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Abstract Ashuman consumption expands, four environmental footprints (EFs) exceed the planetary
boundaries (PBs) at the global scale. Managing absolute environmental sustainability (AES) based on PBs and
EFs at the subnational level is crucial for policy insights. However, a consumption-based AES management
framework still needs to be developed. A framework, including five nexus environmental pressures embodied in
the supply chain, was developed and tested in our study across China's 30 provinces to address this knowledge
gap. The framework involved three steps: (a) assessing AES for five environmental pressures, (b) measuring
environmental surplus and overshoot and composition of EFs, and (c) identifying priority areas for AES
management. The results showed that only some provinces are sustainable for three impact-oriented indicators,
especially those with larger populations. Moreover, the embodied environmental pressure mainly flows from
the Northwest to Southeast China. For two resource-oriented indicators, over 74% of provinces are absolutely
sustainable. From a nexus perspective, Shandong and Shanghai are identified as priorities for AES management
due to their low IESI values of 0.32, 0.33, and 0.40, respectively, which means the worst performance. To
improve their IESI, Shanghai needs to control the consumption of blue water-intensive products, while
Shandong and Henan should consume fewer CO, emissions and N- and P-loss-intensive products. This
framework can clarify subnational responsibilities of environmental overshoots, guide sustainable
development, and be widely used at the subnational level in countries worldwide.

Plain Language Summary Earth's ecosystem has a limited ability to provide natural resources and
accept pollutants. Absolute environmental sustainability (AES) assumes that irreversible impacts will occur
once human needs surpass this capacity, emphasizing the need for policymaking based on the current situation.
As a crucial policy-related entity, subnational regions urge AES management. Here, we focus not only on
assessing AES of five environmental pressures (including carbon dioxide (CO,) emission, freshwater use,
Nitrogen (N) loss, Phosphorus (P) loss, and land use) embodied in supply chains but also on identifying the
priorities of AES management among 30 Chinese provinces. We found that the CO,, N, and P driven by final
demands have transgressed the absolute limits in all provinces, especially with larger populations. They mainly
consume products from Northwest China. More than 74% of the provinces are within the freshwater and land
use boundaries. Shanghai, Shandong, and Henan are identified as priorities of AESA management because of
their lousy performance from a nexus perspective. They should be responsible for consumption. Applying this
framework globally at the subnational scale is crucial for consumption-based AES management and global
environmental preservation.

1. Introduction

The Earth has a finite biophysical carrying capacity for natural resource provision and pollutant absorption
(Arrow et al., 1995; Daily & Ehrlich, 1994). Keeping global human appropriation of natural capital (Hoek-
stra, 2009) below the carrying capacity (Goodland & Daly, 1996) and revisiting limits for environmental sus-
tainability assessment (ESA) attract attention from the academic community (Chen et al., 2021; Price, 1999).
Absolute environmental sustainability assessment (AESA) utilizes the absolute environmental limits as the
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carrying capacity (Bjgrn et al., 2016; Ryberg et al., 2020) and is connected with UN Sustainable Development
Goals (SDGs) (United Nations, 2015) to inform decision makers.

Planetary boundaries (PBs) (Rockstrom et al., 2009) define a safe operating space for humanity by setting ab-
solute limits for nine critical Earth system processes, beyond which the ecosystem would face irreversible
environmental problems (Steffen et al., 2015). It is allocated to the analyzed activity (Oosterhoff et al., 2023) and
compared with the current level of environmental pressure embodied in comprehensive supply chains (Yang
et al., 2022), namely consumption-based environmental footprints (CEFs), in AESA. Recent studies have shown
that the global CEFs are expanding rapidly (Hoekstra & Wiedmann, 2014), with four transgressing the PBs (Li
et al., 2021).

