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ABSTRACT

Keywords:

Env;ronmental pressures Rapid socioeconomic development has caused numerous environmental impacts. Human production
Environmental impacts and consumption activities are the underlying drivers of resource uses, environmental emissions, and
Nexus associated environmental impacts (e.g., ecosystem quality and human health). Reducing
Supply chains environmental impacts requires an understanding of the complex interactions between socioeconomic
Trade system and environmental system. Existing studies have explored the relationships among human
Coupled systems society, economic system, and environmental system. However, it is unclear about the research

progress in the effects of socioeconomic activities on environmental impacts and the potential
directions of future research. This critical review finds that existing studies have identified critical
regions, sectors, and transmission pathways for resource uses, environmental emissions, and
environmental impacts from supply chain perspectives. Moreover, scholars have characterized the
impacts of socioeconomic transitions on resource uses and environmental emissions. However,
existing studies overlook the dynamic nature of the interconnections among human society, economic
system, and environmental system. In addition, the effects of socioeconomic structural transitions on
environmental impacts remain unknown. This review proposes four prospects and possible solutions
that will contribute to a better understanding of the complex interactions among human society,
economic system, and environmental system. They can help identify more effective solutions to
reduce environmental impacts through socioeconomic transitions.
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1 Introduction

Rapid socioeconomic development leads to a large
number of environmental pressures and environmental
impacts (Schuur et al., 2015). Environmental pressures in
this study mean the resource uses and environmental
emissions which directly cross the boundary between
socioeconomic system and natural environmental system
(Eurostat, 2001). Environmental impacts mean resource
depletion and environmental quality changes in the
natural environmental system due to environmental
pressures, which finally damage human health and
ecosystem quality (Huijbregts et al., 2017). For example,
the overexploitation and use of resources have caused
serious resource scarcity risks (Qu et al., 2018; Wang et al.,
2020). Excessive pollutant emissions or releases, under
the influence of biogeochemical processes, can adversely
affect environmental quality (e.g., water and air quality)
(Zhang et al., 2019; Zhang et al., 2022c), human health
(e.g., 1Q decrement and premature death) (Chowdhury
et al., 2022; Li et al., 2020b), and ecosystem quality (e.g.,
radiative forcing and biodiversity loss) (Du et al., 2021;
O’Hara et al.,, 2021). Scholars have conducted many
studies on alleviating these environmental pressures and
impacts, such as estimating resource uses (Zhu et al.,
2017), compiling environmental emission inventories
(Deng et al., 2020), simulating the geochemical diffusion,
transport, and transformation of contaminants (Zhang
et al., 2016), and accounting for ecosystem services (Shah
et al., 2019). These studies focused on the ecological-
environmental processes in the natural system. They can
provide scientific foundations for environmental
measures including end-of-pipe control and ecological
restoration.

Human beings closely interact with natural systems,
forming the coupled human-natural system (Liu et al.,
2007). In this integrated system, the human society,
environmental system, and economic system are
relatively interdependent and interact with each other
(Fig. 1). On one hand, human beings in the society and
production activities in the economic system depend on
the nature for ecosystem services, including potable
water, clean air, nutritious foods, and raw materials. On
the other hand, production activities in the economic
system have led to large quantities of natural resource
depletion and environmental emissions. This further
caused global environmental impacts, including
ecosystem degradation and human health impacts (Liu
et al., 2015). In this sense, measures focusing solely on
the natural system cannot adequately address the
increasingly complex environmental challenges. Human
production and consumption activities are the underlying
drivers of environmental emissions and associated
environmental impacts (Wang et al., 2018). Therefore, it
is indispensable to consider the contributions of human

society and economic activities to the environmental
impacts. This effort could support more effective and
comprehensive strategies for reducing environmental
impacts.

Given the negative impacts of human activities on
natural system, it is of great significance to investigate the
interaction between the socioeconomic system and
natural system. Studies have uncovered the supply chain
transmission processes that drive resource uses and
environmental emissions from multiple perspectives (e.g.,
production-based, consumption-based, income-based, and
betweenness-based perspectives) (Liang et al., 2016a; Mi
et al., 2016; Qi et al., 2019). The flow of goods and
services among various sectors in a supply chain is
accompanied by a large amount of material flows
(Graedel, 2019). Identifying the critical supply chain
paths that drive resource uses and environmental
emissions is conducive to the formulation of targeted
emission reduction measures (Owen et al., 2018).
Moreover, socioeconomic factors (e.g., economic
structure, population size, and technological innovation)
can undergo tremendous transitions during industrializa-
tion, urbanization, and the aging of population (Lin et al.,
2020). Changes in these factors can influence resource
uses and environmental emissions, as well as subsequent
environmental impacts. Identifying the critical socioeco-
nomic drivers underlying environmental changes is
necessary to effectively reduce the environmental impacts
of their transitions. In recent years, many scholars have
tried to combine multi-disciplinary theories to analyze the
coupling between economic systems and environmental
systems (Lin et al., 2016; Chen et al., 2019). They have
distinguished between critical emission sources and
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economic drivers that contribute to environmental
impacts.

To our knowledge, there lacks a critical review that
summarizes the progress in the effect of human society
and economic activities on environmental impacts. To
fulfill the current knowledge gaps, this review
summarizes existing studies on socioeconomic processes
driving resource uses, environmental emissions, and
environmental impacts. It also identifies future research
priorities and proposes potential solutions.

The literature search was performed in three databases:
Web of Science, ScienceDirect, and Google Scholar. The
keywords used for the search are listed in Table 1.
Furthermore, the titles, abstracts, and keywords of
resulting articles were reviewed to identify the literature
closely related to the topics of this review.

2 Socioeconomic processes driving
resource uses and environmental emissions

2.1 Multiple-perspective identification of critical regions
and sectors

Given the increasing impacts of socioeconomic activities
on environmental systems, it is essential to understand the
complicated connections between economic activities and
environmental pressures from a life-cycle perspective
(Fig. 2). This can help inform efficient mitigation
strategies. Existing studies have investigated the direct
and indirect environmental pressures from multiple
perspectives, identified the socioeconomic drivers of
changing environmental pressures, and analyzed the
effects on single and a nexus of elements.

Environmental pressures are mostly associated with a
globalized economic system and widespread human
activities. Driven by interregional trade, there is an
increasing geospatial separation of production and
consumption activities (Wiedmann and Lenzen, 2018).
Consequently, commodities produced in one region are
usually consumed by other regions, leading to the
changes in location and scale of resource uses and
environmental emissions (Hong et al., 2022). Studies
have traced the production and consumption sources of

Table 1 Keywords used in literature search

environmental pressures and identified critical supply
chain paths connecting various types of sources (Lenzen
and Murray, 2010). They are conducive to the
formulation of targeted inter-sectoral and inter-regional
management measures and to supporting the strategic
trade adjustments that can mitigate environmental
pressures.

Sector-specific policies for mitigating environmental
pressures along the supply chains require multiple-
perspective methods (e.g., production-based, consumption-
based, income-based, and betweenness-based methods).
Production-based accounting involves the direct resource
uses and pollutant emissions within  certain
administrative/geographic boundaries (Peters, 2008). It
helps inform production-side policies such as improving
the usage efficiency of resources, implementing cleaner
production technologies, and installing pollutant removal
facilities (Liang et al., 2015).

The production-based accounting method cannot
capture indirect environmental pressures embodied in
supply chains. The consumption-based accounting is
proposed to quantify both direct and indirect resource
uses and environmental emissions driven by the final
demand (Rodrigues and Domingos, 2008). It is widely
applied to reveal the role of interregional trade in
environmental pressures and allocate the mitigation
responsibilities to final consumers driving upstream
environmental pressures (Steininger et al., 2016). This
method can help inform demand-side policymaking
through influencing the behaviors of final consumers.
Typical demand-side measures include the eco-labeling
scheme for consumed products (Lin et al., 2020),
consumption behavior optimization (Nielsen et al., 2021),
and taxes/subsidies on consumed products (Liang et al.,
2015).

Existing studies have also demonstrated the significant
role of primary inputs (e.g., labor forces and capital) in
enabling environmental pressures through sale chains.
The income-based accounting method is proposed to
quantify downstream environmental pressures enabled by
primary inputs of regions and sectors (Marques et al.,
2012). It can help identify critical primary suppliers to
support supply-side policymaking. Supply-side measures
usually focus on the optimization of primary input

Topics
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Fig.2 Conceptual framework of socioeconomic processes driving resource uses and environmental emissions.

behaviors by administrative and economic tools (Liang
etal., 2017).

In addition to primary suppliers, producers, and final
consumers, transmission centers are also crucial in
controlling supply-chain-wide environmental pressures.
The betweenness-based method is proposed to identify
important sectors working as transmission centers.
Improving the production efficiency of these hotspots can
help mitigate environmental pressures of the whole
supply chains (Liang et al., 2016a).

The above multiple-perspective methods can capture
the whole picture of how environmental pressures
originate, pass through, and terminate in sectors and
regions. They can lay scientific foundations for fair
responsibility-sharing and efficient mitigation policies.

2.2 Socioeconomic transitions changing resource uses and
environmental emissions

The multiple-perspective methods can identify critical
regions and sectors in various stages of supply chain
paths driving environmental pressures. The changes in
socioeconomic factors in various stages of supply chain
paths (i.e., socioeconomic transitions) would lead to
changes in environmental pressures. Globally, the current
rapid socioeconomic transitions in demographic,
economic, technological, and behavioral dimensions pose
huge challenges to sustainable development (Wiedmann
and Lenzen, 2018). Specifically, socioeconomic transi-

tions have a macro-level impact on economic
development, technological progress, and demographic
changes, as well as a micro-level impact on suppliers’
resource allocation, producers’ industrial structure, and
consumers’ behavior patterns (Wei et al.,, 2022). For
example, the global urban area has expanded at the cost
of occupying other valuable land resources such as
agricultural land, grasslands, wetland, and forests (Liu
et al., 2020). In the context of the aging population, the
seniors’ contribution to greenhouse gas emissions has
increased by 6.5 % during 2005-2015 in some developed
countries, due to a growing population of the aged group
and their carbon-intensive expenditure pattern (Zheng
et al., 2022).

Existing studies have quantified relative contributions
of socioeconomic factors to environmental pressure
changes. The change in the intensity of environmental
pressures is usually found to be a critical factor contri-
buting to changes in resource uses and environmental
emissions (Liang et al., 2013a). The socioeconomic
development and technological advances have signifi-
cantly increased resource use efficiency and reduced
environmental emission intensity (Wang et al., 2017).
However, it is increasingly difficult to further reduce
resource uses and environmental emissions through end-
of-pipe measures at a relatively low cost (Wu et al,
2018). Studies begin to concern the importance of
structure optimization for global, national, city, and
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community-scale environments (Wang et al., 2017; Li
et al., 2018; Fan et al., 2022). It is found that the actions
on production structure, final demand structure, and
primary input structure can contribute to reducing
greenhouse gas emissions (Liang et al., 2016b). Given
that final consumption is the underlying driver of
resource uses and environmental emissions, optimizing
consumption patterns has huge potentials to reduce
environmental pressures (Yang et al., 2020). Consequ-
ently, recent studies have evaluated the variable
contributions of consumer behavior heterogeneity (e.g.,
different age groups, income groups, and rural-to-urban
gaps) to environmental emission changes (Shi et al.,
2020; Wei et al., 2020), which calls for greater public
mitigation efforts.

2.3 Effects of socioeconomic transitions on the nexus of
elements

The studies mentioned above have mostly focused on a
single resource or environmental pollutant. Actually,
there are complex linkages among various resource uses
and environmental emissions. Holistic studies to explore
such linkages are necessary to support practical solutions
for environmental issues (Bleischwitz et al., 2018). Thus,
the nexus concept has been proposed to characterize the
linkages among different entities. It can identify the
synergies, co-benefits, and trade-offs in the complex
dynamics of coupled systems (Liu et al., 2018). Nexus-
related studies can help promote inter-sectoral coopera-
tion and achieve coordinated management of multiple
environmental pressures (Endo et al., 2017).

