BD and CO2
emissions. Additionally, the outcomes of the short-run are comparable to the long-run
outcomes except for the BD, which is the dummy variable, that has a positive impact on
CO2 emissions. The outcome of the ECM (−0.62) is negative and statistically significant,
which confirms that errors from the previous periods can be corrected by the subsequent
periods. The speed of adjustment was found to permit convergence among the variables
in the long run with a negative and significant coefficient of the error correction model
(ECM). The finding that the ECT was 0.62 indicates that there is cointegration among the
variables, and this shows the ability of the model to experience a speed of adjustment at
the rate of 62 percent to ascertain alignment to long-run equilibrium on CO2 emissions due
to the impact of the explanatory variables (urbanization, hydroelectricity consumption,
and economic growth). Moreover, the present study conducted several diagnostic tests,
which are depicted in Table 4. The outcomes showed that there are no heteroscedasticity or
serial correlation in the model. In addition, there was no misspecification revealed by the
RESET test. The outcomes of the CUSUM and CUSUM of Sq in Figure 2a,b uncovered that
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the model was stable at a 5% level of significance. Figure 3 shows the graphical outcomes
of the ARDL long-run outcomes.

Table 3. ARDL long- and short-run outcomes.

Long-Run Outcomes Short-Run Outcomes
Regressors Coefficient T-Statistics p-Value Coefficient T-Statistics p-Value

GDP 10.176 ** 2.2101 0.0411 6.7884 * 3.8516 0.0013
GDP2 −1.5234 *** −2.0772 0.0533 −1.0392 * −3.6959 0.0018
URB 4.9196 * 3.1177 0.0063 4.792 * 6.0073 0.0000

HYDRO −0.1240 *** −1.8521 0.0815 −0.2359 * −4.3852 0.0005
BD 0.0158 1.4209 0.1734 0.2039 *** 1.8096 0.0904

ECMt−1 −0.625* −8.5033 0.0000

Diagnostic Tests

R2 0.99
Adj R2 0.98

χ2 ARCH 0.933 (0.555)
χ2 RESET 0.761 (0.458)

χ2 Normality 0.515 (0.772)
χ2 LM 2.041 (0.174)

Note: 1%, 5%, and 10% levels of significance are illustrated by *, **, and ***, respectively.

Table 4. Gradual shift causality outcomes.

Dependent
Variable

CO2 GDP GDP2 URB HYDRO

CO2 1 20.070 * 18.622 * 7.4364 14.310 **

GDP 16.563 ** 1 15.904 ** 11.040 22.277 *

GDP2 2.8363 16.224 ** 1 14.945 ** 23.781 *

URB 59.597 * 13.566 *** 13.550 ** 1 38.204 *

HYDRO 21.584 * 23.651 * 17.812 ** 8.176028 1

Note: 1%, 5%, and 10% levels of significance are illustrated by *, **, and ***, respectively.

Figure 2. Stability test. (a): CUSUM, (b): CUSUM of Square.
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Figure 3. Graphical outcomes of the ARDL long-run estimation.

After the connection between CO2 and GDP, GDP2, URB, and HYDRO was established;
the present study assessed the causal effect of GDP, GDP2, URB, and HYDRO on CO2 in
China between 1985 and 2019. In doing so, our research introduced a gradual shift causality
test that took into account structural changes. Conventional methods that look for abrupt
changes are ineffective in identifying structural changes that develop gradually. To that
end, we incorporated a Fourier approximation inside Toda and Yamamoto’s (1995) Granger
causality procedure. The Fourier approximation can capture smoothing or gradual changes
without requiring past information of the forms of breaks, dates, or numbers [44,50].
The outcomes of the gradual shift causality test are depicted in Table 4. The outcomes
showed bidirectional causal linkage between HYDRO and GDP; GDP and GDP2, CO2,
and GDP; HYDRO and GDP2; and lastly HYDRO and CO2. Furthermore, there was proof
of unidirectional causal linkage from CO2 to GDP; from URB to GDP; from CO2 to GDP;
and from URB to HYDRO. Figure 4 presents the graphical outcomes of the gradual shift
causality test.

Figure 4. Graphical causality outcomes.
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4.2. Discussions

The outcomes from the study support the EKC hypothesis in China. Furthermore,
the causal connection between income growth and emissions illustrates that GDP (GDP
squared) and CO2 influence each other. Since there is an indication that causation flows
from GDP to CO2, this lends support to the validation of the EKC hypothesis in China. This
outcome validates the studies of [51] for different regions, Murshed et al. [52] for South
Asia nations, Pata and Caglar [53] for China, and Saint Akadırı et al. [54] for BRIC nations.
Nonetheless, this study contradicts the studies of Ozturk and Al-mulali [55] for Cambodia,
Al-mulali et al. [56] for Vietnam, and Govindaraju and Tang [57] for India and China who
were unable to validate the EKC hypothesis.

The GDP–CO2 positive association is braced by the fact that numerous industries in
China consume fossil fuel. In 2020, China’s total primary energy consumption constitutes
coal (58%), petroleum and other liquids (20%), natural gas (8%), hydroelectricity (8%),
other renewable (5%), and nuclear (2%) [7]. The fact that both GDP and CO2 have been
growing concurrently throughout the years adds to the evidence supporting a positive
association between income and emissions. In addition, the rising rate of emissions can be
reduced by increasing the usage of hydroelectricity and, maybe, focusing on less-energy-
intensive industries. This implies that an upsurge in hydroelectricity aids in mitigating
environmental degradation in China. This outcome is consistent with the studies of
Solarin et al. [30], Kivyiro and Arminen [42], Gyamfi et al. [11], and Ridzuan et al. [41] who
established a negative linkage between hydroelectricity and environmental deterioration.

The positive association between urbanization and CO2 signifies that an upsurge in the
urban population triggered degradation of the environment in China. This finding implies
that China’s urbanization contributed to an increase in energy demand fueled by fossil fuel
resources, which in turn increased CO2 emissions. This is not a surprising discovery given
that CO2 emissions originate from these networks (transportation, electrical appliances
demand, and construction of commercial and residential buildings). In the early phases of
urbanization, societies often seek flexibility and comfort by relying on personal vehicles
rather than focusing on a sustainable environment. This outcome complies with the studies
of Zhang et al. [17] for Malaysia, Sakiru et al. [30] for India and China, Awosusi et al. [29] for
South Korea, and Kirikkaleli and Kalmaz [12], Olanrewaju et al. [21], and Rjoub et al. [58]
for Turkey who found positive urbanization and CO2 interconnection. The break in 2002
is related to China’s major economic shift. China has been making strides toward a more
open economy and boosting foreign trade with a number of nations. Many Chinese
households’ quality of life has improved, and the country has experienced promising
economic growth [30]. The majority of the movement in the early 2000s is related to the
pattern of economic transition that emerged in the nation during that time period. The
regulatory and administrative reform of rural–urban migration policies, the tax system,
foreign trade, international trade, and the financial system removed various legally binding
constraints on economic expansion.

The outcomes from the gradual shift causality showed feedback causality between
HYDRO and CO2. Likewise, there is proof of bidirectional causal linkage between GDP and
HYDRO, suggesting that HYDRO and CO2 can predict each other. This outcome complies
with the studies of Govindaraju and Tang [57] for India and China, Tiwari et al. [59], and
Wang et al. [60]; however, it contradicts the outcome of Zhang and Cheng [61]. The findings
of this study come as no surprise, as more usage of hydroelectricity may be related to lower
use of fossil fuels. Hydroelectricity usage constitutes a minor portion of the energy mix,
and there is still space for enhancement. In China, hydroelectricity accounted for 8% of the
energy mix in 2020 [7]. The government of China has implemented programs and initiatives
to promote the nation’s usage of hydroelectricity. The Three Gorges Dam hydropower
plant, the world’s largest hydroelectricity system, is situated in China. It officially opened
in 2003, and construction was finished in 2012 [6]. In 2019, China’s investments in green
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energy stood at USD 83.4 billion, which represents 23% of the worldwide renewable energy
investment. China is now becoming the largest global market for green energy [62].

The fact that China’s metropolitan areas hold the economic key to the nation’s suc-
cess makes these regression outcomes unsurprising. Cities such as Beijing, Hangzhou,
Guangzhou, Shanghai, and Shenzhen are China’s commercial hubs. Since 2001, the urban
populace in China has expanded by more than 200 million, accounting for more than
80% of the country’s GDP [63]. As a result, the importance of urbanization cannot be
overstated. This outcome is not unique for China, since cities and towns worldwide are the
engines of economic success—over 80% of economic activities worldwide are produced in
metropolitan areas.

5. Conclusions

The current research re-assesses the EKC in China and takes into consideration the role
of hydroelectricity consumption and urbanization utilizing data stretching from 1985 to
2019. The research utilized a series of econometric techniques such as unit root, ARDL ap-
proach with a structural break, and gradual shift causality tests to assess these associations.
The outcomes of the bounds test showed a long-run association between the variables
of investigation. Moreover, we utilized the ARDL approach to catch long-run linkage
between CO2 emissions and HYDRO, GDP, GDP2, and URB. The outcomes affirmed the
EKC presence in China. Moreover, HYDRO exerts a negative effect on CO2 with feedback
causality between HYDRO and CO2. With growing hydroelectricity in the energy mix,
the usage of fossil fuels, which accounts for the majority of CO2 emissions, is anticipated
to drop. The policy relevance of these outcomes is that increased hydroelectricity use
is anticipated to reduce emissions. Furthermore, there is a feedback causal linkage be-
tween utilization of hydroelectricity and GDP growth. This suggests that utilization of
hydroelectricity has stimulated economic growth, with economic activity also positively
influencing hydroelectricity consumption. This illustrates that energy plays a significant
role in boosting economic growth, so that reducing energy consumption indiscriminately
may have a negative impact on the nations’ economic growth.

In China, incremental demand for energy, such as hydroelectricity consumption, has
been growing as a result of continuing economic expansion, rising income levels, and
increased availability of products and services. As a result, regulations that decrease the
usage of hydroelectricity will have a negative impact on China’s economic growth. Any
hydroelectricity deficit will also hinder economic progress. Furthermore, a decrease in
output will have a negative impact on the hydroelectricity demand. Shock to one of the
series of interest will be felt in the others, and the feedback flow will keep the chain going.
As a result, China would benefit from expansionary hydroelectricity plans. All of the
remaining series have causal interconnections with urbanization. The one-way causation
from urbanization to emission implies that urbanization is equally to blame for emissions.
Furthermore, the unidirectional causal linkage from urbanization to income implies that
urbanization is a determinant of economic expansion in China. As such, urbanization is a
tool for economic progress. Policymakers who want to boost economic development in the
long term by encouraging urbanization are likely to succeed.

Although the empirical outcome from the present study showed that hydroelectricity
consumption impacts CO2 emissions negatively, which aids in mitigating environmental
degradation, it’s negative environmental and societal risks, including degraded wildlife
habitat, deteriorated water quality, impeded fish movement, and reduced recreational
advantages on rivers, cannot be neglected. Therefore, future studies should investigate
the influence of other renewables (e.g., solar energy, wind energy, geothermal energy, and
biomass energy) on CO2 emissions.

Furthermore, CO2 emissions are viewed as a proxy for environmental damage, but
they are not the sole proxy for the degradation of the environment. In the case of China,
more studies should be conducted to study this linkage by integrating other determinants
of environmental degradation.
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Abstract: This study explores the impact of environmental policies and human development on
the CO2 emissions for the period of 1995–2015 in the Group of Seven and BRICS economies in the
long run through panel cointegration and causality tests. The causality analysis revealed a bilateral
causality between environmental stringency policies and CO2 emissions for Germany, Japan, the
United Kingdom, and the United States of America, and a unilateral causality from CO2 emissions to
the environmental stringency policies for Canada, China, and France. On the other hand, the analysis
showed a bilateral causality between human development and CO2 emissions for Germany, Japan,
the United Kingdom, and the United States of America, and unilateral causality from CO2 emissions
to human development in Brazil, Canada, China, and France. Furthermore, the cointegration analysis
indicated that both environmental stringency policies and human development had a decreasing
impact on the CO2 emissions.

Keywords: environmental stringency policies; human development; CO2 emissions; panel cointegra-
tion and causality analyses

1. Introduction

The environmental problems, together with food security, global health, education,
gender equality, poverty, are some of the most pressing global issues in the world.

Global warming, pollution, ozone and natural resources depletion, habitat and biodi-
versity loss, deforestation, human overpopulation, and waste disposal have been identified
as the main global environmental issues [1,2] that need to be solved on a global scale. All
countries are facing environmental challenges and need to ensure environmental protection,
but there are significant differences from country to country related to strategies adopted
to address all these challenges.

Researchers found a major gap between developed and developing countries in the
ways in which environmental issues are perceived and understood, and the adoption of
concrete strategies and actions for addressing environmental problems [3–5]. The problem of
environmental degradation and protection must be viewed in a more complex and dynamic
way: most developed countries have adopted environmental policies designed to protect
the environment, but at the same time these countries had, and still have, the highest carbon
dioxide emissions per capita [6]. In these circumstances, differentiated responsibilities and
obligations must be imposed for countries based on their level of development.
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New patterns of development based on environmental protection must be found, and
developed nations must lead in finding proper regulations, standards, policies, technologies
that facilitate and encourage the transition to environmentally sustainable economies and
societies. Developing and least developed countries must be helped in their transition
process to sustainable development, since they are confronted with issues such as the
dominance of primary sectors, a significant percent of informal employment [7], a lack
of new technologies, and a lack of knowledge that makes the transition more difficult
compared to developed countries.

In this context, various environmental policies, including legal and market-based
solutions such as property rights, environmental standards, and environmental taxes, have
been developed to combat environmental degradation.

Over the last few decades, environmental policies have gained prominence in both
government’s strategic agendas and non-state actors’ agendas, with such endeavors as
the 2015 Paris Agreement marking ambitious steps in the struggle against greenhouse gas
emissions. The substantial effort to reduce such emissions and to limit global warming
implies complex and often controversial economic, social and even political stakes and
has left a strong imprint on doctrine. The field of international relations has also been
impacted by the tensions between leaders that have been opposed to harsher measures
associated with environmental protection, or even denied climate change and the science
behind it altogether, and those who have developed and implemented strategies, plans,
etc. to respond to different requirements set out by national and even supranational
regulatory frameworks.

In 2005, the G8 leaders agreed on a set of common goals and principles designed to
address climate change, clean energy and sustainable development in Gleneagles, UK. The
result was the Gleneagles Plan of Action, according to which, the G8 countries pledged to
encourage and support the development of more efficient and lower-emitting vehicles [8].
This goal was consistent with previous commitments and joint efforts of G8, as declared
and included in communiqués following summits and high level meetings: undertaking
“domestically the steps necessary to reduce significantly greenhouse gas emissions”, as
pledged in 1998 in Birmingham; promoting “increasing global participation of developing
countries in limiting greenhouse gas emissions”, as decided in 1999 in Cologne; collaborat-
ing with international institutions in order “to encourage and facilitate investment in the
development and use of sustainable energy”, as agreed upon in 2000 in Okinawa [9].

The European Union (EU) has a long-term commitment to combat climate change,
reflected by a range of indicators that have so far been included in two multiannual
agendas, i.e., the Lisbon Strategy and Europe 2020, focusing mainly on the reduction
in greenhouse gas emissions compared to the year of reference, 1990, energy efficiency
and the share of renewable energy in total consumption [10]. The capacity of the EU to
accomplish its climate change goals, albeit hindered (or perhaps unexpectedly aided) by a
series of crises—from financial crises to the coronavirus outbreak—has been proved by the
progress that has been made in the use of two main indicators provided by Europe 2020. In
2019, the EU’s overall greenhouse gas emissions were registered at 24% below 1990 levels,
i.e., exceeding the target set for 2020, amid the reduction in emissions generated by the
transportation sector during the coronavirus pandemic. Renewable energy accounted
for 19.7% of all energy consumed in the EU in 2019, while energy efficiency remains
insufficiently tackled [11]. The EU has decided that 30% of all expenditure from the
2021–2027 multiannual financial framework—amounting to 1.08 billion euros—should be
spent on climate-related goals, the most consistent financial allocation in this regard so
far [12].

The research goal of this study is to evaluate the impact of environmental policies
and human development on the CO2 emissions for the period of 1995–2015 in a sample of
G7 and BRICS economies, the top global CO2 emitters. The UNDP Human Development
Report released in 1990 stipulated that: “The basic objective of development is to create an
enabling environment for people to enjoy long, healthy and creative lives.” [13]. Since the
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Human Development Index is considered the most used proxy for human development in
the related literature [14], we have decided to use this indicator for our analyses.

The human development index is a statistical tool developed by the United Nations in
1990 [13] that assesses countries’ social and economic development based on three key dimen-
sions that have been used in our study to capture the broader view of human development.

We focused our research on this particular sample of countries since developed and
major emerging economies are considered the largest contributors to CO2 emissions [15].
Over the last few decades, countries such as China, the United States, and India significantly
increased their CO2 emissions [16] and we find this trend around the world. Not only the
level of change CO2 in the atmosphere but also the rate at which emissions are changing
are the main concerns [15] that force us to adopt and implement urgent and innovative
measures to reduce emissions. Ecosystems are capable of adapting to different changes
in the environment, but increased emissions from the last few decades does not offer too
much time to adapt.

Urgent measures and actions are still needed on a global scale, but also, studies
that investigate their impact on CO2 emissions are necessary. Since environmental policy
stringency and environmental taxes are considered the main policy instruments for fighting
against environmental degradation [17] and there is a lack of studies on this issue, we
focused our research on the relationship between environmental stringency policies and
CO2 emissions. Additionally, we considered it appropriate to focus attention on human
development based on the fact that usually, countries’ level of development influence the
demand for products and services that in turn will influence the CO2 emissions. It could
be possible for developed countries to invest more in efficient technologies and products
so they can decouple output from greenhouse gas emission, but still, more research is
necessary to investigate this trend. In this context, we intend to make a contribution to the
existing literature in two ways: firstly, the study will be one of the first studies exploring
the interaction among environmental policy, human development, and CO2 emissions for
G7 and BRICS economies, and secondly, we will use econometric tests with cross-sectional
dependence that will lead us to obtain relatively more robust results. In this context, the
relevant literature is summarized in the forthcoming section, and then the dataset and
method are briefly explained in Section 3. The empirical analysis is conducted in the fourth
part of the research, and the paper ends with the Conclusions section.

2. Literature Review

The effectiveness of environmental policy on CO2 emissions has been explored by
a limited number of scholars and the general consensus was that environmental policy
stringency index developed by OECD [18] can act as a good proxy of environmental pol-
icy. Botta and Kózluk [19] claimed that the Environmental Policy Stringency indicators
should be considered “a first tangible effort to measure environmental policy stringency
internationally over a relatively long-time horizon”, even though they represent a sim-
plification of the multifaceted and multidimensional approach of environmental policies.
However, as explained by Wolde-Rufael and Mulat-Weldemeskel [17], despite the fact
that environmental tax and environmental policy stringency have become pivotal policy
instruments against environmental degradation, there is still a research gap with respect to
their combined effectiveness in mitigating emissions especially for emerging economies.

Using data from 1990 to 2012, Ahmed and Ahmed [20] estimated CO2, emissions in
China until 2022 and found that stringent environmental policies can contribute to emis-
sions reduction. Based on a recent analysis of 20 OECD countries, Ahmed [21] determined
that environmental regulations promote green innovations in the countries examined.
Moreover, stringent environmental policies supplemented by environmentally friendly
innovations can act as a catalyst for sustainable development. The study of Wang et al. [22],
conducted on a panel of 23 OECD countries during 1990–2015, pointed out that environ-
mental policy stringency has a negative impact on CO2, NOx, and SOx emissions, and a
weak impact on PM2.5 emissions and PM2.5 exposure. The results can be explained by
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the fact that we have multiple sources of PM2.5 emissions and environmental policies are
difficult to be implemented; also, the process of environmental policy stringency composite
index construction does not focus attention on PM2.5 limits or restrictions. The empirical
results of this study confirm the role of environmental policy stringency and also noted
several shortcomings.

Wolde-Rufael and Mulat-Weldemeskel [23] explored the effect of environmental pol-
icy stringency on CO2 emissions in Brazil, Russia, India, Indonesia, China, Turkey and
South Africa over the 1993–2014 period through panel pooled mean group autoregressive
distributive lag estimator and discovered an inverted U-shaped interaction between CO2
emissions and environmental policy stringency. Same authors [17] analyzed the effect of
environmental policy stringency and environmental tax on CO2 emissions in seven emerg-
ing countries over the 1994–2015 duration through an augmented mean group estimator
and discovered a U-shaped interaction between environmental policy stringency and CO2
emissions and unilateral causality from the environmental policy stringency index and total
environmental tax to CO2 emissions. Furthermore, they found that total environmental tax
and energy taxes negatively affected the CO2 emissions, but no significant causality was
discovered among energy and CO2 taxes and CO2 emissions.

Many studies emphasize the impact of environmental and energy policy on important
economic outcomes, such as innovation, productivity and energy efficiency. Albrizio et al. [24]
noted that stringency has exhibited an increasing trend in OECD countries over the last
two decades. However, stricter environmental policies do not have a significant effect on
aggregate productivity, as they have only short-term impacts. The most technologically
advanced industries and firms have met with a small increase in productivity, as they are
more likely to adapt, while the productivity of the least productive firms has dropped. The
erection of barriers to entry and competition, as well as the preoccupation for the economic
effects of environmental policies, vary markedly across the countries analyzed, but this
variation is found not to be connected to the stringency of environmental policies. Therefore,
in order to yield positive economic and environmental results, stringent environmental
policies should be accompanied by as few barriers to entry and competition as possible.

The Porter hypothesis suggests that more stringent environmental policies can foster
innovation and productivity [25]. Using a group of OECD countries, Albrizio et al. [26]
analyzed the impact of changes in environmental policy stringency on productivity growth
at industry and firm level and revealed different results based on the level of countries’
technological development. They pointed out that in the most technologically advanced
countries, a more rigid environmental policy leads to a short-term increase in industry
level productivity, and also, they suggested that the most productive firms have been
confronted with a temporary increase in productivity, whilst the less productive ones
experienced a productivity growth decline. The study conducted by de Vries and With-
agen [27] focused on the relation between environmental policy stringency and sulfur
dioxide abatement, used as a proxy for innovation. Three different models of environ-
mental stringency had been analyzed, and only one of them revealed a positive impact
of environmental stringency on innovation. In the field of agriculture, Kara et al. [28]
analyzed how federal environmental regulations influence agricultural production in the
US, and found that stringent environmental regulations may increase the likelihood of
adopting certain conservation practices.

Bieth [29] analyzed the impact of economic growth and human development on
CO2 emissions in six ASEAN economies over the 2007-208 duration through regression
analysis and revealed a significant impact of economic growth and human development
on CO2 emissions.

The relationship between economic development and CO2 emissions has been analyzed
in the context of Environmental Kuznets Curve validity, and reached different findings
depending on the country and the method employed in the analyses. However, the studies
have generally employed real GDP per capita for economic development [30–33]. Our
research attempts to fill the gap that still exists related to the use of more complex and
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reliable measures of economic development by using the human development index to
proxy the economic development.

3. Data and Method

In our study, the impact of stringency policies and human development on CO2
emissions was analyzed in G7 and BRICS economies over the 1995–2015 period through
panel cointegration and causality analyses.

In the econometric model, CO2 emissions were represented by CO2 emissions in terms
of metric tons per capita and environmental policy was represented by the environmen-
tal policy stringency index provided by the OECD, ranging from 0 (not stringent) to 6
(highest stringency degree) [18] and the stringency shows the degree of environmental
policies putting the price on polluting or environmentally harmful behavior (see Botta
and Koźluk [19] for detailed information about index construction.). Lastly, human de-
velopment was proxied by the human development index of UNCTAD [34]. The index is
calculated as a geometric mean of normalized indices of life expectancy, education, and
gross national income [34]. The logarithmic forms of the series were used in the analyses
and the data sources, and their symbols are displayed in Table 1.

Table 1. Data description.

Variables Description Definition Data Sources

CO
CO2 emissions
(metric tons per

capita)

“The total amount of carbon dioxide
emitted by the country as a consequence of
all relevant human (production and
consumption) activities, divided by the
population of the country” [6].

World Bank [6]

EPS
Environmental

policy stringency
index

“A country-specific and
internationally-comparable measure of
the stringency of environmental policy.
Stringency is defined as
the degree to which environmental policies
put an explicit or
implicit price on polluting or
environmentally harmful
behaviour” [18].

OECD [18]

HDI
Human

development
index

A statistical tool developed by the United
Nations in 1990 that assesses countries’
social and economic development based on
three key dimensions: a long and healthy
life, access to education, and a decent
standard of living. Life expectancy index,
education index and gross national income
(GNI) are taken into consideration to
calculate HDI [13].

UNCTAD [35]

Source: own processing.

The sample of the study consists of G7 nations (Canada, France, Germany, Italy, Japan,
the United Kingdom, and the United States) and BRICS economies (Brazil, China, India,
Russian Federation, and South Africa). All the series were annual, and the study period
was from 1995–2015, because the environmental policy stringency index ended in 2015.
The Stata 14.0, Gauss 10.0 and Eviews 10.0 were employed in the econometric analyses and
the dataset summary characteristics are shown in Table 2. The mean of CO, EPS, and HDI
series were, respectively, 8.63, 1.55, and 0.78 in the sample, but especially CO2 emissions
showed considerable variations among the countries. Descriptive statistics for variables
included in our study, classified by country, is presented in Appendix A.
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Table 2. Summary statistics of the dataset.

Characteristic CO EPS HDI

Mean 8.634120 1.554643 0.788385
Median 8.768835 1.300000 0.851000

Maximum 20.17875 3.850000 0.938000
Minimum 0.841937 0.330000 0.461000
Std. Dev. 5.031014 1.042403 0.125613
Skewness 0.460112 0.629946 −0.813656
Kurtosis 2.678022 2.073179 2.446227

Source: own processing.

In the econometric part of the research, the tests of cross-sectional dependency and
homogeneity were firstly conducted to decide which tests to employ for unit root, coin-
tegration and causality analyses. Then, the Pesaran [36] CIPS unit root test, Westerlund
and Edgerton [37] LM bootstrap panel cointegration test and Konya [37] bootstrap panel
Granger causality test were conducted considering the existence of cross-sectional depen-
dency and heterogeneity.

The Westerlund and Edgerton [37] LM bootstrap panel cointegration test considers the
cross-sectional dependency among the series and yields effective results for small sample
sizes and it also allows autocorrelation and heteroscedasticity in cointegrating equation.
On the other hand, the Konya [38] bootstrap panel Granger causality test takes notice
of both cross-sectional dependency and heterogeneity. The test is relied on Seemingly
Unrelated Regressions (SUR) estimation, which yields more efficient results in the case
of cross-sectional dependency among the series. The causality direction is investigated
by Wald tests with bootstrap critical values. Furthermore, the test does not dictate any
pretests [38].

4. Empirical Analysis

In the applied part of the research, first the cross-sectional dependence among the
series was checked by employing tests of Pesaran et al. [39] LMadj., the Pesaran [40] LM
CD, and the Breusch and Pagan [41] LM, and the findings are displayed in Table 3. The
null hypothesis of cross-sectional independency was declined at 1% significance level and
in turn, cross-sectional dependency among the series was reached.

Table 3. Results of cross-sectional dependency tests.

Test Test Statistic Probability Value

LM adj 36.902 0.000
LM CD 34.771 0.000

LM 45.786 0.005
Note: H0: There is cross-sectional independency; H1: there is cross-sectional dependence. Source: own processing.

The homogeneity of the cointegration coefficients was checked through delta tilde
tests of Pesaran and Yamagata [42], and the findings are displayed in Table 4. The null
hypothesis of homogeneity was declined at 1% significance level and the cointegration
coefficients were found to be heterogeneous.

Table 4. Results of homogeneity tests.

Test Test Statistic Probability Value

Delta tilde 27.413 0.000
Adjusted delta tilde 29.502 0.000

Note: H0: Slope coefficients are homogeneous; H1: slope coefficients are heterogeneous. Source: own processing.

The unit root existence at the series were analyzed by the Pesaran [36] CIPS unit root
test, and the findings are displayed in Table 5, and three series were found to be I(1).
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Table 5. Pesaran (2007) CIPS unit root test.

Variables
Level First Differences

Constant Constant + Trend Constant Constant + Trend

CO −1.173 −1.215 −7.662 * −8.035 *
EPS −1.564 −1.739 −9.716 * −9.994 *
HDI −1.209 −1.296 −8.270 * −8.619 *

Source: own processing. Note: * it is significant at 1% significance level.

The cointegrating relationship among environmental stringency policies, human
development and CO2 emissions were examined through the Westerlund and Edgerton [37]
LM bootstrap cointegration test, and the findings are displayed in Table 6. Furthermore,
the critical values were provided with 10,000 simulations and lag and lead values were
taken as 2. Asymptotic probability values were derived from standard normal distribution.
Therefore, bootstrap P values are considered in the case of cross-sectional existence. The
null hypothesis suggesting the existence of significant cointegration relationship among
the series were accepted, because the bootstrap p value was found to be higher than 10%.

Table 6. Pesaran (2007) CIPS unit root test.

LM+
N

Constant Constant and Trend

Test
Statistic

Asymptotic
p Value

Bootstrap
p Value

Test
Statistic

Asymptotic
p Value

Bootstrap
p Value

8.361 0.344 0.398 9.557 0.369 0.412
Source: own processing.

The cointegrating coefficients were estimated through FMOLS (Fully Modified Ordi-
nary Least Squares), and the findings are reported in Table 7. The results revealed that both
EPS and HDI had a significant decreasing effect on the CO2 emissions, but the decreasing
impact of HDI on the CO2 emissions was relatively higher when compared with the impact
of EPS. The EPS and HDI had the largest decreasing impact on the CO2 emissions in the
United States of America, but EPS and HDI, relatively, had the least decreasing impact on
the CO2 emissions in India and China.

Table 7. Cointegration coefficients.

Countries LnEPS LnHDI

Brazil −0.073 * −0.147 *
Canada −0.113 * −0.165 *
China −0.075 * −0.107 *
France −0.094 * −0.135 *

Germany −0.116 * 0.128 *
India −0.054 * −0.113 *
Italy −0.103 * −0.124 *

Japan −0.119 * −0.169 *
Russia −0.101 * −0.120 *

South Africa −0.106 * −0.119 *
United Kingdom −0.121 * −0.171 *

United States of America −0.123 * −0.175
Panel −0.103 * −0.142 *

Source: own processing. Note: * it is significant at 5% significance level.

The causality among environmental stringency policies, human development, and
CO2 emissions was checked through the Kónya [38] bootstrap panel Granger causality
test given the presence of heterogeneity and cross-sectional dependency, and the findings
are reported in Tables 8 and 9. First, the causality between CO2 emissions (CO) and
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environmental stringency policies (EPS) was checked, and the findings are reported in
Table 8. The findings revealed a bilateral causality between CO and EPS for Germany,
Japan, the United Kingdom, and the United States of America and a unilateral causality
from CO to the EPS for Canada, China, and France.

Table 8. Bootstrap Granger causality test between lnCO and lnEPS.

Countries

lnCO Does Not Granger Cause lnEPS lnEPS Does Not Granger Cause lnCO

Wald
Statistics

Bootstrap Critical Value Wald
Statistics

Bootstrap Critical Values

10% 5% 1% 10% 5% 1%

Brazil 37.45 55.24 58.11 61.70 27.45 44.67 46.02 49.36
Canada 78.13 *** 48.14 53.89 55.04 36.19 51.22 54.78 56.09
China 66.59 *** 54.19 58.21 60.88 31.27 48.44 50.19 51.38
France 64.23 *** 46.33 48.47 49.05 40.32 45.73 46.88 48.56
Germany 73.56 *** 50.13 54.66 57.29 69.44 ** 68.15 71.36 73.07
India 31.86 48.16 51.45 54.14 39.86 53.86 54.21 56.99
Italy 43.58 52.41 56.78 59.39 37.07 45.38 46.22 47.03
Japan 79.21 *** 55.37 58.19 60.77 75.15 ** 73.49 74.99 76.17
Russia 32.17 46.89 47.22 49.25 29.56 40.75 41.58 43.56
South Africa 44.12 61.23 64.89 65.57 31.47 44.86 45.73 48.19
United
Kingdom 68.33 ** 65.34 69.14 70.88 69.26 ** 65.37 68.43 70.83

United States
of America 73.89 *** 64.37 66.31 68.11 63.87 ** 64.48 66.39 67.85

Source: own processing. Note: *** and ** respectively, indicate that it is significant at 1%, 5%, and 10% significance levels.

Table 9. Bootstrap Granger causality test between lnCO and lnHDI.

Countries

lnCO Does Not Granger Cause lnHDI lnHDI Does Not Granger Cause lnCO

Wald
Statistics

Bootstrap Critical Value (%) Wald
Statistics

Bootstrap Critical Value
10% 5% 1% 10% 5% 1%

Brazil 93.67 *** 67.89 71.45 78.23 46.34 56.78 61.13 64.87
Canada 92.49 *** 56.21 63.55 70.88 24.16 66.28 73.11 75.9
China 79.31 *** 60.47 66.23 69.16 19.85 34.27 40.19 42.52
France 55.73 * 47.24 56.89 60.32 36.82 40.25 38.48 41.19
Germany 73.56 * 68.36 71.44 75.98 61.14 *** 39.26 42.53 45.01
India 22.79 42.79 47.21 49.05 31.88 40.17 44.68 46.17
Italy 62.35 ** 54.99 63.67 66.24 33.64 51.59 67.94 69.22
Japan 75.21 *** 46.91 49.16 53.48 77.03 *** 59.68 62.6 64.47
Russia 29.18 48.25 51.18 55.09 36.42 70.14 77.46 79.07
South Africa 34.59 54.64 58.02 61.18 25.18 43.53 48.13 49.44
United
Kingdom 73.18 *** 49.23 54.43 58.73 64.85 *** 54.96 53.07 59.21

United States
of America 69.15 *** 46.18 49.36 52.77 60.92 ** 60.89 62.68 65.15

Source: own processing. Note: ***, **, *, respectively, indicate that it is significant at 1%, 5%, and 10% significance levels.