The PBs and CEFs framework (Fang et al., 2015a, 2015b) has been widely used at global and national scales
(Fanning et al., 2022; Hickel et al., 2022; Li et al., 2019; O’Neill et al., 2018; Zhang & Zhu, 2022). It can quantify
the absolute environmental sustainability (AES) and allocate the responsibility for consumption-based ecological
breakdown (Rockstrom et al., 2021; Wiedmann & Lenzen, 2018). Previous studies quantified the countries'
responsibility for climate (Hickel, 2020) and ecological (Hickel et al., 2022) breakdown by calculating the na-
tional contribution of global cumulative carbon dioxide emission and material use overshoot. They conclude that
high-income countries are the main contributors to ecological breakdown. To further measure the performance of
high-income countries, some studies focus on a single developed country, such as Sweden (Nykvist, 2013),
Denmark (Bjgrn et al., 2018), Switzerland (Dao et al., 2018), and New Zealand (Chandrakumar et al., 2020), and
found that a large portion of their allocated PBs has been exceeded by their CEFs, with external footprints often
larger than internal footprints, indicating the need for these countries to take more responsibility for external
environmental problems. For example, Dao et al. (2018) downscaled six national boundaries for Switzerland
based on population. They found that four (climate change, ocean acidification, biodiversity loss, and nitrogen
loss) have already been exceeded as Switzerland relies on the rest of the world (RoW) for its consumption. It also
shows that though some footprints remain within their planetary boundaries at the global scale, they have already
exceeded or approached downscaled boundaries in Switzerland. It means that downscaled analysis is vital for a
country to achieve AES.

Subnational regions have a significant role in cross-scale decision-making and environmental management
(Wilting et al., 2021; Xu et al., 2022). Evaluating their AES is the key to identifying hotspot regions of a country
(Xu et al., 2020). Li et al. (2020) developed two consumption-based PB indicators to assess the exceedance and
surplus of water. They discovered that all analyzed Chinese provinces and cities exceed the downscaled fresh-
water PB, which is different from the situation at the global scale. Specifically, two aspects are needed to consider.
First, we should assess if each environmental footprint has exceeded its boundary at the subnational scale.
Second, we need to analyze multiple footprints comprehensively, as a single footprint cannot reflect the
complexity of the entire environmental issues within the supply chain (Fang et al., 2014). Fanning and
O’Neill (2016) developed a biophysical framework that translates planetary boundaries (carbon emission, ni-
trogen, phosphorus, fresh water, and biocapacity) into national and subnational levels of Spain and Canada and
links them to consumption to prioritize which environmental pressures need to decline based on the extent of
overshoots. Hu et al. (2020) examined the sustainability of the Chinese food system by conducting AESE for four
pressures. They used scenario analysis considering the adjustment of the food system to observe the change of
these pressures and identify management strategies for the food system. Considering seven environmental
pressures, Hachaichi and Baouni (2020) developed a PBs-EFs framework for 62 large cities in the Middle East
and North Africa (MENA) region to link the growing economies to global environmental sustainability issues.
These studies have contributed to the practice and application of managing absolute environmental sustainability
(AES) by considering the AES of multiple environmental pressures. However, they lack an overall picture of AES
management that includes AES assessment and measurement of overshoot and surplus for responsibility clari-
fication and the use of integrated indicators (Wu et al., 2021) to rank subnational regions based on their
comprehensive performance of the environment.

To address this knowledge gap, we construct a consumption-based AES (CAES) management framework based
on the PBs and CEFs at the subnational scale. We have incorporated the metacoupling analysis (Liu, 2023;
Wiedmann & Allen, 2021) and the nexus thinking (Meng et al., 2023; Wang et al., 2022) in our framework, which
provides a flow-based perspective. It helps measure the intracoupled (local), pericoupled (transferring through
imports from other subnational regions), and telecoupled (transferring through imports from other countries)
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Figure 1. Subnational consumption-based absolute environmental sustainability management framework.

environmental pressure. It has been conducted to analyze metacoupling environmental pressures of subnational
regions in terms of individual environmental elements (Li et al., 2023; Xu, et al., 2019b) and multiple envi-
ronmental elements (Xu et al., 2022; Xu, et al., 2019a), which can be well-connected with our CAES management
framework. Then, 30 provinces of China were chosen to evaluate the CAES of each environmental control
variable, measure the overshoots and surpluses, and identify priorities for AES management among subnational
regions. The paper is organized as follows: (a) an introduction of calculating methods and data sources, (b) the
application of a subnational consumption-based absolute environmental sustainability framework in China's 30
provinces, and (c) discussions based on results.