According to the number of the “entities” involved,
there are two-pronged and multi-pronged nexus. Many
studies have explored two-pronged nexus, since the
connection between two entities is relatively
straightforward. Given that the increased global demand
for foods is putting unprecedented pressure on natural
resources, food-related nexus (e.g., food-water, food-
land, and food-carbon nexus) has received extensive
attention (D’Odorico et al., 2018). These studies explored
the resource uses and pollutant emissions of various food
subsystems (e.g., food production, food consumption, and
food wastes) at different spatiotemporal scales.

In addition, in response to the global climate change,
achieving carbon neutrality is one of the most pressing
tasks globally (Yang et al., 2022). Some land-use change
activities, such as agricultural abandonment and
afforestation, act as carbon sinks (Piao et al., 2022). The
existing study has explored the grassland-carbon nexus,
emphasizing the importance of sustainable grassland
management to enhance soil carbon storage in grasslands
and reduce carbon emissions (Chang et al., 2021).
Meanwhile, reducing anthropogenic carbon emissions is

an important component of achieving carbon neutrality
(Chen, 2021). Since the transformation of energy systems
is an important pathway for carbon emission mitigation,
energy-carbon nexus has attracted much attention (Zhang
and Hanaoka, 2022a; Zhang and Chen, 2022b). Further-
more, existing studies have found that carbon neutrality is
closely linked to economic activities such as food
production, wastewater treatment, and metal production
(Wang et al., 2021a; Li et al., 2022a; Wang et al., 2022).
Studies on the nexus of these elements and carbon (e.g.,
food-carbon, water-carbon, and metal-carbon nexus) can
be strengthened to provide more comprehensive informa-
tion for achieving carbon neutrality.

Multi-pronged nexus is much more complex than the
two-pronged nexus (Albrecht et al., 2018). The interde-
pendencies among food, energy, and water systems are
regarded as core sustainable development issues, and
these three systems interconnect with each other directly
and indirectly (Fuso Nerini et al., 2018). Consequently,
the food-energy-water nexus has become a focal point for
interdisciplinary studies (Huntington et al., 2021). Some
studies quantified direct food-energy-water linkages
within a specific region based on material flow analysis
from the production perspective (Liang et al., 2019).
Actually, food-energy-water systems are not only directly
interlinked via production activities but also intertwine
with activities such as capital investment and consump-
tion within the socioeconomic network. With the maturity
of multi-perspective accounting methodologies, scholars
have explored the indirect linkages of food-energy-water
systems from supply and demand perspectives based on
the input-output models (Guan et al., 2019; Liang et al.,
2020).

Moreover, socioeconomic factors such as economic
growth, upturning living standards, and urbanization have
been verified to have significant impacts on resource
nexus (Pastor et al., 2019). By exploring the impact of
socioeconomic transitions on resource nexus, policy
recommendations can be made for reducing the use of
multiple resources simultaneously through certain
optimization measures. Table 2 lists some studies related
to the socioeconomic impacts on the nexus. For the two-
pronged nexus, many studies have decomposed the
changes in resource uses over a time period into the
contributions of various socioeconomic factors. For
instance, Duan and Chen (2020) investigated the contribu-
tion of several drivers (e.g., changes in energy intensity,
production  structure, consumption pattern, and
population) to the water-energy nexus in China. However,
for multi-pronged nexus, a few studies have examined
multiple factors simultaneously (Zhao et al., 2018; Lee
et al., 2021); most studies quantified the relationship
between socioeconomic factors and resource nexus by
statistical and data analysis techniques (Ding et al.,
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Table 2 Studies related to the impact of socioeconomic transitions on the nexus

Categories Nexus Regions Time Methods References
Energy-related Energy-water China 19902014 MRIO-SDA? Duan and Chen, 2020
Energy-carbon Europe 1995-2010 LMDIP Moutinho et al., 2015
Energy-carbon-water Provinces-China 2000-2016 LMDIP Lietal., 2021a
Energy-carbon-water-land Provinces-China 2005-2013 LMDIP Zhao and Chen, 2014
Food-related Food-water USA 1995-2010 MRIO-SDA? Avelino and Dall’erba, 2020
Food-carbon Guangdong-China 1993-2013 LMDIP Zhen et al., 2017
Food-water-land Provinces-China 2002-2012 MRIO-SDA# Cai et al., 2020
Food-energy-water China 2012-2017 I0-SDA*® Lee et al., 2021
Air pollutants PM, CO, Provinces-China 2007-2012 MRIO-SDA? Shao et al., 2020
SO,, NO, China 2003-2014 LMDIP Jiaetal., 2018
S0,,NO,, PM, CO, China 2014 LMDIP Qian et al., 2021

Abbreviations: a. MRIO-SDA, Multi-Regional Input-Output model and Structural Decomposition Analysis; b. LMDI, Logarithmic Mean Divisia Index;

c. I0-SDA, Input-Output model and Structural Decomposition Analysis.

2019b). Correlations between socioeconomic factors and
the nexus are complex and far from being simple linear
relationships. Thus, more studies are needed to reveal the
holistic impacts of different socioeconomic factors on
multi-pronged nexus. Recent developments in artificial
intelligence technologies (e.g., machine learning) have
facilitated the study on the correlations between
socioeconomic factors and environmental pressures (Li
et al., 2021b; Magazzino et al., 2021), which can also be
applied to the nexus research.

In addition to the nexus among resources, there are
close linkages among environmental emissions. One of
the most typical topics is the nexus between CO, and air
pollutant emissions. Previous studies have demonstrated
that CO, emission mitigation and air pollutant control can
be achieved simultaneously through optimization
measures (Qian et al., 2021). For example, it is possible
to reduce SO, emissions while reducing CO, emissions
through carbon capture and storage (Singh et al., 2012).
Many studies on the co-benefits and ancillary impacts of
policies in reducing CO, emissions and air pollutants
have focused on developed economies (Dong et al.,
2015). In fact, it is even more important for developing
countries, because their rapid socioeconomic develop-
ment is often accompanied by substantial pollutant
emissions. China has experienced rapid economic
development in recent decades. The massive production
activities in China have put tremendous pressures on air
pollutant control and CO, emission mitigation. In this
context, a growing number of studies have explored the
synergistic effects of CO, emission mitigation and air
pollutant control in regions and sectors of China (Dong
et al., 2019; Bo et al., 2021). In addition to quantitative
studies based on synergistic analyses, exploring the
socioeconomic factors driving CO, and air pollutant
emissions is particularly important for developing
effective emission control strategies. Numerous studies

have explored the influence of socioeconomic transitions
on CO, or air pollutant emissions separately. However,
there are relatively fewer studies analyzing the synergistic
effects of socioeconomic transitions on CO, and air
pollutant emissions, which cannot fully reveal the
substantial co-benefits of specific interventions.

2.4 Problems to be solved

2.4.1 Studies with higher spatial resolutions are needed

Most of existing studies analyzing the impacts of
socioeconomic transitions on environmental pressure
changes are based on administrative units (e.g., nations,
provinces/states, and cities). However, both environme-
ntal pressures and economic activities are highly
localized, with significant spatial heterogeneity. Studies
with higher spatial resolutions (e.g., at the grid scale) are
needed, which can provide spatially explicit policy
implications for environmental management. The
construction of database with high spatial resolutions is
the major challenge. It requires the joint efforts of official
statistics and research institutions from various regions.
Introducing the remote sensing technology is a promising
way to provide high-spatial-resolution raw data for
related databases (He and Weng, 2018).

2.4.2 Inter-regional cooperation needs to be strengthened

Regions are closely linked through interregional trade.
Goods and services consumed in one region usually lead
to resource uses and environmental emissions in other
regions (Lin et al., 2019; Zhong et al., 2022). Inter-
regional cooperation along supply chains (e.g.,
production regions and consumption regions) are needed
to address the environmental pressures caused by
interregional trade. Moreover, there is significant
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socioeconomic heterogeneity among regions with
different political regimes. Thus, the challenges and
opportunities for improving the environment are not
evenly distributed around the world (West et al., 2014).
Region-specific and feasible policies should be proposed
based on the unique characteristics of nations and regions.

2.4.3 Understanding of multi-element nexus needs to be
deepened

Existing policies mostly focus on individual sectors and
environmental pressures, which cannot fully capture the
co-benefits of integrated resource and environmental
management strategies. In this context, multi-element
nexus studies offer a breakthrough by breaking down the
boundaries across disciplines and sectors. It is necessary
to establish a joint assessment mechanism across sectors.
This mechanism can help uncover potential co-benefits
and unintended consequences of sectoral measures
focusing on individual elements (Liang et al., 2014;
Zhang et al., 2018a).

3 Socioeconomic processes influencing
environmental impacts

Resource uses and environmental emissions lead to
environmental impacts (e.g., ecosystem quality and
human health) through a series of ecological-
environmental processes across environmental media in
the natural system. Taking the resource uses and

environmental emissions as the endpoint cannot
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Table 3 Selected studies on critical socioeconomic drivers of environmental impacts

Environmental impacts Detailed impacts Models Time Regions Key driver-receptor relationships References
Resource depletion Fossil fuel scarcity MRIO? 2012 China Central and Northwest-Central Coast Wang et al., 2020
Land & mineral MRIO? 2007 World Developed regions-Developing regions Font Vivanco
scarcity etal., 2017
Environmental quality PM, 5 concentration InMAPP, MRIO?  2003— USA Non-Hispanic white-Black and Hispanic Tessum et al.,
2015 2019
Atmospheric Pb CanMETOP¢, MRIO?# 2012 China  Eastern and southern-Central and western =~ Wang et al., 2021b
concentration

Human health 1Q decrement, Fatal GEOS-Chem, MRIO? 2010 China USA Western Europe, and Japan-China Lietal., 2020b
heart attack
Premature death GAINSY, MRIO? 2010 India Higher income groups-Lower income groups  Rao et al., 2021
Ecosystem quality Biodiversity loss GLOBIO®, MRIO?* 2007 World Developed economies-Other economies Wilting et al.,
2017
Radiative forcing OSCAR, MRIO* 2007- China Beijing-Tianjin, East Coast, and South Coast- Du et al., 2021
2012 less developed regions

Resource, economic, and Economic loss

labor loss MRIO?

CMAQY; WRF-ARWE; 2010 Asia

Wealthy consumption countries-low income Nansai et al., 2020
producers

Abbreviations: a. MRIO, Multi-Regional Input-Output model; b. INMAP, Intervention Model for Air Pollution; c. CanMETOP, Canadian Model for
Environmental Transport of Organochlorine Pesticides; d. GAINS, Greenhouse Gas-Air Pollution Interactions and Synergies Integrated Assessment model;
e, GLOBIO, Global Terrestrial Biodiversity model; f. CMAQ, Community Multiscale Air Quality model; g. WRF-ARW, Weather Research and

Forecasting-Advanced Research.

et al., 2018). These studies revealed the geographical
relocation of environmental quality caused by cross-
border emission transport (e.g., from Heibei and Tianjin
to Beijing, from East Asia to North America). However,
they only focus on the environmental processes in the

natural system, but cannot reveal the impacts of
socioeconomic processes on environmental quality
changes.

Subsequent studies have identified critical socioeco-
nomic drivers of environmental quality changes by
integrating the socioeconomic processes with biogeoche-
mical processes (Li et al., 2016b; Wang et al., 2021b).
These studies mainly focus on the driving effects of
consumers and explore the environmental quality changes
embodied in trade. The trade of goods and services can
lead to virtual (or say embodied) transfer of environm-
ental quality changes (Li et al., 2016b). Compared with
physical emission transport, the trade even has larger
contribution to environmental quality changes (Zhang
et al., 2017; Wang et al., 2021b). For instance, Wang
et al. (2021b) found that half of Pb concentrations in less-
developed regions were driven by the consumption of
well-developed regions. In Northwestern China, 61 % of
the atmospheric Pb concentration was driven by the
consumption of other regions, while 10 % of the
atmospheric Pb concentration came from physical
emission transport. Distinct driver-receptor relationships
also exist at the social-group scale. Tessum et al. (2019)
revealed the “pollution inequity” among racial-ethnic
groups. They found that the groups causing PM,
exposure and the groups exposed to PM, ; are different.
On the whole, non-Hispanic whites possessed a
“pollution advantage”. Revealing such driver-receptor
relationships is of great importance for interregional
cooperation governance to control environmental

pollution and improve equality.