Then, the causality between human development (HDI), and CO2 emissions (CO) was
checked through the Kónya [38] bootstrap panel Granger causality test, and the findings in
Table 9 revealed a bilateral causality between CO and HDI in countries such as Germany,
Japan, the United Kingdom, and the United States of America and a unilateral causality
from CO to the HDI for Brazil, Canada, China, and France.

5. Conclusions

The 2015 Paris Agreement represented a milestone for the struggle against greenhouse
gas emissions. According to the G8 countries’ joint declarations, efforts are consistently
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taken in order to significantly reduce greenhouse gas emissions and to support sustainable
energy and human development. However, as most scholars indicate, there is still a gap
between political decisions, on the one hand, and the position of different researchers and
analysts regarding the need to further and intensify environmental stringency policies, on
the other hand.

The study focuses on the following research questions: do environmental stringency
policies and human development reduce CO2 emissions? What does causality analysis
indicate about the G7 and BRICS economies, namely Canada, France, Germany, Italy, Japan,
the United Kingdom, and the United States of America, Brazil, China, India, Russian
Federation, and South Africa?

In order to tackle these interrogations, the cointegrating relationship among en-
vironmental stringency policies, human development and CO2 emissions were exam-
ined through the Westerlund and Edgerton [37] LM bootstrap cointegration test and the
Kónya [38] bootstrap panel Granger causality test given the presence of heterogeneity and
cross-sectional dependency. The causality analysis disclosed a bilateral causality between
environmental stringency policies and CO2 emissions for Germany, Japan, the United
Kingdom, and the United States of America and a unilateral causality from CO2 emissions
to the environmental stringency policies for Canada, China, and France. Therefore, the
causality analysis revealed that environmental stringency policy was found to be effective,
especially in the developed countries, in the short run. Moreover, a bilateral causality
between human development and CO2 emissions was discovered for Germany, Japan, the
United Kingdom, and the United States of America, and unilateral causality from CO2
emissions to human development was discovered for Brazil, Canada, China, and France.

As we already mentioned in the previous sections, the studies focused on the causal
link between CO2 emissions and HDI have not reached a clear consensus regarding the
causality between two variables, and this can be resulted from different variables, methods,
time periods or countries with different characteristics. However, the feedback link between
CO2 emissions and human development indicates a mutual interaction between two
variables, especially in the leading developing countries in the short run, but a unilateral
causality from CO2 emissions to human development indicates that CO2 emissions have
significant effect on human development.

Furthermore, the cointegration analysis revealed that both environmental stringency
policies and human development were effective in decreasing CO2 emissions in the long
run. However, both human development and environmental stringency policies were more
effective in decreasing the CO2 emissions, especially in the developed economies such as
the United States of America, Canada, Japan, and the United Kingdom. Therefore, we
conclude that the effect of human development and environmental stringency policies on
the CO2 emissions raise in parallel with development level.

Our findings indicated that environmental stringency policies and human develop-
ment are important for environmental sustainability. However, environmental stringency
policies can negatively affect economic growth and employment through raising the costs
at the beginning. However, the countries offset the negative economic effects of envi-
ronmental stringency policies through innovation, considering the Porter hypothesis and
empirical findings over time. On the other hand, improvements in human development
also are effective for environment sustainability.

Consequently, there are no uniform environment policies with which the countries can
achieve their environment targets. Therefore, countries should design an environmental
policy mix considering their country-specific characteristics. Future studies should explore
the environmental policies at country level by conducting comparative research in different
categories of countries (developed, emerging, least developed, OECD, EU countries, etc.).
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Appendix A

Table A1. Descriptive statistics for analyzed countries.

Country Characteristic CO EPS HDI

Brazil

Mean 1.9963 0.4414 0.7042
Median 1.876441 0.420000 0.700000
Maximum 2.631290 0.630000 0.756000
Minimum 1.594542 0.380000 0.651000
Std. Dev. 0.281403 0.069013 0.031227
Skewness 0.983730 1.594038 0.121792
Kurtosis 2.827510 4.354830 2.148359

Canada

Mean 16.42349 2.138500 0.889150
Median 16.67965 1.875000 0.895000
Maximum 17.56134 3.850000 0.921000
Minimum 14.79888 0.460000 0.861000
Std. Dev. 0.951222 1.260419 0.019329
Skewness −0.402700 −0.014637 −0.071062
Kurtosis 1.672255 1.275895 1.775377

China

Mean 4.834477 1.019500 0.647200
Median 4.751746 0.830000 0.646500
Maximum 7.557211 2.160000 0.739000
Minimum 2.648649 0.520000 0.554000
Std. Dev. 1.926844 0.582955 0.060970
Skewness 0.228806 1.064472 −0.003893
Kurtosis 1.494350 2.611028 1.623914

France

Mean 5.679318 2.480500 0.866250
Median 5.884539 2.785000 0.869000
Maximum 6.280954 3.700000 0.895000
Minimum 4.550000 1.150000 0.837000
Std. Dev. 0.548513 1.001790 0.018038
Skewness −0.834628 −0.113231 0.014689
Kurtosis 2.454713 1.301456 1.724320

Germany

Mean 9.714977 2.621500 0.903850
Median 9.780996 2.670000 0.913000
Maximum 10.86023 3.140000 0.938000
Minimum 8.797642 1.850000 0.846000
Std. Dev. 0.590215 0.473834 0.030465
Skewness 0.102840 −0.443551 −0.589654
Kurtosis 2.052530 1.613958 1.990459

India

Mean 1.213358 0.832500 0.541700
Median 1.091958 0.630000 0.541000
Maximum 1.784334 1.820000 0.624000
Minimum 0.898163 0.460000 0.468000
Std. Dev. 0.295116 0.398641 0.049592
Skewness 0.613705 0.938410 0.106093
Kurtosis 1.937756 2.736987 1.739943
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Table A1. Cont.

Country Characteristic CO EPS HDI

Italy

Mean 7.256863 2.198000 0.859600
Median 7.668207 2.280000 0.867500
Maximum 8.216487 3.280000 0.883000
Minimum 5.140000 1.350000 0.814000
Std. Dev. 0.981292 0.719778 0.022892
Skewness −1.025494 0.115076 −0.654713
Kurtosis 2.748522 1.389011 2.044067

Japan

Mean 9.485325 2.001500 0.875600
Median 9.547599 1.680000 0.877000
Maximum 9.880903 3.500000 0.908000
Minimum 8.632100 1.330000 0.847000
Std. Dev. 0.289335 0.711701 0.019422
Skewness −1.305026 1.032466 0.104473
Kurtosis 4.822582 2.437024 1.877646

Russian
Federation

Mean 11.31108 0.616000 0.755750
Median 11.18706 0.600000 0.756500
Maximum 12.62027 0.920000 0.809000
Minimum 10.12729 0.330000 0.703000
Std. Dev. 0.723075 0.134962 0.036007
Skewness 0.084680 0.553416 −0.046385
Kurtosis 1.894299 3.630978 1.711029

South Africa

Mean 8.877895 0.695000 0.646700
Median 8.751202 0.500000 0.643000
Maximum 9.979458 1.750000 0.701000
Minimum 7.727642 0.400000 0.611000
Std. Dev. 0.575199 0.430037 0.026492
Skewness 0.276880 1.776961 0.604032
Kurtosis 2.732339 4.541542 2.290577

United Kingdom

Mean 8.332668 2.141500 0.891950
Median 8.901417 2.090000 0.896500
Maximum 9.480231 3.830000 0.925000
Minimum 6.220240 0.810000 0.851000
Std. Dev. 1.007337 1.146906 0.021982
Skewness −0.821794 0.217461 −0.295253
Kurtosis 2.259445 1.569621 2.108925

United States of
America

Mean 18.49938 1.896500 0.902600
Median 19.35696 1.715000 0.901500
Maximum 20.17875 3.170000 0.921000
Minimum 15.98987 1.050000 0.884000
Std. Dev. 1.467676 0.764339 0.013520
Skewness −0.621797 0.194185 0.080692
Kurtosis 1.684749 1.329994 1.428619

Source: own processing.
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Abstract: Predicting the crucial effect of single metal pollutants against the aquatic ecosystem has
been highly debatable for decades. However, dealing with complex metal mixtures management in
toxicological studies creates a challenge, as heavy metals may evoke greater toxicity on interactions
with other constituents rather than individually low acting concentrations. Moreover, the toxicity
mechanisms are different between short term and long term exposure of the metal toxicant. In
this study, acute and chronic toxicity based on luminescence inhibition assay using newly isolated
Photobacterium sp.NAA-MIE as the indicator are presented. Photobacterium sp.NAA-MIE was exposed
to the mixture at a predetermined ratio of 1:1. TU (Toxicity Unit) and MTI (Mixture Toxic Index)
approach presented the mixture toxicity of Hg2+ + Ag+, Hg2+ + Cu2+, Ag+ + Cu2+, Hg2+ + Ag+ +
Cu2+, and Cd2+ + Cu2+ showed antagonistic effect over acute and chronic test. Binary mixture of Cu2+

+ Zn2+ was observed to show additive effect at acute test and antagonistic effect at chronic test while
mixture of Ni2+ + Zn2+ showing antagonistic effect during acute test and synergistic effect during
chronic test. Thus, the strain is suitable and their use as bioassay to predict the risk assessment of
heavy metal under acute toxicity without abandoning the advantage of chronic toxicity extrapolation.

Keywords: toxicity assessment; luminescent bacteria; acute and chronic toxicity

1. Introduction

The victory of urbanization, the agricultural and pharmaceutical industries, and
other economic developments make important contributions to our health and high living
standard. Nevertheless, their application is often correlated with persistent problems of
heavy metals in solid and liquid wastes and contributes to the pollution of the environ-
ment [1,2]. Bioaccumulation properties of metals can drive high biotic tissue concentrations
in consumers, predominantly through food webs even less than the range of acute toxic
concentrations [3,4]. Globally, improper management of municipal solid waste incineration
and sewage is giving rise to mercury (Hg) increasing from 0.5 to 9.0 μg/L in the aquatic
environment of China [5–7]. In other cases, Cu and As contaminated areas of the Rhône
River (France) are constantly increasing due to mining activities and pesticides in organic
agriculture [8,9]. In Malaysia itself, as an important international port, in three subsidiary
ports in Port Klang, concentrations of metals As, Cd and Pb were comparatively higher
than the background values in the coastal sediment [10].

Unfortunately, the analysis of the total amount of heavy metals is unable to represent
the full environmental behaviors and ecological effects of heavy metals [11]. Numerous
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studies deal with risk effects of single metal types, while in reality the aquatic organisms
are often exposed to mixtures of metals [12,13]. Thus, the effects of co-existing multiple
chemicals cannot be ignored and interactions of components in a mixture might cause sig-
nificant changes in the properties of its constituents [14]. Indeed, organisms are susceptible
to multiple mixtures of metals in ecosystems, which may have antagonistic, synergistic
or additive effects, and complex formations may critically lead to an imbalanced ecosys-
tem [15,16]. In the event two or more chemicals are found concurrently in organisms, the
joint effect may bring in the addition of the toxic effect of one chemical to the other, known
as additive interaction. Furthermore, antagonistic interaction occurs if the toxic effects
created by the mixture are lower than the sum of the toxic effects of the individual elements,
and vice versa, synergistic interaction takes place if toxic effects of metal present in the
mixture go beyond the total effects of the individual components [17,18].

In current regulatory approaches, bioassays evaluate the physiological or behavioral
changes exhibited by living organisms attributed to metabolic disruption caused by toxic
compounds [19,20]. Existing standard toxicity tests both on prokaryotic and eukaryotic
species, such as algae, fish and daphnid, are expensive; these tests give slow responses
and entail a long life cycle to reproducibility [21,22]. Taken for example, Nwanyanwu and
co-workers studied the toxicity of a binary mixture of Zn and Cd based on the inhibition
of dehydrogenase activity of three bacteria consortium. However, the time taken for the
toxicant to react with these bacteria was 24 h [15].

In this regard, it is mandatory to determine the interactive effects of the mixtures of
pollutant on environmental microbial associated mixtures of pollutants with the demand of
an ecotoxicity test that is cost-effective, rapid response (5 min–30 min), sensitive and reliable.
Bioluminescence inhibition assay promises further advantage of easy use, low cost and
high reproducibility based on reduction of the light output emitted by naturally luminous
bacteria such as Vibrio fischeri and Photobacterium phosphoreum in the presence of toxicants
due to the inhibition of enzyme luciferase [19,23,24]. This bioassay has been accepted
as a quick method for chemical toxicity assessment and commercialized as Microtox®

(Azur Environmental, California, USA), BioTox™ (Aboatox, Masku, Finland), ToxAlert®

(Merck, Darmstadt, Germany) test for ecotoxicological monitoring and chemical testing
of wastewater effluents, sediment extracts and contaminated groundwater [19,25]. Even
so, this system needs to maintain optimum assay temperatures, which range from 15 to
25 ◦C. Therefore, the system is not practical in order to conduct an assay in a tropical
country like Malaysia, which displays a broad variation of regular temperatures up to
34 ◦C in the mid-day [26]. A slight change out of this range of temperature could extremely
affect the luminescence activity [24]. Besides, the system would depend on a refrigerated
water bath to operate, which is not constructive, expensive and difficult to maintain, and
instrument-dependent for field applications in the tropical regions [27]. Hence, a cost-
effective bioluminescence inhibition assay using local isolate without the application of
expensive luminometer and instruments, and, a higher sensitivity towards heavy metals is
urgently needed in tropical regions.

At the moment, bioluminescence inhibition assay has been widely used to test acute
toxicities of metals. Based on previous studies, Vibrio fischeri bioluminescence inhibi-
tion bioassay (VFBIA) only provides information about the overall acute metal toxic-
ity [11,17,19]. Direct assessment of the potential chronic effects of metals by applying
naturally bioluminescence species is currently lacking. Blasco and Del [28] and Wang
et al., [29] recommended that chronic tests could be more applicable to signify a threat
to public health. It can be argued that feedback at the chronic joint may be more crucial,
because of the occurrence of compounds in the environment for an extended period of
time. Thus, it is necessary to study these chronic joint effects. In the prior work, lumines-
cence activity of luminescent bacterium identified as Photobacterium sp.NAA-MIE isolated
from local marine fish Selar crumenophthalmus has exhibited temperature and pH stable
in the tropical environment and sensitive towards heavy metals [30]. In this study, acute
and chronic metal toxicity for mixture of heavy metals were conducted using this strain
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without the application of expensive instrumentation. The toxicity results of Photobacterium
sp.NAA-MIE will be helpful in the future for assessing the individual and joint toxicity
during the treatment of industrial wastewater.

2. Materials and Methods

The steps of the experimental procedure are summarized in Figure 1.

Preparation of 
luminescence 

media

Preparation of 
minimal salt 

media (MSM)

Cultivation of 
Photobacterium sp. strain 

NAA-MIE

Preparation of 
metal ion stock 

solutions

Effect of 
individual and 
mixture metal 

ions on 
luminescent 

production in 
acute and 

chronic toxicity 

IC50 studies
Mathematical Modeling for 
resultant interactions of the 
compound in the mixture 

Figure 1. Steps in the experimental procedure for the determination of interaction existing between compounds in acute
and chronic toxicity of Photobacterium sp.NAA-MIE against 6 heavy metal.

2.1. Preparation of Bacterial Culture and Media for Toxicity Assay

Luminescent bacterium Photobacterium sp.NAA-MIE newly isolated from local marine
fish Selar crumenophthalmus [28] was used in this study. 1.0% (v/v) of bacterial culture
(OD600 = 0.7–0.8) was inoculated into luminescence broth medium by dissolving 10 g of
NaCl, 10 g of peptone, 3 mL of glycerol and 3 g of yeast in 1 L of distilled water [20] and
grown at room temperature for 12 h on rotary shaker (100 rpm).The culture was then
harvested by centrifugation (10,000× g, 10 min) and the pellet was diluted using 1 L of
minimal salt media (MSM) (12.8 g of Na2HPO4 7H2O, 3.1 g of KH2PO4, 17 g of NaCl,
1 g NH4Cl, 0.5 g MgSO4, and 3 mL glycerol) as substitute media for toxicity assay. The
luminescence and sensitivity bioassay can be limited by a high density of the bacterial
culture. To overcome this, the culture was further diluted 1000 times until the emission
was within the range of 40,000 to 90,000 RLU before assaying [22,31,32].

2.2. Preparation of Heavy Metal Solutions

For individual metal toxicity test seven heavy metals were used: Hg2+, Cu2+, Ag+,
Pb2+, Cd2+, Ni2+ and Zn2+. Standard procedure was adopted to prepare metal stock
solutions ranging over (0.5, 1, 10, 100 and 1000 ppm or mg/L) by dissolving the AAS grade
metal in deionized water. The solutions were freshly prepared [13]. Ten concentrations of the
tested metals were prepared from stock solutions to carry out a preliminary experiment in
triplicate to determine the suitable metal concentration array for determining the half maximal
inhibitory concentration IC50 of each tested metal. All analytical-grade chemicals used were
purchased from Oxoid (North Shore, England), and Merck (Damstardt, Germany).

2.3. Acute and Chronic Toxicity Assay of Single Metals

The assay was conducted by mixing 10 μL of toxicant solutions with 190 μL of bacterial
cultures. Deionized water was used as a control to replace the toxicants in this study. The
IC50 values were determined at total time per assay, approximately 30 min for acute toxicity
and 6 h incubation for chronic toxicity, at room temperature (26 ◦C). The luminescence was
determined with a portable luminometer (Lumitester PD-30 by Kikkoman, Tokyo, Japan)
and reported as Relative Luminescent Unit (RLU). A total of 200 μL of bacterial culture
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was inoculated into the LuciPac pen tube before the readings were taken. Each assay was
performed at least in triplicate.

2.4. Acute and Chronic Toxicity Assay of Metal Mixture

Concentration for each selected metal mixture was prepared in an equitoxic ratio of
1:1 and 1:1:1 based on concentrations of each toxicant producing 50% light reduction when
being tested individually [33]. In this study, Cu + Cd, Cu + Zn, Ni + Zn, Hg + Cu, Hg + Ag,
Ag + Cu and Hg + Ag + Cu mixtures were proposed to evaluate possible effects for each
combination. The tests for mixtures were conducted similarly to those for the individual
metals for both acute and chronic toxicity at 30 min and 6 h exposure time.

2.5. Data Analysis
2.5.1. Half Maximal Inhibitory Concentration (IC50) Study of Metals Toxicant on
Luminescence Production

The bioluminescence inhibition study allows identifying the concentration (IC50) of
the toxicant (mg/L) that gives a 50% reduction in light [22,34]. The luminescence activity
of bacteria samples was inhibited by a series of the studied metals at different ranges of
concentrations (mg/L) after exposure for 30 min (acute) and 6 h (chronic). The variation
in light reduction and concentration of the toxicant produces a response relationship.
IC50 calculations according to previous works was outlined by [35,36]. The percentage of
luminescence inhibition was determined and IC50 was a nonlinear regression One Phase
Decay model for one-phase binding and four-parameter logistic models software calculated
using Graphpad Prism version 7.04 (California, USA). Means and standard errors were
determined according to at least three independent replicates of each test.

2.5.2. Measurement of the Luminescence Inhibition

According to [37] intensity of luminescence produced by luminescence bacteria is
inhibited in the presence of the toxicant samples. In this study, the inhibition rate of bacteria
for the exposure to a tested metal was calculated by the following equation:

Luminescence inhibition (%) =
(Lo − Li)

Lo
× 100 (1)

where Lo represents luminescence (RLU) of the control sample, and Li defines the lumines-
cence (RLU) of the sample exposed to metal or mixtures of metals.

2.5.3. Mathematical Modeling for Assessment of Combined Heavy Metals Toxicity

The combined effect of two or three metals eventuates into three types of joint action.
They were designated into additive effect, synergistic effect and antagonistic effect [38,39].
In this study, the joint action of each combined metals was determined by Toxicity Unit
and Mixture Toxic Index approaches [40–42].

Toxicity Unit (TU)

In this method, emerging ICs of the individual compounds are determined. Toxic
Unit (TU) can be defined as the incipient IC50 for each compound. Toxic Unit (TU) of each
chemical in a mixture is calculated by Equations (2) and (3), respectively

TUi =
Ci

IC50i
(2)

M = ∑n
i=1 TUi = (

C1

IC50 1
+

C2

IC50 2
. . . +

Cn

IC50 n

)
(3)

whereby Ci represents the concentration of ith compound when the mixture is at its
IC50, and IC50i is the concentration that elicits median inhibition concentration when the
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compound is individually tested. TUi is the toxic unit of ith component in the mixture. In
Equation (3), M is the sum of the toxic units TUi. The effect of joint toxicity calculated by M
value is characterized in Table 1.

Table 1. Sum of Toxicity Unit values representing the interaction existing between mixture
compound [40,41].

M (Sum of Toxic Unit) Interaction

M < 0.8 Synergism

M between 0.8–1.2 Additive

M > 1.2 Antagonism

Mixture Toxic Index (MTI)

The other approach used to assess the joint toxicity effect was Mixture Toxic Index
(MTI), which can be calculated by the Equations (4) and (5)

Mo =
M

TUimax
(4)

Mo =
(1 − log Mo)

Mo
(5)

In Equation (4), M0 represents the ratio of M and max (TUi), the maximum value of
toxic units TUi of the single components in the mixture. Table 2 summarizes the values
calculated by using the MTI approach and the resultant interactions of the compound in
the mixture [33,42].

Table 2. Mixture toxicity indices and interaction existing between compounds [42].

MTI (Mixture Toxicity Index) Interaction

MTI < 0 Antagonistic

MTI = 0 No addition

0 < MTI < 1 Partial additive

MTI = 1 Additive

MTI > 1 Synergistic (Supra-additive)

3. Results

3.1. Acute Toxicity of Combined Heavy Metals Toxicity

Table 3 show IC50s over acute and chronic toxicity of six metals against the bacteria
before carry out mixture metals toxicity in this study. Figures 2a, 3a, 4a, 5a, 6a, 7a, 8a, 9a,
10a, 11a, 12a, 13a, and 14a show the Dose-Inhibition response curve of both individual and
mixture metals studied in the acute test respectively constructed by nonlinear regression
models in GraphPad Prism 7.04 in terms of IC50s. TU (Toxicity Unit) and MTI (Mixture
Toxicity Index) approaches were used for predicting the mixture toxicity between two and
three metals in this study. As documented in (TU) concept, toxic units of a single metal
tested in this study, and the sum of toxic units in a mixture (M) were computed as listed in
(Table 4) in acute test. Afterward, data of M and MTI were compared as proven in (Table 5)
and similar action was predicted by the two models.

The results suggested that the acute effect combination of Hg2+ + Ag+, Hg2+ + Cu2+,
Ag+ + Cu2+, Hg2+ + Ag+ + Cu2+ were antagonistic, as IC50s are higher than the TU values as
M > 1 and MTI < 1 (Table 1&2). The sigmoidal curve in (Figure 8a) indicates the inhibition
increase at mixed concentrations of Hg2+ and Ag+ checked from 0.0816 mg/L until 189
16.73 mg/L.
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Table 3. IC50s over acute and chronic toxicity of six metals against Photobacterium sp.NAA-MIE.

Metal

Photobacterium
sp.NAA-MIE IC

50 30 min
(mg/L)

R2
Photobacterium
sp.NAA-MIE IC

50 6 h (mg/L)
R2

Hg2+ 0.0603 0.911 0.05714 0.8853

Ag+ 0.5788 0.9096 1.657 0.9427

Cu2+ 2.943 0.9574 0.2421 0.8142

Cd2+ 251.9 0.9348 48.52 0.9816

Ni2+ 27.24 0.9279 8.343 0.9388

Zn2+ 80.57 0.9832 60.03 0.9487

  
(a) (b) 

Figure 2. (a) Acute and (b) Chronic toxicity of Hg2 on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.

  
(a) (b) 

Figure 3. (a) Acute and (b) Chronic toxicity of Ag2+ on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.
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(a) (b) 

Figure 4. (a) Acute and (b) Chronic toxicity of Cu2+ on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.

  
(a) (b) 

Figure 5. (a) Acute and (b) Chronic toxicity of Cd2+ on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.

  
(a) (b) 

Figure 6. (a) Acute and (b) Chronic toxicity of Ni2+ on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.
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(a) (b) 

Figure 7. (a) Acute and (b) Chronic toxicity of Zn2+ on luminescence inhibition of Photobacterium sp.NAA-MIE. Data
represent mean ± SD, n = 3.

  
(a) (b) 

Figure 8. (a) Acute and (b) Chronic toxicity of mixture Hg2+ + Ag+ in concentration ratio of 1:1 on luminescence inhibition
of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.

  
(a) (b) 

Figure 9. (a) Acute and (b) Chronic toxicity of mixture Hg2+ + Cu2+ in concentration ratio of 1:1 on luminescence inhibition
of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.
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(a) (b) 

Figure 10. (a) Acute and (b) Chronic toxicity of mixture Ag+ + Cu2+ in the concentration ratio of 1:1 on luminescence
inhibition of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.

  

(a) (b) 

Figure 11. (a) Acute and (b) Chronic toxicity of mixture Hg2+ + Ag+ + Cu2+ in the concentration ratio of 1:1:1 on luminescence
inhibition of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.

  
(a) (b) 

Figure 12. (a) Acute and (b) Chronic toxicity of mixture Cu2+ + Zn2+ in the concentration ratio of 1:1 on luminescence
inhibition of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.
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(a) (b) 

Figure 13. (a) Acute and (b) Chronic toxicity of mixture Cd2+ +Cu2+ in the concentration ratio of 1:1 on luminescence
inhibition of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.

  
(a) (b) 

Figure 14. (a) Acute and (b) Chronic toxicity of mixture Ni2+ + Zn2+ in the concentration ratio of 1:1 on luminescence
inhibition of Photobacterium sp.NAA-MIE. Data represent mean ± SD, n = 3.

In particular, as was the case with individual metals, the inhibition was less abrupt on
the impact of binary mixture compared with individual metal Hg2+ and Ag+ tested at high
concentration (Figures 2a and 3a). In the same way, the antagonistic effect of mixture metal
tested Hg2+ and Cu2+ on the bacteria was observed with increased concentrations from
0.327 mg/L until a high concentration 15.67 mg/L was reached (Figure 9a). Meanwhile,
(Figure 10a) illustrates the dose-inhibition response curve acute toxicity of metal mixture
Ag+ and Cu2+.The responses produced a sigmoid curve as inhibition increase with mixed
concentration from 0.326 mg/L up to 10.12 mg/L. Likewise, acute toxicity of a tertiary
mixture of Hg2+, Ag+ and Cu2+ on the bacteria was observed to increase the luminescence
inhibition from 0.489 mg/L to 18.61 mg/L (Figure 11a). Generally, the inhibition of those
metals in the tertiary mixture was less gradual when metals are combined together at
high concentration. Above all, as it was the case with individual metals associating with
three high toxicity metals Hg2+ , Ag+ and Cu2+ on the bacteria tested in this study as
demonstrated in Table 3, the inhibition was less abrupt on the impact in studying mixture
metal rather than individually tested metal.
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Table 4. List of Toxic Unit (TU) for each heavy metals tested acutely and a total of the toxic units in two and three joint
mixtures of heavy metals on Photobacterium sp.NAA-MIE.

Mixture
IC50

(30 min)

Toxic Unit of Individual Heavy Metals Sum of Toxic Units in
a Mixture (M)TU Hg TU Ag TU Cu TU Cd TU Zn TU Ni

Hg2+ + Ag+ 3.289 27.272 2.840 - - - - 30.112

Hg2+ + Cu2+ 5.016 41.592 - 0.8522 - - - 42.444

Ag+ + Cu2+ 2.083 - 1.799 0.3539 - - - 2.153

Hg2+ + Ag+ + Cu2+ 3.375 18.657 1.944 0.3823 - - - 20.983

Cu2+ + Zn2+ 5.963 - - 1.013 - 0.037 - 1.050

Cd2+ + Cu2+ 69.13 - - 11.745 0.1372 - - 11.882

Ni2+ + Zn2+ 166.7 - - - - 1.035 3.060 4.095

Table 5. MTI approach to determine the acute effects (30 min) of two and three combined heavy
metals on Photobacterium sp.NAA-MIE.

Mixture Acute Toxicity

M Interactive
Effect

MTI
Interactive

Effect

Hg2+ + Ag+ 30.112 Antagonistic −33.4 Antagonistic

Hg2+ + Cu2+ 42.444 Antagonistic −188.25 Antagonistic

Ag+ + Cu2+ 2.153 Antagonistic −3.265 Antagonistic

Hg2+ + Ag+ + Cu2+ 20.983 Antagonistic −24.843 Antagonistic

Cu2+ + Zn2+ 1.050 Additive 1 Additive

Cd2+ + Cu2+ 11.882 Antagonistic −206.473 Antagonistic

Ni2+ + Zn2+ 4.095 Antagonistic −3.842 Antagonistic

Acute exposure to Cu2+ and Zn2+ mixture showed an additive effect as the sum
of toxicity units, M, showed a value equal to 1 and MTI equal to 1. The influence of
acute toxicity of the joint metal Cu2+ and Zn2+ produced a dose-inhibition response curve
presented in (Figure 12a). The inhibition of metal Zn2+ in the binary mixture at low
concentration was more gradual when combined with Cu2+ if compared to individually
tested Zn2+. Similarly, antagonism was observed for Cd2+ + Cu2+ in acute test on the
bacteria as M > 1 and MTI < 1. Figure 13a demonstrates the inhibition rapidly occurring
between 24.49 mg/L and 302.04 mg/L of both Cd2+ and Cu2+. The action of metal Cd2+ on
the luminescence of the bacteria was more gradual at low concentration when combined
with Cu2+ compared with Cd2+ alone in this study. On the other hand, assessment of joint
toxicity of Ni2+ + Zn2+ demonstrated that the acute test of the metal shows antagonistic
effect in both approaches, TU and MTI. The impact of Ni2+ and Zn2+ was increased
concentrations of both metals at mixed concentrations from 10.21 mg/L until a high
concentration of 489.79 mg/L (Figure 14a).

3.2. Chronic Toxicity of Combined Heavy Metals Toxicity

In the multi-component mixtures, the toxicity of any compounds might change for
the extended period of time they mix with the other metals because they would interact in
some way. Additional studies with longer exposure times (6 h) were carried out to predict
the interaction between metals exposed to chronic action.

(Figures 2b, 3b, 4b, 5b, 6b, and 7b) and (Figures 8b, 9b, 10b, 11b, 12b, 13b, and 14b)
show the Dose-Inhibition response curve of both individual and mixture metals studied in
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the chronic test respectively. The results were used to calculate the combined metal effects
over 6 h exposure on the bacteria with the approaches of TU and MTI already discussed for
chronic toxicity tests (Tables 6 and 7). Antagonistic effects were observed for Hg2+ + Ag+,
Hg2+ + Cu2+, Ag+ + Cu2+, Hg2+ + Ag+ + Cu2+, Cu2+ + Zn2+ and Cd2+ + Cu2+ according to
M value > 1 and MTI lower than 0. The sigmoidal dose-inhibition response curve shown in
(Figure 8b) presents the inhibition increase with the mixed concentration of Hg2+ and Ag+

for the range of concentration checked from 0.408 mg/L to 6.12 mg/L. Furthermore, it can
be seen that chronic toxicity of a mixture Hg2+ and Cu2+ in this study demonstrated an
inhibitory effect that gradually increased at mixed concentration range from 0.324 mg/L to
15.67 mg/L at which a slope in (Figure 9b) reaches maximum percentage inhibition. The
impact of combined metal Ag+ and Cu2+ on the bacteria under chronic toxicity produces
a sigmoidal dose-inhibition response curve in (Figure 10b). The responses of the tertiary
mixture of metals Hg2+, Ag+ and Cu2+ are shown in (Figure 11b). The mixtures deliberately
inhibited the luminescence activity as the concentration increased from 0.489 mg/L and
seemingly reaching saturation by a maximum inhibition at 24 mg/L. In the same way, the
sigmoidal curve in (Figure 12b) indicates the impact of joint metals Cu2+ and Zn2+ under
chronic toxicity. Precisely, the inhibition increased rapidly at range of mixed concentration
from 1.02 mg/L to 5.10 mg/L. (Figure 13b) illustrates the dose-response relationship curve
of metals Cd2+ and Cu2+ in this study. The sigmoidal curve shows 97.04% inhibition
at 275.51 mg/L. In the case of interaction between Ni2+ + Zn2+, synergistic effect arose
under chronic exposure according to TU value < 1 and MTI greater than 1. The toxicity
assessment of metals Ni2+ and Zn2+ under chronic test produced responses in (Figure 14b).
The sigmoidal curve shows complete inhibition on the bacteria as the slope falls off at flat
plateau at 12.24 mg/L.

Table 6. List of Toxic Unit (TU) for each heavy metal in chronic toxicity test and sum of the toxic units, M in mixtures of
heavy metals on Photobacterium sp.NAA-MIE.

Mixture
IC50

(6 h)

Toxic Unit of Individual Heavy Metals Sum of Toxic Units in
a Mixture (M)TU Hg TU Ag TU Cu TU Cd TU Zn TU Ni

Hg2+ + Ag+ 1.149 10.061 0.3467 - - - - 10.408

Hg2+ + Cu2+ 6.748 59.048 - 13.936 - - - 72.984

Ag+ + Cu2+ 2.435 - 0.7351 5.031 - - - 5.766

Hg2+ + Ag+ + Cu2+ 6.004 35.019 1.208 8.265 - - - 44.492

Cu2+ + Zn2+ 0.7675 - - 1.585 - 0.006 - 1.591

Cd2+ + Cu2+ 43.44 - - 89.715 0.447 - - 90.162

Ni2+ + Zn2+ 0.9106 - - - - 0.008 0.055 0.063

Table 7. TU and MTI approaches to determine the interaction of two and three combined heavy
metal effects in chronic (6 h) exposure tests mixture on Photobacterium sp.NAA-MIE.