2. Methods
2.1. Subnational Consumption-Based Absolute Environmental Sustainability Management Framework

We constructed a subnational consumption-based absolute environmental sustainability management framework
based on PBs and EFs (as shown in Figure 1) to determine whether human consumption is absolutely environ-
mentally sustainable, to clarify the responsibility for environmental overshoot, and to identify the priorities in
environmental sustainability management.

In the first step, we calculated the EFs, downscaled the boundaries, and divided downscaled PBs by EFs to get the
indicator Absolute Environmental Sustainability Ratio (AESR) of each environmental pressure.
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In the second step, we constructed a metric environmental distance (ED) by subtracting downscaled PBs from EFs
to calculate the environmental surplus and overshoot of each province and quantify the responsibility of overshoot
through the contribution of each province to national environmental overshoots. Moreover, we used the meta-
coupling analysis to help explain the composition of overshoots by considering the intracoupled pressure, per-
icoupled pressure, telecoupled pressure.

In the third step, we standardized the ED using an extreme values method and combined them with equal weights
to obtain the integrated environmental sustainability index (IESI), which was ranked to identify the priority of
environmental sustainability management from a nexus perspective.

Specifically, five parts are considered in this section. (a) The environmental pressures along the supply chain are
calculated in the input-output model. (b) Four planetary boundaries, including five control variables (CO,, N, P,
BW, and HANPP), are chosen and then downscaled to the subnational scale representing the absolute limits of
subnational regions. (c) To determine whether studied regions are absolutely sustainable, a consumption-based
absolute environmental sustainability assessment is conducted using the AESR which is evaluated by the ratio
of EFs to absolute limits. (d) environmental overshoots and surpluses are measured based on the difference
between EFs and downscaled PBs and responsibility for overshoot is quantified by the ratio of subnational
overshoot to national overshoot. (e) Priorities of absolute environmental sustainability management are identified
using the integrated environmental sustainability index (IESI) which is constructed based on environmental
overshoot and surplus.

2.2. Consumption-Based Environmental Footprint Accounting

We choose four kinds of environmental pressure, including three impact-oriented indicators (GHG emission,
Nitrogen (N) loss, and Phosphorus (P) loss) to characterize environmental impacts and two resource-oriented
indicators (bluewater footprints and land use) to characterize resource consumption level.

2.2.1. Environmental Inventory
2.2.1.1. Impact-Oriented Indicator

For GHG emissions, this study considers three key greenhouse gases (CO,, CH,, and N,O) to obtain an inventory
of greenhouse gases related to climate change based on the Kyoto Protocol. China's official statistics do not
publish GHG emissions data every year, so estimates need to be based on energy consumption and emission
coefficients. This is further subdivided into an energy module and a non-energy module. Energy balance sheets
were used and uniformly mixed or divided into 35 sectors for this study's estimation of GHG emissions using the
IPCC methodology.

For N and P loss, the inventories were compiled using the material flow analysis (MFA). We mainly consider the
reactive nitrogen and phosphorus emissions to the atmosphere and water bodies from the food production system
through cascading flows model and input-output balances of subsystems. Specifically, the nitrogen and phos-
phorus emission (F) for food type fin region r was calculated by multiplying activity data (D) by emission factors
(R) in all the production processes (p).

b, = ZDf»r,p X Ry p )]
P

2.2.1.2. Resource-Oriented Indicator

For the calculation of the bluewater (BW) footprint, which reflects the freshwater use, five primary categories are
considered (agriculture, industry, construction, services, and residential life). Each sector is calculated by
multiplying the corresponding blue water footprint coefficient by the level of activity (e.g., crop and livestock
production), which is used in our previous studies (Hu et al., 2020; Meng et al., 2022).