Meanwhile, excessive resource uses and poor
environmental quality can lead to resource depletion (e.g.,
energy scarcity, water scarcity, land scarcity, and mineral
scarcity) (Jia et al., 2019; Ma et al., 2020). Existing
studies have established indicators (e.g., water stress
index and scarcity-weighted indicators) to quantify
resource scarcity and explore its socioeconomic drivers
(Wang and Zimmerman, 2016; Font Vivanco et al., 2017;
Wang et al., 2020). In the context of resource endowment
discrepancies, considering scarcity can reverse the flows
of resources embodied in trade of some regions as
compared with non-weighted footprints (Font Vivanco
et al., 2017). The uneven distribution of resources across
regions highlights the importance of resource scarcity
over resource uses. Enriching such studies by
incorporating scarcity into resource evaluation can help to
manage resources from the perspective of resource
endowments.

Midpoint environmental impacts would further cause
human health impacts (e.g., respiratory diseases,
cardiovascular diseases, and neurological impairments)
and ecosystem quality degradation (e.g., biodiversity loss,
radiative forcing, and climate change) (Li et al., 2016a;
Cohen et al., 2017; Hemmativaghef, 2020; Jiang et al.,
2021). Ecosystem quality degradation also exacerbates
human health impacts by changing the exposure
environment (Hong et al., 2019). Numerous studies have
evaluated the diseases and premature deaths caused by
different pollutant emissions at the global and regional
levels (Cohen et al., 2017; Landrigan et al., 2018;
Hemmativaghef, 2020). Physical transport of emissions
and interregional trade further lead to the transboundary
human health impacts (Zhang et al., 2017; Ma et al.,
2021). Human health impacts are caused by both
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pollution exposure and people’s vulnerabilities.
Disparities in vulnerability further differentiate drivers
and receptors, and lead to “health inequality” (Rao et al.,
2021). For instance, Rao et al. (2021) revealed the
different distributions of contributions and impacts
among income groups. They found that low-income
groups bore disproportionate health risks induced by
indirect emissions of households. Only focusing on environ-
mental emissions and environmental quality cannot reveal
such driver-receptor relationships. It is necessary to
model the lengthy pathways of socioeconomic processes
leading to endpoint environmental impacts. Similarly,
distinct driver-receptor relationships also exist in the
context of ecosystem quality degradation (Wilting et al.;
Du et al., 2021). For instance, Lenzen et al. (2012)
revealed the driving effects of consumers in developed
countries on biodiversity loss in developing countries.
Environmental impact inequality is of great importance
and requires more attention at multiple scales.
Furthermore, human health impacts and ecosystem
quality degradation can lead to the losses of labor forces,
economic production, resources, and ecosystem services
(Pichery et al., 2012; Feng et al., 2019; Oswald et al.,
2020). These losses would then feed back to the
socioeconomic system. In this way, the socioeconomic
system and environmental system form a cycle. Some
studies have quantified labor and economic losses due to
particular environmental impacts (Feng et al., 2019;
Nansai et al., 2020). The driver-receptor relationships are
also revealed (Nansai et al., 2020). For instance, Nansai
et al. (2020) revealed the adverse economic impacts of
wealthy  consumption countries on low-income
production countries. Fig. 3 shows the pathways of the
feedback. Specifically, labor losses caused by human
health impacts will influence the primary inputs of the
economic system by reducing labor availability. Labor
losses will further lead to cascading economic losses
along supply chains (Nansai et al., 2020). Ecosystem
quality degradation can also lead to economic losses due
to extreme climate events and ecological restoration
(Franzke and Czupryna, 2020). Similarly, economic
losses will influence the primary inputs via capital inputs.
Moreover, ecosystem quality degradation leads to the
decline in the availability of resources (e.g., water,
minerals, and land), which also influences the inputs of
the economic system. Such feedback on primary inputs
can lead to cascading effects on downstream production
and consumption behaviors through supply chains.
Ecosystem quality degradation can also feed back to
production activities and final demand. For example,
climate change and biodiversity loss (e.g., extinction of
pollinators) can influence agricultural production
activities (Jordan et al, 2021). Tourism industry
depending on the biodiversity and landscape would
significantly be affected by ecosystem quality
degradation. However, little is known about the knock-on

response of such feedbacks to the socioeconomic system.
Bridging this gap depends on the dynamic simulation of
looping the socioeconomic-environmental cycle.

3.2 Effects of human interventions on environmental
impacts

Identifying the key factors affecting environmental
impact changes can provide hotspots for environmental
impact control. Previous studies find that anthropogenic
factors (e.g., end-of-pipe control) are the primary factors
(contributing ~90 %) in reducing PM, s-related impacts,
compared to natural factors such as meteorological
conditions (Ding et al.,, 2019a; Zhang et al., 2019).
Therefore, it is necessary to explore the contribution of
key socioeconomic factors to environmental impact
changes. This can help mitigate the adverse environme-
ntal impacts via human interventions.

Since end-of-pipe control is recognized as one of the
determinants in mitigating environmental quality
degradation, many studies have explored the influence of
various end-of-pipe control measures on environmental
impacts. For example, improving the efficiency of scarce
water uses is the primary factor in reducing food-related
scarce water uses in China, contributing 27.5 Gt of scarce
water savings during 2007-2012 (Liang et al., 2021b).
Furthermore, numerous studies have evaluated the
contributions of various end-of-pipe control measures for
air pollutants to reduce environmental impacts. For
instance, Lin et al. (2019) found that PM, s pollution
control policies (including strengthening industrial
emission standards, phasing out outdated technologies,
and upgrading industrial boilers) significantly contributed
to air quality improvement in China. Moreover, installing
efficient air pollutant removal devices and improving
power generation efficiency could lead to significant
mercury-related health benefits (Li et al., 2020a).

However, only end-of-pipe control measures are not
enough to alleviate the increasingly complex
environmental impacts. For instance, it is found that only
the end-of-pipe control (i.e., technological improvements)
will be insufficient to prevent the increase in
pharmaceutical  concentration of the freshwater
ecosystems (Acuia et al., 2020). The end-of-pipe control
measures need to be combined with source mitigation
actions (e.g., per capita consumption reduction).
Consequently, many studies have made preliminary
attempts to reveal the influence of other socioeconomic
factors (including population size, urbanization rates, and
economic growth) on environmental impact changes
(Marques et al., 2019; Zhang et al., 2019b). Specifically,
most of them explored the relationships between
socioeconomic factors and environmental impacts using
econometric methods (e.g., linear regression and coupling
coordination) (Liao et al., 2020; Wolf et al., 2022).
Regarding the resource scarcity, population growth has
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exacerbated global water scarcity risks (He et al., 2021).
Liao et al. (2020) investigated the coordination
relationship between urbanization and environmental
carrying capacity in China. However, such single-
perspective correlation studies cannot describe the whole
picture of socioeconomic impacts. Some studies have
further explored the relationships between multiple
socioeconomic factors (e.g., population, urbanization, and
economic growth) and multiple environmental impacts
(e.g., air pollution and related health risks) (Chen et al.,
2018; Zhang et al., 2019b).

The above studies based on the correlation analysis
cannot fully reveal the influencing mechanisms.
Subsequently, scholars have tried to decompose the
socioeconomic system to uncover related mechanisms.
Geng et al. (2021) decomposed the socioeconomic system
into eight factors (including economic growth, economic
structure, energy and climate policies, etc.) to evaluate
their contributions to the changes in PM, s-related
premature deaths in China. Their study highlighted the
importance of economic structure transition in further air
quality improvements. Liu et al. (2021a) found that
population aging (with a contribution of 16 %) and the
growth in GDP per capita (18 %) caused the PM, .-
related health costs to remain high in China during
2013-2018. In addition to human health impacts, scholars
have also explored the effects of socioeconomic factor
changes on the declining ecosystem quality, such as the
influence of population growth, economic development,
and technological progress on the losses of biodiversity
and ecosystem services (Marques et al., 2019).

In summary, existing studies on the effects of
socioeconomic transitions on environmental impacts have
gradually developed from end-of-pipe control to source
mitigation (Fig. 4). However, relatively few studies have
concerned the impacts of structural transitions in the
socioeconomic system, such as production structure,

Anthropogenic Factors

consumption structure, and population structure. It is
important to further explore how to mitigate adverse
effects through socioeconomic structural transitions.

3.3 Problems to be solved

3.3.1 Socioeconomic structural transitions influencing
environmental impacts

Numerous studies have explored the effects of policy
interventions (mainly including end-of-pipe control
measures and partial socioeconomic system regulations)
on environmental impacts (Zhang et al., 2019; Guo et al.,
2022). However, the impacts of changes in structural
factors such as production structure, consumption
structure, and population structure in socioeconomic
system on environmental impacts have not been fully
revealed. These structural factors would continuously
change in the context of economic transition, green
consumption, poverty eradication, and population aging.
Their changes would have substantial influences on
environmental impacts. Quantifying the effects of such
structural transitions can help uncover more hotspots and
potentials for reducing environmental impacts. Interdisci-
plinary efforts are required to incorporate multiple
methods, such as the input-output models, structural
decomposition analysis, and biogeochemical cycle
models, to describe the effects of structural transitions
based on the emission-to-impact and use-to-impact
pathways.

3.3.2 Dynamic simulation of looping the socioeconomic-
environmental cycle

Environmental impacts resulting from socioeconomic
processes would probably feed back to the socioeconomic
system. Some studies have quantified the economic and
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labor losses due to ecosystem quality degradation and
human health impacts. (Feng et al., 2019; Nansai et al.,
2020). However, the subsequent cascading effects in the
socioeconomic system due to such feedbacks have not
been well characterized. Specifically, the feedbacks
influence socioeconomic system by directly changing the
primary inputs (e.g., the inputs of labor forces, capital,
and natural resources), production activities (e.g.,
agricultural activities related with pollination insects), and
consumption behaviors (e.g., medical services and
tourism). The direct effects would lead to cascading
influences on production and consumption activities
through economic supply chains. Subsequently, the
environmental impacts associated with socioeconomic
activities will change accordingly. However, the
mechanism of such cascading effects still remains
unknown. Revealing this is conducive to realizing the
dynamic simulation of looping the socioeconomic-
environmental cycle and improving the effectiveness of
policymaking.

3.3.3  Synergetic control of multiple environmental impacts
through socioeconomic transitions

Only focusing on single environmental impacts would
probably cause the effects of co-benefits or unintended
consequences to other environmental impacts (Liang
et al., 2013b). Synergetic control of multiple environ-
mental impacts is required in the context of socioecon-
omic transitions. It is conducive to improving the
environmental regulation efficiency. Existing studies
have focused on the synergetic control of greenhouse
gases and air pollutants (Peng et al., 2018; Yang and
Teng, 2018). Moreover, some studies have explored the
synergistic control of multiple environmental impacts
brought about by various control measures and policies
(Bryan et al., 2016; Peng et al., 2021a). However, few
studies have investigated the synergistic effects of
socioeconomic transitions on multiple environmental
impacts. Revealing this can provide scientific foundations
for synergistically controlling environmental impacts
during the processes of socioeconomic transitions.