Mixture

Chronic Toxicity

M
Interactive

Effect
MTI

Interactive
Effect

Hg2+ + Ag+ 10.408 Antagonistic −22.666 Antagonistic

Hg2+ + Cu2+ 72.984 Antagonistic −19.429 Antagonistic

Ag+ + Cu2+ 5.766 Antagonistic −11.856 Antagonistic

Hg2+ + Ag+ + Cu2+ 44.492 Antagonistic −14.827 Antagonistic
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Table 7. Cont.

Mixture

Chronic Toxicity

M
Interactive

Effect
MTI

Interactive
Effect

Cu2+ + Zn2+ 1.591 Antagonistic −115.32 Antagonistic

Cd2+ + Cu2+ 90.162 Antagonistic −901.58 Antagonistic

Ni2+ + Zn2+ 0.063 Synergistic 22.342 Synergistic

4. Discussion

4.1. Acute and Chronic Action for Individual Metals on Photobacterium sp.NAA-MIE

At present, the highest metal toxicities on the bacteria are Hg2+ in both acute and
chronic test, and the lowest toxicities are demonstrated by metal Cd2+ in acute test and
Zn2+ in chronic test (Table 3). Mercury is known as the most toxic heavy metal [43,
44]. It enters biomembranes easily due to its lipophilic properties. After its discharge
into the environment, inorganic mercury is incited by bacteria, thereby accelerating to
form methylmercury, (MeHg) and has the ability to bioaccumulate in fish and other
animal tissues [43,45]. Whereas, numerous study have reported, Gram-negative bacteria
is less sensitive towards Cd2+. The outer layer of the bacteria membrane is made of
exo-polysaccharides which are able to adsorb and trap Cadmium [46–48]. Data in the
previous study further supported the least metal toxicities of Cd2+ in this study. This
may prevent the interaction between Cd2+ and key enzymes, and luciferase, which is
responsible for bioluminescence production, and ultimately decrease the toxicity of Cd
towards the bacteria. In addition, based on previous literature, some metals have been
proven as a detrimental element for living organisms and the main integral of metabolic
enzymes, such as Zn and Cu [49–51]. These can be toxic to organisms when exceeding
threshold levels. In this study, the bacteria might profit at low concentration when Cu2+

and Zn2+ were acutely exposed, whereas high concentrations at more than IC50 value of
2.943 mg/L and 80.57 mg/L for Cu and Zn respectively (Table 3) were observed to increase
the percentage of luminescence inhibition.

4.2. Comparison of Acute and Chronic Action for Metal Mixtures on
Photobacterium sp.NAA- MIE

The degree of toxicity of pollutants is pertained not just to the exposure concentration,
but also to the exposure time, which is a significant influencing factor. The effect of the
acute and chronic joint is different thereby toxicity data regarding the mixtures in both
30 min and 6 h exposures were compared and are given in (Table 8).

Antagonistic effect of combination of the Hg2+ + Ag+, Hg2+ + Cu2+, Ag+ + Cu2+, Hg2+

+ Ag+ + Cu2+ arise from both acute and chronic action on luminescence. The previous
section has shown that metals Hg2+, Ag2+ and Cu2+ were most toxic to bacteria when
tested individually as listed in (Table 3). In combination toxicology, the primary way
to specify the joint action of the components in the mixture is to conduct experimental
studies correlating the effect of the mixture to the effect of the individual compounds.
However, when those metal were mixed, a lower toxicity than expected was exhibited.
In this event, the interaction effect of Hg2+ + Ag+, Hg2+ + Cu2+, Ag+ + Cu2+, Hg2+ + Ag+

+ Cu2+ resulted in a weaker effect. These interactions may decrease the toxicity of the
active compound, thus their mixture exerts a weaker effect than predicted [52]. Authors
of [53] argue that antagonistic interaction occurs due to the competition for binding sites
in the biological interface. In this study, the reference metals Hg2+, Ag+ and Cu2+ are
three pollutants that exhibited high sensitivity when tested individually to the bacteria
for both acute and chronic tests. It can be hypothesized that the metals Hg2+, Ag+ and
Cu2+ respectively displayed in the mixtures directly aim at luciferase, which is important
in chemical reactions for luminescence production in both acute and chronic actions. Thus
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resulting in the fierce competition between them, which may impede their interaction
with the proteins and ultimately reduce luminescence inhibition. Another toxicity study
involving antagonistic interaction of mercury with selenium suggested selenium to lower
the effect and depress mercury in fish tissues [54].

Table 8. TU and MTI approaches to determine the interaction of two and three combined heavy metal effects over Acute
(30 min) and Chronic (6 h) on Photobacterium sp.NAA-MIE.

Mixture Acute Toxicity Chronic Toxicity

M
Interactive

Effect
MTI

Interactive
Effect

M
Interactive

Effect
MTI

Interactive
Effect

Hg2+ + Ag+ 30.112 Antagonistic −33.4 Antagonistic 10.408 Antagonistic −22.666 Antagonistic

Hg2+ + Cu2+ 42.444 Antagonistic −188.25 Antagonistic 72.984 Antagonistic −19.429 Antagonistic

Ag+ + Cu2+ 2.153 Antagonistic −3.265 Antagonistic 5.766 Antagonistic −11.856 Antagonistic

Hg2+ + Ag+ +
Cu2+ 20.983 Antagonistic −24.843 Antagonistic 44.492 Antagonistic −14.827 Antagonistic

Cu2+ + Zn2+ 1.050 Additive 1 Additive 1.591 Antagonistic −115.32 Antagonistic

Cd2+ + Cu2+ 11.882 Antagonistic −206.472 Antagonistic 90.162 Antagonistic −901.58 Antagonistic

Ni2+ + Zn2+ 4.095 Antagonistic −3.842 Antagonistic 0.063 Synergistic 22.342 Synergistic

Similarly, an antagonistic effect was observed for the mixture of metal Cd2+ and
Cu2+ from acute to chronic action on Photobacterium sp. NAA-MIE as TU shows M > 1
and MTI < 0. In this study, Cu2+ was observed to be more toxic than Cd2+ when tested
individually. Capability of Cd2+ to antagonize the toxic effects of Cu2+ was observed.
According to [52], the possibility of a partial agonist and full agonist may occur if two
substances present in the mixture in a manner of low efficacy of one substance compete
with the high efficacy of second substance respectively. Antagonistic interaction similarly
observed in studies made by [13,21] based on inhibition determined by Microtox ® assay,
under acute toxicity of Cd + Cu against P. phosphoreum T3S with (15 min IC50 8.581 mg/L)
and V. fischeri respectively after 15-min exposure (Table 9). However, most previous studies
regarding the luminescence inhibition test have only showed the interactive effect of the
combined metals from 5 min to 30 min. Limited available data reported on the chronic
effect. At present the disfigurement of the conventional short-term concerning substances
with a slowed impact creates interest essentiality for chronic toxicity.

In the case of toxicity action of Cu2+ + Zn2+, the toxic action changes from additive
action in 30 min to antagonistic action in 6 h. The additive effect of the two combined
heavy metals was due to the same action mechanism, differing only in their potencies.
Evaluation of the combined heavy metals toxicity may not be similar in various studies.
Other authors (Table 9) reported that acute toxicity of Cu2+ + Zn2+ on V. fischeri manifested
synergistic interaction as 15 min EC50 for Zinc in presence of 0.125 mg/L of copper, and was
0.14 mg/L [55]. Surprisingly, after chronic tests, both mixtures of Cu2+ and Zn2+ showed
antagonistic interaction suggesting that Cu may enhance the Zinc toxic effect after 6 h
exposure as Zn showed lower sensitivity than Cu to Photobacterium sp.NAA-MIE. Results
in the present study further supported the idea of cellular uptake of Cu2+ as greater than
that of Zn2+, which affected the luciferase in the luminescence bioprocess. The majority of
published articles regarding the toxicity of Cu and Zn mixtures have been reported using
different organisms [33,49,55]. Taken for example, acute toxicity of Zinc pyrithione (ZnPT)
and Cu against three marine organisms, based on algal growth inhibition test of Thalassiosira
pseudonana under 96-h exposure time and mortality rate of polychaete larvae Hydroides
elegans, and amphipod Elasmopus rapax under 48-h and 24-h exposure time respectively
presented synergistic interaction [49] in Table 9. Evaluation of mixture toxicants may not
give similar interaction for different organisms due to low reproducibility, consequently it
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takes a long time to give a response rather than applying luminescence inhibition tests that
gives fast results. Additionally, the use of luminescence inhibition bioassay has a shorter
time advantage compared to other methods. According to [58], among various species
(algae, crustaceans, rotifers, bacteria and protozoan), the bacterial bioluminescence assays
showed the highest sensitivity in acute toxicity measurement for most of the samples.

Table 9. Comparative metals mixture toxicity studies on Photobacterium sp.NAA-MIE with those reported by other
investigators among different species.

Mixture

30-min Acute Toxicity
Photobacterium

sp.NAA-MIE

6 h-Chronic Toxicity
Photobacterium

sp.NAA-MIE
Other Studies

Interactive Effect Interactive Effect Organism Interactive Effect

Hg + Ag Antagonistic Antagonistic Not applicable -

Hg + Cu Antagonistic Antagonistic Not applicable -

Ag + Cu Antagonistic Antagonistic Not applicable -

Hg + Ag + Cu Antagonistic Antagonistic Not applicable -

Cu + Zn Additive Antagonistic

Clariasgariepinus [33]
Thalassiosira pseudonana,

Hydroides elegan, and
Elasmopus rapax [49]

Vibrio fischeri [55]

Antagonistic a

Synergistic a

Synergistic a

Cd + Cu Antagonistic Antagonistic P. phosphoreum [13]
Vibrio fischeri [21]

Antagonistic a

Antagonistic a

Ni + Zn Antagonistic Synergistic Pimephales promelas [56]
Daphnia magna [57]

Synergistic a

Antagonistic b

a acute toxicity test b chronic toxicity test.

Furthermore, [33] in Table 9 reported that the mixture of zinc and copper on Clarias
gariepinus under 96-h exposure time showed a different reaction, for example antagonism
occurred when the metals were mixed at the ratio of 1:1 and synergism at the ratio of 1:2.
This study suggested that it is important to take into consideration the effect of low and
high concentrations of toxicant. At present, there are limited data on different concentration
ratios of constituent metal components in a mixture which influences metal toxicity to
Photobacterium sp.NAA-MIE, thus additional studies are required in this field.

The interaction between Ni2+ and Zn2+ metals became more complex over chronic
action as synergistic effect was observed. Synergistic interactions of chemicals in mixtures
boost the action of other chemicals, so that they allow to jointly strive for a stronger
effect than expected [59]. Even though metal Ni2+ and Zn2+ appeared to be slightly
toxic when tested individually, the information theoretically proves the fact that metals
forming complexes have better penetrability with regards to the bacterial cell compared
to a single metal acting solely. On that account, the eventual toxicity of the mixture
brings to bear a stronger effect rather than the degree of toxicity of the single metal.
Besides, the concentration for both metals tested is low in mixture compared to being
tested individually. It is assumed in this study that particular concentrations of heavy
metals regarded as being low and of minimal effect possibly draw out more degree of
toxicity in mixture with other metals. Similarly, synergism was observed by Zn and Ni
mixtures on Pimephales promelas under standard 96-h acute tests for a 4 times concentration
of Zn and a 3 times concentration of Ni, as 67% rate of mortality of the organism was
predicted [58]. Other studies did not correspond well with the trend in this work. For
instance, the mixture chronic toxicity of zinc and nickel to D. magna reproduction toxicity
test for 21-days exposure time is antagonistic at a low concentration however, it becomes
synergistic at the high concentration as predicted by global statistical analysis [59]. Besides,
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different mixture interactions of metal studied also show that the toxicity mixture present
in binary or tertiary joint relies on the tested organisms [53]. Different mixture interactions
were observed especially when the metals Cu2+ + Zn2+ and Ni2+ + Zn2+ were acutely and
chronically exposed in this study.The author cited that mixture effect under chronic tests
was dissimilar to those from acute tests as short term exposures tend not to represent metal
interactions occurring with longer-term exposures.

Even so, studies on mixture have declared that interactions might be inconsistent
throughout various experiments. The interactions count on concentration, types of chemi-
cals mixed and organisms tested [60,61]. Interactions between metals mostly affect some
modes that are essential for the differential responses of test organisms to mixtures of
metals towards luminescence production, such as bioavailability, internal transportation,
binding at the target site and interactions of the toxic elements with luciferase complex in
charge for the luminescence. Furthermore, the biological makeup of the receiving organism
and physicochemical nature of the metal decide the bioavailability of the metal that will
act upon in the organism [62].

An approach for threat identification and risk evaluation of a complex mixture such
as in medication therapies interested in vitro experiments of many antibiotics and their
combinations or appropriate drug combinations will be governed to assess a public health
problem.These drug combinations have derived into additive, synergistic or antagonistic
interactions [63,64]. In such a way, the study on mixture compounds is beneficial to heal,
delay the progression, or decrease the symptoms of diseases. Another good example
that demonstrates this trend is the information regarding toxic action by antibiotic agents
on V. fischeri from acute synergism to chronic antagonism, which suggests that the time
intermission of medication should be reduced to prevent chronic antagonism [17].

5. Conclusions

In the current work, the tropical luminescent bacterium Photobacterium sp.NAA-MIE
luminescent bacteria test allows the prediction of the joint effect of metal mixture according
to the simultaneous analysis of two toxicological endpoints which are acute luminescence
inhibition after 30 min, and chronic luminescence inhibition after 6 h. The application of
two different mathematical Toxicity Unit (TU) and Mixture Toxicity Index (MTI) observes
mixture toxicity of Hg + Ag, Hg + Cu, Ag + Cu, Hg + Ag + Cu and Cd + Cu, showing an
antagonistic effect over acute and chronic tests. A binary mixture of Cu + Zn was observed
to show additive effect at the acute test and antagonistic effect at chronic test, while the
mixture of Ni + Zn showed antagonistic effect during the acute test and synergistic effect
during the chronic test. The similarities and differences in prediction of the joint effect
of metal mixtures with other standard bioassay in this study indicate possible different
toxicity/inhibition mechanisms for metals in different organism under acute to chronic
test. In future, additional studies should be conducted to quantify the antagonistic and
synergistic effect of metals in the mixture to understand the mechanism of action and
potency of each compound.

However, the advantage of the bioluminescence test in this study is applicable in terms
of the sensitivity of the bacteria in much shorter time than other assays, is cost-effective,
and may be used to counter to the possible environmental risks. Thus, the toxicity result of
this strain may be effective to take into theoretical consideration toxicity levels of mixture of
pollutants that occur together in ecosystems and in the same way contribute extrapolation
studies under acute to chronic exposures for mixture metal toxicity in deriving safe limits
and standards aimed at protecting organisms in the environment.
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Abstract: Air quality is one of the hot topics of today, and many people are interested in it due to the
harmful effects that environmental pollution has on human health. For this reason, in recent years,
measurement systems based on advanced technology have been implemented to integrate national
air quality networks. This study aimed to analyze the air quality data of the monitoring network of
the regional agency for environmental protection of the Campania region (Italy), integrated with a
monitoring station based on IoT technology to highlight criticalities in the levels of pollution. The
data used was from the month of February 2021 and measured in a medium-large city in southern
Italy. In-depth analyses showed that two events related to Saharan dust occurred, which led to an
increase in the measured PM10 values.

Keywords: air quality; Saharan dust; environmental pollution; mineral dust

1. Introduction

Europe’s industrialized regions are continuous sources of anthropogenic particulate
matter. In addition to the gaseous emissions, these sources also produce fine powders.
Particles can be inhaled while breathing, therefore high concentrations of atmospheric
particles can have dangerous effects on human health [1]. However, not all particles are
harmful, only those with small grain sizes.

Particulate material (PM) is a mixture of different components that vary both locally
and regionally. PM can have various origins; it can be generated by natural phenomena,
such as soil erosion or, more commonly, from vehicle combustion or industrial plant
emissions. PM10 and PM2.5 are the two parts into which particulate matter is divided in
particles with an aerodynamic diameter of ≤10 μm and ≤2.5 μm, respectively. Particles
with a diameter less than 10 μm constitute the inhalable fraction, able to reach the broncho-
tracheal area, while particles with a diameter less than 2.5 μm, which constitute the
breathable fraction, can reach the alveoli lungs, conveying the substances of which they are
composed into the body. PM10 is partly of the primary type, being entered directly into
the atmosphere, and partly of the secondary type, being produced by physico-chemical
transformations involving various substances such as SOx, NOx, VOC, and NH3, which
determine its production and/or removal.

Particulate matter of anthropogenic origin largely belongs to the fraction with a
diameter less than 2.5 μm, while desert clouds of dust contain a significant fraction with
larger particle size; a considerable decrease in the PM2.5/PM10 ratio is, therefore, a
contributing index of natural particulate matter of desert origin [2]. Saharan episodes
are characterized by a large increase in the PM10 concentration, not followed by that of
PM2.5 and PM1, with a consequent decrease in the PM2.5/PM10 ratio, an increase of the
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crustal elements (Al, Si, Ca, Ti, Fe) in the PM10 fraction, and an increase in the Si/Fe, Al/Fe,
and Ti/Fe ratios [3,4]. Moreover, the effects of these Saharan events have repercussions,
not only for outdoor air quality, but also for indoor air quality, which is affected by the
high concentrations of aero-dispersed dust [5].

From a climatic point of view, the Mediterranean atmosphere (MED), as defined by
Jeftic et al. [6], is characterized by rainy winter seasons and hot and dry summer seasons,
which affect the continental areas that surround it. It is therefore full of particulates of
anthropogenic origin, coming from the vast industrialized European regions, and of natural
particulates of crustal origin, coming from the extensive arid and semi-arid areas of Africa
and the Middle East, and of aerosols of marine origin, generated by the surface of the
MED, and of volcanic dust, emitted by the main volcanoes of the basin, such as Etna and
Stromboli [7]. From the studies carried out on the influence of Saharan dust on a large scale,
it is highlighted that latitude is a very important factor that must be taken into account
in studies concerning PM10 concentrations. This same difference can be seen between
the number of Saharan transport events that take place in Spain and those that take place
in Italy or England [8]. The possibility of there occurring an interference of the powder
transport in the PM10 concentration is higher in Spain than in northern Italy, and much
greater than in England. Various studies have involved Italy in recent years, highlighting
how, depending on the areas investigated, the days of transport of dust increase from north
to south [2]. Therefore, a need is highlighted, concerning European countries located at
higher latitudes, to look for these signals, both in PM10 and PM2.5. The problem of dust
can be analyzed using integrated approaches to define the link between the natural and
the urban dust within the environment [9].

From this perspective, air quality monitoring systems have been introduced. These
systems have evolved over the years using increasingly innovative technologies based
on the principles of the Internet of things (IoT). The new smart monitoring devices [10]
integrate the traditional monitoring stations implemented by the institution to create a
monitoring network with high spatial and temporal resolution. The new monitoring
networks, given their characteristics and small dimensions, allow their installation in many
points of the urban or extra-urban context, optimizing their position [11]. The IoT-based
sensors include a data protection system based on the blockchain principle that ensures
data integrity [12]. Recently, the technology has developed to the point of making the
monitoring stations dynamic, i.e., housed on a moving support vehicle that allows on-the-
road real-time monitoring [13]. This new type of sensor can also be portable and worn by
users so that they can directly assess their exposure to indoor and outdoor pollution [14].
Knowledge of airborne pollutant concentrations is a fundamental part of the definition of
strategies for pollution reduction [15,16]. The pollutants being analyzed are commonly
the average particulate PM10 and PM2.5, to which PM1 is sometimes added, as well
as gases such as NO2, SO2, CO, H2S, O3, and VOC (volatile organic compounds). The
measured air quality data, albeit in large quantities, are discontinuous in the territory and
need to be integrated into modeling systems [17] that allow their analysis, forecasting,
and spatialization. In particular, the in-depth analysis of air quality data allows the study
of accidental events such as fires [18], the analysis of the effects of pollutant dispersion
produced by industrial activities [19], and the implementation of forecasting models that
can provide detailed information on air quality over time [20] and space. Knowing the
behavior of pollutants, and in particular of airborne dust, is also useful for defining the
levels of healthiness in closed environments, such as homes or workplaces. [21]. Unlike the
mineral aerosol which is of natural origin, the PM10 produced in the urban environment
comes from different anthropogenic sources. The major particulate matter sources in urban
and extra-urban areas are represented by industrial plants, domestic heating systems,
emissions due to vehicular traffic, tire breaking, agriculture, and livestock. In detail, the
present study aims to evaluate the contribution of Saharan dust to the environmental
pollution measured by the air quality monitoring stations in an urban context.
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The Case Study

The area investigated in this work is Avellino, a medium-sized city in Campania
situated in a plain surrounded by mountains. The city of Avellino is one of the most
polluted in central-southern Italy and seventh in the national ranking, with 78 days of
overruns compared to the legal limit of 50 μg/m3 during 2020. The harsh winters and
obsolete domestic heating technologies, added to the various industrial emissions and
intense vehicular traffic, mean that the measured average levels of particulate matter
PM10 and PM2.5 are very high. Moreover, the complex mountain topography does not
facilitate the natural dispersion of pollutants. For all these reasons, the city is interested in
monitoring air quality, and great attention is paid to the analysis of data from the regional
monitoring stations.

2. Materials and Methods

2.1. Air Quality Sources

The control of the air quality parameters according to the regulatory provisions
of Legislative Decree 155/2010 represents one of the main institutional activities of the
Regional Agency for Environmental Protection of Campania region (ARPAC). The agency
manages the monitoring network determined according to regional specifications for the
identification and management of air quality monitoring stations, to assess the air quality
and polluting emissions spread over the area. The configuration of the network in the
Campania region (a southern Italian region) includes 36 fixed monitoring stations and
5 mobile laboratories (Figure 1).

 

Figure 1. ARPA air quality monitoring network located in the Campania region.

The monitoring stations are located in sensitive areas, following the classification of
the regional territory. There are also 10 additional fixed monitoring stations installed near
the waste treatment plants (“STIR” network) that, although not part of the regional net-
work, provide additional and support measures for the interpretation of the evolutionary
phenomena of air quality on a regional basis.

The technology on which the measuring instruments of the ARPAC network are based
comply with the technical standard UNI EN 12341: 2014. The measurement principle is
gravimetry, and the reference method for the determination of PM10 particulate material
is based on the collection of the PM10 fraction on a special filter and the subsequent
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determination of its mass by gravimetric methods in the laboratory, after conditioning the
filter in controlled conditions of temperature (20 ◦C ± 1) and humidity (50 ± 5%).

In Avellino, the ARPA air quality monitoring network is composed of two monitoring
stations, V◦ Circolo (VC) and Scuola Alighieri (SA), classified as suburban background
and urban traffic, respectively. Both monitoring stations provide for PM10 and PM2.5
particulate matter measurements with a daily resolution using gravimetric devices and
according to the legal specifications. The VC station also provides hourly particulate matter
analysis by using laser scatter technology. Both stations also provide NO2 measurements,
and SA adds measurements for CO and benzene, while VC adds only O3 data. The main
characteristics of the stations considered in this work are summarized in Table 1. The SA
station is located on one of the most congested roads of the city, while the VC station is
located near a school that represents a sensitive point (see Figure 2). For this work, data for
February 2021 were investigated.

Table 1. Characteristics of the monitoring stations.

Station Acronym Type Measurements Technique

V◦ Circolo VC Suburban background Gravimetric
Laser scattering ARPAC

Scuola Alighieri SA Urban traffic Gravimetric ARPAC
Mt. Vergine Observatory MV Laser scattering MVOBSV

 

Figure 2. Map of measuring stations located in Avellino.

In the city considered there is also an extra air quality monitoring station, part of the
meteorological network managed by the non-profit organization MVOBSV. The sensor
used is a PMSA003 Digital Laser Dust Sensor (MV) placed on a palace rooftop (18 m) in the
city center (see Figure 2). The sensor is based on laser scattering technology with a time
resolution of 10 min. The sensor uses the principle of laser dispersion, that is, by irradiating
the suspension of particles in the air, it collects the scattered light at a certain angle and
obtains a light dispersion curve that varies over time. The wavelength of the laser is
1100 μm. The particles of equivalent diameter and the number of particles with a different
diameter per unit of volume can be calculated in real time by a microprocessor based on
the MIE theory. In this case the sensor provides for PM10 and PM2.5 concentrations.

Since the ARPA data were compared with MVOBSV data that are based on the tech-
nology of laser scattering, a comparison with gravimetry was mandatory. The comparison
between the two measurement techniques allowed for data validation.
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Figure 3 reports the daily average PM10 and PM2.5 concentrations measured by the
VC station with the two measurement techniques. From inspection of Figure 3, it is clear
that the values measured with gravimetry and laser scattering are almost the same, with an
average difference of 0.23% for PM10 and 0.5% for PM2.5. The good agreement of the data
measured means that the laser scattering measurements are reliable for further analysis.

Figure 3. (a) PM10 daily average concentration measured at the VC station with gravimetry (solid
black line) and with laser scattering (dashed black line). Red line represents the legal limit concentra-
tion according to D.Lgs. 155/2010. Red dots represent exceedance of the legal limit. (b) PM2.5 daily
average concentration measured at the VC station with gravimetry (solid black line) and with laser
scattering (dashed black line). Red line represents the legal limit concentration according to D.Lgs.
155/2010. Red dots represent exceedance of the legal limit.

The MV station is placed on the roof 18 m from the ground, above the urban canyon,
which acts as a mixing cell. This height should ensure that Saharan dust is not directly
measured since it is mainly made up of PM10 and naturally tends to stagnate on the ground.
The proposed approach consisted of the following fundamental steps:

• identification of the ARPA monitoring device with the same technological character-
istics of the monitoring station to be compared, located at a distance, not exceeding
1000 m, and placed in the same urban context,

• validation of experimental data of basic pollution conditions through the analysis of
comparison graphs,
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• identification of Saharan events,
• comparison of the experimental daily values obtained by the measuring device with

the ARPA values, and subsequently investigating in more depth the days with greater
relevance using the hourly averages.

In this case study, the monitoring station analyzed was represented by MV and the
ARPAC monitoring station used for the comparison was VC. The two stations considered
(MV and VC) are both based on laser scattering technology and are located at a distance of
600 m in a context of medium urbanization.

2.2. Meteorological Data

Meteorological data are fundamental for pollution dispersion analysis. The data
used in this study were provided by an automatic weather station (Davis Vantage Pro 2)
co-located with an air quality sensor. This station is part of the meteorological network man-
aged by the non-profit organization MVOBSV and includes sensors for the measurement
of essential atmospheric parameters, i.e., air temperature, relative humidity, air pressure,
rainfall, and wind speed and direction. The data are stored with a temporal resolution of
10 min and are fully available for the analyzed period.

3. Results

In the first analysis, the daily data provided by the MV station was compared with
those of the station VC which is closest (Figure 4). Comparing the PM10 and PM2.5 trends
of the stations showed a good agreement between the measurements. The measured data
aligned around the central trend line, with small deviations, especially for PM2.5.

Figure 4. (a) Comparison of PM10 daily average concentrations measured at the MV and VC stations.
(b) Comparison of PM2.5 daily average concentrations measured at the MV and VC stations.

From the analysis of the PM10 and PM2.5 trends (Figure 5) it can be seen that for
many days in February, both the recorded PM10 and PM2.5 exceeded the legal limit. In
particular, the days exceeding the limit threshold of 50 μg/m3 for PM10 were 16 at the SA
station and 17 at the VC station. For PM2.5, the daily limit of 25 μg/m3, similarly to PM10,
was exceeded 16 times at the SA station and 17 times at the VC station. In February, the
days when the pollution levels were low coincided with favorable weather conditions for
dispersion. The three data trends have the same behavior, and differences can be attributed
to the different positions in the urban context and, therefore, to the local conditions.

204



Int. J. Environ. Res. Public Health 2021, 18, 6100

Figure 5. (a) PM10 daily average concentration measured at the SA station (solid black line), VC
station (dotted black line), and MV station (dashed black line). Red line represents the legal limit
concentration according to D.Lgs. 155/2010. Red dots represent exceedance with respect to the
legal limit. (b) PM2.5 daily average concentration measured at the SA station (solid black line), VC
station (dotted black line), and MV station (dashed black line). Red line represents the legal limit
concentration according to D.Lgs. 155/2010. Red dots represent exceedance of the legal limit.

Subsequently, the trends of PM10, PM2.5, and their ratio were analyzed for each
measuring station (Figure 6). An inspection of Figure 6 reveals that in the periods 5–7 and
23–28 of February, the difference between PM10 and PM2.5 concentrations was high for
the SA and VC stations (Figure 6a,b); moreover, in such periods, the ratio between the
particulate matter was low. This means that the contribution of PM10 to pollution was
higher than PM2.5, and in particular, an external contribution represented by Saharan dust
was added to the PM10 produced in the urban context. This external contribution was
represented by the Saharan dust that in these days was dispersed over Italian territory.

The transported particulate is of desert and sandy origin, mainly composed of siliceous
materials; unlike PM10 of urban origin which is characterized by the presence of carbon and
metal-based particles. The analysis confirmed that the contribution of the mineral aerosol
to the PM10 values can be very important, favoring the breaking of the legislative limit.

Looking in depth at the two periods selected, it is possible to analyze the hourly trends
of pollutants (Figures 7 and 8). In the first Saharan event, PM10 concentration reaches a
peak of 180 μg/m3 measured at the VC station. As highlighted in Figure 7, the PM10/PM2.5
ratio was extremely variable at the VC station (Figure 7a), while it was slightly variable at
the MV station (Figure 7b). Moreover, at the MV station there was no evidence of Saharan
dust contributing to PM10 concentrations, which remained proportional to PM2.5.
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Figure 6. (a) Daily PM10 (black solid line), PM2.5 (black dashed line), and PM2.5/PM10 concentrations (grey solid line)
measured during February 2021 at the SA station. (b) Daily PM10 (black solid line), PM2.5 (black dashed line), and
PM2.5/PM10 concentrations (grey solid line) measured during February 2021 at the VC station. (c) Daily PM10 (black solid
line), PM2.5 (black dashed line), and PM2.5/PM10 concentrations (grey solid line) measured during February 2021 at the
MV station.
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Figure 7. (a) PM10 (black solid line), PM2.5 (black dashed line), and PM2.5/PM10 hourly concentrations (grey solid line)
measured during the period 5–7 February 2021 at the VC station. (b) PM10 (black solid line), PM2.5 (black dashed line), and
PM2.5/PM10 hourly concentrations (grey solid line) measured during the period 5–7 February 2021 at the MV station.
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Figure 8. (a) PM10 (black solid line), PM2.5 (black dashed line), and PM2.5/PM10 hourly concentrations (grey solid line)
measured during the period 23–28 February 2021 at the VC station. (b) PM10 (black solid line), PM2.5 (black dashed line),
and PM2.5/PM10 hourly concentrations (grey solid line) measured during the period 23–28 February 2021 at the MV station.

Considering the second Saharan event, during 23–28 February and reported in
Figure 8, the PM10 concentration reached an hourly peak of 260 μg/m3 measured by
the VC station (Figure 8a). As in the previous case, the MV measuring station did not show
any evidence of an external PM10 concentration contribution, in fact, the PM10/PM2.5
ratio was slightly variable and the pollutant trends were similar (Figure 8b). There was
only a slight difference between PM10 and PM2.5 on days 26–27. The absence of evidence
of a Saharan influence phenomenon at the MV station is probably due to the different
height at which it is positioned compared to the ARPAC monitoring stations. The MV
station is positioned on the roof of a building, while the two ARPAC stations are located
near the street. The open-field exposure of the MV station does not allow the detection of
the Saharan phenomenon, since the dust is more dispersed and diluted in the atmosphere
at that height.

Further analysis included the daily pollution inspection, to compare the trends mea-
sured by the VC and MV stations. In particular, some of most interesting days were more
deeply analyzed, and also including the meteorological parameters.
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In Figure 9, the hourly measured concentration trends at the VC and MV stations
appear to be in good agreement on most of the days analyzed. In detail, the measurements
were also in agreement in their values and not only in their trend in 25% of cases.

 

Figure 9. (a) PM10 hourly average concentration measured at the VC station (solid black line) and
MV station (dashed black line) 3 February 2021. Red line represents the legal limit concentration
according to D.Lgs. 155/2010. Red dots represent exceedance of the legal limit. (b) PM10 hourly
average concentration measured at the VC station (solid black line) and MV station (dashed black
line) 21 February 2021. Red line represents the legal limit concentration according to D.Lgs. 155/2010.
Red dots represent exceedance of the legal limit. (c) PM10 hourly average concentration measured
at the VC station (solid black line) and MV station (dashed black line) 3 February 2021. Red line
represents the legal limit concentration according to D.Lgs. 155/2010. Red dots represent exceedance
of the legal limit. (d) PM2.5 hourly average concentration measured at the VC station (solid black line)
and MV station (dashed black line) 21 February 2021. Red line represents the legal limit concentration
according to D.Lgs. 155/2010. Red dots represent exceedance of the legal limit.
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On both days, at around 7 and 9 a.m. the pollutant levels increased. Particulate
matter tends to settle on the ground due to gravity, both when airborne and as a result
of rain. It remains on the asphalt if there is no movement of vehicles, such as during the
night. When city activities start early in the morning and vehicles start moving on the
roads, the particulate matter is dislodged from the road surface and released back into the
atmosphere, increasing particulate concentrations. This phenomenon was more evident at
the MV station than the VC station because it is located in the more congested city center.

Figure 10 shows the 500-hPa and sea level pressure fields for a typical scenario in which
low pollutants concentrations were detected in the area of Avellino due to the simultaneous
action of rain and winds. More specifically, the left panel of Figure 10 (Figure 10a) shows
the synoptic scenario at 00:00 UTC on 11 February 2021, when the Italian peninsula was
affected by a low-pressure area, well-structured at both mid and low tropospheric levels.
This cyclonic system caused light rainfall in the study area (the AWS involved in this study
registered a 24-h accumulated precipitation value of 1.5 mm), associated with moderate
south-western winds. In the subsequent 12 h, the low-pressure area moved towards the
Balkan peninsula (Figure 10b); this caused an improvement in weather conditions in
Avellino. However, a moderate breeze from the west was still observed and, therefore,
favorable pollutant dispersion renewed.