As for land use, we use human appropriation net primary productivity (HANPP) inventory to express. HANPP is
the difference between the net primary productivity that a natural ecosystem may create in the absence of human
disturbance (NPP,,,) and the net primary productivity that is still there in the ecosystem after human harvesting
and usage (Liu et al., 2020). The equation looks like this,
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HANPP = NPP,, — NPP,, — NPP,,,, 2)

where NPP
interference, NPP

oot denotes the natural ecosystem's potential net primary productivity created in the absence of human

.o denotes the natural ecosystem's actual net primary productivity, and NPP,, ., denotes the net
primary productivity harvested. The estimates in this research only account for above-ground biomass due to the

existing ambiguity in calculating below-ground biomass. The total is expressed as kg C/yr.

2.2.2. Environmental Footprints Accounting

Consumption-based environmental footprints are calculated using the environmental extended-multiscale input-
output (EE-MSIO) model. This model was built based on the fundamental linear multiregional input-output
(MRIO) model X = (I — A)~'Y.

It is extended by incorporating the environmental satellite account (E) to calculate EFs and identifies the envi-
ronmental pollutant emissions or resource uses of each sector, expressed as follows:

EE; =e¢(I-A)"'Y (3)

where EF,; is the environmental impact embodied in goods and services used for the final demand for the
environmental issue 7 in region j, and e is the sectoral environmental intensity per unit output.

Based on the equations of the fundamental EE-MRIO model, the EE-MSIO model utilized in this research was
constructed by linking the Chinese MRIO to the World Input-Output Database (WIOD) table in the global
economic system; this model was widely used in our previous study (Hu et al., 2020; Meng et al., 2018a, 2018b,
2022). The Chinese input-output table in the WIOD is subdivided into 30 subnational levels since China is one of
the 41 regions in the WIOD. Excluding Tibet, Hong Kong, and Macau, the model considers 30 provinces
(including four municipalities).

Based on the availability of data, we used the MRIOT of China for 2010 to test the framework. Based on pro-
vincial exports and imports in the Chinese MRIOT, the WIOD's international import and export matrices for
China were similarly divided and assigned to the 30 provinces. Each province's international exports were
allocated to foreign importing sectors in the same proportion as China's overall exports.

2.3. Downscaling the Biophysical Boundaries
2.3.1. Selection of Planetary Boundaries

Considering the relationship between planetary boundaries, four planetary boundaries (climate change, land
system change, freshwater use, and biogeochemical flows) are downscaled to 30 provinces (including four
Municipalities and excluding Tibet, Hongkong, and Macao) based on population, per land area, and Gross
Domestic Product (GDP).

2.3.1.1. Climate Change

Due to the difficulty in translating the planetary boundary for atmospheric CO, concentration into a meaningful
per capita boundary, we base our calculations on the goal of limiting global warming to 2°C (Rockstrom
et al., 2009), as emphasized in the Paris Agreement. The value of the control variable in this study is 11.21 GtCO,

—1
eyr .

2.3.1.2. Biogeochemical Flows

The planetary boundaries for biogeochemical flows contain two parts, including the nitrogen cycle and the
phosphorus cycle. We follow O’Neill's (2018) study to focus on the amount of nitrogen and phosphorus dis-
charged to water bodies and soil. The limits for P and N loss are 6.20 and 62.00 Mt respectively.
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2.3.1.3. Freshwater Use

In terms of freshwater use, we follow Hu et al. (2020). We obtained the renewable water resource of China
(28,400 million m>) from the Food and Agriculture Organization of the United Nations (FAO) and the water
resources of each province from The China Agricultural Yearbook (National Bureau of Statistics, 2011a). The
amount of renewable water resources in each province is determined by the proportion of each province's water
resources to the national level. The downscaled freshwater use boundaries are 40% of provincial renewable water
resources.

2.3.1.4. Land-System Change

As a measure of land-system change, we use a novel indicator, namely human appropriation of net primary
production (HANPP), which has been proposed as a control variable for the planetary boundary. HANPP
measures the amount of biomass that is killed during harvest but not used and biomass that is lost due to land-use
change. According to previous research, the limit for HANPP (O’Neill et al., 2018) is 18.2 Gt C yr™".