4 Uncertainties and potential measures

4.1 Uncertainties related to socioeconomic processes

Uncertainties related to socioeconomic processes are
primarily caused by statistics and modeling. The findings
of these studies are greatly affected by the accuracy of
statistics. For example, several studies reported large
differences in CO, emissions calculated using different
socioeconomic datasets (Guan et al., 2012; Shan et al.,
2018). The errors in socioeconomic statistics are
primarily from the statistical system and artificial factors

(Hong et al., 2017). Most international statistics are
currently based on bottom-up reporting, which challenges
cross-validation of the data (Hong et al., 2017).
Specifically, different statistical guidelines (i.e., standards
and processes used in collections and measurements) lead
to different interpretations and definitions of data by
reporters, resulting in inconsistencies and double counting
of statistics (Chen et al., 2022). Furthermore, artificial
errors in measurements, recording, and transmissions
would reduce the accuracy of statistics. Therefore,
statistics can be made more reliable by standardizing
statistical guidelines and strengthening the data review
process in the future.

The multiple assumptions used in the integrated
assessment models lead to uncertainties of socioeconomic
processes. For example, the input-output model assumes
that the output of a sector is a linear function of its inputs
(Miller and Blair, 2009). In fact, the relationships
between inputs and outputs in various sectors of
socioeconomic system can be affected by social factors
such as politics and technologies (Peng et al., 2021a). In
addition, existing integrated assessment models assign
monetary values to environmental impacts (i.e., human
lives and ecosystem services), leading to greater
uncertainties in the determination of damage (Ackerman
et al., 2009). Nowadays, integrated assessment models are
still at the early stages of fully depicting the interrela-
tionships between various links in socioeconomic
systems. It is necessary to incorporate more knowledge of
social sciences into future reforms of the integrated
assessment models, such as psychology and political
science (Peng et al., 2021b). Bringing the model closer to
real life and serving the development of appropriate
policies are the most important goals (Ramanathan et al.,
2022).

4.2 Uncertainties related to environmental processes

Uncertainties related to environmental processes are
mainly from the compilation of environmental emission
or resource use inventory, the geochemical diffusion,
transport, and transformation of contaminants, as well as
the environmental impact evaluation.

Uncertainties in environmental inventories are one of
the primary factors influencing the accuracy of simulation
studies. The uncertainties mainly arise from imperfect or
incomplete data sources (Zhu et al., 2017; Deng et al.,
2020). Taking the atmospheric mercury (Hg) emissions as
an example, the uncertainties mainly include the
variations in the estimates of the Hg contents in fuel/raw
materials (Zhang et al., 2012), the lack of actual
measurements of the Hg emissions from combustion
chambers (Wu et al, 2006), and the Hg removal
efficiency of air pollution control devices (Wang et al.,
2010). More systematic and harmonized measurements
are required to reduce the uncertainties of data sources,



12 Front. Environ. Sci. Eng. 2023, 17(2): 24

given that reliable data are essential for obtaining
accurate results with environmental simulation models.

For the geochemical diffusion, transport, and
transformation of contaminants, uncertainties are mainly
attributed to variations in the emission inputs of the
chemical transport model and the model representation of
tropospheric chemical processes, especially chemistry
and physical processes such as vertical transport and wet
scavenging (Chen et al., 2014). Moreover, uncertainties
arise from limited data on contamination concentrations
in wildlife for simulating biological processes in food
webs (Lavoie et al.,, 2013; Clayden et al., 2013). To
reduce these uncertainties, future research should make
more efforts to have a clear understanding of the specific
mechanisms in the biogeochemical cycle.

The environmental impact evaluation includes the
evaluation of environmental quality, ecosystem quality,
and human health. The uncertainties mainly exist in the
parameters used in the evaluation. For example, in the
evaluation of human health impacts, the uncertainties are
attributed to the selection of some epidemiological
empirical parameters (Massanyi et al., 2020).

5 Prospects and possible solutions

This section summarizes the theoretical and technical
limitations of existing studies and proposes possible
solutions (Fig.5).
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Fig.5 Prospects for future research (The numbers in the circles
represent four prospects: (D Simulation of looping the dynamic mater-
ial cycle, @ Socioeconomic structural transitions influencing environ-
mental impacts, (@) Transboundary effects of socioeconomic
transitions, and @ Interregional cooperation mechanisms for synergetic
control of multiple environmental impacts).

5.1 Simulation of looping the dynamic material cycle
Most existing studies on the material cycle have primarily
investigated the one-way chain of resource depletion,
environmental emissions, and environmental impacts
caused by economic activities (Moss et al., 2010). In
reality, human and natural systems are interconnected,
and the feedbacks between them must be integrated into a
complete material cycle (Ferraro et al., 2019). Future
studies should capture the cascading effects of
environmental impacts along the economic supply chains.
Specifically, environmental impacts (e.g., human health
risks and ecosystem quality degradation) affect the
primary inputs (e.g., labor forces, capital, and land) to the
economic production network (Barbier and Hochard,
2018; Zhang et al., 2018b). This will further lead to
cascading effects on production activities, consumption
activities, resource uses, environmental emissions, and
environmental impacts through economic supply chains.
For example, the human health risks associated with
pollution may cause a decrease in the quantity (e.g.,
premature deaths caused by air pollution) (Lelieveld
et al., 2015), quality (e.g., intelligence quotient loss from
mercury exposure) (Zhang et al., 2021), and productivity
(e.g., chronic respiratory diseases due to haze) (Guan
et al., 2016) of the workforce. Due to the labor force
decline in economic systems, production and consump-
tion behaviors are negatively influenced. Furthermore,
pollutant emissions and related health risks would change
and further influence the workforce. Meanwhile, human
behaviors will change in response to dynamic environ-
mental perception (Beckage et al., 2018), which would
further influence upstream production and emissions.
These processes form a dynamic and looped socioeco-
nomic-environmental cycle. Future research needs to
change from static modeling of the material cycle to
dynamic and looped modeling.

Integrated modelling is important to loop the dynamic
material cycle. The input-output models and computable
general equilibrium models can be used to quantify the
cascading feedback effects of environmental impacts to
the economic system (Li et al., 2022b). On the basis of
the preliminary exploration of existing studies, exogenous
feedback effects can also be quantified, such as human
behavior changes and extreme events. For example, the
climate-society model (Moore et al., 2022) and the
integrated social-energy-ecology-climate model (Ramana-
than et al., 2022) can be utilized to simulate the feedback
effects of psychological, social, economic, legal, and
political factors in the looped material cycle.

5.2 Socioeconomic structural transitions influencing
environmental impacts

Existing studies have investigated the impacts of
socioeconomic structural factors on resource uses and
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environmental emissions (Kovanda and Hak, 2008; Liang
et al., 2021a). However, resource uses and environmental
emissions are midpoints in the looped material cycle.
Policies developed based on midpoint indicators are less
effective than those using endpoints (e.g., ecosystem
quality and human health). For example, Samset et al.
(2020) found that declining emissions of greenhouse
gases will not lead to a decrease in global temperature in
the short term. In other words, the decline in greenhouse
gas emissions does not absolutely diminish the impact of
global warming on the environment. Consequently, future
research should take environmental impacts as the
endpoint to investigate the effects of socioeconomic
structural  transitions on environmental changes.
Achieving this goal must address two research gaps: (1)
accurate assessment of the environmental impacts caused
by the human system and (2) constructing integrated

models to simulate the interconnections between
socioeconomic structural transitions and environmental
impacts.

The causal chain linking socioeconomic structures to
human health and ecosystem quality is complicated. For
example, there are complex interactions among hazardous
substances (e.g., secondary pollutants) and disparities in
receptor response time (e.g., shorter response time in
susceptible populations) (Chartres et al., 2019). To
uncover the causal chain, it is necessary to utilize a
multidisciplinary approach. First, it is necessary to
establish monitoring networks for water, soil, and
atmosphere, through which environmental chemical
modeling can be used to accurately quantify the nexus of
elements and reveal potential new pollutants. Second, it is
necessary to employ clinical medicine and ecological
investigation to reveal vulnerable populations and biota of
risky substances. Finally, it is necessary to quantify the
relationships between hazardous substances and human
health as well as ecosystem quality. In terms of the health
effects of risky substances, toxicological and epidemio-
logical studies can be used to estimate dose-response
relationships. The impact of risky substances on
ecosystem quality (e.g., biodiversity loss and ecosystem
service loss) can be quantified by ecological network
models.

Structural decomposition analysis and logarithmic
mean divisia index decomposition analysis have been
widely used to identify the critical socioeconomic factors
leading to changes in resource uses and environmental
emissions. Similarly, based on the causal chain linking
socioeconomic structures to environmental impacts, the
structural decomposition analysis and logarithmic mean
divisia index can be used to estimate the contributions of
socioeconomic structural transitions on environmental
impact changes. However, the number of decomposed
factors in the structural decomposition analysis and
logarithmic mean divisia index depends on the model’s
setup, which would usually overlook certain exogenous

factors (e.g., the spatial structure of the population).
Econometric models can be used to complement the
structural decomposition analysis and logarithmic mean
divisia index (Guang et al., 2019), which can more
comprehensively investigate the effects of socioeconomic
structural transitions on environmental impact changes
with reference to existing studies.

5.3 Transboundary effects of socioeconomic transitions

Socioeconomic transitions generate transboundary envi-
ronmental impacts through interregional trade (Qi et al.,
2019) and physical transport processes (e.g., atmospheric
and water cycle) (Liu et al., 2021b). For example, China
has become an emerging market for ruminant products in
recent years. The imports of ruminant products and
livestock feed contribute to 12 Tg CO,-eq and 42.8 Gg of
greenhouse gas emissions and nitrogen emissions
respectively in other countries (Du et al., 2018). More-
over, emissions can be transported through atmospheric
movement to regions outside their origins, where they
cause negative environmental impacts. Existing studies
have investigated the transboundary environmental
impacts along economic supply chains in specific time
points. However, the cross-border environmental impacts
of socioeconomic transitions over a time period still
remain unknown. Investigating this point in future
research can help evaluate the potential effectiveness of
policy interventions on environmental impacts.

The environmentally extended multi-regional input-
output model and structural decomposition analysis have
been used to quantify the contributions of socioeconomic
transitions to environmental emission changes (Liang
et al., 2021a). Meanwhile, existing studies have used
atmospheric  transport models (e.g., GEOS-Chem
chemical transport model) and hydrological models (e.g.,
hydrodynamic models) to simulate the transboundary
flows of pollutants in environmental media (Kwon et al.,
2018; Wu et al, 2019). By combining them with
environmental health evaluation models and ecosystem
service evaluation models, the transboundary environ-
mental impacts of socioeconomic transitions can be
captured in the future. Furthermore, the robustness of
simulation results highly depends on the quality of raw
input data. For example, the environmentally extended
multi-regional input-output model and GEOS-Chem
model depend on the input-output databases and pollutant
emission databases. It is imperative to improve the data
quality of existing databases based on interdisciplinary
techniques (e.g., data mining and remote sensing).

5.4 Interregional cooperation mechanisms for synergetic
control of multiple environmental impacts

Targeted legislation, regulations, emission standards, and
permits have achieved outstanding results in environ-
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mental management, such as the Clean Air Act in the
United States and the Air Pollution Prevention and
Control Action Plan in China. Existing studies find that
strict environmental policies have increased the cost of
controlling environmental impacts, and interregional
cooperation can save governance cost and enhance policy
effectiveness (Xue et al., 2019). Therefore, interregional
cooperation mechanisms are urgently needed.

Restructuring the interregional trade is an important
interregional  cooperation mechanism to  reduce
environmental impacts. However, existing studies only
consider certain types of environmental impacts, which
cannot fully capture the co-benefits or unintended
consequences. For example, increasing China’s imports
of EU dairy products and U.S. beef can reduce
greenhouse gas emissions but increase the land footprint
of Latin American nations (Zhao et al., 2021). Thus,
synergetic control of environmental impacts in
interregional cooperation mechanisms can reduce
environmental management costs. Policies and measures
to prevent pollution can affect multiple pollutants
simultaneously, which makes it more difficult to assess
policy effectiveness. Multi-system near-real-time decision
models are needed in the future to facilitate the
interregional  cooperation and synergetic  control
mechanisms.