Figure 10. (a) Geopotential height at 500 hPa (shaded color) and sea level pressure (white solid
line) fields at 00:00 UTC on 11 February 2021. (b) Geopotential height at 500 hPa (shaded color)
and sea level pressure (white solid line) fields at 12:00 UTC on 11 February 2021 and 12:00 UTC.
Both fields were retrieved from Climate Forecast System Renalysis of the National Centers for
Environmental Prediction.

The Campania region was affected by two Saharan events in the periods 5–7 and
23–28 of February. Here, we provide a brief meteorological analysis of such events, and
to better visualize the influence of Saharan dust on the Italian peninsula, synoptic maps
were created.

Saharan event occurring on 5–7 February 2021.
On 5–7 February 2021, the European synoptic scenario resembled one of the most

favorite patterns for the incoming Saharan air masses in the central Mediterranean area. The
analysis of the 500-hPa geopotential height field revealed that, on 5 February (Figure 11a),
the presence of a trough over Western Europe extended from the British Isles to the western
sector of Morocco. This trough was the result of a relevant oscillation of the polar front that
occurred in the East Atlantic between 2 and 4 February. The sea-level pressure distribution
(also depicted in Figure 11a) showed a low-pressure area downstream of the trough axis,
near the Gibraltar strait. A strong ridge, synonymous with stable weather conditions,
instead modulated the atmospheric scenario in the Central and Eastern Mediterranean
basins. In the subsequent 24 h, the trough moved eastwards (Figure 11b) and caused a drop
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of atmospheric pressure on the western side of the Italian peninsula. The consequence of
this pressure pattern was a dry and warm meridional flow, which advected on the central
Mediterranean area subtropical continental air masses coming from the Sahara region. In
this respect, the 850-hPa equivalent potential temperature field presented in Figure 11c
gives clear evidence of the warm tongue extending from the inland sectors of North Africa
up to the Italian peninsula. On 7 February, the cyclonic system moved further to the east,
causing a strengthening of warm air advection on southern Italy in the morning hours,
and, consequently, a massive transport of Saharan dust. The meteorological conditions
abruptly changed in the evening hours of 7 February, when the subtropical continental air
was replaced by colder and moist air masses coming from the west.

Figure 11. (a) Geopotential height at 500 hPa (shaded color) and sea level pressure (white solid line)
fields at 12:00 UTC of 5 February 2021. (b) Geopotential height at 500 hPa (shaded color) and sea
level pressure (white solid line) fields at 12:00 UTC 6 February 2021. Both fields were retrieved from
Climate Forecast System Renalysis of National Centers for Environmental Prediction. (c) 850 mb
equivalent potential temperature (shaded color) at 00:00 UTC 7 February 2021 from the BOLAM
model of the Institute of Atmospheric Science and Climate of the Italian National Research Council.
(d) Image of the Saharan dust event acquired on 6 February 2021 by the Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard NASA’s Terra satellite. Images in panels (a) and (b) are
courtesy of http://www.wetterzentrale.de, (accessed on 23 February 2021) whereas the image in (c)
was retrieved from https://www.isac.cnr.it/dinamica/projects/forecasts/index.html. (accessed on
23 February 2021) The picture in panel (d) is courtesy of the NASA Worldview Snapshots application
(https://wvs.earthdata.nasa.gov) (accessed on 23 February 2021).

Figure 11d offers a true-color image of the central and western Mediterranean basins,
collected by The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
NASA’s Terra satellite on 6 February 2021. This picture highlights the Saharan dust
cloud rising from North Africa and crossing the Mediterranean Sea.

Saharan event occurring on 23–26 February 2021.
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A second relevant Saharan event took place in the study area at the end of February
2021 (days 23rd–26th). The meteorological dynamics that forced the incoming of desert
dust in the central Mediterranean area had some similarities with those involved in the
previous event. To shed light on these dynamics, it is necessary to analyze the 500-hPa
geopotential height field on 22 February at 12 UTC (Figure 12a), which reveals the presence
of a cut-off low over the Alboran Sea, generated by a Rossby wave that affected the Iberian
Peninsula and Morocco during 20 and 21 February. This upper-level circulation was
associated with a low-level cyclonic area, located inland of Algeria, as clearly highlighted
by the sea-level pressure field depicted in Figure 12a. On the Italian peninsula, stable
weather conditions prevailed, due to the presence of a ridge. This synoptic scenario
promoted an advection of warm sub-tropical continental air, which can be easily identified
by means of the 850-hPa equivalent potential temperature field (see Figure 12b). The
latter clearly shows the pattern followed by warm air, which reached central Europe after
crossing the Sardinian Sea. On 23 February 2021, the ridge located over Italy strengthened
(see Figure 12c), obstructing the natural eastward movement of the low-pressure area
located over the western Mediterranean basins. This evolution led to the translation of
the cyclonic system inland of Algeria and, therefore, to the end of the warm advection in
the central Mediterranean area. The previously advected sub-tropical air (rich in Saharan
dust), following a clockwise motion imposed by the anticyclone, spread out over the Italian
peninsula and Balkan regions. Owing to the persistence of the ridge in the subsequent days,
the Saharan dust cloud continued to flow around Italy although it had been inevitably
subjected to a gradual dilution process.

Satellite evidence of Saharan dust affecting central and northern Italy is provided by
the image in Figure 12d, acquired by MODIS on 23 February 2021.

Figure 12. (a) Geopotential height at 500 hPa (shaded color) and sea level pressure (white solid line) fields at 12:00 UTC of
22 February 2021. Fields were retrieved from Climate Forecast System Renalysis of National Centers for Environmental
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Prediction. (b) 850 mb equivalent potential temperature (shaded color) at 00:00 UTC of 23 February 2021 from the BOLAM
model of the Institute of Atmospheric Science and Climate of the Italian National Research Council. (c) Geopotential height
at 500 hPa (shaded color) and sea level pressure (white solid line) fields at 12:00 UTC of 23 February 2021. Fields were
retrieved from Climate Forecast System Renalysis of National Centers for Environmental Prediction. (d) Image of the
Saharan dust event acquired on 23 February 2021 by the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
NASA’s Terra satellite. Images in panels (a) and (b) are courtesy of http://www.wetterzentrale.de (accessed on 23 February
2021, whereas the image in (c) was retrieved from https://www.isac.cnr.it/dinamica/projects/forecasts/index.html
(accessed on 23 February 2021). The picture in panel (d) is courtesy of the NASA Worldview Snapshots application
(https://wvs.earthdata.nasa.gov) (accessed on 23 February 2021).

4. Discussion

The analysis of Saharan dust contribution to PM10 in urban areas is defined by
the high levels of PM10 measured not followed by a simultaneous increase in PM2.5
concentrations. By applying to this case study the method proposed by Escudero et al. [22],
it was possible to define the contribution of PM10 measured on the days in which the
Saharan events occurred, using the 30th percentile of the monthly concentrations. By
applying this procedure to the background VC station, we obtained the PM10 value in the
absence of mineral aerosol. Comparing the values obtained after the application of the
procedure suggested by Escudero et al., PM10 values similar to those measured at the MV
station were obtained. As an example for the VC station, a daily value of 60 μg/m3 was
measured, and the monthly 30th percentile value was 27 for this month. Therefore, the net
dust contribution at this point, for this day, was 33 μg/m3. For the same day considered,
the MV station recorded a PM10 daily value of 31 μg/m3. Comparing this last value with
the previous one obtained without considering the mineral dust contribution to the PM10,
it is clear that they are similar. This confirms that the Saharan dust phenomenon was not
measured from the station located at a height of 15/20 m, as suggested by the method
proposed in this study. With this approach it is possible to also evaluate the exceedance in
PM10 concentrations due to the mineral dust to the urban background.

This type of approach can be used in any city with orographic characteristics, urban-
ization, industrial supplies, population density, type of heating, and degree of traffic similar
to the city in the case study. The peculiarity of being in a basin, surrounded by mountains
is a frequent feature of Italian and European cities, which makes the case study adaptable
to many real situations, such as the Po valley in Lombardy (Italy).

5. Conclusions

The occurrence of natural events such as the transport of Saharan dust can lead to
a significant increase in the PM10 concentrations measured in urban areas. The correct
analysis of the air quality data, including the evaluation of the influence of these natural
phenomena, is necessary to define the real levels of urban pollution. The Saharan phe-
nomena bring the levels of PM10 to very high values, as in this case study to 260 μg/m3,
which if interpreted incorrectly can generate unnecessary alarmism in the population
and institutions. In fact, due to their nature, the events that transport Saharan dust are
completely unpredictable and therefore unmanageable by man. What can be done to lower
pollution levels is the reduction in the hours of ignition of domestic heating and the use of
eco-friendly fuels, a significant reduction in traffic emissions, and the control of emissions
from agriculture. Surely, in a territory that is based on an economy including agriculture,
the elimination of phenomena such as weed burning would have a positive influence on
the reduction of pollution. Furthermore, it must be considered that the territory of this
case study, as previously mentioned, has an orography that is unfavorable to pollutant
dispersion, therefore it is necessary to reduce the levels of pollution, which tend to rise
due to the low natural dispersion. The implementation within the urban context of an
air quality monitoring network is of fundamental importance for the definition of the city
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pollution levels. The regional networks of environmental protection agencies (ARPA) must
be integrated with additional monitoring stations to obtain a greater spatial resolution of
the data. Furthermore, the implementation of further measurement stations based on IoT
technology allows real-time knowledge of the levels of airborne pollutants. The spatial and
temporal detail of the measured data is the starting point for having a clear vision of the
pollution phenomena, which can be analyzed in detail, also highlighting natural phenom-
ena such as Saharan dust. From this perspective, the MV air quality monitoring device of
the Mt.Vergine Observatory is placed such that, with the latest generation technology, it
provides data to support traditional technologies.
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Abstract: Phenol is a major component in the scrubber wastewater used for syngas purification in
biomass-based gasification plants. Adsorption is a common strategy for wastewater purification,
and carbon materials, such as activated carbons and biochar, may be used for its remediation. In
this work, we compare the adsorption behavior towards phenol of two biochar samples, produced
by pyrolysis and gasification of lignocellulose biomass, with two commercial activated carbons.
Obtained data were also used to assess the effect of textural properties (i.e., surface area) on phenol
removal. Continuous tests in lab-scale columns were also carried out and the obtained data were
processed with literature models in order to obtain design parameters for scale-up. Results clearly
indicate the superiority of activated carbons due to the higher pore volume, although biomass-
derived char may be more suitable from an economic and environmental point of view. The phenol
adsorption capacity increases from about 65 m/g for gasification biochar to about 270 mg/g for the
commercial activated carbon. Correspondingly, service time of commercial activated carbons was
found to be about six times higher than that of gasification biochar. Finally, results indicate that
phenol may be used as a model for characterizing the adsorption capacity of the investigated carbon
materials, but in the case of real waste water the carbon usage rate should be considered at least
1.5 times higher than that calculated for phenol.

Keywords: biomass; syngas scrubber wastewater; environmental pollution; pollutant abatement
technologies; biochar; adsorption

1. Introduction

Phenolic compounds attract great attention in the international scientific community
because they are chemicals that are capable of persisting in the environment for long
periods of time and can exert toxic effects on humans and animals [1]. Moreover, phenols
cause negative effects on drinking water and environment. Some phenolic compounds
are abundant in nature and are associated with the colors of flowers and fruits. Others
are synthesized and they are the basic ingredient for many synthetic organic compounds,
but the high toxicity may affect aquatic life, causing ecological imbalance. Phenol can be
absorbed by the human body through the respiratory organs, skin and the alimentary
canal [2].

Wastewaters containing phenol may be produced in biomass-based industry [3].
Biomass gasification is the thermochemical process used to convert solid biomass into
syngas, a gaseous mixture consisting of hydrogen, carbon monoxide and carbon dioxide,
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which can find different uses for energy purposes [4,5]. One of the main issues related
to biomass gasification is the presence of tars, a group of organic compounds [6] whose
presence could make this technology unsuccessful from a commercial point of view [7].
In order to overcome this problem, two strategies may be adopted, namely the optimiza-
tion of gasification operation conditions with addition of sorbents and catalysts directly
in the gasification reactor (primary methods) or syngas cleaning, by means of systems
and processes implemented downstream of the gasifier (secondary methods) [8–10]. In
this regard, several technologies have been developed with the aim to push towards an
efficient and economic/environmental sustainable process [11]. Tar is a complex mixture
of condensable hydrocarbons, including oxygenated or polycyclic aromatics. Among the
several cleaning technologies proposed, tar removal through physical processes are the
most used at demonstrative scale. Physical processes may be dry or wet. Adsorbents,
activated carbons and catalytic filters may be used as dry technologies for tar removal.
On the contrary, the absorption tower (scrubber) is the most used wet technology. The
advantage of a scrubber unit is related to the possibility to use the same unit as both
quencher and absorber. For instance, after the gasifier, a wet scrubber with an organic
liquid (e.g., bio-diesel) may be used for quenching the hot syngas and for removing the
hydrophobic and heavy tar molecules from the syngas [12]. The exhausted bio-diesel could
be used as fuel for energy production [13].

Afterwards, the content of hydrophilic or light tars, such as phenol, can be further
reduced by a secondary wet scrubber using water as absorbent liquid. In that case, the
produced wastewater has to be properly treated and phenol is usually the main organic tar
to be removed [14].

The concentration of phenolic compounds in scrubber wastewater strongly depend
on both phenol content in the syngas and process scheme and parameters, e.g., water-
to-syngas flowrate ratio in the wet scrubber unit. For instance, Akhlas et al. report that
phenol concentration may be in the range 950–4630 mg/L [15], as a function of the process
conditions of the biomass gasification plant, although the lower value, i.e., 772 mg/L, is
reported by Panchratna et al. [16]. Lower phenol concentration may be found in the case
of coal gasification. In particular, Li et al. [17] report values lower than 500 mg/L for
a full scale wastewater treatment facility of a coal gasification plant installed in Harbin
(China). A phenol concentration up to 1600 mg/L is reported by Wang et al. for a Lurgi
coal gasification wastewater, indicating that phenol concentration in scrubber wastewater
strongly depends on the characteristics of the plant also for the coal gasification process [18].

In order to effectively eliminate phenolic compounds from wastewater, different
processes are commonly used such as photocatalytic degradation, ozonation, extraction
(liquid-liquid or solid phase extraction), biological methods (via microbial or enzymatic
methods), membrane-based separation methods, and adsorption [19]. Activated carbons
are versatile adsorbents, particularly effective in the adsorption of organic and inorganic
pollutants from aqueous solutions [20]. In chemical industry, the most common applications
of activated carbon are in fixed bed reactors or fluidized bed reactors in which the passage
of a gas or liquid stream permit the removal of a large number of contaminants. Carbon
characteristics, such as the large percentage of micropores, high specific surface area, high
pore volumes, good mechanical strength, etc., provide a framework type with chemical
and physical characteristics useful for absorption application [21]. Activated carbon is
commonly used in powder and granular form. Commercially, both forms are sold and the
most appropriate is chosen according to industrial applications; other forms such as felts,
fibers and cloths are being studied in the scientific research [22].

In the literature, many works have been done on the aromatic compounds’ absorption
in aqueous solution and, in particular, phenols attract great attention [23–28].

Mukherjee et al. worked on phenol adsorption efficiency of different adsorbents
including bagasse ash, activated carbon and charcoal from wastewater [29]. The monitored
parameters for evaluating adsorption efficiency was the influence of pH, concentration of
ethylenediaminetetraacetic acid (EDTA), anions and adsorbent dose. Their result showed
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98, 90 and 90% phenol removal efficiencies by activated carbon, wood charcoal and bagasse
ash systems, respectively. Removal efficiency was observed to increase with a decrease
in the pH of the system. Effects of EDTA and nitrate ion content of the solution were
identified as the factors that influenced the adsorption process.

Akl et al. [30] used sugarcane bagasse-based activated carbons to remove phenol
form aqueous solution. They found that the proposed adsorbents are capable of phenol
elimination from water. In particular, the process depends on pollutant concentration, pH
solution and temperature.

Alhamed [31] studied the kinetics of phenol adsorption on activated carbon produced
from waste dates’ stones using four different solid particle sizes (1.47 to 0.225 mm) and
initial concentrations of phenol of 200 and 400 ppm. He found that the initial rate of
adsorption, predicted from the pseudo-second order model, decreased with increasing
particle diameter as a result of higher interfacial area provided by particles with smaller
diameter. Breakthrough curves for phenol removal using a packed bed of activated carbon
were well predicted using an axial dispersion model.

Daifullah et al. [32] studied the removal of phenol and its derivate by adsorption
on activated carbons prepared from H3PO4-impregnated powdered apricot stone shells
and carbonized at 300–500 ◦C. Uptake of phenols increases with the respective increase in
molecular dimensions and acidity of the organic compound and decrease in solubility of
the sorbates.

In this work, the phenol removal from aqueous media was carried on by using residual
biochars. For comparison of the treatment effectiveness, commercial activated carbons were
included. The latter were kindly provided by Sicav S.p.A., both in granular and powder
form; these materials were considered as representative of high performance materials
with elevated BET specific surface area and pore volume. The considered biochars were
agroindustrial biomass residues produced in pyrolysis and gasification processes of concern
at the ENEA—Trisaia Research Centre (south of Italy). In this context, in the specific plant
configurations, sections for gas cleaning based on combined biodiesel and water scrubbing
are under consideration. In fact, the effect of carbon amount on treatment performances of
real scrubber water was also assessed.

Therefore, the obtained data were analyzed to evaluate the performance of the experi-
mental biochars in wastewater treatment for possible reuse options of the two residues,
with a view to closing the production cycle of the thermochemical processes involved,
reducing wastewater and solid process residues to limit the environmental impact and
increase the sustainability of the processes.

2. Materials and Methods

2.1. Materials

Two activated carbons with specific surface areas of 800 m2/g (SP800) and 1000 m2/g
(SP1000) were kindly provided by Sicav S.p.A (Gissi, Italy) in powder form with sizes < 75 μm
and grain form with sizes of 1–1.5 mm. Both samples were used as-received with no additional
treatments. The two biomass-derived carbons (biochar) were residual materials produced
during processes of pyrolysis (SPBCP) or gasification (SPBCG). The SPBCP sample originated
from wood chips subjected to slow pyrolysis carried out at 550 ◦C for 16 h, while the SPBCG
came from a biomass gasification plant. The biomass gasification plant consists of a 120-kWth
downdraft gasifier utilizing air as the gasification agent. The produced syngas is then purified
in a cleaning section which consists of four units: cyclones, wet scrubbers, demisters and a
chips filter. Wet scrubbers consist of two units in series. Heavy tars (mainly hydrophobic
molecules) are removed in the primary biodiesel scrubber. Residual light tars, mainly phenolic
molecules, are then removed in the secondary water scrubber. In that last unit, wastewater is
produced and requires purification. Almond shells were used as feedstock and the gasifier
was operated at a temperature of about 850 ◦C.

Before use, both the biochar samples were ground in a blade mill and then sieved;
the powder fraction with size < 75 μm was used for the adsorption tests. To facilitate the
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grinding, amounts of the two samples were first kept at 70 ◦C for three days to reduce
the moisture content. In order to carry out continuous tests in the column, the produced
biochars were also sieved in the range 1–1.5 mm.

2.2. Characterization of the Investigated Carbons

All the investigated carbons were analyzed by thermogravimetric analysis in the range
30–850 ◦C, in air flow, and with a heating rate of 10 ◦C/min (SDT 650, TA Instruments,
New Castle, DE, USA). The produced biochars (namely SPBCP and SPBCG) were also
characterized in terms of textural properties. In this regard, the specific surface area
(SSA) of the produced samples were obtained by adopting the Brunauer–Emmett–Teller
model (B.E.T.) to nitrogen adsorption isotherms performed at 77 K with an ASAP 2020
Micromeritics instrument. In particular, the B.E.T. was applied in the P/P◦ range 0.01–0.1 in
order to obtain a positive C-value, which is exponentially related to the adsorption energy of
the monolayer [33]. Total pore volume was calculated at P/P◦ = 0.99. Pore size distribution
was determined by Non-Local Density Functional Theory (NLDFT) by using MicroActive
Version 4.06 software (Micromeritics, Norcross, GA, USA) and by adopting an available
model for carbon slit-shape pores. Before the analysis, the investigated samples were
degassed, by heating at 300 ◦C, at a rate of 5 ◦C min−1, under a high vacuum (<10−8 mbar)
for 12 h. Scanning electron microscope (SEM) images of the investigated samples were
collected by a scanning electron microscope (FEI model Inspect, ThermoFisher Scientific,
Hillsboro, OR, USA).

2.3. Batch Adsorption Tests

The batch phenol adsorption tests were carried out in a glass laboratory bottle using
50 mL of an aqueous solution containing 5 g/L of phenol (PhOH). The mass of adsorbent
(activated carbons or biochars) was varied between 0.5 g and 4 g. The adsorption tests were
carried out under vigorous stirring at 25 ◦C and the effect of contact time was investigated
in the range 0–24 h. Details are reported in the preliminary study [1].

Batch adsorption tests were also carried out by using scrubber wastewater produced
in the demonstrative biomass gasification plant described above.

After the adsorption test, the solid was separated from the liquid by centrifugation
at 4000 rpm for 10 min. Any carbon residues suspended in the liquid were carefully
eliminated by vacuum filtration followed by a filtration step through a 0.45 PTFE filter
before the HPLC-UV-Vis analysis. UV-Vis analysis was performed by an Agilent 1100
HPLC system coupled with a DAD detector (Eluent: H20/ACN 80/20, supplied in isocratic
mode; flow: 1 mL/min; column: C18; λ: 254 nm). The amount of adsorbed phenol as
a function of time was fitted with two adsorption kinetic models, i.e., the pseudo-first
and -second order models [34], while equilibrium values were modelled with Langmuir,
Freundlich and Temkin equations [34,35]. Scrubber wastewater treatment was assessed
by analyzing the treated samples with a Varian Cary 300 Scan UV-Vis spectrophotometer
(Agilent Technologies, Inc., Santa Clara, CA, USA) in the wavelength range 190–400 nm.

2.4. Continuous Adsorption Tests

Continuous adsorption tests were carried out in the lab-scale experimental set-up
reported in Figure 1.

The system consisted of a calibrated peristaltic pump that fed the phenol solution to
the bottom of a glass cylindrical column containing the carbon.

The column had an internal diameter of 29 mm and a total length of 60 cm. The
liquid flowrate was set to 55 mL/min to obtain an empty bed liquid velocity equal to
5 m/h. Different amounts of carbons (namely 20, 30 and 50 g) were used to study the
effect of the length of the adsorption bed on the breakthrough curve. Before each test, the
carbon bed was purged with water in order to eliminate air contained inside the pores.
Furthermore, this purge also allowed the elutriation of the residual fine particulate from
the carbon grains. From the top of the column the out-stream was sampled every one
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minute. The recovered samples were stored at 4 ◦C in closed bottles and analyzed by the
HPLC technique as previously described.

Figure 1. Scheme of the experimental set-up used for continuous adsorption tests.

The obtained breakthrough curves were modelled with the Thomas model [36]:

Ct

C0
=

1

1 + exp
(

kTh
Q (qThm − C0Qt

) (1)

where Ct is the phenol concentration (unit: mg/mL) in the column outlet at the time t (unit:
min), C0 is the initial phenol concentration (unit: mg/mL) in the feed, kTh is the Thomas
constant (unit: mL/min/mg), qTh is the maximum adsorption capacity (unit: mg/g), Q is
the wastewater flowrate (unit: mL/min) and m is amount of carbon used for the experiment
(unit: mg). The Thomas model assumes Langmuir isotherms for equilibrium and pseudo-
second-order reaction kinetics [36]. These assumptions agree with the equilibrium and
kinetics insights found for the investigated process, as reported in a previous study [1].
One of the main weaknesses of the Thomas model is that its derivation assumes that the
adsorption process is limited by kinetics, while it is often controlled by interphase mass
transfer. Nevertheless, Thomas is widely used to describe the adsorption process in packed
bed columns [37–41].

Furthermore, experimental data were also modelled with the Modified Dose Response
(MDR) model [42]:

Ct

C0
= 1 − 1

1 +
(

Q·C0·t
qMDR ·M

)a (2)

where Ct is the phenol concentration (unit: mg/mL) in the column outlet at the time t
(unit: min), C0 is the initial phenol concentration (unit: mg/mL) in the feed, qMDR is the
maximum adsorption capacity (unit: mg/g), “a” is a MDR parameter (unit: none), Q is the
wastewater flowrate (unit: mL/min) and M is amount of carbon used for the experiment
(unit: g). MDR is an empirical model usually adopted to minimize the error that results
from use of the Thomas model, especially with lower and higher breakthrough curve times.
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The obtained data were also used for scaling up by adopting the Bed Depth Service
Time (BDST) approach [43].

3. Results

3.1. Characterization of the Samples

The B.E.T specific surface area (SSA), B.E.T. C-value, and total pore volume of the
investigated samples are reported in Table 1, while pore size distribution is reported in
Figure 2. In the literature it is known that, in the case of biomass belonging to similar
types, the pyrolysis biochar has a typically specific surface area lower than biochar from
gasification. It is also known that the characteristics of the char produced are also strongly
influenced by the type of biomass and by the specific morphology [44,45]. These aspects
apply well to the case of the chars used in this work, which in fact come from different
biomasses, wood chips and almond shells, respectively known for having different textural
characteristics (higher porosity in the former, low in the latter) [46–48]. Pore size distribu-
tion reveals that commercial activated carbons possess pores with an average pore width of
about 11–12 Å (Å is Ångström, 10−10 m). Smaller pores are not excluded. On the contrary,
lager pores, i.e., >15 Å can be observed for the investigated biochar. The pores are suitable
for the inclusion of phenol, which has a molecular diameter of 7.46 Å [49].

Table 1. B.E.T. specific surface area and pore volume of the investigated samples.

Sample
B.E.T.
SSA

(m2/g)

B.E.T
C-Value

(−)

Total Pore Volume
(cm3/g)

SP1000 1281 6289 0.643
SP800 698 6155 0.413
SPBCP 211 81 0.126
SPBCG 63 844 0.069

Figure 2. Pore size distribution of the investigated samples.

Thermogravimetry analysis carried out in air flow revealed that the combustion of
both the activated carbons occurs in the temperature range 400–600 ◦C with a maximum
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heat flow at about 580 ◦C, indicating a similar structure. On the contrary, the combustion
of the biomass-derived chars start at about 250 ◦C with a maximum heat flow in the
range 400–500 ◦C. After complete combustion, the residual matter was about 5% for
SP1000, about 18% for SP800 and about 20% for SPBCG, while it was below 1% for SPBCP.
Such differences may be related to both the thermal preparation process and the original
feedstock that affects the carbon content and inorganic matter in the produced solid.

Figure 3 shows the SEM images of the investigated samples at two different magni-
fications. All the samples exhibit a not well-defined shape with macropores that may be
observed for the SP1000 sample. The presence of some large pores on the external surface
may be also observed for the SPBCG sample. On the contrary, no large pores are observed
on the SPBCP sample probably due to the milder conditions adopted for its production (i.e.,
slow pyrolysis), with respect to the SPBCG sample which was produced in more severe
conditions (i.e., high temperature gasification).

 
Figure 3. SEM images of the investigated SP1000, SP800, SPBCG and SPBCP samples. Subfigures are SEM images at
higher magnification.

3.2. Adsorption Tests under Batch Conditions

Batch tests for phenol removal were described and discussed in a previous work [1].
Briefly, the trend of phenol adsorption as a function of time was modelled with both pseudo-
first and pseudo-second order kinetics, and F-tests indicate the latter as the best fitting
model. In particular, the model also indicates that the SP1000 sample shows an adsorption
rate four times higher than the SP800 sample, which displays a kinetic constant one order
of magnitude higher than biochars. Concerning biochars, a higher kinetic constant is
calculated for the SPBCG sample, despite a lower equilibrium capacity.

The Langmuir model was found to be the best fitting model for equilibrium data.
Details about F-tests and comparison with the other models, i.e., Temkin and Freundlich,
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are reported elsewhere [1]. The Langmuir model predicted a phenol maximum quantity
adsorbed at 25 ◦C equal, respectively, to 270 mg/g, 233 mg/g, 104 mg/g and 65 mg/g,
for SP1000, SP800, SPBCP and SPBCG, while the equilibrium constants were, respectively,
1.7 × 10−2 L/mg, 3.0 × 10−3 L/mg, 5.4 × 10−4 L/mg and 9.4 × 10−4 L/mg.

In particular, the calculated adsorption capacity increases as a function of pore volume
as reported in Figure 4, also according to literature data [50–55]. In contrast, no trend was
found for the Langmuir equilibrium constants. In fact, phenol adsorption appears to be
more favorable on SPBCG than on SPBCP, despite the smaller surface area, indicating that
the investigated biochars exhibit different phenol–surface interactions.

Figure 4. Langmuir adsorption capacity at 25 ◦C as a function of pore volume. Comparison with literature data [50–55].

Obtained data indicate SP1000 and SPBCP as the best carbons among the investigated
activated carbons and biochars, respectively. Nevertheless, the utilization of the SPBCG
sample for wastewater treatment may be interesting from a process circularity perspective.
In fact, the char produced during the biomass gasification process is considered as a low
value material, with very limited uses, to be disposed of as a process waste stream. There-
fore, the utilization of biomass gasification char as adsorbent material for the treatment of
wastewater produced during syngas wet cleaning may be an interesting strategy for its
valorization. Biochar from gasification may be considered as a zero-value product (that
may become a negative value in the case it is disposed of as waste), while biochar from
pyrolysis usually has a positive production cost, since it is a target product of the process.
Therefore, albeit that the SPBCG sample exhibits the lowest capacity of adsorption towards
phenol, it was studied as a potential adsorbent for the treatment of real scrubber wastewater
produced in a biomass-based gasification plant. For comparison, the SP1000 sample was
also studied in terms of capacity of purification of real syngas scrubber wastewater.

UV-Vis profiles of the real syngas scrubber wastewater and phenol solution used in
this study are reported in Figure 5.

UV-Vis spectra of the phenol solution exhibit a well-defined absorption band centered
at about 285 nm. On the contrary, a broad band is observed for the syngas scrubber wastew-
ater indicating the presence of several compounds. However, also for the investigated
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wastewater the maximum absorption occurs at about 285 nm, suggesting that phenol may
be considered a molecule suitable for modelling.

Figure 5. UV-Vis profiles of real syngas scrubber wastewater and 5 g/L phenol solution used in this work.

The UV-Vis spectra of the syngas scrubber water as a function of carbon amount after
24 h of treatment are reported in Figure 6. The effect of carbon amount of wastewater
treatment level is reported in Figure 7.

Results clearly confirm the superiority of activated carbons over biochar in terms of
purification level for both scrubber wastewater and phenol removal.

The purification level of both real scrubber wastewater and phenol model solution
increases as the carbon amount increases.

In particular, the purification level of wastewater and phenol solution increases from
13% to 25% and from 31% to 64%, respectively, by increasing the SPBCG amount from 1 g
to 4 g. In the case of commercial activated carbon SP1000, the purification level increases
from 47% to 92% in the case of real syngas scrubber wastewater, and from 68% to 99% in
the case of phenol model solution.

In fact, as an example, with 4 g of carbon, a wastewater purification level of about
92% is achieved for commercial activated carbon SP1000, while only 25% is measured for
gasification biochar SPBCG. A similar trend is also observed in terms of phenol removal.

It is important to observe that the purification level is higher in the case of phenol
model solution. As an example, with 4 g of carbon, the purification level was 64% for phenol
model solution and 25% for scrubber wastewater in the case of SPBCG, and 92% and 96%
for phenol model solution and scrubber wastewater, respectively, in the case of commercial
activated carbon. This experimental evidence is of paramount importance. In fact, phenol
is usually considered as a model for such a kind of investigation but the complexity of the
real wastewater stream may have a significant impact on adsorption performances.
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Figure 6. UV-Vis profiles of scrubber wastewater as a function of carbon amount (50 mL of solution for each test) for the
SPBCG sample (a) and the SP1000 sample (b).

226



Int. J. Environ. Res. Public Health 2021, 18, 4247

Figure 7. Scrubber wastewater and phenol model solution purification level as a function of carbon amount for the SPBCG
(a) and SP1000 (b) samples, after 24 h treatment.

3.3. Adsorption Tests in Continuous Mode: Experimental, Modelling and Scale-Up

Continuous tests at bench-scale were carried out over the SP1000 and SPBCG samples,
available in the size range 1–1.5 mm. As previously observed, SP1000 is the sample with the
best adsorption properties in terms of both kinetics and thermodynamics. On the contrary,
SPBCG showed the slower adsorption kinetics and the lower adsorption capacity. However,
the potential utilization of SPBCG may be also related to economic consideration. For
instance, phenol-contaminated wastewater may be produced in biomass-fueled gasification
plants. To regenerate a such waste stream, it may be both environmentally and economically
beneficial to consider an on-site treatment with the biochar produced as a residue of
gasification rather than its disposal.

The breakthrough curves comparing the adsorption activity of commercial activated
carbon vs. the investigated gasification biochar are reported in Figure 8. Assuming a
C/C0 value at the breakpoint equal to 0.1, under the conditions adopted the collected
data allow estimation of service times of approximately 12 min for the SP1000 sample
and 2–3 min for the SPBCG sample. Therefore, with the same fluid dynamic conditions,
pollutant load, and service time, these outputs indicate that the quantity of biochar required
is at least four times the quantity of commercial activated carbon. This difference may
increase for effluents with lower phenol concentrations, due to the differences observed in
the adsorption isotherms. In particular, commercial activated carbon exhibits an almost
irreversible isotherm, while gasification biochar shows a much less favorable adsorption,
with a less pronounced increase in the quantity adsorbed with the solution concentration.

The effect of adsorption bed weight on breakthrough curve was studied for the SP1000
sample and results are reported in Figure 9.

From the mass balance it is possible to calculate the characteristic parameters reported
in Table 2.

The reported data show how the abatement level increases as the height of the bed
increases. The total adsorbed quantity increases from 143 to 177 mg/g, demonstrating that
column is not operating in equilibrium conditions, the equilibrium adsorption capacity
being equal to about 270 mg/g. As the height of the bed increases, the phenol adsorption
capacity at the breakpoint also increases.