2.3.2. Allocation of Planetary Boundaries

To allocate planetary boundaries without considering human interest, equal per capita (EPC), equal per land area
(EPL), and equal per GDP (EPG) approaches are used, namely downscaling the three PBs (climate change, land
system change, and biogeochemical flows) based on population, land area, and Gross Domestic Product (GDP).
Since the PB for biogeochemical flows is represented by two separate indicators (N and P), four indicators are
considered in total. All four indicators are consumption-based measures that account for international trade. For
freshwater use, we used 40% of the locally renewable water resources to define the downscaled PBs. This method
takes into consideration the regional water scarcity and the potential adverse impacts of excessive water with-
drawals on the necessary environmental flow requirements.

Specifically, the three methods are based on different principles and considerations. Allocation based on popu-
lation is the most widely used and accepted method (Williges et al., 2022), as it allocates based on Egalitarian
principles and guarantees the rights of every person. The distribution based on occupied land area follows the
Acquired Rights principle (Ryberg et al., 2020), and considers the area's capacity to contain pollutants. This
method is mostly used to evaluate the sustainability of the region's nitrogen and phosphorus levels (Fanning &
O’Neill, 2016). GDP-based distribution, on the other hand, assumes that richer regions can have more permits.
This is similar to the consensus principle, which distributes permits based on relatively fair negotiations
(Rose, 2009).

2.4. Consumption-Based Absolute Environmental Sustainability Assessment

We constructed the absolute environmental sustainability ratio (AESR) for consumption-based AESA in this
section. It helps quantify the level at which anthropogenic environmental stress reaches or surpasses a critical
capacity threshold, namely, whether it is absolutely sustainable or not, and provides a baseline for policymaking
in the future, equations are as follows:

where, AESR, ; is the Absolute Environmental Sustainability Ratio for the environmental issue i in region j. EF, ;
is the footprint for the environmental issue i in region j; EF; ; is the boundary for the environmental issue i in
region j; when AESR, ;> 1, the footprint metric exceeds the corresponding boundary metric, namely not absolute
environmentally sustainable for the environmental issue i in region j; and when AESR;; < 1, the situation is
absolute environmentally sustainable and keeps the environmental impact of human activities within the specified

capacity range.

2.5. Environmental Overshoot and Surplus

Environmental overshoot and surplus based on environmental distance (ED) (Fang, Heijungs, Duan, et al., 2015)
are considered to clarify responsibility, which subtracts EF (reflecting the current state) from the environmental
boundary (EB) (reflecting the critic threshold), representing the environmental pressure under current human
activities.

MENG ET AL.

6 of 15

85U9017 SUOWIWOD 9A1TESID 3ceatdde au Aq pauseno ae Sappie VO ‘8sn J0 3| 10} Akeid18ulUO A3[IA UO (SUONIPUOD-pUe-SWLIRIALICY" AS |1 Afelq 1jpu1|UO//:SANY) SUONIPUOD pUe SWLB | 84} 89S *[202/0/y0] Uo Areiqiauljuo Ao|im ‘el puelLood Ag 8T8E0043202/620T OT/I0pw0d Ao | im Aseiq puluo sqndnBey/:sdiy Wwoiy pspeojumoq ‘s ‘v20Z ‘L/2v8eee



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2023EF003818

where, ED; ; is the environmental distance for the environmental issue i in region j. When ED; ; < 0, the footprint is
lower than the boundary, representing an environmental surplus; when ED;; > 0, the footprint is beyond the
boundary, there is an environmental overshoot; and when ED; ; = 0, the footprint equals to the boundary.

And the responsibility for environmental overshoot of each province is quantified referring to Hickel et al. (2022),

as follow:

Evironmental overshoot; ;

©)

Responsibility =
P Y ZJ.Environmental overshoot; ;

2.6. Identification of Priorities for Consumption-Based Absolute Environmental Sustainability
Management

To identify priorities of consumption-based AES management from a nexus perspective, we construct a com-
posite indicator, namely the integrated environmental sustainability index (IESI), combining the values of ED
through weighting.

First, ED is made comparable by eliminating the differences in magnitudes and units of each element using a
standardized method. Here, we use the extreme difference method to standardize the environmental distance.

Normalized environmental distance (NED) can be calculated as:
NED;; = (ED; max — ED;;)/(ED; max — ED; min) @)

where, NED, ; is the normalized environmental distance for the environmental issue i in region j; ED; .y, ED; iy
are the maximum and minimum values of the environmental distance of the environmental issue i among Chinese

provinces, respectively.