A top-down approach can be used to construct such
system-coupling models. First, the near-real-time
geographic information system of multiple environmental
impacts can be constructed based on remote sensing
satellite data and environmental monitoring data. Second,
socioeconomic and physical-geographic models can be
utilized to explore the source-receptor relationships of
environmental impacts. Third, future research can
incorporate social sciences (e.g., political sensitivity and
psychology) and scenario analysis methods (e.g., artificial
intelligence networks, multi-objective optimization, and
agent-based models) to explore short-term interregional
cooperation strategies, as well as analyze historical trends
to propose long-term stable cooperation strategies.
Finally, uncertainty and validity analyses are necessary
for the accuracy of results, which is a growing concern of
modelers (Trutnevyte et al., 2019). The cross-validation
of results based on empirical studies or macro- and micro-
databases can help improve their robustness.

6 Conclusions

Human beings interact closely with natural systems.
Integrating various processes of the coupled human-
natural system is critical to understanding the effects of
human society and economic activities on the environ-
mental system. This review, for the first time, summarizes
existing progress on the impacts of human society and
economic system on the environmental system and

relevant uncertainty analysis from a systematic
perspective. It particularly concerns socioeconomic
processes and transitions driving resource uses,

environmental emissions, and environmental impacts.
Moreover, this review identifies the problems in existing
studies that need to be addressed in the future and
proposes possible solutions.

Existing studies have identified critical regions and
sectors driving resource uses and environmental emis-
sions from multiple perspectives (e.g., production-based,
income-based, consumption-based, and betweenness-
based perspectives). They also revealed the supply chain
transmission processes of resource uses and environme-
ntal emissions and identified critical transmission paths.
In addition, existing studies have quantified the
contributions of various socioeconomic factors to changes
in resource uses and environmental emissions over a time
period. Recent studies began to uncover the effects of
socioeconomic transitions on the nexus of elements (e.g.,
energy-water, food-water, food-energy-water, and
energy-water-carbon nexus). Recent studies have also
extended the influences of socioeconomic processes from
resource uses and environmental emissions to environ-
mental impacts (e.g., ecosystem quality and human
health). They have identified critical emission sources
and consumption drivers of environmental impacts.
Moreover, with the focus of policy design gradually
developing from end-of-pipe control to source mitigation,
recent studies are devoted to evaluating the effects of
socioeconomic intervention measures on environmental
impacts.

Uncertainty analysis has also been incorporated in most
studies. They quantified the uncertainties related to
socioeconomic and environmental processes, which were
mainly caused by the uncertainties in survey statistics,
environmental monitoring sampling, and simulation
models. In addition, some studies have proposed possible
measures to reduce the uncertainties. Future studies
should make more efforts on improving the data quality
and understanding the specific mechanisms in
socioeconomic and environmental processes to reduce the
uncertainties for simulation studies.

This review proposed four prospects and recommended
possible solutions. First, future research should loop the
dynamic material cycle in the coupled human-natural
system modeling, especially the feedback effects of the
natural system on the human system. Second, future
studies should pay attention to evaluating the effects of
socioeconomic  structural transitions on  various
environmental impacts. Third, future work should explore
the transboundary environmental impacts of socioecon-
omic transitions and reveal their source-receptor
relationships. Fourth, modelers need to develop multi-
system near-real-time decision models to help propose
effective interregional cooperation mechanisms and
develop synergistic emission control programs.



Sai Liang & Qiumeng Zhong. Reducing environmental impacts through socioeconomic transitions 15

Acknowledgements This work was financially supported by the National
Key Research and Development Program of China (No. 2022YFF1301200)
and the National Natural Science Foundation of China (No. 71874014). We
also thank the comments and suggestions from Haifeng Zhou, Yumeng Li,
Xiaohui Wu, Sha Peng, and Jetashree.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ackerman F, Decanio S J, Howarth R B, Sheeran K (2009).
Limitations of integrated assessment models of climate change.
Climatic Change, 95(3—4): 297-315

Acufia V, Bregoli F, Font C, Barcel6 D, Corominas L, Ginebreda A,
Petrovic M, Rodriguez-Roda 1, Sabater S, Marcé R (2020).
Management actions to mitigate the occurrence of pharmaceuticals
in river networks in a global change context. Environment
International, 143: 105993

Albrecht T R, Crootof A, Scott C A (2018). The water-energy-food
nexus: a systematic review of methods for nexus assessment.
Environmental Research Letters, 13(4): 043002

Barbier E B, Hochard J P (2018). Land degradation and poverty.
Nature Sustainability, 1(11): 623-631

Beckage B, Gross L J, Lacasse K, Carr E, Metcalf S S, Winter J M,
Howe P D, Fefferman N, Franck T, Zia A, Kinzig A, Hoffman F M
(2018). Linking models of human behaviour and climate alters
projected climate change. Nature Climate Change, 8(1): 79-84

Bleischwitz R, Spataru C, Vandeveer S D, Obersteiner M, Van Der
Voet E, Johnson C, Andrews-Speed P, Boersma T, Hoff H, Van
Vuuren D P (2018). Resource nexus perspectives towards the
United Nations sustainable Nature
Sustainability, 1(12): 737-743

Bo X, Jia M, Xue X, Tang L, Mi Z, Wang S, Cui W, Chang X, Ruan J,
Dong G, Zhou B, Davis S J (2021). Effect of strengthened standards
on Chinese ironmaking and steelmaking emissions.
Sustainability, 4(9): 811-820

Brauer M, Amann M, Burnett R T, Cohen A, Dentener F, Ezzati M,
Henderson S B, Krzyzanowski M, Martin R V, Van Dingenen R,
van Donkelaar A, Thurston G D (2012). Exposure assessment for

development  goals.

Nature

estimation of the global burden of disease attributable to outdoor air
pollution. Environmental Science & Technology, 46(2): 652—660

Bryan B A, Runting R K, Capon T, Perring M P, Cunningham S C,
Kragt M E, Nolan M, Law E A, Renwick A R, Eber S, Christian R,
Wilson K A (2016). Designer policy for carbon and biodiversity co-
benefits under global change. Nature Climate Change, 6(3):
301-305

Cai B, Hubacek K, Feng K, Zhang W, Wang F, Liu Y (2020). Tension

of agricultural land and water use in China’s trade: tele-connections,
hidden drivers and potential solutions. Environmental Science &
Technology, 54(9): 5365-5375

Chang J, Ciais P, Gasser T, Smith P, Herrero M, Havlik P, Obersteiner
M, Guenet B, Goll D S, Li W, Naipal V, Peng S, Qiu C, Tian H,
Viovy N, Yue C, Zhu D (2021). Climate warming from managed
grasslands cancels the cooling effect of carbon sinks in sparsely
grazed and natural grasslands. Nature Communications, 12(1): 118

Chartres N, Bero L A, Norris S L (2019). A review of methods used for
hazard identification and risk assessment of environmental hazards.
Environment International, 123: 231-239

Chen C, Jiang Z, Li N, Wang H, Wang P, Zhang Z, Zhang C, Ma F,
Huang Y, Lu X, Wei J, Qi J, Chen W Q (2022). Advancing UN
Comtrade for physical trade flow analysis: review of data quality
issues and solutions. Resources, Conservation and Recycling, 186:
106526

Chen J, Zhou C, Wang S, Li S (2018). Impacts of energy consumption
structure, energy intensity, economic growth, urbanization on PM, g
concentrations in countries globally. Applied Energy, 230: 94-105

Chen ] M (2021). Carbon neutrality: toward a sustainable future. The
Innovation, 2(3): 100127

Chen L, Liang S, Liu M, Yi Y, Mi Z, Zhang Y, Li Y, Qi J, Meng J,
Tang X, Zhang H, Tong Y, Zhang W, Wang X, Shu J, Yang Z
(2019). Trans-provincial health impacts of atmospheric mercury
emissions in China. Nature Communications, 10(1): 1484

Chen L, Wang HH, LiuJ F, Tong Y D, Ou L B, Zhang W, Hu D, Chen
C, Wang X J (2014). Intercontinental transport and deposition
patterns of atmospheric mercury from anthropogenic emissions.
Atmospheric Chemistry and Physics, 14(18): 10163-10176

Chowdhury S, Pozzer A, Haines A, Klingmiiller K, Miinzel T,
Paasonen P, Sharma A, Venkataraman C, Lelieveld J (2022).
Global health burden of ambient PM, 5 and the contribution of
anthropogenic black carbon and organic aerosols. Environment
International, 159: 107020

Clayden M G, Kidd K A, Wyn B, Kirk J L, Muir D, O’Driscoll N J
(2013). Mercury biomagnification through food webs is affected by
physical and chemical characteristics of lakes. Environmental
Science & Technology, 47(21): 12047-12053

Cohen A J, Brauer M, Burnett R, Anderson H R, Frostad J, Estep K,
Balakrishnan K, Brunekreef B, Dandona L, Dandona R, et al.
(2017). Estimates and 25-year trends of the global burden of disease
attributable to ambient air pollution: an analysis of data from the
Global Burden of Diseases Study 2015. Lancet, 389(10082):
1907-1918

D’Odorico P, Davis K F, Rosa L, Carr J A, Chiarelli D, Dell’angelo J,
Gephart J, Macdonald G K, Seekell D A, Suweis S, Rulli M C
(2018). The global food-energy-water
Geophysics, 56(3): 456531

Deng F, Lv Z, Qi L, Wang X, Shi M, Liu H (2020). A big data
approach to improving the vehicle emission inventory in China.

nexus. Reviews of

Nature Communications, 11(1): 2801
Ding D, Xing J, Wang S, Liu K, Hao J (2019a). Estimated
contributions of emissions controls, meteorological factors,
population growth, and changes in baseline mortality to reductions
in ambient PM, 5 and PM, s-related mortality in China, 2013-2017.

Environmental Health Perspectives, 127(6): 067009



16 Front. Environ. Sci

Ding K J, Gunda T, Hornberger G M (2019b). Prominent influence of
socioeconomic and governance factors on the food-energy-water
nexus in sub-Saharan Africa. Earth’s Future, 7(9): 1071-1087

Dong F, Yu B L, Pan Y L (2019). Examining the synergistic effect of
CO, emissions on PM, 5 emissions reduction: evidence from China.
Journal of Cleaner Production, 223: 759-771

Dong H, Dai H, Dong L, Fujita T, Geng Y, Klimont Z, Inoue T, Bunya
S, Fujii M, Masui T (2015). Pursuing air pollutant co-benefits of
CO, mitigation in China: a provincial leveled analysis. Applied
Energy, 144: 165-174

Du J, Zhang X, Huang T, Li M, Ga Z, Ge H, Wang Z, Gao H, Ma J
(2021). black
environmental under

carbon climate and

China’s
transmission. Journal of Cleaner Production, 313: 127896

DuY, Ge Y, Ren Y, Fan X, Pan K, Lin L, Wu X, Min Y, Meyerson L
A, Heino M, Chang S X, Liu X, Mao F, Yang G, Peng C, Qu Z,
Chang J, Didham R K (2018). A global strategy to mitigate the
environmental impact of China’s ruminant consumption boom.