As previously reported, the obtained breakthrough curves were modelled with both
the Thomas and MDR models.
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Figure 8. Breakthrough curve of the SP1000 and SPBCG samples for phenol model solution. Solution initial concentration:
5000 mg/g, flowrate: 55 mL/min, carbon amount: 50 g.

Figure 9. Breakthrough curve of SP1000 as a function of carbon amount for the phenol model solution. Solution initial
concentration: 5000 mg/g, flowrate: 55 mL/min.

Figure 10 shows the linear plot of the investigated models, and the estimated param-
eters are reported in Table 3. The comparison between models and experimental data
is reported in Figure 11. Results clearly show that the MDR model satisfactorily fits the
experimental data in the whole time range and for each carbon amount. On the contrary,
the Thomas model diverges from experimental data at low time values and for higher
carbon amounts. It may be then concluded that MDR is better than the Thomas model.
Both Thomas and MDR models were also applied for describing the breakthrough curve of
the SPBCG sample and results are reported in Figure 12. The model parameters estimated
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by linear regression are reported in Table 3. As in the case of SP1000, the MDR model
may be considered the best fitting mathematical model of the breakthrough curve of the
SPBCG sample.

Table 2. Parameters estimated from the breakthrough curve of SP1000 for phenol solution.

Carbon
Amount

(g)

Bed Height
(cm)

Total Adsorption
Capacity
(mg/g)

Breakthrough
Time a

(min)

Breakthrough
Adsorption Capacity b

(mg/g)

Stoichiometric
Time c

(min)

20 5.9 133 3 40 11
30 8.9 152 6 49 21
50 14.9 177 12 71 37

a Calculated at C/C0 = 0.1; b adsorption capacity at C/C0 = 0.1; c calculated in accordance with [56].

Figure 10. Linear plot of the Thomas (a) and MDR (b) models. Dashed lines refer to the fitted linear regression model.
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Table 3. Parameters estimation of the Thomas and MDR models for the SP1000 and SPBCG samples.

Sample Carbon Amount (g)

Thomas MDR

Kth·102

(min/mL/mg)
qth

(mg/g)
R2 a (−)

qMDR

(mg/g)
R2

SP1000 20 2.76 118 0.959 1.8 109 0.998
30 2.78 155 0.987 2.0 144 0.997
50 2.88 142 0.985 2.5 168 0.984

SPBCG 50 14.01 13.1 0.949 5.6 19.5 0.995

Figure 11. Comparison with experimental data of the Thomas (a) and MDR (b) models. Continuous lines refer to the fitted
linear regression models.
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Figure 12. Comparison with experimental data of the Thomas (red line) and MDR (green line) models for the biochar
SPBCG sample.

On the basis of the obtained breakthrough curves, scale-up may be carried out by the
Bed Depth Service Time (BDST) model, which may be expressed as follows:

t =
N·H
C0·v − 1

k·C0
ln
(

C0

Cb
− 1

)
(3)

where C0 is the initial concentration of phenol, Cb is the breakpoint concentration, v is the
liquid empty bed velocity, t is the service time, H is the bed height, N is the adsorption
capacity of the bed and k is a kinetic parameter. By plotting the service time obtained
experimentally vs. bed height it is possible to obtain N and k values, which are the scale-
up parameters. Figure 13 shows the plot of the BDST equation applied to the obtained
experimental data.

The value of the BDST model are N = 45,438 g/m3 and k = 7.2 × 10−3 m3/h/g.
Therefore, the obtained parameters may be used to estimate the service time as a function
of bed height, superficial velocity, and desired breakpoint concentration.

Another practical tool to estimate the service time is to consider a design adsorption
capacity (Wdesign) as 50% lower than that calculated from the isotherm (Wtheoretical) [57]:

Wdesign = 0.5 Wtheoretical (4)

On the basis of obtained results, Langmuir isotherms may be used to calculate
Wtheoretical as a function of initial phenol concentration. The carbon usage rate (CUR)
may be then estimated as follows:

CUR =
Q·C0·

(
1 − Cb

C0

)
Wdesign

(5)
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where Q is the wastewater flowrate (m3/h), C0 is the phenol concentration in the wastewa-
ter (g/m3), Cb is the maximum admissible concentration in the treated stream, i.e., break-
point concentration, and Wdesign is the design adsorption capacity (gPhOH/kgcarbon). As an
example, Table 4 shows the CUR (kgcarbon/h) of the investigated samples estimated for
treating 1 m3/h of wastewater contaminated with phenol for several initial concentrations.

Figure 13. Linear plot of the BDST model. In the linear regression model, y refers to the service time (h) and x refers to the
bed height (m).

Table 4. Carbon usage rate (CUR) for the SP1000, SP800, SPBCG and SPNCP samples as a function of
phenol concentration. Wastewater flowrate: 1 m3/h.

CUR
(kg/h)

SP1000 SP800 SPBCG SPBCP

C0 = 5000 ppm 41 46 187 132
C0 = 2500 ppm 21 24 110 84
C0 = 1000 ppm 8 11 64 55
C0 = 500 ppm 4 7 48 45
C0 = 100 ppm 1 4 36 38

By comparing the results, performance ratios ranging from a minimum value of
about 3 (SPBCP vs. SP800) to a maximum value of around 40 (SPBCP vs. SP1000) can
be estimated, depending on the specific materials and the concentration of phenol in the
solution. Concerning the two biochars, no significant differences may be observed for low
phenol concentration values, while a lower carbon usage rate is calculated for pyrolysis
biochar with respect to gasification biochar at high phenol concentration.

A continuous test was also carried out for real scrubber wastewater over commercial
activated carbon in order to obtain insights about the suitability of phenol as a model
molecule for wastewater purification. Results are reported in Figure 14.
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Figure 14. Breakthrough curve of the SP1000 sample for the phenol model solution and real scrubber wastewater. Solution
initial phenol concentration: 5000 mg/g, flowrate: 55 mL/min, carbon amount: 50 g.

Results of continuous tests confirm data obtained during batch adsorption tests. The
level of stream purification is lower in the case of real scrubber wastewater. In particular, if
C/C0 = 0.1 is assumed as the breakpoint value, the service time is reduced from 12 min to
about 8 min. This may be also considered as a design parameter. Therefore, based on the
collected data, the CUR estimated for phenol should be increased by a factor 12/8 = 1.5 in
the case of a real scrubber wastewater stream. GC-MS analysis was carried out on both
fresh and treated wastewater in order to assess the effect of other molecules on phenol
removal. Wastewater consists of phenol as the main hydrophilic tar, with the presence
of indene, a hydrophobic tar. The presence of indene may be responsible for the lower
purification level observed in the case of real wastewater, especially for materials with low
adsorption capacity. Indeed, in the case of the SPBCG sample, after 24 h treatment under
batch conditions with 4 g of carbon, indene was completely removed, while phenol was
still found in the residual solution, indicating that the adsorption of hydrophobic tars, e.g.,
indene hinders the adsorption of hydrophilic tars, e.g., phenol. Therefore, in the case of a
syngas cleaning system consisting of a water scrubber downstream of a biodiesel scrubber,
the latter unit should be suitably designed in order to avoid the presence of hydrophobic
tars in the syngas, with a negative effect on the purification of wastewater produced in the
secondary scrubber.

The obtained results may be exploited for both technical and economic assessments.
For instance, the utilisation of biochar produced from a gasification well agrees with
the concept of the circular economy. In fact, the biochar produced during gasification is
considered a residual stream usually treated as a waste. Therefore, the estimated carbon
usage rate gives information about the possibility to reuse the produced biochar within
the same gasification plant before its disposal. In that scenario, it is important to note
that, in the case of a biomass gasification plant fuelled with commonly used lignocellulose
feedstocks such as poplar wood, almond shell, pine wood, eucalyptus, wheat straw, poultry
litter, maize cobs, grape marc, miscanthus, and switchgrass, the biochar yield is usually
lower than 20% with respect to the initial biomass flowrate to the gasifier [58]. Furthermore,

233



Int. J. Environ. Res. Public Health 2021, 18, 4247

both the type of gasifier and the operation conditions also strongly affect the formation
of tars, with an effect on the amount and the characteristics of wastewater to be treated;
this aspect should also be taken into account for the assessment. For instance, tar content
in the syngas may be up to 100–150 g/Nm3 in the case of an updraft gasifier, and lower
than 10 g/Nm3 in the case of a downdraft gasifier, and phenolic compounds represent
usually about 10% of the total tar content [59–62]. Future research should focus on technical
and economic assessment of the possible utilization of biochar as a partial or complete
substitute to commercial activated carbons for the purification of wastewater contaminated
with phenols at pilot or demonstrative scale.

4. Conclusions

In this work, two commercial activated carbons and two residual biochars obtained
from pyrolysis and gasification processes were assessed as potential adsorbents for the
purification of wastewater produced in a syngas wet scrubber unit of a biomass gasification
plant of concern at the ENEA Trisaia Research Centre. Phenol solution was used as a model
solution for the investigations. Data obtained from both batch and continuous tests were
used to compare the investigated samples in terms of kinetics and adsorption capacity.
On the basis of results obtained at bench-scale, design parameters were also estimated.
Experimental tests indicate that the phenol adsorption capacity estimated by the Langmuir
model depend on the pore volume of the carbons. Continuous tests give evidence of the
lower efficacy of the considered residual biochars, compared to the commercial activated
carbons. Design parameters were estimated by applying the BDST model. Furthermore, a
practical tool was also used for estimating the carbon usage rate (CUR) and a case study
was assessed. Based on the collected results, the two investigated biochars exhibit a similar
CUR at low phenol concentration, while a lower CUR is estimated for pyrolysis biochar
with respect to gasification biochar at a high phenol concentration level.

Overall, the collected results indicate that the performance of the biochars are signifi-
cantly lower than commercial materials; nevertheless, the residual chars under examination
have proven a certain degree of effectiveness as activated carbons that can be used for the
regeneration of water contaminated by phenols. This achievement therefore provides an
incentive for further evaluation, both technical and economic, with respect to their use for
the regeneration of water contaminated by phenols and the design of a related plant unit.
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Abstract: This paper embeds environmental compliance factor and compliance cost factor into
the M-O monopolistic competition and multi-product firm model to construct a theoretical model
applicable to environmental compliance and enterprise innovation. In addition, we also construct
a new environmental compliance index. We use the random-effects Tobit model and the double
hurdle model to empirically test the micro-data from the Database of China Industrial Enterprises
from 1998 to 2013, then we use the Generalized Propensity Score Matching (GPSM) to conduct a
robustness test. The robustness conclusion is that environmental compliance has a significant U-
shaped relationship with enterprise innovation, which means, environmental compliance will inhibit
enterprise innovation on the left of the inflection point of environmental compliance (0.669), while
environmental compliance on the right of the inflection point will promote enterprise innovation. The
sub-sample regressions show that, enhanced environmental compliance of state-owned enterprises,
mature enterprises, core area enterprises and export enterprises with low level of the environmental
compliance, makes the greater inhibition to enterprise innovation, and enhanced environmental
compliance of above enterprises with high level of the environmental compliance, makes the greater
contribution to enterprise innovation. To this end, the government should adopt the policy, from the
shallower to the deeper, to promote the construction of environmental compliance, and identify the
inflection point of the environmental compliance on enterprise innovation to stimulate the role of
environmental compliance in promoting enterprise innovation.

Keywords: environmental compliance; enterprise innovation; Chinese manufacturing enterprises;
U-shaped relationship

1. Introduction

The sixth “Global Environment Outlook” (GEO-6) put forward by the United Nations
in March 2019 claimed that environmental pollution has become a main issue restricting
the steady rise of economic and social development. It is difficult to solve the problem of
environmental pollution effectively by means of market regulation, the reason is that the
environment has the characteristics of public goods. Although environmental regulation
can make up for part of the market failure and increase the profitability of enterprises [1], it
would inhibit enterprise innovation [2]. Some scholars (e.g., [3]) believe that technological
innovation has become the high priority for the market sector to balance environmental
protection and economic benefits. Since the reform and opening up, China has experienced
a transition period from rapid economic growth to high-quality economic growth and
environmental pollution has more and more inhibitory effects in economic development
in China. Therefore, it is an urgent task for China to enter into building an innovative
country in an all-round way to evaluate comprehensively and reflect the effectiveness
of environmental compliance and implement effective adjustment and reform. Hence,
whether environmental compliance promotes enterprise innovation or not is the topic of
this paper, by aiming at solving the problem that it is difficult for enterprises to balance
environmental protection and economic benefits.
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According to much scholars, with the strength of environmental regulation increasing,
the enterprise innovation tends to rise, decline, decline first and then rise, or insignificant.
The first category is the promoting effect. The Porter hypothesis claimed that environ-
mental protection policies will promote enterprises’ technological innovation and rise
enterprises’ competitiveness. The positive effects of environmental regulation on the
macroeconomy are mainly manifested through the innovative behavior of enterprises [4,5].
Then, some scholars found that the improvement of environmental regulation intensity
could significantly promote technological innovation (e.g., [6–10]). The second category
is the inhibitory effect. Neoclassical economics believes that environmental protection
policies will lead to an increase in the production cost of enterprises, and the positive
effects of environmental protection policies on the society will all be offset by the increased
production cost of enterprises, on the contrary, are not conducive to enterprise innovation
and economic development. This proposition is in sharp contrast to the Porter hypothesis.
Meanwhile, other scholars also showed that environmental protection policies would in-
hibit technological innovation. For example, both Zhao and Sun and Shi et al. claimed that
environmental regulation would inhibit the efficiency of technological innovation [11,12].
Chen claimed that environmental regulation would inhibit the R&D investment (including
the investment of research institutions, the investment of technology introduction and the
investment of internal R&D) of industries with different pollution levels [13]. The third
category is nonlinear effect. Some studies have showed that environmental regulation
has a significant U-shaped relationship with enterprise innovation. With the strength of
environmental regulation increasing, the enterprise innovation tends to decline first and
then rise (e.g., [14,15]). Su and Zhou claimed that China’s formal environmental regulations
would promote the innovation performance of firms with higher environmental standards,
but inhibit the innovation performance of firms with lower environmental standards [16].
Long and Wan found that environmental regulation would promote the profit margin
improvement of large-scale enterprises with low compliance costs and reduce the profit
margin of small-scale enterprises with high compliance costs [17]. The fourth category
is that there is no significant correlation between environmental policy and enterprise
innovation. Kang et al. found that there was no significant correlation between incentive-
based environmental regulation policies and enterprise innovation [18]. Sharif used the
micro-enterprise data from 1983 to 1992 in the United States to study and found that there
was no clear evidence to prove that environmental regulations would promote enterprise
innovation [19].

According to the above analysis, much scholars used traditional indicators such as
single pollutant discharge per unit output or pollution control expenditure to measure
the intensity of environmental regulation. Different from previous studies, we use a new
method to measure the environmental compliance index of enterprises by referring to the
logic of accounting in measuring abnormal financial indicators. Specifically, the extent to
which an enterprise complies with the government’s environmental laws and regulations
is used to measure the intensity of environmental compliance. The larger the difference
between the government’s environmental prescribed parameters and the enterprise’s
environmental indicators, the smaller the enterprise’s environmental compliance index
will be, and vice versa. The new measurement method of environmental compliance index
constructed in this paper is an innovation in this research field.

In order to study the impact of environmental compliance on enterprise innovation,
we build a mathematical model to theoretically analyze the impact of environmental
compliance on enterprise innovation. According to the results of theoretical analysis, we
propose not only hypothesis H1: Environmental compliance has a significant U-shaped
relationship of first suppression and then promotion with enterprise innovation, but
hypothesis H2: In terms of the overall effect, the promotion effect may play a leading role
in the effect of environmental compliance on enterprise innovation in China’s industrial
enterprises. In order to verify the hypothesis based on the theoretical analysis results, we
use the random-effects Tobit model and the double hurdle model to empirically test the
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micro-data from China Industrial Enterprise Database from 1998 to 2013. Hence, by aiming
at the improvement of the above points, we will have a certain degree of innovation. Firstly,
based on the M-O theoretical model, we relax the original producer behavior hypothesis
and embed environmental compliance factors and cost factors into the multi-product
enterprise model, then, we construct a theoretical model applicable to environmental
compliance and enterprise innovation. Secondly, based on previous studies, this paper
refers to the logic of accounting to measure abnormal financial indicators and uses a new
method to measure the environmental compliance index of enterprises. Finally, in terms of
research methods, we use the random-effects Tobit model and the double hurdle model to
empirically test the micro-data from China Industrial Enterprise Database from 1998 to 2013.
Then, by using the Generalized Propensity Score Matching (GPSM) method to conduct
robustness test. The robustness conclusion is drawn that the impact of environmental
compliance on enterprise innovation shows a U-shaped relationship.

The structure of the remaining paper is organized as follows: Section 2 presents the
theoretical model. Section 3 shows methodology and data, which illustrates the research
methods and models, variable definition, data source and processing and descriptive
statistical analysis. Section 4 describes empirical analysis and results, which illustrates
benchmark results analysis, heterogenous texts and robustness test. Finally, Section 5
completes the conclusions and policy implications.

2. Theoretical Model

Different from previous studies on environmental regulations, this paper defines
environmental compliance as the degree to which an enterprise’s production activities
comply with environment-related regulations. Due to the different cognition and norms
of different enterprises, much enterprises have different environmental compliance index.
Based on M-O monopolistic competition and multi-product enterprise model, we relax the
original producer hypothesis and embed the environmental compliance factor and cost
factor into the multi-product enterprise equation. The equation is similar in theory to the
equation proposed by Melitz and Ottaviano [20], but there are the entry of compliance
factor and cost factor and the adjustment of entry cost, expected environmental compliance
cost and expected environmental violation cost.

2.1. Consumer Equation

This paper retains the hypothesis of the equation proposed by Melitz and Otta-
viano [20], that is, economic activity involves only one factor of production labor and
two consumer goods. The first commodity is homogeneous, one unit of labor is needed
to produce this commodity, and it is sold in perfect competition, and this commodity is
chosen as money, so equilibrium wages are equal to 1. The other kind of commodity is
horizontally differentiated (new product), continuously provided by N enterprises with
returns on scale and monopolistic competition. Its preference is described by the following
utility function:

U(q0; q(i), i ∈ [0, N]) = α
∫ N

0
q(i)di − β

2

∫ N

0
[q(i)]2di − γ

2

[∫ N

0
q(i)di

]2

+ q0 (1)

where q(i) is the quantity of variety i ∈ [0, N] and q0 is the quantity of the homogeneous
good. α is a measure of the intensity of preferences for the differentiated good with respect
to the numéraire and may therefore be viewed as a measure of the size of the market,
where γ expresses the substitutability between varieties: the higher γ, the closer substitutes
the varieties. β > 0 indicates that the representative consumers prefer the diversified
consumption of their varieties.

According to the model hypothesis, the price equation is finally obtained:

p(i) = α − βq(i)− γQ (2)
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where Q =
∫ N

0 q(j)dj represents the total market output of the differentiated product. j
stands for different product categories.

2.2. Producter Equation

The cost involved in production equation mainly includes entry cost, fixed cost and
marginal cost. Referring to the logic of Rocha et al. in measuring the labor compliance [21],
this paper assumes that marginal cost can be divided into two parts. One part is that the
marginal requirement of labor is assumed to be zero. The other part is that the marginal
requirement of environmental compliance is assumed to be τi(h, t), and it consists of two
parts. And the first part is the penalty cost faced by environmental non-compliance, and it is
the increasing function of the possibility of being caught for environmental non-compliance.
With the increase of h(•), the probability of being caught for environmental non-compliance
and being punished will increase, and the increase of the possibility of being punished will
lead to the expansion of environmental compliance costs. The second part is a function
of the production time of an firm. In a short period of time, an firm must pay sunk costs
if it wants to achieve certain environmental compliance. Hence, it is possible that the
revenue brought by environmental compliance will be less than the cost of environmental
compliance in the short term. This can explain the conclusion drawn by some scholars that
the effect of environmental regulation on enterprise innovation is U-shaped. h(•) denotes
the possibility of being caught by the government for environmental non-compliance,
where (•) refers to the environmental compliance factor. The bigger h(•) is, the more likely
the firm will be caught for environmental noncompliance. If h(•) = 1 means that it is an
established fact that the enterprise is caught, then the enterprise will lose its production
capacity. If h(•) = 0, it means that the firm cannot be caught and has full production
capacity. We define 1 − h(•) as environmental compliance index. The larger 1 − h(•) is, the
stronger environmental compliance will be, and the smaller expected marginal requirement
will be faced by enterprises. We assume that the enterprise is faced with the same entry
cost G, the expected marginal cost of production is τi(h, t), and the fixed cost of each type
of product is F, then the total production cost of enterprise i is G + τi(h, t) + F. To avoid
losing the generality of the equation, we readjust the demand intercept α to zero, and the
adjusted entry cost G becomes zero. The firm profit equation can be expressed as follows:

Π(i) = (1 − h(•))p(i)q(i)− τi(h, t)q(i)− F (3)

where, τi(h, t) = C(1 − h) + φ/t(1 − h) is a function of expected environmental compli-
ance cost C(1 − h), expected environmental violation cost φ/t(1 − h) and time t, and φ is
a constant. Expected environmental compliance cost C(1 − h) is an increasing function
of environmental compliance (1 − h(•)). If time T is fixed, the expected marginal cost of
a firm is negatively correlated with environmental compliance, that is, with the increase
of environmental compliance, the expected cost of environmental violation φ/t(1 − h) de-
creases.

Combining Equations (2) and (3), we can obtain the output q∗ and price p∗ under
general equilibrium, and then the number of equilibrium producers N∗ is given by:

N∗ =
√

β/F(1 − h(•)) · [α(1 − h(•))− τi(h, t)]− 2β

γ
(4)

Entry and exit are free so that profits are zero in equilibrium. Thus, the optimal q∗ and
p∗ are given by:

q∗ = 1√
(1 − h(•))

√
F/β; p∗ = 1√

(1 − h(•))
√

F · β (5)
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2.3. In Equilibrium

Combining Q = Qi + Q−i =
∫

ω∈πi

qi(ω)dω + (M − 1)|π|q and utility are maximized,

where, ω represents the product category and M represents the number of enterprises with
a given multi-product. Qi is the total output of firm i’s diversified products, and Q−i is
the total output of firm i’s competitors. π ⊆ R+, represents the collection of all product
categories produced by enterprise i (i = 1......M), we get an equilibrium p∗ and q∗:⎧⎨⎩ q∗ = α(1−h(•))−r(1−h)(M−1)|π|q−τi(h,t)|π|

2(1−h(•))(β+γ|πi |)
p∗ = α(1−h(•))−r(1−h)(M−1)|π|q+τi(h,t)|π|

2(1−h(•))
(6)

This paper assumes that the cost for environmental compliance in the production
process of the firm can be ignored, then the product and price functions of the firm are
given by: ⎧⎨⎩ q∗ = α(1−h(•))−γ(1−h)(M−1)|π|q

2(1−h(•))(β+γ|πi |)
p∗ = α(1−h(•))−γ(1−h)(M−1)|π|q

2(1−h(•))
(7)

at this point, we have the profit function:

Π(i) = (1 − h(•))p(i)q(i)− F (8)

Using (7) and (8), we have the product range of profit maximization, so that the
product range of the M-th enterprise |πi|∗ is given by Equation (9) (the specific solution
process can be seen in the derivation of the Melitz and Ottaviano equation)

|πi|∗ =
α
√
(1 − h(•)) ·√β/F − 2β

γ(M + 1)
(9)

According to Schumpeter’s innovation theory, the expansion of product range can
measure the enhancement of innovation ability. Equation (9) shows that the product range
|πi|∗ produced by the enterprise will expand with the enhancement of environmental com-
pliance 1 − h(•), that is, with the enhancement of environmental compliance, the product
range of the firm will expand accordingly. This is also consistent with the connotation of
the Porter hypothesis.

In fact, ignoring the cost of environmental compliance is an absolute idealization
that does not exist in real life. Therefore, considering τi(h, t) 	= 0, the impact of environ-
mental compliance on enterprise innovation depends on the size of expected environmen-
tal compliance cost C(1 − h) and expected environmental violation cost φ/t(1 − h). If
C(1 − h) ≥ φ/t(1 − h), environmental compliance is not conducive to enterprise innova-
tion, or even inhibits. If C(1 − h) < φ/t(1 − h), environmental compliance will promote
enterprise innovation. Considering that enterprises need to buy a large amount of ma-
chinery and equipment in the early stage of environmental compliance, and the newly
formulated punishment standards for environmental violation will not be too strict, the
initial cost of environmental compliance of enterprises C(1 − h) will be greater than the
cost of environmental violation φ/t(1 − h). In the later stage of environmental compliance,
enterprises only need to improve their machinery and equipment, and the perfect envi-
ronmental compliance standard will impose more and more strict penalties on enterprises
violating environmental regulations. In this case, the cost of environmental compliance
C(1 − h) will be less than the cost of environmental violation φ/t(1 − h). Therefore, we
propose the first hypothesis:

Hypothesis 1 (H1): Environmental compliance has a significant U-shaped relationship of first
suppression and then promotion with enterprise innovation.
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Given early implementation of environmental compliance regulations, most of China’s
manufacturing companies may have already crossed the environmental compliance inflec-
tion point. In the 1980s, China began to explore the prevention and control of industrial
pollution, including China’s first environmental protection conference held in 1982 and the
subsequent “Trial Implementation of the Environmental Protection Law” and the “Several
Decisions on Environmental Protection Work” promulgated in 1984. Therefore, we propose
the second hypothesis:

Hypothesis 2 (H2): In terms of the overall effect, the promotion effect may play a leading role in
the effect of environmental compliance on enterprise innovation in China’s industrial enterprises.

3. Methodology and Data

3.1. Research Methods and Models

Considering the characteristics of the data set (in the Database of Chinese Industrial
Enterprises, the dependent variable greater than 0 has a wide range of distribution, which
can be regarded as a continuous variable whose condition depends on some factors and
obeys normal distribution. In addition, the actual dependent variable cannot be negative,
so deleting all the observed values of the dependent variable displayed as 0 will lead to
biased estimation. Therefore, the Tobit model of random effects panel we chose is valid)
and the fact that the Tobit model allows the estimated parameters to be unbiased and
consistent, this paper uses the Tobit model to test the impact of environmental compliance
on enterprise innovation. It is usually impossible for the nonlinear model of fixed effects
to obtain a consistent estimate panel data [22]. Moreover, the preliminary test results of
panel data of China’ industrial enterprises from 1998 to 2013 in this paper show that the
maximum likelihood ratio rejects the original hypothesis that the mixed section Tobit model
has no difference. In order to prevent spurious regression, we also conducted panel unit
root test and co-integration test, and the results prove that the panel data used in this paper
is stable and co-integration. Therefore, we select Tobit model of random effects panel. In
view of the above analysis, used with Equation (9), we have the empirical model:

Pnovc,i,t = α + β1Hc,i,t−1 + β2H2
c,i,t−1 + γCVc,i,t−1 + εc,i,t (10)

where, Pnovc,i,t represents the innovation level of enterprises in city c, industry i and year
t, Hc,i,t−1 refers to 1 period lag environmental compliance. Considering the marginal
requirement of environmental compliance τi(h, t) 	= 0 and the non-linear relationship
between environmental compliance and enterprise innovation confirmed by some schol-
ars (e.g., [23]), we control the second term of 1 period lag environmental compliance
H2

c,i,t−1.CVc,i,t−1 represents 1 period lag control variable, and εc,i,t represents the random
error term.

3.2. Variable Definition
3.2.1. Enterprise Innovation

According to existing studies, financial indicators related to new products, success
rate of scientific research subjects or intellectual property data were chose as indicators of
enterprise innovation performance. In this paper, enterprise innovation is measured for
the proportion of sales revenue of new products in the sales revenue of enterprises, which
according to the first-level index of the evaluation index system of enterprise independent
innovation ability put forward by The National Bureau of Statistics of China. In order to
ensure the robustness of the empirical model, we also use enterprises’ R&D investment as
a substitute variable for enterprise innovation (Pnovc,i,t).
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3.2.2. Environmental Compliance Index

Environmental compliance refers to the degree to which an enterprise complies with
the government’s environmental laws and regulations. The larger the difference between
the government’s environmental regulation and the enterprise’s environmental indicators,
the smaller the enterprise’s environmental compliance will be, and vice versa. This research
assumes that the environmental expenses of a firm remain unchanged in the same region,
industry and year. The mean environmental expenses of the region, industry and year are
taken as the compliance standard, and the grouping scope is limited to the same region,
industry and year. The main reason is that there are significant differences in the dimension
of environmental costs of different firms. Although the assumption that “environmental
costs of enterprises remain unchanged in the same region, industry and year” is strong,
it conforms to the general equilibrium principle in reality [24]. Therefore, environmental
compliance is measured by the difference between the proportion of sewage charge in
product sales revenue of the enterprise and the average proportion of sewage charge in
product sales revenue of the industry. According to the definition of environmental compli-
ance (1 − h(•)) in this research, if the difference between the actual average environmental
cost of an enterprise and the actual average environmental cost of the industry is positive,
it means that the probability of an enterprise being caught for non-compliance is zero, and
then the compliance index 1 − h(•) is 1. If the difference between the two is negative, it
means that the probability of being caught for environmental noncompliance is greater
than zero, and the smaller the negative number is, the more noncompliance the enterprise
environment is. To this end, we use the logic of enterprise abnormal investment measure-
ment () to standardize the data [25]. The specific formula of environmental compliance
index after treatment can be written as follows:

H̃k,i =

{
1, Hk,i − Hi ≥ 0
1 +

〈
Hk,i − Hi

〉standard, Hk,i − Hi < 0
(11)

where H̃k,i represents the environmental compliance index, which is expressed as the
difference between the proportion of pollutant discharge fee in product sales revenue
of the firm and the proportion of pollutant discharge fee in product sales revenue of
the industry (due to the lack of uniform parameters stipulated by the government, this
research measures environmental compliance with the difference between the proportion
of pollutant discharge fee in product sales revenue of an enterprise and the proportion of
pollutant discharge fee in product sales revenue of an industry. Although this method has
some endogenous problems, it can also reflect the environmental compliance intensity to
a certain extent. For example, the proportion of pollutant discharge fee in product sales
revenue of enterprise A is lower than the proportion of pollutant discharge fee in product
sales revenue of the industry in which enterprise A is located. According to the assumption
of this paper, enterprise A may be in violation of environmental compliance behaviors to A
certain extent without considering reasonable avoidance of taxes. Moreover, the proportion
of pollutant discharge fee in product sales revenue of enterprise A is lower than that of
the industry in which enterprise A is located, and the higher the proportion of pollutant
discharge fee in product sales revenue of the industry in which enterprise A is located, the
greater the possibility that enterprise A has environmental compliance violations. In the
empirical process, we used the robust standard error of aggregation at the industry level,
and calculated the conventional robust standard error after controlling the industry fixed
effect, that is, heteroscedasticity was allowed between groups, and the heteroscedasticity
could be corrected to some extent by clustering within each group to reduce the variance).
Hi,j represents the average value of the industry environmental compliance index, and i

represents different industries.
〈

Hk,j,i − Hi,j

〉standard
represents the difference between the

actual sewage charge of the enterprise after standardized treatment and the mean value of
the industry (Table 1).
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Table 1. Usage description of main variables.

Variable Types Variable Code Variable Name Explanation Expected Symbol

Explained
variable

Enterprise
innovation Pnovc,i,t

The ratio of new product sales revenue
to the total product sales revenue.

Explanatory
variables

Environmental
compliance index Hc,i,t-1

Calculated using the calculation
equation in this research. See Equation

(11) for details, and 1 period lag.
+

Control
variables

Enterprise
size lnSizec,i,t-1

The total fixed assets take logarithm,
and 1 period lag. +

Total factor
productivity

(TFP)
lnTfpc,i,t-1

LP method is used to calculate,
and 1 period lag. +

The age of
operation lnAgec,i,t-1

The age of enterprise operation
take logarithm, and 1 period lag. +

The number
of employees lnLc,i,t-1

The number of employees in an
enterprise

takes the logarithm, and 1 period lag.
+

Asset-labor
ratio lnKLc,i,t-1

The ratio of assets to labor is logarithmic,
and 1 period lag. +

Current ratio Currentc,i,t-1

The ratio of current assets to current
liabilities,

and 1 period lag.
+/−

Financing
constraints Finc,i,t-1

The ratio of interest expense to fixed
asset net value, and 1 period lag. +

Subsidies income lnSubsidyc,i,t-1
The ratio of Subsidy income to sales

income ratio, and 1 period lag. +

Export intensity lnExportc,i,t-1
Take the logarithm of export delivery

value, and 1 period lag. +

Source: The Database of China Industrial Enterprises (With the total factor productivity estimation method put forward by Berry,
Levinsohn and Pakes (LP method for short) [26], LP method uses the intermediate input variable of the firm as the adjustable factor
input when the firm is impacted by productivity. The total factor productivity measured by the LP method can be expressed as:
t f pLP

it = Y − β̂LP
it − β̂LP

l Lit − β̂LP
k Kit − β̂LP

m Mit − ηit. We use industrial added value to replace the output of enterprises, and use the
producer price index of products in different industries for the reduction. Referring to the treatment method of Brandt et al., we use the
perpetual inventory method to calculate the capital stock in order to achieve detailed and accurate TFP estimation).