And then, IESI is calculated as:
IESL, = Y/ (NED,; * o) (8)

where, IESI; is the integrated environmental sustainability index for subnational region j, and @ is weighting
coefficient, which is equal for each environmental indicators (Miiller et al., 2021) in each province. IESI ranges
from O to 1. Specifically, four sustainable ranks are defined as follows: I (IESI: 0.75-1.00), I (IESI: 0.50-0.75),
I (IESI: 0.25-0.50), and IV (IESI: 0-0.25).

2.7. Data Sources

In this study, we consider five environmental elements, including CO,, BW, N, P, and HANPP. For 40 global
regions, these data are taken from the WIOD database.

For CO, emissions, energy balance sheets for each province in China were obtained from the China Energy
Statistics Yearbook (National Bureau of Statistics, 2011b) and the China Statistical Yearbook (National Bureau of
Statistics, 2011c). The obtained sheets were uniformly mixed or divided into 35 sectors to estimate CO, emissions
in this study using the IPCC methodology (IPCC, 2019). China's subnational regions are divided into five primary
categories based on the corresponding water consumption: agriculture, industry, construction, services, and
residential life. The China Agricultural Yearbook (National Bureau of Statistics, 2011a) provided information on
the production of different types of crops. The China Statistical Yearbook (National Bureau of Statistics, 2011c)
provided information on the production of livestock products by region, and Hoekstra et al. (2011) provided
information on the BW footprint coefficients for China by regional crop type and livestock product type. Water
consumption data for industrial subsectors are obtained by extrapolating the amount of water abstracted and
subtracting the amount of wastewater. The volume data of water consumption for China's subnational sectors
were described in our previous study (Meng et al., 2022). For nitrogen and phosphorus emissions, we refer to (Hu

MENG ET AL.

7 of 15

85U9017 SUOWIWOD 9A1TESID 3ceatdde au Aq pauseno ae Sappie VO ‘8sn J0 3| 10} Akeid18ulUO A3[IA UO (SUONIPUOD-pUe-SWLIRIALICY" AS |1 Afelq 1jpu1|UO//:SANY) SUONIPUOD pUe SWLB | 84} 89S *[202/0/y0] Uo Areiqiauljuo Ao|im ‘el puelLood Ag 8T8E0043202/620T OT/I0pw0d Ao | im Aseiq puluo sqndnBey/:sdiy Wwoiy pspeojumoq ‘s ‘v20Z ‘L/2v8eee