Trade-driven forcing

equality west-east  energy

Nature Communications, 9(1): 4133

Duan C, Chen B (2020). Driving factors of water-energy nexus in
China. Applied Energy, 257: 113984

Endo A, Tsurita I, Burnett K, Orencio P M (2017). A review of the
current state of research on the water, energy, and food nexus.
Journal of Hydrology: Regional Studies, 11: 20-30

Eurostat (2001). Economy-wide material-flow accounts and derived
indicators: a methodological guide. European Commission,
Luxembourg

F T Avelino A, Dall'erba S (2020). What factors drive the changes in
water withdrawals in the U.S. Agriculture and food manufacturing
industries between 1995 and 2010? Environmental Science &
Technology, 54(17): 10421-10434

Fan G, Liu Z, Liu X, Shi Y, Wu D, Guo J, Zhang S, Yang X, Zhang Y
(2022).

optimization of a near-zero energy community energy supply

Energy management strategies and multi-objective
system combined with hybrid energy storage. Sustainable Cities and
Society, 83: 103970

Feng Z, De Marco A, Anav A, Gualtieri M, Sicard P, Tian H, Fornasier
F, Tao F, Guo A, Paoletti E (2019). Economic losses due to ozone
impacts on human health, forest productivity and crop yield across
China. Environment International, 131: 104966

Ferraro P J, Sanchirico J N, Smith M D (2019). Causal inference in
coupled human and natural systems. Proceedings of the National
Academy of Sciences of the United States of America, 116(12):
5311-5318

Font Vivanco D, Sprecher B, Hertwich E (2017). Scarcity-weighted
global land and metal footprints. Ecological Indicators, 83: 323-327

Franzke C L E, Czupryna M (2020). Probabilistic assessment and
projections of US weather and climate risks and economic damages.
Climatic Change, 158(3—4): 503515

Fuso Nerini F, Tomei J, To L S, Bisaga I, Parikh P, Black M, Borrion
A, Spataru C, Castan Broto V, Anandarajah G, Milligan B,
Mulugetta Y (2018). Mapping synergies and trade-offs between
energy and the Sustainable Development Goals. Nature Energy,
3(1): 10-15

Gao J, Wang K, Wang Y, Liu S, Zhu C, Hao J, Liu H, Hua S, Tian H
(2018). Temporal-spatial characteristics and source apportionment

. Eng. 2023, 17(2): 24

of PM, ; as well as its associated chemical species in the Beijing-
Tianjin-Hebei region of China. Environmental Pollution, 233:
714-724

Geng G, Zheng Y, Zhang Q, Xue T, Zhao H, Tong D, Zheng B, Li M,
Liu F, Hong C, He K, Davis S J (2021). Drivers of PM, s air
pollution deaths in China 2002-2017. Nature Geoscience, 14(9):
645-650

Graedel T E (2019). Material flow analysis from origin to evolution.
Environmental Science & Technology, 53(21): 12188-12196

Guan D, Liu Z, Geng Y, Lindner S, Hubacek K (2012). The gigatonne
gap in China’s carbon dioxide inventories. Nature Climate Change,
2(9): 672-675

Guan S, Han M, Wu X, Guan C, Zhang B (2019). Exploring energy-
water-land nexus in national supply chains: China 2012. Energy,
185: 1225-1234

Guan W J, Zheng X Y, Chung K F, Zhong N S (2016). Impact of air
pollution on the burden of chronic respiratory diseases in China:
time for urgent action. Lancet, 388(10054): 1939-1951

Guang F, He Y, Wen L, Sharp B (2019). Energy intensity and its
differences across China’s regions: combining econometric and
decomposition analysis. Energy, 180: 989-1000

Guo Y, He P, Searchinger T D, Chen Y, Springmann M, Zhou M,
Zhang X, Zhang L, Mauzerall D L (2022). Environmental and
human health trade-offs in potential Chinese dietary shifts. One
Earth, 5(3): 268-282

He C, Liu Z, Wu J, Pan X, Fang Z, Li J, Bryan B A (2021). Future
global urban water scarcity and potential solutions. Nature
Communications, 12(1): 4667

He Y, Weng Q (2018). High Spatial Resolution Remote Sensing: Data,
Analysis, and Applications. Boston: CRC Press

Hemmativaghef E (2020). Exposure to lead, mercury, styrene, and
toluene and hearing impairment: evaluation of dose-response
relationships, regulations, and controls. Journal of Occupational and
Environmental Hygiene, 17(11-12): 574-597

Hill J, Goodkind A, Tessum C, Thakrar S, Tilman D, Polasky S, Smith
T, Hunt N, Mullins K, Clark M, Marshall J (2019). Air-quality-
related health damages of maize. Nature Sustainability, 2(5):
397-403

Hong C, Zhang Q, He K, Guan D, Li M, Liu F, Zheng B (2017).
Variations of China’s emission estimates: response to uncertainties
in energy statistics. Atmospheric Chemistry and Physics, 17(2):
1227-1239

Hong C, Zhang Q, Zhang Y, Davis S J, Tong D, Zheng Y, Liu Z, Guan
D, He K, Schellnhuber H J (2019). Impacts of climate change on
future air quality and human health in China. Proceedings of the
National Academy of Sciences of the United States of America,
116(35): 17193-17200

Hong C, Zhao H, Qin Y, Burney J A, Pongratz J, Hartung K, Liu Y,
Moore F C, Jackson R B, Zhang Q, Davis S J (2022). Land-use
emissions embodied in international trade. Science, 376(6593):
597-603

Huijbregts M A J, Steinmann Z J N, Elshout P M F, Stam G, Verones
F, Vieira M, Zijp M, Hollander A, Zelm R (2017). ReCiPe2016: a
harmonised life cycle impact assessment method at midpoint and
endpoint level. International Journal of Life Cycle Assessment,
22(2): 138-147



Sai Liang & Qiumeng Zhong. Reducing environmental impacts through socioeconomic transitions 17

Huntington H P, Schmidt J I, Loring P A, Whitney E, Aggarwal S,
Byrd A G, Dev S, Dotson A D, Huang D, Johnson B, et al. (2021).
Applying the food—energy—water nexus concept at the local scale.
Nature Sustainability, 4(8): 672—-679

Jia J, Gong Z, Gu Z, Chen C, Xie D (2018). Multi-perspective
comparisons and mitigation implications of SO, and NO,
discharges from the industrial sector of China: a decomposition
analysis. Environmental Science and Pollution Research
International, 25(10): 9600-9614

Jia X, O’Connor D, Hou D, Jin Y, Li G, Zheng C, Ok Y S, Tsang D C
W, Luo J (2019). Groundwater depletion and contamination: spatial
distribution of groundwater resources sustainability in China.
Science of the Total Environment, 672: 551-562

Jiang Y, Xing J, Wang S, Chang X, Liu S, Shi A, Liu B, Sahu Shovan
K (2021). Understand the local and regional contributions on air
pollution from the view of human health impacts. Frontiers of
Environmental Science & Engineering, 15(5): 88

Jordan A, Patch H M, Grozinger C M, Khanna V (2021). Economic
dependence and vulnerability of United States agricultural sector on
insect-mediated pollination service. Environmental Science &
Technology, 55(4): 2243-2253

Kovanda J, Hak T (2008). Changes in materials use in transition
economies. Journal of Industrial Ecology, 12(5-6): 721-738

Kwon S Y, Selin N E, Giang A, Karplus V J, Zhang D (2018). Present
and future mercury concentrations in Chinese rice: insights from
modeling. Global Biogeochemical Cycles, 32(3): 437462

Landrigan P J, Fuller R, Acosta N J R, Adeyi O, Arnold R, Basu N N,
Baldé A B, Bertollini R, Bose-O’Reilly S, Boufford J I, et al.
(2018). The Lancet Commission on pollution and health. Lancet,
391(10119): 462-512

Lavoie R A, Jardine T D, Chumchal M M, Kidd K A, Campbell L M
(2013). Biomagnification of mercury in aquatic food webs: a
worldwide meta-analysis. Environmental Science & Technology,
47(23): 13385-13394

Lee L C, Wang Y, Zuo J (2021). The nexus of water-energy-food in
China’s tourism industry. Resources, Conservation, and Recycling,
164: 105157

Lelieveld J, Evans J S, Fnais M, Giannadaki D, Pozzer A (2015). The
contribution of outdoor air pollution sources to premature mortality
on a global scale. Nature, 525(7569): 367-371

Lenzen M, Moran D, Kanemoto K, Foran B, Lobefaro L, Geschke A
(2012). International trade drives biodiversity threats in developing
nations. Nature, 486(7401): 109-112

Lenzen M, Murray J (2010). Conceptualising
responsibility. Ecological Economics, 70(2): 261-270

Li B, Gasser T, Ciais P, Piao S, Tao S, Balkanski Y, Hauglustaine D,
Boisier J P, Chen Z, Huang M, et al. (2016a). The contribution of
China’s emissions to global climate forcing. Nature, 531(7594):
357-361

Li H, Zhao Y, Zheng L, Wang S, Kang J, Liu Y, Li H, Shi L, Shan Y
(2021a). Dynamic characteristics and drivers of the regional

environmental

household energy-carbon-water nexus in China. Environmental
Science and Pollution Research International, 28(39): 55220-55232
Li H, Geng Y , Shinwari R, Yangjie W, Rjoub H (2021b). Does
renewable energy electricity and economic complexity index help to
achieve carbon neutrality target of top exporting countries? Journal

of Environmental Management, 299: 113386

LiJ, Zhou S, Wei W, Qi J, Li Y, Chen B, Zhang N, Guan D, Qian H,
Wu X, Miao J, Chen L, Feng K, Liang S (2020a). China’s
retrofitting measures in coal-fired power plants bring significant
mercury-related health benefits. One Earth, 3(6): 777-787

LiJ, Zhou H , Meng J, Yang Q, Chen B, Zhang Y (2018). Carbon
emissions and their drivers for a typical urban economy from
multiple perspectives: a case analysis for Beijing city. Applied
Energy, 226: 1076-1086

Li L, Wang X, Miao J, Abulimiti A, Jing X, Ren N (2022a). Carbon
neutrality of wastewater treatment: a systematic concept beyond the
plant boundary. Environmental Science and Ecotechnology, 11:
100180

Li Y, Chen L, Liang S, Qi J, Zhou H, Feng C, Yang X, Wu X, Mi Z,
Yang Z (2020b). Spatially explicit global hotspots driving China’s
mercury related health impacts.
Technology, 54(22): 14547-14557

Li Y, Chen L, Liang S, Zhou H, Liu Y R, Zhong H, Yang Z (2022b).
Looping mercury cycle in global environmental-economic system
modeling. Environmental Science & Technology, 56(5): 2861-2879

LiY, MengJ, LiuJ, Xu Y, Guan D, Tao W, Huang Y, Tao S (2016b).
Interprovincial reliance for improving air quality in China: a case

Environmental Science &

study on black carbon aerosol. Environmental Science &
Technology, 50(7): 4118-4126

Liang S, Chang W, Zhou H, Qi J, Li Y, Feng C, Wang S (2021a).
Global economic structure transition boosts atmospheric mercury
emissions in China. Earth's Future, 9(6): €2021EF002076

Liang S, Liu Z, Crawford-Brown D, Wang Y, Xu M (2014).
Decoupling analysis and socioeconomic drivers of environmental
pressure in China. Environmental Science & Technology, 48(2):
1103-1113

Liang S, Qu S, Xu M (2016a). Betweenness-based method to identify
critical transmission sectors for supply chain environmental
pressure mitigation. Environmental Science & Technology, 50(3):
1330-1337

Liang S, Qu S, Zhao Q, Zhang X, Daigger G T, Newell J P, Miller S A,
Johnson J X, Love N G, Zhang L, et al. (2019). Quantifying the
urban food-energy-water nexus: the case of the Detroit metropolitan
area. Environmental Science & Technology, 53(2): 779-788

Liang S, Qu S, Zhu Z, Guan D, Xu M (2017). Income-based
greenhouse gas emissions of nations. Environmental Science &
Technology, 51(1): 346-355

Liang S, Wang H, Qu S, Feng T, Guan D, Fang H, Xu M (2016b).
Socioeconomic drivers of greenhouse gas emissions in the United
States. Environmental Science & Technology, 50(14): 75357545

Liang S, Wang Y, Cinnirella S, Pirrone N (2015). Atmospheric
mercury footprints of nations.
Technology, 49(6): 35663574

Liang S, Xu M, Liu Z, Suh S, Zhang T (2013a). Socioeconomic drivers
of mercury emissions in China from 1992 to 2007. Environmental
Science & Technology, 47(7): 3234-3240

Liang S, Xu M, Suh S, Tan R R (2013b). Unintended environmental
consequences and co-benefits of economic restructuring.
Environmental Science & Technology, 47(22): 12894-12902