3.3. Data source and Processing

In view of the fact that the empirical research of this research needs to use indicators
such as industrial enterprise value-added, product sales income, and industrial enterprise
value-added, and in order to follow the completeness and continuity of the data, this
paper selects the data of industrial enterprises above a certain scale the Database of China
Industrial Enterprises from 1998 to 2013 (although the database of Chinese Industrial
Enterprises has been updated to 2014 (the open data of The National Bureau of Statistics of
China is only available until 2014), and there is no experts has yet used the 2014 data in
view of the inconsistency between the 2014 data and the previous years’ data. In addition,
the statistical data before 1998 were not complete, and there were many key variables
missing about this research. Therefore, we selected the interval data from 1998 to 2013). We
refer to intertemporal matching method of Brandt et al. and combine Generally Accepted
Accounting Principles (GAAP) [27], the sample is deleted in one of the following situations:
the enterprise code is missing; total assets, paid-up capital, net fixed assets, sales are
missing or less than 0; the number of employees in the enterprise is less than 8; the total
assets are less than current assets or less than the net value of fixed assets; the enterprise
age is obviously wrong (the establishment year is behind the reporting year; the month
is less than 1 or larger than 12); the enterprises are in abnormal business; the observed
value of the main business income is less than 5 million yuan from 1998 to 2010 and the
industrial enterprises with the main business income is less than 20 million yuan from 2011
to 2013. We eliminate the extreme value beyond the range of 5~95% of the key index. When
there is no industrial output value (e.g., 2004), the calculation is carried out by using the
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industrial output value estimation formula [28]. We use interpolation method to complete
the missing indicators from 1998 to 2013 (the concrete method of interpolation we used
is as follows: if the enterprise appears in the previous year, the missing indicators will
be supplemented according to the growth rate of product sales revenue. If the enterprise
does not appear in the previous year, the missing indicators will be made up according to
the growth rate of product sales revenue in the industry where the enterprise is located).
Finally, the total number of effective samples obtained was 3,318,020, among which the
sample size increased from 67,797 in 1998 to 259,468 in 2013.

In order to capture the unpredictable factors that change with the industry charac-
teristics, we classify state-owned and non-state-owned manufacturing enterprises above
designated size into 30 specific manufacturing industries according to the GB/T4754-
2011 two-digit classification published by the National Bureau of Statistics of China, with
30 codes ranging from 13 to 42. We classify 30 specific manufacturing industries into three
categories of labor-intensive, capital-intensive and technology-intensive, and the classifi-
cation results are shown in Table 2 below. During the sample period, the corresponding
industry code of industrial enterprises above the size has been adjusted for three times and
finally adjusted to be the enterprise sample of the two-digit manufacturing industry in the
industry classification standard of the national economy in 2011. Although the sample data
only reaches 2013, the sample size is huge, and the panel data can reduce the endogeneity
problem of empirical regression to some extent.

Table 2. Industry classification by factor intensity (30 industries).

Labor-Intensive Industry Capital-Intensive Industry Technology-Intensive Industry

Agricultural and sideline food processing
industry (13)

Food manufacturing industry (14)
Wine, beverage and refined tea

manufacturing industry (15)
Tobacco Products industry (16)

Textile industry (17)
Textile clothing, clothing industry (18)
Leather, fur, feather and their products

and footwear (19)
Wood processing and wood, bamboo,

rattan, palm, grass products industry (20)
Furniture manufacturing (21)

Paper and paper products industry (22)
Printing and recording media

reproduction industry (23)
Culture and education, industrial beauty,

sports and entertainment
manufacturing (24)
Rubber and plastic

products (29)
Other manufacturing

industries (41)
Comprehensive utilization of waste

resources (42)

Petroleum processing, coking and nuclear
fuel processing industries (25)

Non-metallic mineral products industry
(30)

Ferrous metal smelting and calendering
industry (31)

Non-ferrous metal smelting and
calendering industry (32)

Metal products
industry (33)

General equipment manufacturing (34)
Special equipment manufacturing (35)

Manufacturing of railway, shipping,
aerospace and other transportation

equipment(37)
Instrumentation and culture, office

machinery manufacturing (40)

Manufacturing of chemical raw materials
and chemical
products (26)

Pharmaceutical manufacturing (27)
Chemical fiber manufacturing (28)

Automobile manufacturing industry (36)
Electrical machinery and equipment

manufacturing (38)
Manufacturing of computers,

communications and other electronic
equipment (39)

Source: China Industry Business Performance Data.

3.4. Descriptive Statistical Analysis

In order to capture the distribution of environmental compliance index in detail, we
calculated the characteristics of the cleaned samples. The descriptive statistical results
of the main variables are shown in Table 3. There were 3,317,975 observed samples of
enterprise innovation, with a standard deviation of 0.083, which indicating that there was a
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small difference in the innovation level of the sample enterprises. The minimum value and
maximum value are 0 and 0.339 respectively, which indicates that the innovation level of
Chinese manufacturing enterprises is generally low, which also conforms to the practical
inspiration of this goal we study to generally improve the innovation level of China’s
enterprises. The standard deviation of environmental compliance in the first period after
standardized treatment is 0.342, indicating that the compliance distribution of sample
enterprises is relatively uniform. The minimum and maximum values of environmental
compliance are 0 and 1, which indicating that the construction of environmental compliance
indicators in this paper is in line with expectations. It is an established fact that enterprises
with low environmental compliance (less than 0) will be caught. In this case, enterprises
will lose production capacity, namely, h(•) → 1 . The standard deviation of the enterprise’s
operating life and financing constraints is less than 1, and the distribution is relatively
uniform. The descriptive statistics of the remaining variables are similar to previous studies,
so it will not be repeated here.

Table 3. Descriptive statistics of main variables.

Variables Observations Mean Standard Deviation Minimum Maximum

Pnovc,i,t 3,317,975 0.027 0.083 0 0.339
Hc,i,t-1 2,586,771 0.736 0.342 0 1

lnAgec,i,t-1 2,506,420 1.869 0.880 0 7.602
lnSizec,i,t-1 2,574,927 8.695 1.708 −0.095 18.94
lnTfpc,i,t-1 2,563,855 8.154 1.033 2.957 16.54
lnLc,i,t-1 2,585,580 4.930 1.108 0 12.29

lnKLc,i,t-1 2,563,874 5.164 1.678 −9.879 9.245
Currentc,i,t-1 2,537,542 2.157 5.624 0.001 64.09

Finc,i,t-1 2,486,844 0.066 0.167 −0.056 1.633
lnSubsidyc,i,t-1 2,255,394 0.787 2.070 0 15.39
lnExportc,i,t-1 2,274,359 2.974 4.575 0 19.04

Note: Except the dependent variable, all the other variables 1 period lag.

4. Empirical Analysis and Findings

4.1. Benchmark Results Analysis

In order to test the rationality of random-effects Tobit model we constructed, we use
the LR test to determine which estimation method is more suitable for the mixed Tobit
model and the random-effects Tobit model. The test of LR rejects the null hypothesis
(p value is 0), so there is an individual effect in enterprise innovation. The Tobit model
of random effects panel adopted in this paper is more effective, and the basic regression
results are shown in Table 4. We find that the empirical results of the innovation level
decision-making of the two-column model in column (8) are basically the same as those in
column (5), which confirms that the empirical model constructed in this paper is robust.
According to the theory proposed by Scherer [29], we realize that compliance may have
a nonlinear relationship with enterprise innovation, so columns (5) and (6) are regres-
sion results after controlling the quadratic term of the environment compliance (H2

c,i,t−1).
Therefore, column (5) has a more reasonable test result for controlling the second term
of environment compliance. On the one hand, the regression coefficient of the quadratic
term of compliance is relatively positive and significant at the 1% significance level. On
the other hand, the 95% confidence interval of the inflection point calculated according
to the columns (1) and (2) or the columns (5) and (6) is within the range of the indepen-
dent variable. Therefore, the regression coefficient of the quadratic term of environmental
compliance satisfies the assumption of the non-linear relationship between environmental
compliance and enterprise innovation [30], and the impact of environmental compliance
on enterprise innovation has a non-linear relationship. In order to further confirm the
non-linear relationship of the impact of environmental compliance on corporate innovation,
we use the three statistics of LM, LMF, and LRT to perform non-linear tests on columns (5)
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and (6), and all the results reject the null hypothesis that there is no non-linear relationship.
According to the above analysis, environmental compliance has a significant non-linear
relationship with corporate innovation, so there is no bias in the empirical model.

Table 4. Environmental compliance and enterprise innovation: Benchmark results.

Variable
Random-Effect Tobit Model Double Hurdle

(1) (2) (3) (4) (5) (6) Willingness Level

Hc,i,t-1 −0.114 *** −0.119 *** −0.103 *** −0.104 *** −0.122 *** −0.128 *** −1.448 *** −0.194 ***
(0.001) (0.001) (0.000) (0.000) (0.001) (0.001) (0.025) (0.008)

Hc,i,t-1
2 0.109 *** 0.113 *** 0.091 *** 0.096 *** 1.251 *** 0.145 ***

(0.001) (0.001) (0.001) (0.001) (0.021) (0.006)
lnAgec,i,t-1 0.001 *** 0.001 *** 0.001 *** 0.001 *** 0.144 *** −0.001

(≈0) (≈0) (≈0) (≈0) (0.002) (0.001)
lnSizec,i,t-1 0.002 *** 0.002 *** 0.002 *** 0.002 *** 0.043 *** −0.006 ***

(≈0) (≈0) (≈0) (≈0) (0.001) (0.000)
lnTfpc,i,t-1 −0.004 *** −0.004 *** −0.004 *** −0.004 *** −0.088 *** −0.002 ***

(≈0) (≈0) (≈0) (≈0) (0.0017) (0.001)
lnLc,i,t-1 0.002 *** 0.002 *** 0.002 *** 0.002 *** 0.176 *** 0.001 *

(≈0) (≈0) (≈0) (≈0) (0.002) (0.001)
lnKLc,i,t-1 0.011 *** 0.011 *** 0.011 *** 0.011 *** 0.100 *** 0.012 ***

(≈0) (≈0) (≈0) (≈0) (0.001) (0.000)
Currentc,i,t-1 0.000 *** 0.000 *** 0.000 *** 0.000 *** −0.005 *** −0.000 **

(≈0) (≈0) (≈0) (≈0) (0.000) (≈0)
Finc,i,t-1 −0.033 *** −0.034 *** −0.034 *** −0.034 *** 0.239* ** −0.03 8***

(0.000) (0.000) (0.000) (0.000) (0.009) (0.003)
lnSubsidyc,i,t-1 0.001 *** 0.001 *** 0.001 *** 0.001 *** 0.041 *** 0.002 ***

(≈0) (≈0) (≈0) (≈0) (0.001) (0.000)
lnExportc,i,t-1 0.001 *** 0.001 *** 0.001 *** 0.001 *** 0.022 *** 0.000

(≈0) (≈0) (≈0) (≈0) (0.000) (≈0)
Constant 0.011 *** 0.020 *** 0.013 *** 0.021 *** 0.016 *** 0.024 *** −2.459 *** 0.224 ***

(0.000) (0.000) (0.001) (0.001) (0.001) (0.001) (0.0130) (0.004)
Industry

characteristics Control 1 Control 2 Control 1 Control 2 Control 1 Control 2 Control 1 Control 2

/sigma_u 0.050 *** 0.050 *** 0.055 *** 0.055 *** 0.055 *** 0.055 ***
(≈0) (≈0) (≈0) (≈0) (≈0) (≈0)

/sigma_e 0.047 *** 0.047 *** 0.049 *** 0.049 *** 0.049 *** 0.049 ***
(≈0) (≈0) (≈0) (≈0) (≈0) (≈0)

sigma 0.151 ***
(0.0003)

ρ 0.534 0.532 0.558 0.556 0.558 0.555
Log-L 3,707,020.7 3,623,543.7 2,785,268.5 2,721,770.2 2,785,418.5 2,721,995.2 3,163,286.3 3,164,526.4

Observations 2,586,729 2,531,584 2,023,259 1,979,583 2,023,259 1,979,583 2,418,112 2,418,112

Note: Both explanatory variables and control variables 1 period lag, where Hc,i,t-1
2 represent the second-order 1 period lag environmental

compliance items. This research adopts the robustness standard errors aggregated at the industry level. ***, **, * indicate significant at 1%,
5%, and 10% respectively, and the robust standard error is reported in parentheses, the same below.

It is easy to find that the regression coefficient of 1 period lag operating life (lnAgec,i,t-1)
is 0.001 and is significant at the 1% significance level with the observation in column (5).
The reason seems that enterprises with long operating years are at a relatively mature
stage of enterprise innovation, and their marginal cost of innovation is relatively low, so
operating years are positively correlated with corporate innovation. The size of the firm
(lnSizec,i,t-1) 1 period lag is significantly positively correlated with firm innovation, which
indicates that the larger the firm, the higher its level of innovation. This is consistent
with the conclusion of competition inhibition innovation under Schumpeter’s monopoly
market research, that is, the larger the enterprise scale, the weaker the market competition
effect, and the stronger the enterprise’s innovation ability. To our surprise, the regression
coefficient of 1 period lag total factor productivity (lnTfpc,i,t-1) is significantly negative.
The reason seems like factor market distortions lead to the inhibitory effect of total factor
productivity on enterprise innovation, that is, market rent-seeking brought about by factor
market distortions may cause enterprises with higher total factor productivity to invest in
market rent-seeking activities rather than enterprise innovation activities. We suppose that
total factor productivity has a nonlinear relationship with enterprise innovation. Therefore,
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we introduce the quadratic term of total factor productivity into the empirical model, and
the empirical results confirm our conjecture that the influence of total factor productivity on
enterprise innovation has a nonlinear relationship (where control 1 refers to the control of
classifying state-owned and non-state-owned manufacturing enterprises above designated
size into 30 specific manufacturing industries according to the two-digit classification
published by the China’s National Bureau of Statistics. Control 2 refers to the control of
labor-intensive, capital-intensive and technology-intensive three industry categories). The
regression coefficient of 1 period lag current ratio (Currentc,i,t-1) is significantly negative,
and the possible reason is that excessive financing constraints lead to a greater debt pressure
on enterprises and its lack of innovation motivation. The remaining control variables are
in line with the expectations of this research, that is, the number of employees, per capita
capital, export intensity, and subsidy income will all promote enterprise innovation.

The comparison results of column (5) and column (6) show that controlling the char-
acteristics of different industries has little effect on the overall regression results (where
control 1 refers to the control of classifying state-owned and non-state-owned manufactur-
ing enterprises above designated size into 30 specific manufacturing industries according
to the two-digit classification published by the China’s National Bureau of Statistics. Con-
trol 2 refers to the control of labor-intensive, capital-intensive and technology-intensive
three industry categories), and the regression model is relatively robust. The empirical
results of column (5) in Table 4 indicate that the regression coefficient of the first-stage
environmental compliance item is significantly negative, and the regression coefficient of
the second-order environmental compliance item is significantly positive. The inflection
point calculated according to column (5) is 0.669, and its 95% confidence interval is within
the range of the independent variable. This indicates that environmental compliance has
a U-shaped relationship with enterprise innovation. The environmental compliance will
inhibit corporate innovation, when the enterprise environmental compliance index is lower
than 0.669.

Taking the empirical results of column (5) in Table 4 as an example, we conducted
a more in-depth analysis of the distribution characteristics of specific enterprises and in-
dustries around the inflection point of environmental compliance. Firstly, the sample of
companies on the left of the inflection point of environmental compliance is 925,268, ac-
counting for 26.53% of the total number of companies, and the sample of companies on the
right of the inflection point of environmental compliance is 2,562,702, accounting for 73.47%
of the total number of companies. Therefore, in terms of the effect of environmental compli-
ance of China’s manufacturing enterprises above designated size on enterprise innovation,
environmental compliance has a promoting effect on enterprise innovation in a relatively
large number of enterprise samples, and it has an inhibitory effect on corporate innovation
in a relatively small sample of industries. To some extent, this can be interpreted as, from
the overall effect, the promotion effect may play a leading role in the impact effect of
environmental compliance on enterprise innovation of industrial enterprises above a large
scale in China. Secondly, the proportion of enterprises on both sides of the inflection point
of environmental compliance in the total number of enterprises in the industry in Figure A1
(Appendix A) shows that the sample industries in which environmental compliance has a
promoting effect on enterprise innovation are mainly distributed in labor-intensive and
capital-intensive industries. However, there is a polarization in technology-intensive in-
dustries. For instance, the distribution of manufacturing of chemical raw materials and
chemical products, pharmaceutical manufacturing and chemical fiber manufacturing and
other technology-intensive industries is relatively large. In contrast, the sample industries
in which environmental compliance has a inhibition effect on enterprise innovation are
mainly distributed in automobile manufacturing, electrical machinery and equipment
manufacturing, and computer, communications and other electronic equipment manufac-
turing and other technology-intensive industries, and relatively less in labor-intensive and
capital-intensive industries. The comparison results further indicate that from the point
of view of China’s current development facts, China’s industrial sector is in the process
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of transformation and upgrading as the technology-intensive manufacturing industry
develops and grows. Although governments at all levels will give various guidance and
incentive policies to technology-intensive manufacturing enterprises to some extent, half
of technology-intensive industries, including automobile manufacturing, electrical machin-
ery and equipment manufacturing, and computer, communications and other electronic
equipment manufacturing, still face the low environmental compliance index trap.

4.2. Heterogenous Texts

In order to investigate the impact of environmental compliance on enterprise innova-
tion in heterogeneous enterprises, this research divides enterprise samples into state-owned
enterprises and non-state-owned enterprises according to the structure of enterprise prop-
erty rights. According to the enterprise’s operating years, whether the enterprise is located
in the core area and whether the enterprise exports, the enterprise samples are divided into
mature enterprises and non-mature enterprises, core enterprises and non-core enterprises,
and export enterprises and non-export enterprises. The results of heterogeneity test about
environmental compliance affecting enterprise innovation are shown in Table 5.

Table 5. Environmental compliance and enterprise innovation: Heterogeneity test results.

Variables
(1) (2) (3) (4) (5) (6) (7) (8)

State-Owned Non-State-Owned Mature Immature Core Areas Non-Core Areas Export Non-Export

Hc,i,t -1 −0.123 *** −0.114 *** −0.123 *** −0.114 *** −0.122 *** −0.121 *** −0.133 *** −0.118 ***
(0.001) (0.002) (0.001) (0.002) (0.001) (0.003) (0.002) (0.001)

Hc,i,t -1
2 0.117 *** 0.112 *** 0.117 *** 0.112 *** 0.117 *** 0.116 *** 0.123 *** 0.116 ***

(0.001) (0.002) (0.001) (0.002) (0.001) (0.002) (0.002) (0.001)
Constant 0.014 *** −0.005 *** 0.014 *** −0.005 *** 0.020 *** 0.002 0.002 0.019 ***

(0.001) (0.001) (0.001) (0.001) (0.001) (0.002) (0.002) (0.001)
Control variables Control Control Control Control Control Control Control Control

Industry
characteristics Control 1 Control 1 Control 1 Control 1 Control 1 Control 1 Control 1 Control 1

sigma_u 0.055 *** 0.054 *** 0.055 *** 0.054 *** 0.054 *** 0.058 *** 0.064 *** 0.055 ***
(≈0) (0.0001) (≈0) (0.000) (≈0) (0.000) (0.000) (≈0)

sigma_e 0.050 *** 0.041 *** 0.050 *** 0.041 *** 0.048 *** 0.051 *** 0.059 *** 0.041 ***
(≈0) (≈0) (≈0) (≈0) (≈0) (≈0) (≈0) (≈0)

ρ 0.552 0.632 0.552 0.632 0.552 0.567 0.536 0.641
Log-L 2,082,950.3 684,766.71 2,082,950.3 684,766.71 2,173,377.8 615,479.08 744,259.07 1,963,919.6

Observations 1,535,020 488,239 1,535,020 488,239 1,560,682 462,577 621,838 1,323,456

*** indicate significant at 1%.

The primary coefficients of environmental compliance of different types of enterprises
are all significantly negative, and the secondary coefficients of environmental compliance
are all significantly positive. Specifically, the primary environmental compliance coeffi-
cients of state-owned enterprises, mature enterprises, core area enterprises, and export
enterprises are all lower than the primary environmental compliance coefficients of non-
state-owned enterprises, immature enterprises, non-core area enterprises, and non-export
enterprises. This means that among companies with lower levels of environmental com-
pliance, environmental compliance has a greater inhibitory effect on the innovation of
state-owned enterprises, mature enterprises, core area enterprises and export enterprises.
The possible reason is that compared with non-state-owned enterprises, immature en-
terprises, non-core area enterprises and non-export enterprises, state-owned enterprises,
mature enterprises, core area enterprises and export enterprises tend to have larger scale
and more sectors. Therefore, these types of enterprises below the inflection point of environ-
mental compliance often need to spend huge costs to purchase large-scale machinery and
equipment to reduce environmental pollution. Therefore, the environmental compliance
cost C(1 − h) is relatively high, and environmental compliance has a greater inhibitory
effect on these types of enterprise innovation.

Compared with the non-state-owned enterprises, immature, enterprises in non-core
areas and non-export enterprises, state-owned enterprises, mature, enterprises in core
areas (according to China’s “Seventh Five-year Plan” adopted at the fourth Session of the
sixth National People’s Congress, the core areas refer to the 11 provinces (cities) in the
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eastern region, including Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang,
Fujian, Shandong, Guangdong and Hainan, while the non-core areas refer to the provinces
(cities) in the central and western regions) and export enterprises of environmental compli-
ance quadratic term coefficient is larger, which means environmental compliance had a
greater promoting effect on innovation about state-owned enterprises, mature enterprises,
enterprises in core areas and export enterprises over the inflection point of enterprise
environmental compliance. The possible reasons are as follows: First, compared with state-
owned enterprises, it is difficult for non-state-owned enterprises to overcome the bottleneck
of enterprise innovation financing, which may lead to the lack of available innovation
capital for state-owned enterprises, and the low innovation efficiency leads to the small
promoting effect of environmental compliance on enterprise innovation [31,32]. Therefore,
beyond the inflection point of environmental compliance, environmental compliance of
state-owned enterprises has a great promotion effect on enterprise innovation. Second,
compared with immature enterprises, mature enterprises are already in the relatively
mature stage of enterprise innovation, and their innovation marginal cost is relatively low.
Therefore, under the condition of constant marginal rate of return, the optimal innovation
investment increases, and more funds are invested in existing innovation projects, so that
the contribution of environmental compliance investment to the innovation of mature en-
terprises is greater than its contribution to non-mature enterprises. Third, compared with
enterprises in non-core areas, enterprises in core areas are faced with higher marketization
level, stricter market access and negative list, and their environmental violation costs will
be higher than those of enterprises in non-core areas. Therefore, beyond the inflection
point of environmental compliance, the promoting effect of environmental compliance on
enterprise innovation in core areas is greater than that of enterprises in non-core areas.
Fourth, on the one hand, according to the export self-selection mechanism of Melitz [33],
the enterprises that take the lead in export have higher productivity and yield rate. The
export enterprises obtain the research and development (R&D) funds from operating profit
are greater than those non-export enterprises, and it is easier for export enterprises to obtain
various innovation resources from the outside. On the other hand, export enterprises face
stricter and more severe international environmental compliance rules, and the cost of
enterprise violation is far greater than the cost of enterprise environmental compliance
construction. Therefore, the environmental compliance of export enterprises with high
environmental compliance contributes more to enterprise innovation.

4.3. Robustness Test

To further prove the robustness of the empirical model, we incorporated 1 period lag
enterprise innovation (Pnovc,i,t-1) into the random-effects Tobit model, and used 1 period lag
ratio of enterprises’ R&D investment to product sales revenue (RDc,i,t-1) as an alternative
variable of enterprise innovation. To reflect the causal impact of environmental compliance
on enterprise innovation better and eliminate measurement errors caused by heterogeneity
between the treatment group and the control group before receiving policy treatment, this
research uses a Generalized Propensity Score Matching method (GPSM) developed by
Hirano and Imbens [34], which is based on continuous treatment of variables, to further
test the impact of different environmental compliance levels on enterprise innovation.

The empirical results of 1 period lag enterprise innovation (Pnovc,i,t-1) are shown
in column (3) in Table 6. The empirical results of introducing 1 period lag enterprise
innovation into column (3) are consistent with the random-effects Tobit model of column
(1) and the double hurdle model of column (2) after controlling the control variables and
industry characteristics. We use the 1 period lag ratio of R&D investment to product sales
revenue (RDc,i,t-1) as an alternative variable of enterprise innovation in column (4), and
the empirical results are basically consistent with the column (1) and column (2), and it
indicates that the empirical results of this research are relatively robustness.
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Table 6. Environmental compliance and enterprise innovation: Robustness.

Variables

(1) (2) (3) (4) (5)

Random-Effect
Tobit Model

Double Hurdle Model
Random-Effect

Tobit Model
Random-Effect

Tobit Model
GPSM

Pnovc,i,t-1 0.564 ***
(0.001)

Hc,i,t-1 −0.122 *** −0.194 *** −0.140 *** −0.995 ***
(0.001) (0.008) (0.001) (0.022)

Hc,i,t-1
2 0.091*** 0.145 *** 0.10 5*** 0.151 ***

(0.001) (0.006) (0.001) (0.019)
Pscorec,i,t-1 −0.121 ***

(0.001)
Pscorec,i,t-1

2 0.118 ***
(0.001)

Constant 0.224 *** 0.224 *** −0.016 *** 0.361 *** −0.005 ***
(0.004) (0.004) (0.000) (0.016) (0.001)

Control variables Control Control Control Control Control
Industry

characteristics Control 1 Control 1 Control 1 Control 1 Control 1

/sigma_u 0.055 *** 0.0137 *** 3.075 *** 0.056 ***
(≈0) (0.000) (0.003) (≈0)

/sigma_e 0.049 *** 0.052 *** 0.791 *** 0.049 ***
(≈0) (≈0) (0.000) (≈0)

sigma 0.151***
(0.0003)

ρ 0.558 0.065 0.940 0.492
Log-L 2,785,418.5 3,164,526.4 −3,511,470.2 −3,443,592 1,894,004.5

Observations 2,023,259 2,418,112 2,023,259 1,991,203 1,389,267

Note: Where Pscorec,i,t-1 is the environmental compliance agent variable matched by GPSM method, and Pscorec,i,t-1
2 is the quadratic terms

of environmental compliance matched by GPSM method. *** indicate significant at 1%.

5. Conclusions and Policy Implications

5.1. Conclusions

This paper embeds environmental compliance factors and compliance cost factors
into the M-O monopolistic competition and multi-product enterprise model to construct a
theoretical model applicable to environmental compliance and enterprise innovation. In
addition, we also construct a new environmental compliance index. We use the random-
effect Tobit model and double hurdle model to empirically test the micro-data of China’s
manufacturing enterprises from 1998 to 2013, then we use the GPSM to conduct a robust-
ness test. The robustness conclusion is that environmental compliance has a significant
U-shaped relationship with enterprise innovation, that is, environmental compliance will
inhibit enterprise innovation on the left of the inflection point of environmental compliance
(0.669), while environmental compliance on the right of the inflection point will promote
enterprise innovation. This is an important finding that is different from the existing
researches, which reveals the complex and nonlinear impact of environmental compli-
ance on enterprise innovation. The unique meaning of this nonlinear effect is that only
when the environmental compliance index reaches a certain level can it have a promoting
effect on enterprise innovation. Otherwise, the environmental compliance behavior of
enterprises will have a significant crowding out effect on enterprise innovation. We also
conduct empirical tests based on further consideration of enterprise heterogeneity factors.
It is found that environmental compliance has greater inhibitory effects on innovation of
state-owned enterprises, mature enterprises, core areas enterprises and export enterprises
among enterprises with a lower level of environmental compliance, but environmental com-
pliance has a greater promoting effect on state-owned enterprises, mature enterprises, core
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areas enterprises and export enterprises, when it beyond the inflection point of enterprise
environmental compliance.

5.2. Policy Implications

The research conclusion provides the following policy implications. Firstly, the envi-
ronmental compliance measurement system should be established. Due to the environmen-
tal compliance is a legal issue regulated through “yes” or “no” condition, the government
should focus its supervision on “no” enterprises, i.e., those with an environmental compli-
ance less than 1. Therefore, based on the environmental compliance measurement index
constructed in this research, it is necessary to further improve the measurement system
of environmental compliance and incorporate more environmental pollution indicators
into the measurement system. The government focuses on regulating various types of
companies whose indicators exceed those permitted by the license of that particular firm.
On the other hand, firms need to make adjustments according to various indicators of
the environmental compliance in order to fulfill their obligations of environmental laws
and regulations. Secondly, the government should implement environmental compli-
ance construction step by step. The government should adopt progressive policies to
promote environmental compliance construction, and search the inflection point of the
impact of current environmental compliance on corporate innovation, so as to stimulate
the role of environmental compliance in promoting micro-enterprise innovation. And
the government should subsidy the technology-intensive enterprises at low level of en-
vironmental compliance and support the innovation of technology-intensive enterprises
in breakthrough of key core technologies. Thirdly, the government should strengthen
environmental compliance supervision of labor-intensive and capital-intensive enterprises.
Because of increasing the punishment for violation can further improve the environmental
compliance index of labor-intensive and capital-intensive enterprises by increasing the
cost of environmental violation, hence, expanding the transformation and upgrading of
labor-intensive and capital-intensive enterprises. Finally, the government should encour-
age heterogeneous enterprises to enhance compliance construction. The environmental
compliance has greater promoting effects on state-owned enterprises, mature enterprises,
core enterprises and export enterprises beyond the inflection point of enterprise environ-
mental compliance. Therefore, when innovative resources are completely allocated by the
market, there will inevitably be market failure in non-state-owned enterprises, non-mature
enterprises, enterprises in non-core areas and non-export enterprises without innovation
resources. Therefore, the government should give certain innovative preferential policies
to non-state-owned enterprises, non-mature enterprises, enterprises in non-core areas and
non-export enterprises.
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Appendix A

Figure A1. The ratio of the number of enterprises on both sides of the environmental compliance
inflection point to the total number of enterprises in China’s binary code industry.
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Abstract: Manure and digestate liquid fractions are nutrient-rich effluents that can be fractionated
and concentrated using membranes. However, these membranes tend to foul due to organic matter,
solids, colloids, and inorganic compounds including calcium, ammonium, sodium, sulfur, potassium,
phosphorus, and magnesium contained in the feed. This review paper is intended as a theoretical
and practical tool for the decision-making process during design of membrane-based systems
aiming at processing manure liquid fractions. Firstly, this review paper gives an overview of
the main physico-chemical characteristics of manure and digestates. Furthermore, solid-liquid
separation technologies are described and the complexity of the physico-chemical variables affecting
the separation process is discussed. The main factors influencing membrane fouling mechanisms,
morphology and characteristics are described, as well as techniques covering membrane inspection
and foulant analysis. Secondly, the effects of the feed characteristics, membrane operating conditions
(pressure, cross-flow velocity, temperature), pH, flocculation-coagulation and membrane cleaning
on fouling and membrane performance are presented. Finally, a summary of techniques for specific
recovery of ammonia-nitrogen, phosphorus and removal of heavy metals for farm effluents is
also presented.

Keywords: anaerobic digestion; digestate; liquid-solid separation; membrane separation; nutrient
recovery; membrane fouling

1. Introduction

Animal manure was defined by Shobert and Maguire as the solid, semisolid, and
liquid by-product generated by animals grown to produce meat, milk, eggs, and other
agricultural products for human use and consumption [1]. Over a billion tonnes of manure
are annually produced in the Unites States and 1.4 billion tonnes in Europe [2,3].

Animal manure represents a valuable fertilizer. It is estimated that globally livestock
manure provided over 115 million tonnes of nitrogen (N) as input to agricultural soils in
2017 [4]. Nevertheless, this resource needs to be carefully managed to avoid ammonia
emissions and nutrient losses to water recipients. In the last decades, changes in animal
production have resulted in increased production of wastewater volumes, pollution of
air, aquifers, surface waters and soil [5–7]. The intensive livestock production has led to
challenges in the management, treatment and distribution of the manure nutrients, increas-
ing difficulties in planning solution and investing in technologies to effectively valorize
the manure produced. Manure is responsible for 7% of both agriculture CH4 and N2O
emissions, being the second largest source of greenhouse gas emissions on a dairy farm [8].
It is estimated that methane emissions resulting from manure management have increased
by 21% between 1990 and 2020, reaching 500 million tonnes of CO2 equivalents [9]. In this

Int. J. Environ. Res. Public Health 2021, 18, 3107. https://doi.org/10.3390/ijerph18063107 https://www.mdpi.com/journal/ijerph
257



Int. J. Environ. Res. Public Health 2021, 18, 3107

context, the development and implementation of technologies for manure valorization
appear of paramount importance.

Anaerobic digestion, which is a common practice in some European regions with
intensive farming, is an efficient biomass treatment to reduce greenhouse gas emissions
and produce energy [10–12]. During anaerobic digestion, the organic matter is converted
into biogas containing primarily methane (CH4) and carbon dioxide (CO2). The obtained
digestate is rich in primary nutrients and can improve soil structure when applied in agri-
culture, by helping soil particles to bind together into aggregates [13]. This improves soil
nutrient and water holding capacity preventing erosion [14]. Moreover, the use of efficient
separation techniques for the digestate could be beneficial in the overall management of
animal waste.

The separation of the digestate into a liquid and a solid fraction is recommended for
reducing animal waste volumes and the costs associated to transportation. Solid-liquid
separation is also beneficial for producing a concentrated and ready-to-use agricultural
fertilizer [5,15,16]. The organic matter contained in the digestate solid fraction provides
a readily available carbon source improving the biological, chemical and physical soil
characteristics as a soil amendment [13,17,18]. However, solid-liquid separation does not
guarantee high recovery of the nutrients still available in the obtained liquid fraction.
Therefore, if a further post-treatment of the still diluted liquid fraction is required, mem-
brane filtration offers an efficient technical solution able to re-distribute the unbalanced
nutrient concentration on the resulting liquid fraction [19–22]. Membrane technologies,
including microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO), are extensively used for water and wastewater treatment and have been used before
for separation of animal waste sources. Alternative technologies such as forward osmosis
(FO), electrodialysis (ED) and membrane distillation (MD) have also raised attention for
recovery of nutrients from farm effluents [19,20,23–29].

However, membrane technologies have been used to a limited extent during sepa-
ration of farm effluents. This limited application is mainly due to the challenges related
in using membrane technologies. One of the main limitations is fouling, which leads to
permeate flux decay and ultimately to the loss of membrane performance [30,31]. Despite
membrane fouling being the main challenge during wastewater filtration, it can be con-
trolled by establishing an efficient operation and membrane pretreatment. In this regard,
Pontie et al. [32] suggested that using membrane systems for RO pretreatment in seawater
feed is by far the best available technology due to ease of operation, low footprint and
lower chemical usage compared to conventional pretreatment systems. During effluent
nutrient recovery, MF and UF membranes perform as very efficient solid-liquid separators
that can reject nutrients associated with particles such as phosphorus [33,34], whereas
NF, RO, FO, MD and ED can be used for the separation and concentration of nitrogen
compounds and potassium [20,28,29,34].