Liang Y, Li Y, Liang S, Feng C, Xu L, Qi J, Yang X, Wang Y, Zhang
C, Li K, Li H, Yang Z (2020). Quantifying direct and indirect

Environmental Science &



18 Front. Environ. Sci. Eng. 2023, 17(2): 24

spatial food-energy-water (few) nexus in China. Environmental
Science & Technology, 54(16): 9791-9803

Liang Y, Liang S, Li K, Qi J, Feng C, Xu L, Yang Z (2021b).
Socioeconomic determinants for the changing food-related scarce
water uses in Chinese regions. Journal of Cleaner Production, 316:
128190

Liao S, Wu Y, Wong S W, Shen L (2020). Provincial perspective
analysis on the coordination between urbanization growth and
resource environment carrying capacity (RECC) in China. Science
of the Total Environment, 730: 138964

Lin C, Qi J, Liang S, Feng C, Wiedmann T O, Liao Y, Yang X, Li Y,
Mi Z, Yang Z (2020). Saving less in China facilitates global CO,
mitigation. Nature Communications, 11(1): 1358

Lin J, Du M, Chen L, Feng K, Liu Y, Martin R V, Wang J, Ni R, Zhao
Y, Kong H, Weng H, Liu M, Donkelaar A, Liu Q, Hubacek K
(2019). Carbon and health implications of trade restrictions. Nature
Communications, 10(1): 4947

Lin J, Tong D, Davis S, Ni R, Tan X, Pan D, Zhao H, Lu Z, Streets D,
Feng T, et al. (2016). Global climate forcing of aerosols embodied
in international trade. Nature Geoscience, 9(10): 790-794

Liu J, Dietz T, Carpenter S R, Alberti M, Folke C, Moran E, Pell A N,
Deadman P, Kratz T, Lubchenco J, et al. (2007). Complexity of
coupled human and natural 317(5844):
1513-1516

Liu J, Hull V, Godfray H C J, Tilman D, Gleick P, Hoff H, Pahl-Wostl
C, Xu Z, Chung M G, Sun J, Li S (2018). Nexus approaches to

1(9):

systems. Science,

global sustainable development.
466476

Liu J, Mooney H, Hull V, Davis S J, Gaskell J, Hertel T, Lubchenco J,
Seto K C, Gleick P, Kremen C, Li S (2015). Systems integration for
global sustainability. Science, 347(6225): 1258832

Liu J, Yin H, Tang X, Zhu T, Zhang Q, Liu Z, Tang X, Yi H (2021a).
Transition in air pollution, disease burden and health cost in China:

Nature Sustainability,

a comparative study of long-term and short-term exposure.
Environmental Pollution, 277: 116770

Liu M, Zhang Q, Yu C, Yuan L, He Y, Xiao W, Zhang H, Guo J,
Zhang W, Li Y, et al. (2021b). Observation-based mercury export
from rivers to coastal oceans in East Asia. Environmental Science
& Technology, 55(20): 14269-14280

Liu X, Huang Y, Xu X, Li X, Ciais P, Lin P, Gong K, Ziegler A D,
Chen A, Gong P, et al. (2020). High-spatiotemporal-resolution
mapping of global urban change from 1985 to 2015. Nature
Sustainability, 3(7): 564-570

MaR, Li K, Guo Y, Zhang B, Zhao X, Linder S, Guan C, Chen G, Gan
Y, Meng J (2021). Mitigation potential of global ammonia
emissions and related health impacts in the trade network. Nature
Communications, 12(1): 6308

Ma T, Sun S, Fu G, Hall ] W, Ni Y, He L, YiJ, Zhao N, Du Y, Pei T,
Cheng W, Song C, Fang C, Zhou C (2020). Pollution exacerbates
China’s water scarcity and its regional inequality. Nature
Communications, 11(1): 650

Magazzino C, Mele M, Schneider N (2021). A machine learning
approach on the relationship among solar and wind energy
production, coal consumption, GDP, and CO, emissions.

Renewable Energy, 167: 99-115

Marques A, Martins 1 S, Kastner T, Plutzar C, Theurl M C,

Eisenmenger N, Huijbregts M A J, Wood R, Stadler K, Bruckner
M, et al. (2019). Increasing impacts of land use on biodiversity and
carbon sequestration driven by population and economic growth.
Nature Ecology & Evolution, 3(4): 628—-637

Marques A, Rodrigues J, Lenzen M, Domingos T (2012). Income-
based environmental responsibility. Ecological Economics, 84:
57-65

Massanyi P, Massanyi M, Madeddu R, Stawarz R, Luka¢ N (2020).
Effects of cadmium, lead, and mercury on the structure and function
of reproductive organs. Toxics, 8(4): 94

Mi Z, Zhang Y, Guan D, Shan Y, Liu Z, Cong R, Yuan X, Wei Y
(2016). Consumption-based emission accounting for Chinese cities.
Applied Energy, 184: 1073-1081

Miller R E, Blair P D (2009). Input-output Analysis: Foundations and
Extensions. Cambridge: Cambridge University Press

Moore F C, Lacasse K, Mach K J, Shin Y A, Gross L J, Beckage B
(2022). Determinants of emissions pathways in the coupled climate-
social system. Nature, 603(7899): 103—111

Moss R H, Edmonds J A, Hibbard K A, Manning M R, Rose S K, van
Vuuren D P, Carter T R, Emori S, Kainuma M, Kram T, et al.
(2010). The next generation of scenarios for climate change
research and assessment. Nature, 463(7282): 747-756

Moutinho V, Moreira A C, Silva P M (2015). The driving forces of
change in energy-related CO, emissions in Eastern, Western,

The LMDI approach to
decomposition analysis. Renewable & Sustainable Energy Reviews,
50: 1485-1499

Nansai K, Tohno S, Chatani S, Kanemoto K, Kurogi M, Fujii Y,
Kagawa S, Kondo Y, Nagashima F, Takayanagi W, Lenzen M
(2020).
economic loss on Asia via PM,s emissions. Environment
International, 134: 105238

Nielsen K S, Nicholas K A, Creutzig F, Dietz T, Stern P C (2021). The
role of high-socioeconomic-status people in locking in or rapidly

Northern and Southern Europe:

Affluent countries inflict inequitable mortality and

reducing energy-driven greenhouse gas emissions. Nature Energy,
6(11): 1011-1016

O'Hara C C, Frazier M, Halpern B S (2021). At-risk marine
biodiversity faces extensive, expanding, and intensifying human
impacts. Science, 372(6537): 84-87

Oswald Y, Owen A, Steinberger J K (2020). Large inequality in
international and intranational energy footprints between income
groups and across consumption categories. Nature Energy, 5(3):
231-239

Owen A, Scott K, Barrett J (2018). Identifying critical supply chains
and final products: An input-output approach to exploring the
energy-water-food nexus. Applied Energy, 210: 632—-642

Pastor A V, Palazzo A, Havlik P, Biemans H, Wada Y, Obersteiner M,
Kabat P, Ludwig F (2019). The global nexus of food—-trade—water
sustaining environmental flows by 2050. Nature Sustainability,
2(6): 499-507

Peng L, Liu F, Zhou M, Li M, Zhang Q, Mauzerall D L (2021a).
Alternative-energy-vehicles deployment delivers climate, air
quality, and health co-benefits when coupled with decarbonizing
power generation in China. One Earth, 4(8): 1127-1140

Peng W, Iyer G, Bosetti V, Chaturvedi V, Edmonds J, Fawcett A A,
Hallegatte S, Victor D G, van Vuuren D, Weyant J (2021b).



Sai Liang & Qiumeng Zhong. Reducing environmental impacts through socioeconomic transitions 19

Climate policy models need to get real about people - Here’s how.
Nature, 594(7862): 174-176

Peng W, Wagner F, Ramana M V, Zhai H, Small M J, Dalin C, Zhang
X, Mauzerall D L (2018). Managing China’s coal power plants to
address multiple environmental objectives. Nature Sustainability,
1(11): 693-701

Peters G P (2008). From production-based to consumption-based
national emission inventories. Ecological Economics, 65(1): 13-23

Piao S, Yue C, Ding J, Guo Z (2022). Perspectives on the role of
terrestrial ecosystems in the ‘carbon neutrality’ strategy. Science
China Earth Sciences, 65(6): 1178-1186

Pichery C, Bellanger M, Zmirou-Navier D, Fréry N, Cordier S, Roue-
Legall A, Hartemann P, Grandjean P (2012). Economic evaluation
of health consequences of prenatal methylmercury exposure in
France. Environmental Health, 11(1): 53

Qi J, Wang Y, Liang S, Li Y, Li Y, Feng C, Xu L, Wang S, Chen L,
Wang D, Yang Z (2019). Primary suppliers driving atmospheric
mercury emissions through global supply chains. One Earth, 1(2):
254-266

Qian H, Xu S, Cao J, Ren F, Wei W, Meng J, Wu L (2021). Air
pollution reduction and climate co-benefits in China’s industries.
Nature Sustainability, 4(5): 417-425

Qu S, Liang S, Konar M, Zhu Z, Chiu A S F, Jia X, Xu M (2018).
Virtual water scarcity risk to the global trade system. Environmental
Science & Technology, 52(2): 673—683

Ramanathan V, Xu Y, Versaci A (2022). Modelling human-natural
systems interactions with implications for twenty-first-century
warming. Nature Sustainability, 5(3): 263271

Rao N D, Kiesewetter G, Min J, Pachauri S, Wagner F (2021).
Household contributions to and impacts from air pollution in India.
Nature Sustainability, 4(10): 859-867

T (2008).
environmental  responsibility:  comparing
Ecological Economics, 66(2-3): 533-546

Samset B H, Fuglestvedt J S, Lund M T (2020). Delayed emergence of
a global temperature response after emission mitigation. Nature
Communications, 11(1): 3261

Schuur E A G, Mcguire A D, Schadel C, Grosse G, Harden J] W, Hayes
D J, Hugelius G, Koven C D, Kuhry P, Lawrence D M, Natali S M,
Olefeldt D, Romanovsky V E, Schaefer K, Turetsky M R, Treat C
C, Vonk J E (2015). Climate change and the permafrost carbon
feedback. Nature, 520(7546): 171-179

Shah S M, Liu G Y, Yang Q, Wang X Q, Casazza M, Agostinho F,
Lombardi G V, Giannetti B F (2019). Emergy-based valuation of
agriculture ecosystem services and dis-services. Journal of Cleaner
Production, 239: 118019

Shan Y, Guan D, Zheng H, Ou J, Li Y, Meng J, Mi Z, Liu Z, Zhang Q
(2018). China CO, emission accounts 1997-2015. Scientific Data,
5(1): 170201

Shao W, Li F, Cao X, Tang Z, Bai Y, Yang S (2020). Reducing export-
driven CO, and PM emissions in China’s provinces: a structural

Rodrigues J, Domingos Consumer and producer

two  approaches.

decomposition and coordinated effects analysis. Journal of Cleaner
Production, 274: 123101
Shi G, Lu X, Deng Y, Urpelainen J, Liu L C, Zhang Z, Wei W, Wang
H (2020). Air pollutant emissions induced by population migration
Environmental Science 54(10):

in China. & Technology,

6308-6318

Singh B, Stremman A H, Hertwich E G (2012). Scenarios for the
environmental impact of fossil fuel power: co-benefits and trade-
offs of carbon capture and storage. Energy, 45(1): 762-770

Steininger K W, Lininger C, Meyer L H, Munoz P, Schinko T (2016).
Multiple carbon accounting to support just and effective climate
policies. Nature Climate Change, 6(1): 35-41

Tessum C W, Apte J S, Goodkind A L, Muller N Z, Mullins K A,
Paolella D A, Polasky S, Springer N P, Thakrar S K, Marshall J D,
Hill J D (2019). Inequity in consumption of goods and services adds
to racial-ethnic disparities in air pollution exposure. Proceedings of
the National Academy of Sciences of the United States of America,
116(13): 6001-6006