In this review, nutrient recovery from raw and digested manure using membranes
is discussed, with focus on the state-of-the-art on membrane separation applied to raw
manure and anerobic digestate liquid fractions. Factors affecting the membrane nutrient
separation performances such as feed composition, membrane pretreatment and operation,
membrane fouling, membrane cleaning strategies and membrane ageing are also described.
This review guides the reader in understanding the application of membrane technology
to farm effluents, considering opportunities and challenges.

2. Methodology

The methodology followed is a state-of-the-art review approach, with an angle to-
wards a critical review on manure and digestate post-treatment using membranes [35,36].
The authors focused on reviewing studies from recent years, while incorporating a com-
bined retrospective by including some the most relevant membrane studies in the field
conducted since the last decades. The review focused on an article search per topic using
keywords. The authors collected, tabulated, and compared results from literature regarding
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state-of-the-art solid-liquid separation systems, feed characteristics for raw and digested
manure, commercial membranes applied during separation of raw and digested manure,
nutrient recovery methods using membranes and drawbacks of membrane application
during treatment of farm effluents, among others. Additionally, the authors envisioned
areas which need further investigations for implementing novel membranes and build-
ing sustainable processes during manure and digestates treatment. Data grouping, and
comparisons were done when relevant, based on statistical analysis for average values and
standard deviations, using the Microsoft Excel® statistical analysis package.

3. Manure Treatment Processes

Manure treatment strategies have been developed to reduce water and air pollution
from animal wastes. By doing so, nutrient recovery becomes possible and adds value to
the entire manure management chain. The main manure treatment approaches consist
of aerobic and anaerobic processes. In aerobic processes, bio-available compounds and
nitrogenous compounds are oxidized decreasing the ammonia emissions [37]. Bacteria,
protozoa and fungi are the main microorganisms degrading the organic matter and re-
leasing CO2, H2O, and biomass as final products [38]. Approaches such as autothermal
thermophilic aerobic digestion of liquid swine manure have also been reported [39], where
the main benefits of this technology are the process simplicity, its robustness, the high reac-
tion rate and the consequent small equipment, the conservation of N and the possibility of
heat recovery. However, the applicability of this technology is limited. Anaerobic digestion
(AD) is in fact recognized as the most sustainable and cost-effective technology for waste
stabilization and production of valuable by-products like fertilizers and biogas [40,41].

3.1. Anaerobic Digestion

Anaerobic digestion has been successfully applied to different wastes [42,43] and
manure sources, like poultry manure [44], pig manure [45], dairy manure [46], cow paunch
manure [47], cattle manure [48], horse manure [49]. In general, AD follows four succes-
sive stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis with the overall
process depending on the interaction of the microorganisms responsible for the differ-
ent stages [50]. Digestate effluents are known as the material remaining after anaerobic
digestion of organic wastes.

Compared to raw animal manure, the digestate has higher total ammoniacal-nitrogen
(TAN) ratio, decreased organic matter content, decreased total and organic carbon, reduced
biological oxygen demand, elevated pH, smaller carbon (C) to N ratio (C/N), and reduced
viscosity [51]. From an agricultural point of view, parameters like pH, salinity, mineral
N, especially in the form of ammonium, macro- and micronutrients, organic matter and
concentration of heavy metals are important parameters when considering the application
of digestates in agriculture [52].

Optimum C/N ratios for anaerobic digestion range between 20 and 30, with an
optimal ratio of 25/1 for anaerobic bacterial growth in an AD system [53,54]. Improper
C/N ratios could result in high TAN release and/or high accumulation of volatile fatty
acids (VFA) in the digester, which would ultimately decrease the methanogen bacterial
activity and cause failure of the AD process.

In the case of unbalanced C/N feedstocks, co-digestion of manure with different
substrates increases the biogas production rate, improves the fertilizer value of the digestate
and mitigates the greenhouse gas emissions [55,56].

The optimum biogas production during anaerobic digestion is achieved when the pH
value of the ingestate is between 6 and 7. When the methane production level is stabilized,
the pH range remains buffered between 7.2 and 8.3 [57]. Hartmann et al. [58], showed that
during co-digestion of the organic fraction of municipal solid waste with cow manure, the
pH rose to a value of 8 and the reactor showed stable performance with high biogas yield
and low VFA levels.
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Anaerobic digestion positively increases the agronomic value of the biomass treated
by production of a digestate with a higher proportion of mineral N and less decomposable
organic matter [59]. Masse et al. found that the ratio between TAN and the Total Kjeldahl
Nitrogen (TKN) increased from 74% in raw manure to 85% in manure digestate. This was
possibly due to the mineralization of organic nitrogen during anaerobic treatment [45].
Phosphorus (P) concentration in digestate represented 42% of that in raw manure [45,60].
However, the P availability results for AD are contradictory. Massé et al. [61] reported
positive effects of AD in P availability, whereas Möller and Müller [51] maintained a more
neutral position. Other authors found that co-digestates might be poorer in nutrients due
to dilution [62], especially if the organic waste used for the co-digestion is low in nutrients
or simply because of the addition of water into the anaerobic reactor to maintain a proper
total solid content.

In relation to the reduction of particle size during AD, Møller et al. [63] found that the
relative amount of swine manure particles smaller than 1.6 μm decreased from 27% to 10%
during a seven-month storage period at 20 ◦C under anaerobic conditions. Masse et al. [45]
also found that anaerobic treatment reduced swine manure solids concentration by 70%
and significantly reduced the particle size. It was found that particles smaller than 10 μm
represented 84% of dry matter (DM) for digested manure, whereas for raw swine manure
these represented 64% of DM. Among particles smaller than 10 μm for anaerobic digestates,
there were no particles larger than 2 μm detected. This suggests that, if a microfiltration
step is intended for digested swine manure, the removal of particles larger than 10 μm may
be sufficient as a pretreatment [64].

3.2. Solid-Liquid Separation (SLS)

When coupled with AD, manure SLS has been reported to add environmental benefits
and increase the flexibility in manure management [65]. Manure separation processes
aim at achieving a high separation efficiency in terms of concentration of suspended and
colloidal particles in the solid phase, which is beneficial for further processing of the liquid
fraction. Among the established treatment practices, solid-liquid separation of manure
generates a solid fraction rich in P and a liquid fraction rich in N and K and, to lesser extent,
in P [5].

Normally, centrifugation, gravity drainage and pressure filtration are used as manure
pretreatment. Low-tech separation implies however a more difficult treatment of the liquid
fraction due to the high amount of residual colloidal particles in the liquid phase. Most
commercial solid-liquid separators can remove a considerable fraction of raw manure DM,
but except for the decanter centrifuge, they are not efficient in terms of nutrient and heavy
metal separation [66]. SLS can be performed before or after the AD. The separation before
the AD process has the advantage of removing the material that hinders pumping and
mixing. Nevertheless, part of the volatile DM is lost in the solid fraction decreasing the
recoverable energy [67].

An overview of the main SLS techniques applied to manure separation with the DM
from feed and obtained liquid fractions are summarized in Table 1. If the liquid fraction is
further concentrated using membrane filtration, particles larger than 10 μm in anaerobic
digestates would be removed during pretreatment of anaerobic digestates, as indicated
previously by Masse et al. [45].
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Table 1. Main manure SLS systems with characteristics of obtained liquid fractions.

Solid-Liquid Separation
(SLS) System

Characteristics Type of Feed DM [%] Reference

Feed
Obtained Liquid
Fraction after SLS

Decanter centrifuge

Alfa Laval, NX 309B-31,
Denmark) Pig manure co-digestate 4.8 ± 0.2 2.1 ± 0.09 [66]

AD-1220, GEA, Germany Pig, cattle and chicken
manure co-digestate NA 2.7

(MF feed) [26]

Gennaretti centrifuge GHT
VF, Italy Pig slurry co-digestate 4.56 2.2 [19,68]

Centrifuge, Bauer GmbH Cow co-digestate NA 4 [20]

Screw press

FAN separator, max. feed rate
6.5 m3·h−1 Sow slurry 1.5–2 NA [21]

NA Dairy manure digestate NA 4.1 ± 0.3 [69]

Filter press

ID construct (chamber filter
press), 0.20–0.35 m3·h−1,

10–15 bar, polyamide-based
filter cloth Rilsan® types R43

and R57

Sow slurry 1.5–2 NA [21]

Vibration screen
CRETEL, max. feed rate 1
m3·h−1, 0.5 mm mesh size Sow slurry 1.5–2 NA [21]

Liquid cyclone
SRC, 15 m3·h−1, 5–7 bar,

diameters of 7,12 and 18 mm
Sow slurry 1.5–2 NA [21]

Bag filter 800 μm mesh size Sow slurry 1.5–2 NA [21]

Tangential flow
separation

System supplied by Gaston
County Dyeing Machine

Company (GCDMC)
Pig manure (flushed waste) 1.11 ± 0.49 0.96 ± 0.31 [70]

Sedimentation tank
Settling basin Sow slurry 1.5–2 NA [21]

Storage tank Pig manure 2.0 NA [71]

Combined: screw press
+ centrifugation + MF

Screw press: FAN Separator,
pore diameter of 0.25 mm;

decanter centrifuge: Baby II;
capacity of 0.7 m3·h−1;

7.5 kW (Pieralisi, Italy); MF
pore size 0.2 μm (Zenon

GmbH, Germany)

Liquid pig manure 5.1 ± 2.2 8.1 ± 1.0
(MF concentrate) [60]

Combined: straw filter +
sedimentation

Uncompressed straw bed on
a trenched concrete floor and

settling tanks
Liquid pig manure 6.1 ± 1.1 1.9 ± 0 [60]

Combined: nitrification-
denitrification +
sedimentation

Nitrification/denitrification
system and settling basin Sow liquid manure 5.3 ± 2.9 0.91 ± 0.04 [58]

Values are expressed as average ± standard deviation.

The removal of colloidal, suspended particles and soluble macromolecules from liquid
fractions obtained after manure or digestate solid-liquid separation is possible using MF
or UF [26,72]. If RO is applied, the recovery of concentrated soluble compounds such
as ammonium, phosphates and potassium, apart from other ions in the concentrate is
possible as well [27,28]. The advantage of using RO is the relatively large permeate flow
achieved with a relatively small concentrate flow, while MF can be used as a pretreatment
for RO [21,57]. The mineral concentrates obtained after membrane separation can be further
post treated, as for example [5]:

• Precipitation of struvite (MgKNH4PO4) by increasing pH to over 9 through addition
of Ca(OH)2, MgO or MgCl2 depending on which metal in the concentrate is limiting.
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• Recovery of potassium by precipitating potassium struvite (KMgPO4), which occurs
at high pH if the concentration of TAN is low and potassium, magnesium and PO4

3−
are present in equimolar amounts.

• Evaporation of ammonia from the struvite precipitate by heating it and recovery of
magnesium hydrogen phosphate for reuse

• Ammonia stripping by absorption in an inorganic acid or water
• Distillation and concentration of ammonia in a water phase
• Precipitation/crystallization of PO4

3− as calcium phosphate or calcium hydroxyl
phosphate with the addition of Ca(OH)2

3.3. Combined Manure Treatment and Separation Strategies

The synthesis of manure treatment processes implies a sequence of unit operations
focusing on organic matter removal, nutrient recovery, solid separation, etc. As an example,
Figure 1 shows the optimal solution proposed by Camilleri-Rumbau et al. [73] obtained
by comparing different membrane technologies, physico-chemical operations and SLS
techniques to recover nutrient-rich fractions from biogas digestate. The process was
predicted to have a low energy consumption during solid-liquid separation and a low
chemical consumption, thus proving the advantages of using membrane techniques to
concentrate the nutrients present in digestate liquid fractions.

Figure 1. Post-treatment of digestate manure after solid liquid separation using screw press and different membrane
technologies.

Table 2 gathers some essential literature about different manure treatment processes.

Table 2. Combined manure treatment systems.

Combined Manure Treatment Systems Operation Units Reference

Ceramic MF membranes and polymeric RO membranes
membrane technologies. RO was fed with the microfiltrate

in sow slurry separation to obtain a high-quality
liquid fraction

[21]

PIGMAN concept

Decanter separator, stirred tank and up flow anaerobic
sludge blanket reactors, post digestion, partial oxidation

and oxygen-limited autotrophic
(nitrification-denitrification) (OLAND)

[66]

AnMBR + UF Anaerobic membrane bioreactor with ultrafiltration [72]

Several case studies on digestate post-treatment
technologies

AD, ammonia stripping and membrane separation based
on MF, NF and RO [73]

BIOREK® concept
AD, ammonia stripping and membrane separation based

on UF and RO [74]

ADEPT (AD Elutriated Phased Treatment)
-SHARON (Single reactor system High Ammonium

Removal Over Nitrite)-ANAMMOX (Anaerobic
Ammonium Oxidation)

hydrolysis/acidification reactor, methanogenic reactor,
SHARON-ANAMOX reactor [75]

Several case studies on manure treatment
technologies

Combined, among other techniques, AD, centrifuge
separation with flocculation, acidification, nitrification and

de-nitrification, combination of anaerobic
digestion–evaporation and drying composting, etc.

[76]
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4. Raw Manure and Digestate Composition

Table 3 reports the composition and characteristics of pig manure as raw slurry and as
separated liquid fraction. For the same manure, Table 4 summarizes the characteristics of the
digestate before and after SLS. The raw manure composition gives fundamental information
about the biogas potential achievable during AD, possibilities in land application or further
treatment using membrane technologies for the liquid fractions. Similar information for other
types of raw manures are provided in the Supplementary Materials Table S1.

4.1. Pig Slurry Composition

Pig slurry is a highly charged stream source rich in H2O, organic compounds (present
in both suspended and colloidal particles); nitrogen compounds (mainly in ammonia/
ammonium form), P, major cations and anions (K, Ca, Mg, Na, Cl and sulphate); heavy
metals (mainly Cu, Zn and Cd) and organic pollutants such as weeds, pathogens, medicine
residues and residues of pesticides, herbicides and fungicides [60].

According to Table 3, the pH of raw pig slurry varies between 6.7 and 8.35 depending
on the storage period, application of buffers and temperature [77]. As expected, total
solids (TS) concentration is reduced mainly after manure solid-liquid separation treatment.
Decanter centrifugation presents a higher TS separation efficiency than the one observed
for screw press (approximately 67% and 38%, respectively) [5,26,45,60,73]. TS can also be
reduced by about 70% using straw filtration [60]. In terms of nutrient recovery, approxi-
mately 78% of the P contained in the raw slurry can be recovered when applying straw
filtration and around 83% by microfiltration. Masse et al. [45] suggested that in digestates
and raw manure, approximately 20% of total P is in soluble form, whereas another 50% is
associated with particles between 0.45 and 10 μm. They reported that only 30% P is linked
to particles larger than 10 μm. About 80% P in swine manure is linked to suspended solids
mostly attached to particles within 0.45–250 μm diameter.

In relation with DM content, Westerman et al. [70] showed that there was little dif-
ference between the concentration values of flushed wastes from finishing pigs and the
screened liquid. Concretely, they showed that after separating manure by screw press, fine
screening and dewatering the resulting fraction, the separated solids still contained almost
40% of DM and a high nutrient value (about 18 mg N, 10.4 mg P and 4.6 mg K per gram
of DM). While total suspended solids (TSS) and TS decreased by about 20% and 13.5%,
respectively after screening, while nutrient concentrations in the screened liquid remained
almost unchanged.

4.2. Anaerobic Digestate Composition

Table 4 presents the composition and characteristics of anaerobically digested manure.
It can be observed that pH values remain between 8.01–8.30 for all digestate sources.
However, a lower pH value of 7.2 was detected by Masse et al. [45] during psychrophilic
dry anaerobic digestion of dairy cow manure. TS were reduced by about 50% after applying
decanter centrifuging to digestates [66]. Ammonia remained between 3.3–5.9 g·kg−1 in
digestates, with minimal effect from separation [26,67]. K was mainly found as dissolved
K+ remains also practically unchanged after solid-liquid separation with values between
2.0 and 3.0 g·kg−1. P in separated digestates, being mainly bound in particulate matter,
decreased from 0.78–1.67 g·kg−1 to 0.21–0.67 g·kg−1 [26,63] when using decanter centrifuge
or screw press. Camilleri-Rumbau et al. [26] further found that microfiltration could recover
about 80% of the P present in digestate liquid fractions.

As can be observed from the data presented in Tables 3 and 4, mechanical separation
greatly influences manure and digestate composition. As reported by Masse et al. [45], a
decanter centrifuge is one of the most efficient solid-liquid separators in terms of nutri-
ent and heavy metal separation. In general, a decanter centrifuge removed all particles
> 2 μm [23] while a screw press mainly retained particles > 1 mm [63]. Additionally, mainly
the smaller particles are degraded during the anaerobic digestion leading to a relative
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increase in the proportion of larger particles (>1.4 mm) [78]. A particular separator may
be found superior to another based on testing that alters screen size, flow rate, or influent
manure DM concentration. However, factors such as power requirements and cost have to
be taken into account to evaluate the techno-economic performance of these separators [79].

4.3. Heavy Metal Composition

In the livestock production industry, it is a common practice to use Zn and Cu sup-
plements in animal feed due to their growth-stimulating and antimicrobial effects [80–82].
Lowering the dietary supply of these elements to the livestock would be the most effec-
tive way to control heavy metal contents in digested manure slurries [82]. However, the
removal of heavy metals from wastewater sources is a major concern mainly due to abrupt
interference with the environment, bioaccumulation and related health risks [83]. After
thermal treatment of manure, Li et al. [84] found that 75–90% of heavy metals such as Cr,
Ni, and Mn are mainly found in the solid-phase, while heavy metals such as Cd, As, Hg,
and Pb are found in the aqueous phase and gas phase, accounting for less than 5% of their
total concentrations.

Despite the fact that animal manures are likely to contain high levels of heavy metals
that pose risks to the environment and to human health, the addition of certain metals
to the feed material has also been found to increase biogas production [85]. It has been
demonstrated that efficient removal of propionate at high levels of VFA requires supple-
mentation of Ca, Fe, Ni, and Co in a thermophilic non-mixed reactor [86]. Masse et al. [45]
reported that approximately 80% of Zn and more than 95% of Cu in anaerobic digestate
swine manure were associated with particles between 0.45 and 10 μm. Jin and Chang [82]
found that total concentrations of Zn, Cu and As in digested pig slurries were <10, <5 and
0.02–0.1 mg·L−1, respectively. Low concentration of Cu and Zn are also present in screened
liquid slurries (8.5 and 11.2 μg·g−1 dry basis, respectively) [70]. Leclerc and Laurent [87]
presented a global compilation of national release inventories for heavy metals considering
215 countries during a 15-year period. They found that mercury, zinc and copper are mostly
responsible for the toxic impacts on human health and freshwater ecosystems resulting
from manure application to land. Further information about the composition of manure
and digestates in terms of heavy metals is shown in Table 5.

Although it is well-known that heavy metals are present in animal manure and can be
concentrated during manure treatment, there is limited literature on membrane technology
and the effect of heavy metals concentration [88].

Table 3. Composition of raw pig slurry and separated raw pig slurry.

Raw Pig Slurry

pH TVS [g·kg−1] COD [g L−1] TS [g·kg−1] DM [g·L−1]
TKN

[g·kg−1]
TAN

[g·kg−1]
P [g·kg−1] K [g·kg−1] Reference

NA - NA NA 67 ± 26 7.5 ± 2.5 4.5 ± 2.1 2.1 ± 0.8 3.3 ± 1.1 [5]

NA - NA NA 18.4 ± 0.7 NA 2.06 ± 0.19 0.65 ± 0.13 2.32 ± 0.33 [21]

7.7 ± 0.1 - 45.01 ± 3.20 NA 45.5 ± 3.1 6.7 ± 0.5 5.5 ± 0.4 1.6 ± 0.2 2.6 ± 0.2 [28]

7.32 ± 0.16 74.72 ± 12.67 NA 95.84 ± 15.22 NA 10.49 ± 1.56 7.72 ± 1.11 2.49 ± 0.30 4.83 ± 0.80 [45]

7 - - NA 73 6.3 NA 1.62 5.98 [57]

8.5 ± 0.2 42 ± 11 NA 61 ± 11 - 7.0 ± 0.5 3.5 ± 0.5 1.8 ± 0.2 5.5 ± 0.5 [60]

7.4 ± 0.2 34 ± 18 NA 51 ± 22 - 5.1 ± 1.2 3.5 ± 0.6 1.2 ± 0.6 4.7 ± 0.7 [60]

7.5 - 45.96 NA 53.2 4.2 3.6 1.26 3.2 [63]

7.09 ± 0.10 36 ± 2 26.00 ± 3.10 48.0 ± 1.8 NA 5.6 ± 0.1 4.8 ± 0.7 1.6 ± 0.05 NA [66]

6.72 - NA NA 34.5 9.35 3.66 0.74 3.62 [77]

8.35 ± 0.23 8.43 ± 6.54 NA 14.87 ± 9.56 NA NA 3.033 ± 1.12 0.19 ± 0.16 NA [89]

NA - - 26.9 NA 2.12 1.46 1.46 1.36 [90]
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Table 3. Cont.

Raw Pig Slurry

pH TVS [g·kg−1] COD [g L−1] TS [g·kg−1] DM [g·L−1]
TKN

[g·kg−1]
TAN

[g·kg−1]
P [g·kg−1] K [g·kg−1] Reference

Separated raw pig slurry

8.3 ± 0.2 - 40.32 ± 1.93 - 15.6 ± 0.5 NA 5.1 ± 0.5 0.24 ± 0.02 2.5 ± 0.3 [28] 1

8.4± 0.2 8.0 ± 2.6 NA 19 ± 0.0 - 4.7 ± 0.8 2.7 ± 0.4 0.4 ± 0.3 4.9 ± 0.5 [60] 2

7.8 ± 0.2 8.4 ± 1.8 NA 18 ± 3 - 3.4 ± 0.4 3.1 ± 0.3 <0.2 4.6 ± 0.5 [60] 3

8.01 ± 0.12 - 9.433 ±
0.472 14.49 ± 0.72 - 1.71 ± 0.068 1.41 ± 0.071 0.20 ± 0.01 NA [72] 4

6.76 ± 0.03 - - NA 6.10 ± 0.49 NA 1.66 ± 0.07 0.06 ± 0.0 1.09 ± 0.05 [91,92] 5

Values are expressed as average ± standard deviation. NA: not available. All values in g·kg−1 considering that slurries and digestates have
a density of about 1kg·L−1 [5]. 1: data obtained for vacuum filtration; 2: data obtained for straw filter made of three-layered plastic foil,
total tickness 0.2 mm; 3: data obtained for the sequence screw press, decanter centrifuge and MF; 4: data obtained for liquid filtered by a
0.5 mm screen. 5: data obtained for belt separator, decanted and passed through a 800 μm bag.

Table 4. Composition of anaerobic digestates.

Digestate before Separation

pH
TVS

[g·kg−1]
TS [g·kg−1] DM [g·L−1]

TKN
[g·kg−1]

TAN
[g·kg−1]

P [g·kg−1] K [g·kg−1] Reference

8.24 ± 0.23 16.20 ± 3.74 28.29 ± 5.87 NA 6.9 ± 1.08 5.89 ± 0.73 1.04 ± 0.34 2.99 ± 0.31 [45] 1

8.3 - NA 56.2 NA 4.2 0.89 2.54 [63] 2

8.1 - NA 65.3 NA 5.0 1.67 2.31 [63] 3

8.1 - NA 35.5 NA 3.8 1.11 2.71 [63] 4

8.01 ± 0.11 16.2 ± 1.01 48.1 ± 1.9 NA 5.3 ± 0.08 3.7 ± 0.4 1.5 ± 0.05 NA [66] 5

Effluent after digestate separation

8.2±0.1 - NA 27 3.4 3.15 0.46 2.03 [26] 6

NA - NA 52.3 3.80 NA 1.17 NA [63] 7

NA - NA 19.6–24.4 3.1–5.2 NA 0.21–0.51 [63] 8

8.09 ± 0.10 - 21.0 ± 0.9 NA 4.3 ± 0.08 3.5 ± 0.4 0.6 ± 0.05 NA [66] 2

Values are expressed as average ± standard deviation. NA: not available. 1: manure from growing finishing swine operation treated in
anaerobic sequencing batch reactors at 25 ◦C; 2: mix of 75% pig manure and 25% other waste fish-processing waste continuous AD in a
thermophilic (53 ◦C) apparatus; 3: mix of 75% pig manure and 25% other waste fish-processing waste continuous AD in a mesophilic (35 ◦C)
apparatus; 4: mix of 98% pig manure and 2% fatty waste continuous AD in a mesophilic (38 ◦C) apparatus; 5: mix of 90% pig manure
and 10% fish-processing waste continuous AD in a thermophilic (55 ◦C) plant; 6: liquid fraction obtained through decanter centrifugation;
7: obtained with screw press of the digestate of 2; 8: obtained with decanter centrifuge of the digestate of 3 and 4 respectively.

Table 5. Typical heavy metal concentrations in raw and digestate manure.

Source Zn [mg/L] Cu [mg/L] Fe [mg/L] As [mg/L]
Solid-Liquid Separation

Technique
Reference

Raw pig manure slurry 12.75 ± 1.65 7.54 ± 2.96 - 0.13 ± 0.10 None [82]

Digested pig slurry 20.66 ± 6.99 16.30 ± 4.1 - 0.26 ± 0.14 None [82]

Solid fraction of digested
pig slurry 477 ± 40.4 204 ± 30 - 2.19 ± 0.88 Sedimentation in

anaerobic digester [82]

Digested swine manure
(for particles < 10 μm) 45.90 19.68 71.70 - None [45]

Digested swine manure
(for particles < 0.45 μm) 2.17 1.07 4.20 - None [45]

Manure co-digestate 1 16.4 6.4 1099 - [93]

Digested swine manure 64 ± 2.00 9.05 ± 0.1 - - [94]

Pig biogas slurry 2 9.88 ± 2.1 2.74 ± 0.45 - - [95]

Co-digestate pig slurry 24.6 ± 4.2 4.8 ± 0.7 - - Decanter centrifuge [68]
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Table 5. Cont.

Source Zn [mg/L] Cu [mg/L] Fe [mg/L] As [mg/L]
Solid-Liquid Separation

Technique
Reference

Co-digestate liquid
fraction of pig slurry 27 5 46 - Decanter centrifuge [19]

Co-digestate liquid
fraction of cow manure 5 1.4 208 - Decanter centrifuge [20]

Values are expressed as average ± standard deviation. 1: digestate obtained from animal manure, energy maize and food industry residues.
2: pig manure anaerobically digested. The digestate is stored for 45 days and separated by natural sedimentation in biogas slurry and
biogas residue.

5. Membrane Technologies for Post-Treatment of Manure and Digestate Liquid Fractions

After solid-liquid separation of manure or digestate, the obtained liquid fraction can
be further concentrated using membranes. One of the main limitations of using membranes
is membrane fouling, which represents one of the major problems during processing since
it limits the membrane continuous operation. Several parameters can affect membrane
fouling severity. Flow conditions, membrane pore size and/or selectivity, ion rejection
capacity, membrane material, physico-chemical properties, porosity and morphology of
the surface [96], as well as the characteristics of the effluent being treated are the main
parameters contributing to fouling. Understanding the fouling mechanisms involved
during concentration of livestock manure liquid fractions is one of the main challenges
during the application of this technology.

5.1. Membrane Classification and Material Properties

Previous research studies on application of membranes during manure and digestate
liquid fractions treatment have mainly used MF, UF, RO, membrane contactors (MC) and
ED. Introduction of FO in this field is a relatively new method.

The selection of membrane material plays a very important role in separation per-
formance during farm effluent processing. Membrane performance is mainly linked to
physical and chemical interactions between the membrane surface and foulants during
processing of water and wastewater sources. Material characteristics such as material
type, porosity, hydrophobicity-hydrophilicity, surface charge, membrane polarity, perme-
ability, selectivity, etc. are important factors affecting membrane performance. Table 6
presents some of the most used commercial polymeric membranes for the treatment of farm
effluents. Polymeric membranes are typically made of polysulphone (PS), polyethersul-
phone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP), polytetrafluoroethylene
(PTFE), cellulose acetate (CA), cellulose triacetate (CTA), polyamide thin film composite
(PA), while inorganic membranes typically are based on aluminum oxide or titanium oxide.

Membrane hydrophobicity or hydrophilicity influences membrane fouling. Hydropho-
bic membranes are widely reported to be more susceptible to adsorptive fouling by organic
particles than hydrophilic ones [97]. Zhang et al. [98] found that the adsorptive fouling
degrees were in increasing order PAN < PVDF < PES. Camilleri-Rumbau et al. [26] reported
that in the initial stage of the digestate liquid fraction concentration process, PS membranes
had a higher fouling tendency than PVDF membranes. However, after cake layer formation,
the influence of the membrane material became less relevant and the cake layer controlled
the filtration mechanism. Studies from Boerlage et al. [97] also demonstrated that PS mem-
branes had a higher tendency to foul compared to polyacrilonitrile (PAN) membranes, as
expected due to the higher hydrophobicity of PS compared to PAN. Furthermore, in their
study, a homogeneously permeable surface enhanced particle deposition and formation
of a regular cake layer, which was easier to remove with cleaning regardless of the low
surface porosity detected [97].

López-Fernández et al. [72] further found that PES had a higher tendency to foul
than PVDF. The permeability of PES membranes decreased drastically by 93%, while the
permeability on PVDF membranes decreased by around 25%. This was possibly due to

266



Int. J. Environ. Res. Public Health 2021, 18, 3107

the higher affinity of the extracellular polymeric substances to the PES membrane [98].
The same study reported that the selectivity of the UF membranes filtering swine manure
liquid fractions was directly related to the membrane rejection and the selected operating
conditions. It was found that the increased permeate flux when using PVDF membranes
improved the filtration selectivity, with higher COD rejection values for PVDF membranes
compared to PES membranes (70% and 55–70%, respectively). Boerlage et al. [97] also
reported the importance of the membrane material on the fouling mechanism. It was
suggested that fouling observed on PAN membranes was dominated by physical deposition
while fouling observed on PS was more likely chemically adsorbed, due to the more
hydrophobic nature of PS. During MF of digested swine manure, Camilleri-Rumbau
et al. [26] observed that permeate flux decline initially occurs due to a fast fouling formation
followed by a filtration period with a slower relatively constant flux decline. This study
further showed that foulants were adsorbed stronger to the PS membrane surface than to
PVDF membrane surface. Similar conclusions were obtained in other studies using the
same type of membrane materials [90,98].

Apart from the influence of membrane material during the filtration process, high
porosity of membrane surfaces can also enhance fouling [99], due to the increased flux
across the membrane which will drag more foulants towards the membrane surface and
hence could provoke pore blocking. The effect of membrane charge and polarity, measured
as electrical conductivity and ion exchange capacity, during separation of manure com-
pounds such as NH3-N is of special relevance when using ED. Mondor et al. [28,100] used
AMX anion-exchange and CMB cation-exchange membranes to isolate and concentrate
total NH3-N from swine manure, achieving five-fold concentrations compared to feed ma-
nure. However, the main drawbacks of this technique were fouling of the AMX membranes
mainly from calcium carbonate and silica, and consequently a loss in stack average current
density. Fouling on CMB would however be minimal due mainly to electrostatic repulsion
with Ca2+ ions and the negatively charged silica colloidal particles.

5.2. Recovery of Total Ammonia Nitrogen (TAN)

Approximately 70% of the N in raw pig slurries is dissolved and present as ammonium
while the rest is bound to particles such as organic macromolecules, proteins and inorganic
precipitates. At a pH higher than 8, TAN is mostly present in manure as uncharged
ammonia, due to the existing equilibrium between ammonium (NH4

+) and ammonia
(NH3). Contrarily, at low pH, the TAN is mostly present as positively charged ammonium
(NH4

+) [20]. Based on the ammonia-ammonium equilibrium chemistry, there here have
been different approaches on ammonia recovery from animal waste in literature.

In digestates, for instance, ammonia recovery can be done by adding sulfuric acid to
the liquid fraction obtained after mechanical separation of solids, as a treatment step after
phosphorus recovery as calcium phosphate or struvite precipitate. Using concentrated
sulfuric acid would volatilize CO2 and capture ammonium, which would be stable at this
pH, as an ammonium sulphate solution [57]. Recovery of nitrogen by ammonia stripping
is also possible and it requires however a partial increase of pH in the stripping phase [57].
By neutralizing the stripped liquid fraction, RO can be applied for obtaining a concentrate
with low concentration in ammonia and phosphates and a high concentration in K, and
possibly some small amount of precipitate [6].

During ammonia recovery using RO membranes, the rejection of ammonium is higher
than its uncharged form (ammonia), where rejection depends strongly on the pH [27,100].
RO membranes have proven to be able to recover more than 99% of the TAN present in
raw slurry at pH < 6.5 [27]. At a similar pH level, a TAN rejection higher than 95.5%
could also be achieved using aquaporin-based forward osmosis membranes on digested
manure [20]. However, Li et al. [88] found FO ineffective in retaining N species. This
result could be attributed to volatilization from the feed solution or N attachment on the
membrane surface.
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MD has also been studied as an ammonia recovery technique from raw swine manure.
One of the main drawbacks of this technique is membrane wetting due to fouling formation,
which provokes a loss in hydrophobicity and hinders the ammonia stripping capabilities
of the membrane [101]. However, pretreatment methods such as MF and UF showed to be
effective in enhancing the ammonia mass transfer coefficient, concretely by two in the case
of PTFE membranes and by four in the case of PP membranes [101].

Ammonia recovery using ED has previously been applied in swine manure [101,102].
Mondor et al. [28] further considered a combination of ED and RO in treating liquid swine
manure pretreated by vacuum filtration. The system showed promising results, but the
possibility of ammonia volatilization represented a challenge to be taken into account. The
authors reported that after 10 ED batches, approximately 17% of NH3 was volatilized.
In order to minimize nitrogen losses during RO processes, pumping, storing, increasing
temperature, etc. it is suggested to use a closed system. However, ammonia emissions are
more likely to occur during subsequent storing of the concentrate rather than before the
concentration process [6].