Trutnevyte E, Hirt L F, Bauer N, Cherp A, Hawkes A, Edelenbosch O
Y, Pedde S, Van Vuuren D P (2019). Societal transformations in
models for energy and climate policy: the ambitious next step. One
Earth, 1(4): 423-433

Wang F, Harindintwali J D, Yuan Z, Wang M, Wang F, Li S, Yin Z,
Huang L, Fu Y, Li L, et al. (2021a). Technologies and perspectives
for achieving carbon neutrality. The Innovation, 2(4): 100180

Wang H, Ang B W, Su B (2017). A multi-region structural
decomposition analysis of global CO, emission
Ecological Economics, 142: 163-176

Wang H, Wang G, Qi J, Schandl H, Li Y, Feng C, Yang X, Wang Y,
Wang X, Liang S (2020). Scarcity-weighted fossil fuel footprint of
China at the provincial level. Applied Energy, 258: 114081

Wang P, Zhao S, Dai T, Peng K, Zhang Q, Li J, Chen W Q (2022).
Regional disparities in steel production and restrictions to progress

intensity.

on global decarbonization: a cross-national analysis. Renewable &
Sustainable Energy Reviews, 161: 112367

Wang R, Zimmerman J (2016). Hybrid analysis of blue water
consumption and water scarcity implications at the global, national,
and basin levels in an increasingly globalized world. Environmental
Science & Technology, 50(10): 51435153

Wang S, Fu B, Zhao W, Liu Y, Wei F (2018). Structure, function, and
dynamic mechanisms of coupled human—natural systems. Current
Opinion in Environmental Sustainability, 33: 87-91

Wang S, Song J, Li G, Wu Y, Zhang L, Wan Q, Streets D G, Chin C K,
Hao J (2010). Estimating mercury emissions from a zinc smelter in
relation to China’s mercury control policies. Environmental
Pollution, 158(10): 3347-3353

Wang Z, Lian L, Li J, He J, Ma H, Chen L, Mao X, Gao H, Ma J,
Huang T (2021b). The atmospheric lead emission, deposition, and
environmental inequality driven by interprovincial trade in China.
Science of the Total Environment, 797: 149113

Wei L, Li C, Wang J, Wang X, Wang Z, Cui C, Peng S, Liu Y, Yu S,
Wang L, Shi Z (2020). Rising middle and rich classes drove China’s
carbon emissions. Resources, Conservation and Recycling, 159:
104839

Wei Y, Chen K, Kang J, Chen W, Wang X, Zhang X (2022). Policy
and management of carbon peaking and carbon neutrality: a
literature review. Engineering, 14(7): 52—-63

West P C, Gerber J S, Engstrom P M, Mueller N D, Brauman K A,
Carlson K M, Cassidy E S, Johnston M, MacDonald G K, Ray D K,
Siebert S (2014). Leverage points for improving global food
security and the environment. Science, 345(6194): 325-328



20 Front. Environ. Sci. Eng. 2023, 17(2): 24

Wiedmann T, Lenzen M (2018). Environmental and social footprints of
international trade. Nature Geoscience, 11(5): 314-321

Wilting H C, Schipper A M, Bakkenes M, Meijer J R, Huijbregts M A
(2017). Quantifying biodiversity losses due to human consumption:
a global-scale footprint analysis. Environmental Science &
Technology, 51(6): 3298-3306

Wolf M J, Esty D C, Kim H, Bell M L, Brigham S, Nortonsmith Q,
Zaharieva S, Wendling Z A, de Sherbinin A, Emerson J W (2022).
New insights for tracking global and local trends in exposure to air
pollutants.  Environmental Science & Technology, 56(7):
3984-3996

Wu Q, Wang S, Liu K, Li G, Hao J (2018). Emission-limit-oriented
strategy to control atmospheric mercury emissions in coal-fired

implementation of the minamata

52(19):

power plants toward the

convention. Environmental Science & Technology,
11087-11093

Wu T, Qin B, Brookes J D, Yan W, Ji X, Feng J (2019). Spatial
distribution of sediment nitrogen and phosphorus in Lake Taihu
from a hydrodynamics-induced transport perspective. Science of the
Total Environment, 650(Pt 1): 1554—-1565

Wu 'Y, Wang S, Streets D G, Hao J, Chan M, Jiang J (2006). Trends in
anthropogenic mercury emissions in China from 1995 to 2003.
Environmental Science & Technology, 40(17): 5312-5318

Xue J, Ji X, Zhao L, Yang Y, Xie Y, Li D, Wang C, Sun W (2019).
Cooperative econometric model for regional air pollution control
with the additional goal of promoting employment. Journal of
Cleaner Production, 237: 117814

Yang H, Huang X J, Hu J L, Thompson J R, Flower R J (2022).
Achievements, challenges and global implications of China’s
carbon neutral pledge. Frontiers of Environmental Science &
Engineering, 16(8): 111

Yang X, Teng F (2018). Air quality benefit of China’s mitigation target
to peak its emission by 2030. Climate Policy, 18(1): 99-110

Yang Y, Qu S, Cai B, Liang S, Wang Z, Wang J, Xu M (2020).
Mapping global carbon footprint in China. Nature Communications,
11(1): 2237

Zhang C, Zhong L, Wang J (2018a). Decoupling between water use
and thermoelectric power generation growth in China. Nature
Energy, 3(9): 792-799

Zhang L, Wang S, Meng Y, Hao J (2012). Influence of mercury and
chlorine content of coal on mercury emissions from coal-fired
power plants in China. Environmental Science & Technology,
46(11): 6385-6392

Zhang Q, Jiang X, Tong D, Davis S J, Zhao H, Geng G, Feng T, Zheng
B, Lu Z, Streets D G, et al. (2017). Transboundary health impacts of
transported global air pollution and international trade. Nature,
543(7647): 705-709

Zhang Q, Zheng Y X, Tong D, Shao M, Wang S X, Zhang Y H, Xu X
D, Wang J N, He H, Liu W Q, et al. (2019a). Drivers of improved
PM, 5 air quality in China from 2013 to 2017. Proceedings of the
National Academy of Sciences of the United States of America,
116(49): 2446324469

Zhang R, Hanaoka T (2022a). Cross-cutting scenarios and strategies for
designing decarbonization pathways in the transport sector toward
carbon neutrality. Nature Communications, 13(1): 3629

Zhang S, Chen W (2022b). Assessing the energy transition in China
towards carbon neutrality with a probabilistic framework. Nature
Communications, 13(1): 87

Zhang S, Tian Y, Guo H, Liu R, He N, Li Z, Zhao W (2022c). Study on
the occurrence of typical heavy metals in drinking water and
corrosion scales in a large community in northern China.
Chemosphere, 290: 133145

Zhang Y, Jacob D J, Horowitz H M, Chen L, Amos H M, Krabbenhoft
D P, Slemr F, St Louis V L, Sunderland E M (2016). Observed
decrease in atmospheric mercury explained by global decline in
anthropogenic emissions. Proceedings of the National Academy of
Sciences of the United States of America, 113(3): 526531

Zhang Y, Song Z, Huang S, Zhang P, Peng Y, Wu P, Gu J, Dutkiewicz
S, Zhang H, Wu S, et al. (2021). Global health effects of future
atmospheric mercury emissions. Nature Communications, 12(1):
3035

Zhang Z, Hao Y, Lu Z N (2018b). Does environmental pollution affect
labor supply? An empirical analysis based on 112 cities in China
Journal of Cleaner Production, 190: 378-387

Zhang Z, Shao C, Guan Y, Xue C (2019b). Socioeconomic factors and
regional differences of PM, s health risks in China. Journal of
Environmental Management, 251: 109564

Zhao C, Chen B (2014). Driving force analysis of the agricultural water
footprint in China based on the LMDI method. Environmental
Science & Technology, 48(21): 12723-12731

Zhao H, Chang J F, Havlik P, Van Dijk M, Valin H, Janssens C, Ma L,
Bai Z H, Herrero M, Smith P, Obersteiner M (2021). China’s future
food demand and its implications for trade and environment. Nature
Sustainability, 4(12): 1042—-1051

Zhao R, Liu Y, Tian M, Ding M, Cao L, Zhang Z, Chuai X, Xiao L,
Yao L (2018). Impacts of water and land resources exploitation on
agricultural carbon emissions: The water-land-energy-carbon nexus.
Land Use Policy, 72: 480492

Zhen W, Qin Q, Kuang Y, Huang N (2017). Investigating low-carbon
crop production in Guangdong Province, China (1993-2013): a
decoupling and decomposition analysis. Journal of Cleaner
Production, 146: 63-70

Zheng H, Long Y, Wood R, Moran D, Zhang Z, Meng J, Feng S,
Hertwich E, Guan D (2022). Ageing society in developed countries
challenges carbon mitigation. Nature Climate Change, 12(3):
241-248

Zhong Q, Li H, Liang S, Jetashree, Wu X, Qi J, Wang S (2022).
Changes of production and consumption structures in coastal
regions lead to mercury emission control in China. Journal of
Industrial Ecology, 1-11

Zhu X, Lane R, Werner T T (2017). Modelling in-use stocks and
spatial distributions of household electronic devices and their
contained metals based on household survey data. Resources,
Conservation and Recycling, 120: 27-37



Sai Liang & Qiumeng Zhong. Reducing environmental impacts through socioeconomic transitions 21

Author Biography

Sai Liang is a Professor at the School of Ecology, Environment and Resources at Guangdong University of
Technology, China. He received a B.S. and a Ph.D from Tsinghua University, both in Environmental Science
and Engineering. He completed a four-year postdoctoral training at the University of Michigan - Ann Arbor,
USA, before joining the School of Environment at Beijing Normal University, China as a Professor in 2017. In
2020 he moved to Guangdong University of Technology as a Professor and Vice Dean. He is directing the Key
Laboratory for City Cluster Environmental Safety and Green Development of the Ministry of Education with a
focus on environmental systems analysis. The ongoing research topics in his lab include the modeling of the
coupled human-natural systems and the effect of socioeconomic transitions on environmental impacts. He has

published over 140 papers in journals including Nature Food, Nature Communications, One Earth,
Environmental Science & Technology, etc. His papers have been cited for more than 6200 times with an H-index of 47 (Google Scholar).
He currently serves as a Vice Chair of the Industrial Ecology Committee under the Ecology Society of China. He also serves as the
editorial board members of the Journal of Cleaner Production and Ecosystem Health and Sustainability (Science Partner Journal).



	1 Introduction
	2 Socioeconomic processes driving resource uses and environmental emissions
	2.1 Multiple-perspective identification of critical regions and sectors
	2.2 Socioeconomic transitions changing resource uses and environmental emissions
	2.3 Effects of socioeconomic transitions on the nexus of elements
	2.4 Problems to be solved
	2.4.1 Studies with higher spatial resolutions are needed
	2.4.2 Inter-regional cooperation needs to be strengthened
	2.4.3 Understanding of multi-element nexus needs to be deepened


	3 Socioeconomic processes influencing environmental impacts
	3.1 Critical drivers of environmental impacts
	3.2 Effects of human interventions on environmental impacts
	3.3 Problems to be solved
	3.3.1 Socioeconomic structural transitions influencing environmental impacts
	3.3.2 Dynamic simulation of looping the socioeconomic-environmental cycle
	3.3.3 Synergetic control of multiple environmental impacts through socioeconomic transitions


	4 Uncertainties and potential measures
	4.1 Uncertainties related to socioeconomic processes
	4.2 Uncertainties related to environmental processes

	5 Prospects and possible solutions
	5.1 Simulation of looping the dynamic material cycle
	5.2 Socioeconomic structural transitions influencing environmental impacts
	5.3 Transboundary effects of socioeconomic transitions
	5.4 Interregional cooperation mechanisms for synergetic control of multiple environmental impacts

	6 Conclusions
	Acknowledgements
	Open Access
	References