Garcia-Gonzalez and Vanotti [103] have grouped the technologies for N recovery in
five categories:

(1) RO using high pressure and hydrophilic membranes,
(2) air-stripping using stripping towers and acid absorption,
(3) zeolite adsorption through ion exchange,
(4) co-precipitation with phosphate and magnesium to form struvites,
(5) gas-permeable membranes at low pressure.

In the first category, Zhou et al. [104] developed a pre-treatment system composed
by a sequence of sand filter, steel plate and frame filter, ceramic UF membrane before a
RO module. They consider biogas slurry feedstock odtained from chicken manure. Single
and double disk tube RO (DTRO) modules were used in combination with seawater RO
(SWRO). The authors optimized the slurry pH, operating temperature and pressure to
maximize the ammonia recovery. The dual DTRO-SWRO at the optimized conditions
(pH 6.1, 5 MPa, 35 ◦C) reached 99.1% TAN rejection.

In the second category more traditional technologies based on stripping performed in
towers are included. Ammonia is stripped from pre-treated manure using air, steam or
biogas and then absorbed in an acid solution to produce added-value fertilizers [105–107].
The modelling of this systems represents a challenge as highlighted for an analogous
system by Madeddu et al. [108,109].

The third category zeolites can be added to both manure or sewage sludge-based
digestate solid to provide active sites for molecular adsorption or exchangable cations
for ammonium ions. Both mechanisms can increase the N retention [110]. The formation
of struvites, included as forth category is discussed in the Section 4.3 together with the
phosphorus recovery. In the last category, NH3 pass through a microporous hydrophobic
membrane and is concentrated in a stripping solution on the other side of the membrane.
Garcia-Gonzalez and Vanotti [103] applied this technology to liquid swine manure using
submerged tubular expanded polytetrafluoroethylene membranes. A H2SO4 solution was
used to circulate acid through the membrane. The authors observed that adjusting the
manure pH to 9 the TAN removal efficiency reached 88–94%. The same system was used
to study the effect of other parameters like the aeration on the removal efficiency [111,112].

5.3. Recovery of Phosphorus

The liquid fraction obtained after mechanical separation of manure is rich in soluble
components as well as colloidal and suspended particles. Colloidal and suspended par-
ticles contain insoluble organic and inorganic compounds such as phosphate or other P
components, Ca and Mg precipitates.

Schoumans et al. [57] reviewed and assessed treatment strategies with regards to P
recovery from manure and sewage sludge. Some of these strategies involve recovery of
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P2O5 in ash after incineration, recovery of phosphate as calcium phosphate or struvite
and P-biochar after pyrolysis from which resulting pyrolytic oils (tar) and gases could
be used for producing energy during pyrolytic process. Phosphates could be obtained
from the sludge liquid fraction by precipitation with aluminum sulphate, although this
method seems uneconomical because the entire liquid fraction has to be treated. In this
regard, Christensen et al. [113] observed that about 70–90% of the total phosphate in
raw pig slurries was found in the particulate fraction while the remainder occurred as
dissolved phosphate.

A possible pathway for P recovery is its precipitation in the form of struvite by co-
precipitation of ammonium, potassium and phosphate [114]. However, the formation of
struvite requires a sufficient amount of phosphate, with the disadvantage that the solubility
of struvite in water is relatively high [5]. Struvite precipitation takes place during anaerobic
reaction at a pH of 8.3 approximately. The formation of struvite can be enhanced by
addition of dissolved magnesium. After centrifugation of the digestate, the solid fraction,
with approximately 80% of the total P, can be sent to composting while the liquid fraction
could undertake several pathways in order to recover ammonia/ammonium as a product
(see Section 4.2. Recovery of TAN) [57]. Karakashev et al. [66] also presented a system for P
recovery via struvite precipitation coupled with anaerobic digestion, achieving a phosphate
removal of 96%, 7% ammonium removal, a slight decrease in COD, while practically no
change in TS and TSS was achieved. Maurer et al. [115] also reported that recovery of P by
struvite formation was highly effective (P recovery rate of 90–100%); by applying volume
reduction processes such as evaporation, freeze-thawing and electrodialysis prior to the P
recovery step.

Phosphorus recovery using membranes has also been well documented. Camilleri-
Rumbau et al. [19,26] used MF and UF membranes for treatment of digested manures.
They found that more than 80% of the total phosphorus could be rejected using PS and
PES membranes. Some authors have used pretreatment strategies of the liquid fraction to
achieve precipitation of P and its removal together with colloidal and suspended particles.
Christensen et al. [113] suggested that pH control could be used to regulate the concentra-
tion of dissolved P in manure and as precipitated struvite. The addition of CaO, MgO or
Ca(OH)2 would care an increase in pH and promote precipitation of phosphate as calcium
phosphates or calcium carbonates [5], while ammonia could be removed by stripping of
the subsequent UF permeate.

Pramanik et al. [116] used a flat sheet FO membrane to pre-concentrate anaerobically
treated dairy manure. The authors tested NaCl, MgCl2 and EDTA-2Na as possible draw
solutions obtaining in all cases more than 98% PO4

3− rejection. However, supersaturation
of different chemical species close to the membrane surface can cause membrane fouling.
For this reason, Shi et al. [24] investigated using electrodialysis reversal (EDR) where the
polarities of the electrodes are frequently inverted inducing a self-cleaning mechanism.
The system was tested with a pre-treated and acidified pig manure digestate using cation
and anionic membrane sheets. The authors measured a removal of phosphate up to 84%.

5.4. Rejection of Heavy Metals

Masse et al. [45] reported that in anaerobic digestates from swine manure 80% of Zn,
Ca, and Fe and over 95% of Cu approximately are associated with particles between 0.45
and 10 μm. Several treatment strategies for the removal of heavy metals have been reported
in literature. The addition of lime is used to promote precipitation of heavy metals, such
as Cu and Zn hydroxides that can be efficiently removed from flushed raw swine manure
waste [70]. During membrane separation, micellar-enhanced UF (MEUF) has also shown be
a viable technique for separating phosphates from heavy metals, such as Cd and Cu, since
P was not retained by the micelles and passed through the UF membrane [117]. Rejection
coefficients up to 98% were achieved for both metals when no P was present, using sodium
dodecyl sulfate (SDS) as a surfactant. Camilleri-Rumbau et al. [19] found that 96.9% Cu,
Zn, Fe, Ca, Mg and Al could be rejected during the UF of centrifuged digestate manure,
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regardless of the use of flocculation-coagulation during the solid-liquid separation by
centrifugation. FO aquaporin and conventional polyamide TFC FO membranes were tested
by Li et al. [88] for digestate centrate liquid fraction obtained by natural settling. For both
membranes the authors observed a rejection of heavy metals higher than 80%. Recently,
Fernandes et al. [118] proposed a membrane sequence of MF + UF/NF for processing the
digestate from kitchen and food waste. They observed that Al was reduced by 81% after
MF and the NF was ineffective in Al rejection. When UF was used after MF, the Al was
reduced by 87% compared to the pre-treated digestate. Zn was removed by 97% after
MF without further improvement by adding the UF or NF step. Fe was reduced by 63%
by the system MF-NF. The authors highlighted NF was the only process that produced a
colorless permeate.
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6. Membrane Fouling and Factors Influencing Membrane Performance

Manure is a complex wastewater source with a high membrane fouling propensity.
Swine manure, for instance, is a highly complex mixture of inorganic colloids and sus-
pended organics, volatile fatty acids, proteins, bacteria, suspended solids and inorganic
elements including Ca, NH4

+, Na, S, K, P and Mg [33,131,132]. Ruan et al. [133] reported
that the main composition of the inorganic fouling found on RO membranes processing
digestate slurry was mainly Ca (as CaCO3 and CaSO4), Si (as SiO2 colloid), O, C, Cl, Na, S,
and P as well as organic foulants based on complex components, including hydrocarbons,
aliphatic acids and their analogues.

Effluents with high ionic strength have been previously correlated to increased foul-
ing [134,135] and cause more rapid flux decline [136], being membrane scaling and fouling
the main factors affecting membrane performance [137].

The importance of membrane fouling during manure processing with membranes
has been addressed in the last years. Reverse osmosis membranes has been studied pre-
viously for membranes treating swine wastewater [92,122,124,131] and other wastewater
sources [23]. Fouling has also been studied in MF and UF systems [19,26,72,120,138,139]
treating anaerobically digestated slurries; in membrane contactors for ammonia stripping
from pig slurry [101,102] and in ED membranes during concentration and recovery of
ammonia from swine wastewater [100]. Studies on fouling of forward osmosis membranes
for processing manure wastewater sources are also limited [20].

Several factors have been attributed in the literature to be the main cause for membrane
fouling and membrane performance loss. This section gives an overview of literature
describing fouling mechanisms, operating conditions, cleaning and ageing of membranes
processing mainly raw and digestate manure. An overview of membrane and fouling
characterization techniques is available in the Section S1 of the Supplementary Materials.

6.1. Membrane Fouling Mechanisms

Membrane fouling mechanisms are complex and thus difficult to define. Several
authors have put efforts in explaining the related mechanisms for specific applications.
For instance, Lim and Bai [140] suggested that during MF of activated sludge the fouling
mechanism could initially be based on “membrane-limited fouling”, followed by “pore
blocking”, and eventually “cake formation”. Other authors explain fouling mechanisms
based on an initial concentration polarization, followed by gel layer formation and finally
cake layer formation [141].

The use of models to explain the complex mechanisms taking place during membrane
fouling is thus of importance to understand the filtration data. The resistance in series
model as shown in Equation (1) is the calculation method most often used for evaluation
of membrane permeate flux and fouling resistance:

Jp =
ΔP − Δπ

μ(T)·Rt
(1)

where Jp (m·s−1 or L·m−2·h−1) is the permeate flux through the membrane, ΔP (Pa or bar) is
the applied pressure, Δπ (Pa or bar) is the osmotic pressure, μ(T) is the viscosity of the fluid
at a given temperature and Rt (m−1) is the total resistance of the fouling layer-membrane
system which acts as a barrier to the permeate flux.

The total resistance Rt can be divided into a pure membrane resistance and reversible
and irreversible fouling contributions. The classification of membrane total resistance can
be defined as shown in Equation (2). However, there is not a universal agreement on this
classification and authors use different contributions in their definition of Rt and definitions
for reversible and irreversible fouling [125,139,142,143]:

Rt = Rm + Rs + R f (2)
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Camilleri-Rumbau et al. [91,92] classified Rt from RO filtration data from raw swine
wastewater, as the sum of Rm, Rs and Rf (Equation (2)). Rm was defined as the intrinsic
membrane resistance to water flux, which may increase as the membrane is put into use,
due to compaction and irreversible fouling. The substrate resistance (Rs) was attributed
to specific membrane-solute interactions which might occur even in the absence of flow.
Fouling resistance (Rf) was the result of a variety of phenomena such as concentration
polarization, gel layer formation and cake layer formation on the membrane surface.
Several authors related the rapid increase in Rf during swine wastewater processing, to the
transition between the pressure-dependent flux region and the pressure-independent flux
region (i.e., gel-polarized region) [91,92].

Fouling mechanisms for membrane processes using MF/UF/NF/FO/ED/MD are
more difficult to be identified. In this regard, authors normally refer to studies on
municipal wastewater applications to explain the observations during the filtration of
manure effluents.

6.2. Permeate Flux Decay and Pressure Control

Following Darcy’s law, pure water fluxes in pressurized systems are proportional to
the operating pressure applied, regardless of the variation on cross-flow velocity. However,
during membrane processing of highly charged wastewater streams, deviations from
linearity occur due to the presence of foulants. For instance, the water flux for clean UF
membranes can be between 600–1000 L·m−2h−1, while during manure filtration the flux is
reduced to 20–40 L·m−2h−1. This reduction might be explained by gel polarization and
cake formation phenomena [115]. However, turbulence on the membrane surface, although
generally helps to remove/lift foulants on the membrane surface, could also promote the
inclusion of small particles in the cake layer. This could result in a less porous layer and
higher specific resistance resulting in a lower permeate flux [136]. In general, compact
smooth biofilms are formed at high shear force, while thick, fluffy biofilms are produced at
low shear force [134,144]. Further increasing the applied pressure results in a denser and
more compact cake layer which increases the specific cake resistance.

During MF of digestate liquid fractions, Camilleri-Rumbau et al. [26] observed that
an increase in the feed cross-flow velocity increased the permeate flux on PS and PVDF
membranes. This was attributed to concentration polarization and a reversible fouling layer
that could be removed when increasing turbulence at the membrane surface. However,
combining a higher pressure with a low cross-flow velocity resulted in the lowest permeate
fluxes probably due to a significant increase in the fouling layer resistance caused by
increased compression of the fouling layer [115]. Similar observations were obtained
during UF of pretreated raw pig slurry by Fugère et al. [71]. They found that the optimal
operating parameters during UF of pretreated raw pig slurry remained similar even though
manure compositions and pretreatments were different. The authors explained this by the
major contribution of fouling by gel-cake layer formation, as gel-cake layer formation is
influenced more by the hydrodynamic conditions at the membrane surface than by the
solids concentration in each manure type. Waeger et al. [138] also suggested the dominance
of cake layer formation over permeate flux decay, during processing of anaerobic digestate
liquid fraction. Therefore, increases in cross-flow velocities instead of the applied pressure
might sometimes benefit the permeate flux rate [120,138], athough higher velocities also
imply a higher energy consumption.

6.3. Influence of Manure Composition and Particle Size

As discussed in Section 3, raw and digestate liquid fractions are highly charged
wastewater streams rich in particles, proteins, colloids, nitrogen, phosphorus, potassium
and metals, among other elements. In particular, the influence of metals during membrane
processing cannot be neglected, as non-bound metals can cause severe membrane flux
decay. Divalent cations, especially Ca, can form strong complexes with organic matter
and polysaccharides, such as extracellular polymeric substances (EPS), resulting in the
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formation of a compact cake layer highly resistant to hydrodynamic forces [131,145].
Approximately 95% Fe and 80–90% Ca and Mg were found in the particulate fraction
in raw pig manure [113], while approximately 80% of Zn, Ca, and Fe and over 95% of Cu
were associated with particles between 0.45 and 10 μm in anaerobic pig digestate. As both
Ca and Mg may form complexes with dissolved organic matter, the amount of ionic Ca
and Mg may be 10–20% of the total concentration in the dissolved fraction [113,146].

In a study comparing different wastewater streams including cattle and pig slurry,
Reimann et al. [137] found that the permeability of UF and RO membranes is determined
by the concentration of organic matter in the wastewater and is independent of the type
of wastewater. They reported a permeability loss over 83% when the COD-concentration
increased from 0.63 g·L−1 to 42.8 g·L−1. However, Fugère et al. [71] found that COD
decreased significantly in raw manure with longer hydraulic retention time since allowed
manure biodegradation which resulted in smaller particles. High organic matter concentra-
tions together with the formation of bigger flocks in fresh filtered manure, make manure
more difficult to treat, thus leading to a faster membrane flux decrease [71].

Particle size and particle concentration play an important role during membrane oper-
ations processing wastewater effluents. Studies show that the higher the feed concentration,
the more the permeate flux decline is expected. Additionally, the cake resistance increases
with the feed concentration although the specific cake resistance is not influenced and only
the cake layer thickness is increased. Masse et al. [45] observed that anaerobic manure
treatment of swine manure had an effect on particle size. The smallest particle fraction was
between 2 and 10 μm for anaerobic digestates. This would suggest that a pretreatment for
removing particles larger than 10 μm would be sufficient as a pretreatment for MF. How-
ever, Lee et al. [136] suggested that the smaller the particle size, the bigger the permeate
flux decline because small colloids are more likely to aggregate, which would provoke
an increase in cake resistance. During manure filtration, Fugère et al. [71] reported that
the particle size of the treated manure could influence UF membrane fluxes and possibly
define the membrane pore blocking mechanism and cake layer compactness.

6.4. Influence of Temperature

Temperature is an important parameter to take into account during evaluation of
membrane performance. An increase in temperature produces a decrease in effluent viscos-
ity and an increase in permeability [72]. This could imply lower membrane costs, a smaller
membrane plant footprint and reduced operating costs. However, high temperatures, such
as those for thermophilic anaerobic digestion (~55 ◦C), could also produce irreparable
damage to polymeric membranes [6]. It is a good strategy thus to normalize the obtained
permeate fluxes by correcting the experimental temperature using the manufacturer’s
correction factor for the particular membrane [6].

During UF of anaerobically digestated swine manure liquid fraction, increasing the
operation temperature decreased the performance and selectivity of PES external tubular
membranes compared to PVDF submerged hollow fiber membranes. [72].

Masse and Massé [147] showed that the flocculation performance of high molecular
weight cationic polymers during flocculation of high DM swine manure was not affected
by the operating temperature (6–25 ◦C). Furthermore, there was no negative effect from
temperature on the removal efficiency of TSS and phosphorus during the process. However,
animal wastewater processing at high temperatures implies losing nitrogen due to ammonia
volatilization [6]. In the same study, during RO processing of dairy and raw pig slurries,
it was found that permeate flux increased by about 50% by increasing the operation
temperature from 10 to 20 ◦C. However, when the volume reduction reached 60%, the
flux decreased even though the temperature was still approximately 44 ◦C. This flux
decrease was attributed to the rapid volume reduction with the related fast increase in
osmotic pressure.
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6.5. Influence of pH

Acidification is a common practice in agricultural manure management to reduce
greenhouse gas emissions as well as to increase the fertilizer value of slurry [148]. The
influence of the wastewater pH on membrane performance and compound rejection has
been previously studied mainly for RO membranes. In general, small amounts of acid
are recommended to avoid considerably altering the osmotic pressure of the wastewater
for assisting MF-RO steps [21]. However, increases in pH in manure and digestate liquid
fractions enhanced the removal of residual colloids [57].

During acidification of swine wastewater separation using RO membranes, it was
found that acidification of the pretreated manure to a pH of 6.5, for typical swine manure
containing about 3000 mg·L−1 of TAN, would ensure high TAN rejection ranging from
97.5% to 99.8% at a high permeate recovery rate of 80% [27]. However, when increasing
the pH to 7 the permeate recovery rate had to be reduced to 50% in order to maintain
the overall retention of TAN at 97% and concentrations of TAN below 100 mg·L−1 in
the permeate. Additionally, a pretreatment of the swine wastewater with either NF or a
first stage RO further increased feed pH values up to 8.5 due to a decreased alkalinity,
which required less acid to lower pH but considerably reduced the TAN rejection [30].
Acidification also enhanced slightly K rejection on RO membranes, achieving a rejection of
71% in urea-source wastewater [115].

In another study, it was observed that during acidification, solubilization of P from
the solid manure phase into the liquid phase might occur [148], promoting the dissolution
of struvite. Christensen et al. [113] also suggested that pH adjustment could control the
amount of dissolved phosphorus in manure. However, during micellar-enhanced UF
(MEUF) applied for recovery of P, as pH increased, removal of heavy metals decreased to
80% due to P complex formation that was minimized at lower pH values [118].

6.6. Influence of Flocculants/Coagulants Used during Pretreatment

Physico-chemical methods alone, including coagulation-flocculation, have been found
to be effective processes to remove solids and nutrients from animal manure [19,149]. The
use of organic and inorganic coagulants and flocculants are recommended to achieve an
optimal mechanical separation (e.g., centrifugation, gravitational sedimentation, flotation,
gravity drainage, pressure filtration) between the obtained solid and liquid fractions.
This results in a solid fraction containing mainly suspended solids, and a liquid fraction,
containing most of the dissolved components originally in manure [5,99,150,151]. If nutrient
recovery such as phosphorus is intended to be recovered from the obtained fractions to
be re-used in agriculture, then Fe-containing coagulants or flocculants must be avoided.
Other agents primarily used to precipitate dissolved phosphorus, such as salts of calcium,
iron, or aluminum can also form precipitates with dissolved phosphorus. These agents
also aid the coagulation/flocculation of suspended solids thus enhancing settling [70].

Electrostatic interactions due to the chemical structure of the flocculant are relevant
in the subsequent membrane fouling mechanism. However, flocculation-coagulation can
reduce membrane fouling at the optimal dosage by minimizing foulants attachment on
the membrane surface due to the formation of larger flocs and restraining the formation
of gel layer [152–154]. Furthermore, the addition of coagulants could decrease EPS and
TOC concentrations in the effluent, thus minimizing membrane fouling [147]. For instance,
membrane pressure control can be done with membrane assisted flocculation-coagulation
techniques because total organic carbon (TOC) and EPS are major foulants that require a
need of pressure increase [153,155].

Despite the benefits of flocculation-coagulation during manure separation, if dos-
ing is not optimized, flocculation-coagulation could potentially cause severe membrane
fouling [99,126]. The fouling capacity of polymer flocculants depends highly on the
attraction-repulsion forces towards the membrane surface, flocculant molecular weight
and solution chemistry (such as pH, solid concentration and presence of ions in the water
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solution) [99]. Additionally, pig manure contains highly charged particles suggesting that
highly charged, high-molecular-weight cationic polymers can be used [113]. However, it
was found that severe fouling could be caused by cationic flocculants, because of the elec-
trostatic attraction with the negatively charged membrane surfaces [156]. Masse et al. [157]
found that the amount of cationic polymer added during manure pretreatment for NF and
RO membranes, should be closely related to the suspended solids present in solution, to
minimize the residual polymer in solution. Residual polymer could play a detrimental
role in membrane flux as it could facilitate rapid attachment of organic foulants on the
membrane surface.

During the application of flocculants and coagulants on manure, Hjorth et al. [151]
also observed that the polymer dose required to obtain large flocs during manure treatment
was unaffected by the coagulant addition. It was observed that coagulation was minimal
and did not significantly affect the polymer flocculation [158]. However coagulation can
disturb the stability of colloidal organic matter, forming flocks by adsorption of dissolved
materials and hence reducing the membrane fouling potential [152].

Zhu et al. [152] characterized membrane fouling on a MF ceramic membrane system
treating secondary effluent. They showed that coagulation with Al was an effective pre-
treatment for the control of MF fouling with stable operating time and recovered water
volume. However, it was suggested that the potential formation of larger complexes due
to the presence of multivalent ions, such as Al and Ca, and organic molecules in the feed
water, could also lead to the formation of gel layer or even membrane pore clogging.
Similarly, Camilleri-Rumbau et al. [19] observed that digestate centrifugation assisted with
flocculation-coagulation could alleviate membrane fouling, thus causing a positive impact
on the long-term stability of the subsequent ultrafiltration step.

7. Membrane Cleaning and Ageing

Membranes processing highly charged wastewater effluents such as raw slurries or
digestate manure require a frequent and efficient cleaning strategy in order to minimize the
permeate production loss and restablish membrane performance. The fouling composition
should dictate the cleaning strategy to be performed to maintain a stable membrane
operation and ensure a long life-time operation. A proper understanding of membrane
fouling could avoid excess of chemical cleanings, which increase operation times and cost.
Therefore, it is important to determine the type of fouling interactions to establish better
cleaning strategies [159].

A standard cleaning strategy takes into account the nature of the foulants in the
wastewater and fouling mechanisms in order to select an optimal cleaning procedure. A
cleaning agent can affect fouling in three ways (i) removal of the foulants, (ii) changing
morphology of the foulants (i.e., swelling or compaction) and (iii) alteration of surface
chemistry modifying membrane surface hydrophobicity or charge [159]. However, the
achieved cleaning efficiency depends greatly on the nature of the foulant. Traditionally,
membranes are cleaned with bases, acids, chelating agents, surfactants, salts, disinfectants,
ozone, etc. in combination with deionized water flushing, high temperature, concentration
of and contact time between cleaning agent and membrane [160]. Specifically, for RO and
for FO, a limiting factor on the application of this membrane techniques is the precipitation
of salts on the membrane surface or in the membrane structure, so-called scaling, occurring
during water removal.

There are few studies where cleaning strategies are systematically studied on mem-
branes processing farm effluents. For instance, Masse et al. [128] studied the cleaning
efficiency of a combination of EDTA-SDS-NaOH solutions to recover flux and remove
proteins and bacteria from RO membranes processing raw swine manure. They observed
that the SDS-NaOH solution combination could successfully recover membrane flux, while
the addition of EDTA did not improve flux. Additionally, flux recovery using NaOH
alone could also be achieved by increasing the cleaning time (from 60 to 120 min) and pH
(pH 11/40 ◦C and pH 12/33 ◦C). In line with these results, Camilleri-Rumbau et al. [92]
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further validated that NaOH alone could recover membrane flux succesffuly in long-term
operations and that membrane flushing and soaking are important factors to preserve
membrane stability. During UF of digested manure, alkaline and acidic cleaning cycles
(NaOH and citric acid) were also effective in removing most of the inorganic foulants
accumulated on the polysulfone membrane surface [19]. For UF-membranes cleaning and
fouling have been reviewd by Shi et al. [161] to which interested readers are referred.

As stated above, temperature is also an important factor influencing foulant detach-
ment of the membrane surface and structure. Madaeni et al. [162] found that, when cleaning
RO membranes fouled with domestic wastewater, a flux recovery of 98% could be achieved
by increasing the temperature of the cleaning solution to 35 ◦C, probably due to an increase
in the transport rate and solubility of the cleaning agent and foulants [163]. Conversely,
Masse et al. [128] found that the cleaning efficiency of the chemical solutions studied in
their research increased significantly when pH was increased to 11–12, even if temperature
had to be reduced to 35–40 ◦C.

Membrane rinsing or flushing with water has also been used successfully during
cleaning of membranes fouled with farm effluents [115,127,139]. It was observed that
membrane fouling resistance was reduced significantly after flushing [92,139]. All in all,
membrane cleaning efficiency is a function of multiple parameters such as hydrodynamic
conditions, concentration and temperature of chemical cleaning solution, as well as the
order of the steps in the cleaning sequence. Some of the parameters, such as pH and
temperature have strong non-linear effects on the cleaning effectiveness [164]. The required
cleaning time is also a crucial parameter related to the cleaning efficiency. Generally, by
increasing the cleaning time, the flux recovery increases sharply up to a certain limit. This
means that the removal of loose deposits takes place during an optimal time after which
the continuation of the cleaning process cannot significantly remove the strongly adsorbed
fouling materials [126,128].

In addition to chemical cleaning methods, physical or mechanical membrane cleaning
methods are also of interest, such as compressed air [165], air scrubbing [166] or ultra-
sound [167]. Backwashing can also be applied in ceramic membranes [151] and, with care,
for polymeric MF and UF [97,166] membranes depending on the manufacturer’s recom-
mendation. A more extended review of chemical and mechanical cleaning techniques is
reported respectively in Sections S2 and S3 of the Supplementary Materials.

Ageing or membrane degradation has been studied previously in relation to mem-
brane cleaning procedures. Former studies have investigated accelerated ageing protocols
to assess the long-term impact of low concentrations of chemical compounds on mem-
branes [168,169]. However, this strategy does not consider a realistic chemical cleaning
duration compared to the operating conditions generally applied in the industry. Camilleri-
Rumbau et al. [91,92] showed that the effect of the chemical traces even after membrane
rinsing and a three-day soaking in permeate water further improved the membrane flux re-
covery, without apparent increase in membrane degradation during the processing period
considered. During cleaning of NF membranes fouled by conventionally-treated surface
water, Liikanen et al. [170] found that the ion retention loss was most profound in the
cleanings containing only alkaline chelating cleaning agents, while acidic cleaning agents
played an important role in preserving membrane ion retention. However, other studies
showed that the concentration of the feed solution has the highest contribution in ion
rejection, whilst transmembrane pressure and temperature of feed solution have minor
contributions [171].

During cleaning, membrane modification can also occur. Nyström and Zhu [172]
suggested that cleaning may initially increase the membrane flux partly by ridding the
pores of the material that is left from the membrane preparation process, and partly by
making the pore surfaces more hydrophilic and charged by the adsorption of the cleaning
agent. The increased hydrophilicity makes the chemical bonds between the water molecules
and surface groups of the membrane stronger, thus reducing the possibilities of the foulants
to displace water molecules and adhere on the membrane. Modification of the membrane
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can also significantly reduce the contact angles measured. Lower contact angles indicate
more hydrophilic membranes and such membranes will potentially show better resistance
to fouling by hydrophobic foulants [32]. An increased charge of the membrane increases
the electrostatic repulsion between the active sites of the membrane, and thus makes the
membrane more open [173]. An increased charge of the membrane also increases the
repulsive forces between the membrane and similarly charged foulants. In addition to the
increased flux, the membrane modification after cleaning cycles can result in lower ion
retention, although this retention is often recovered during membrane operation [174].

8. Environmental Advantages of Membrane Separation Processes

The main advantage of incorporating membrane unit operations in farm effluents
processing is that the high-quality membrane permeates are particle- and pathogen-free
regardless of the initial quality of the feedstock. This allows for nutrient recovery in
the form of solid and liquid fertilizers, and water recycling. The separation itself is a
physical procedure that does not require use of chemicals other than the cleaning agents.
Furthermore, due to their modular nature, membrane units are packed in compact systems
with lower footprint that are easily scalable.

From a life cycle assessment perspective, the environmental implications of membrane
technology transcend the target separation application, and does also include factors such
as membrane manufacturing, transportation, operation, cleaning, reuse and ultimately
membrane end-of-life management [175,176].

Tangsukbul et al. [175] performed life cycle assessment of wastewater treatment by
microfiltration at different operating conditions. In general, they observed that the highest
contribution to environmental impact was that of the energy consumption, followed by
membrane manufacturing, chemical usage, and ultimately transportation, which was not
significant. Most of the energy demand in membrane processes is attributed to pumping,
due to the need of high shear and cross-flow velocities in order to minimize fouling.
Different approaches have been reported to reduce energy demand in membrane processes.
Tangsukbul et al. [175] recommended operating at relatively low fluxes to reduce energy
consumption, however more membrane modules would be needed to achieve the same
production, and that would imply moving the problem elsewhere. In this regard, operation
at a competitive flux regime however using renewable energy sources was recommended
as the option most benign to the environment. With a completely different approach,
Gienau et al. [177] reported that modifying the viscosity and rheological behaviour of the
feedstock by means of enzymatic pre-treatment could save up to 45% of the energy demand
during ultrafiltration of manure digestate keeping the same flow conditions.

Due to fouling and ageing, the membranes need to be cleaned regularly and substi-
tuted periodically. Thus, the lifespan of a membrane is directly affected by the nature and
severity of the membrane fouling. When membrane performance decays below an ac-
ceptable level, the modules are disposed as waste, mostly landfilled. Landarburu-Aguirre
et al. [176] reviewed different end-of-life strategies for desalination RO modules including
strategies for reuse and recycling. For instance, in some cases the membranes could be
cleaned and re-used as RO membranes in processes requiring less water quality, or as NF or
UF membranes [178]. However, reusing highly fouled membranes used for animal effluent
treatment may be challenging due to the complexity, heterogeneity and possibly pathogenic
nature of the foulants. Especially for the membranes used in the initial stages of the process,
use of disinfectants would be indispensable prior to eventual membrane recycling. In
the particular application of farm effluent processing, adequate fouling prevention and
mitigation seems the most adequate approach towards extending membrane lifetime. The
environmental impact of membrane cleaning in terms of type of cleaning agent, chemical
concentration and disposal also need to be taken into consideration in the environmental
assessment of a given process. In a more general perspective, Nunes et al. [179] outline
the challenges and prospects in the future of membrane technology, where innovation and
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sustainability play key roles on the development and manufacturing of novel membranes
and in design of separation processes for a sustainable future.

All in all, the implementation of membrane processes can undoubtedly help reduce
the environmental burdens associated to animal waste processing and turn the waste into
a valuable resource.

9. Future Research Needs

Membrane technologies offer the potential to separate and concentrate the fertilizers
present in animal livestock effluents while at the same time producing clean effluents that
can be discharged to the environment. The effective usage of membrane technologies in this
respect is challenged by (a) the separation of fertilizers from heavy metals, (b) membrane
fouling and the need for fouling treatment and (c) the need of a sustainable production,
usage and disposal of membranes.

Phosphates and heavy metals are mainly associated with particulate matter in the
livestock effluents and the separation of these, apart from the membrane molecular weight
cut-off, is influenced by the membrane fouling layer. A better understanding of fouling
layer built-up during operation is needed to address points (a) and (b) above. Most methods
used to characterize membrane fouling are destructive methods not allowing real-time
three-dimensional characterization of the fouling built-up, nor a true picture of how the
fouling layer is influenced by fluid dynamics in the membrane module. A relatively novel
technique, X-ray tomographic microscopy soft tissue in situ imaging, might just offer that
option [180]. This would also help targeting another issue with fouling, a proper treatment
and removal of the fouling layer. As most chemicals used for removal of fouling are
not environmental-friendly, a more precise targeting and reduced usage is wanted, and
alternative green cleaning agents must be developed.

The need for a sustainable production, usage and disposal of membranes is well
recognized [179]. Recycling membranes used in treatment of biological waste streams
might be difficult due to the risk of pathogens. Controlled chemical modification through
oxidation of polyamide active layers could be an alternative for giving a second life to the
resulting converted membranes [181].

Considering the short life span for membranes treating livestock effluents, developing
low-cost disposable biodegradable membranes based on biopolymers [182] should be a fu-
ture must for making membrane technology a viable solution in livestock effluent treatment.

10. Conclusions

Membrane fouling represents one of the major drawbacks when using membrane
technologies during farm effluent processing. However, by understanding the related
mechanisms, fouling composition and establishing efficient membrane pretreatment and
cleaning strategies, membrane technologies can lead to an outstanding performance in
terms of volume reduction and nutrient recovery. This paper reviews the raw and digestate
general physico-chemical characteristics, technologies used for solid-liquid separation
pretreatment at farm level, membrane characteristics requirements for treating liquid
fractions of raw and digested manure, as well as membrane fouling mechanisms and
membrane cleaning strategies described in the literature. Additionally, this review paper
also provides valuable information about recovery of nutrients from manure, such as
ammonia-nitrogen and phosphorus as well as heavy metal removal from these effluents
using membranes.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-4
601/18/6/3107/s1, Table S1: Composition of different raw manure, Table S2: Classification of
membrane-foulant characterization technique, Section S1: Techniques for fouling and membrane
characterization, Section S2: Chemical cleaning, Section S3: Mechanical cleaning.
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