. Vedl
1]
NI Earth's Future 10.1029/2023EF003818
ADVANCING EARTH
AND SPACE SCIENCES
(a) National
1419
121 Sustanatls”
104
% 87
<
]
§ -
R e R s EE Ry = - AESR=1
04 = Absolutely
Global CHN-EPC CHN-EPL CHN-EPG Sustalnabie)
W Co, Blue water N uP = HANPP
(b) Subnational-EPC _— AESR
planetary 16
boundaries
HANPP . . i . 96.77%
0 Phosphorus 0.00% 12
TS Nitrogen 0.00%
g
P BN B . - B
Carbon dioxide 0.00%
] 8 § 2 2 E & § © § € ¢ 5 5§38 § £ § € 8 § 5 i=¢€
IEEELEE R R AR RN PR R RS RERS P B LR
S @ 5 3 3 1
= Area 0
(c) Subnational-EPL
within AESR
planetary 482
HANPP . . l 22.58%
N Phosphorus . 3.22% 03
E Nitrogen 6.45%
£
£ e | HE B AR
Carbon dioxide .
3.22%
PPiPLiisiiPiiiPbLiiiiiiiiREiiE:
g S ESF:2o588PpocssbPSs55858s58¢e8k53c¢E
S EELET PR D R RN RN RS AR FE L RED
o &l 5 3 3
= Area 1
(d) Subnational-EPG pl‘i’l"rg‘gw AESR
boundaries 18
HANPP . 48.39%
Phosphorus 0.00% 14
N NN E B
g Nitrogen 5%
°
Carbon dioxide 0.00%
T g S
f§ssfciifEifEicsfpasE2EsEEegesgs °
FRifREfiiosEilat: zigrispriicac
5 @ B 2 s 1
= Area o
Figure 2. Consumption-based Absolute Environmental Sustainability of China (CHN) at national and subnational scales
(a) national result (b) subnational result based on EPC method, (c) subnational result based on EPL method, (d) subnational
result based on EPG method. Note: The black dotted line in (a) represents the threshold (AESR = 1) beyond which a state of
not absolute sustainability is indicated.
et al., 2020). As land use footprint, the data representing the NPP of the actual vegetation (NPP,.) were taken
from the Moderate-resolution Imaging Spectroradiometer (MODIS) product MOD17 (Dietzenbacher
et al., 2013), and the potential NPP (NPPpot) data were derived using a modified Carnegie-Ames-Stanford
Approach (CASA) model. The detailed calculation steps can be found in our previous studies (Liu et al., 2020).
3. Results
3.1. Subnational Absolute Environmental Sustainability in China
The global and Chinese AESR values of five indicators are shown in Figure 2. Overall, China and the world both
transgressed three (CO, emissions, N, and P) of the five PBs, meaning not absolutely sustainable, which has been
confirmed in the study of Han et al. (2023). The global AESR values of three impact-oriented indicators (CO,
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emissions, N, and P) reach 3.3, 1.4, and 2.6, respectively. Two resource-
L — oriented indicators (BW and HANPP) are absolutely sustainable with
Sy |"”||||||||”|m””"||"| AESRs of 0.1 and 0.4, indicated by Dao et al. (2018) and Lade et al. (2020).
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. As for China, the AESR values under the EPC method are smaller than the
ol “"_;:I" other two methods for China, and the HANPP is absolutely sustainable only
T under this allocation method.

Most provinces perform well under the EPC method at the subnational scale.
The EPL method is favorable for provinces with large land areas in West
China, such as Qinghai, Xinjiang, and Yunnan. Under the EPG method, high-
income province performs better than low-income provinces, which may lead

o nacoupied N kss  Percouped N oss o Tesoouped N oss

to inequality.

As the EPC method is widely used for responsibility allocation from a con-

T sumption perspective, we analyze the results using this method in the
|I||||||||||||||||||"|m|"| following parts. The AESR values of impact-oriented indicators are higher

than 1 in all provinces under this method. Regarding carbon emissions, the
AESRs of the 31 regions range from 2.3 to 10.7. The picture is better for the

resource-oriented indicators. For BW, 23 provinces are absolutely sustain-

able. The HANPP performs best, with the AESRs ranging from 0.2 to 4.8, and

only one region (Qing Hai) is not absolutely sustainable. Overall, 30 regions
transgress at least two biophysical boundaries, and most regions transgress
three.

(e) HANPP

3.2. Flow-Based Environmental Management of Subnational Regions

Globally, China contains 19.76% of the global population but accounts for
25.26%, 41.11%, and 39.67% of global overshoot of CO, emissions, N, and P
loss, respectively. Subnational efforts are needed to address such issues.
Figure 3 shows the environmental distance between major countries (on the

left side) and subnational regions in China. Figure S1 in Supporting Infor-

mation S1 shows the environmental overshoot and surplus of six major

Figure 3. Flow-based environmental responsibility of subnational regions economies (occupying 73.6% of the GDP and 52.5% of the global population)

(a) metacoupled CO, emission and its overshoot and surplus at the global

under three allocation methods.

and subnational scale (b) metacoupled N loss and its overshoot and surplus at
the global and subnational scale (c) metacoupled P loss and its overshoot and In Figures 3a-3c, all countries and subnational regions analyzed in this study

surplus at the global and subnational scale (d) metacoupled BW and its

overshoot and surplus at the global and subnational scale (¢) metacoupled
HANPP and its overshoot and surplus at the global and subnational scale.
Note: The area in red represents environmental overshoot and the area in

blue represents environmental surplus.

have an overshoot of three impact-oriented indicators. For CO, emission,
relatively developed regions with large populations, such as Beijing-Tianjin-
Hebei (BTH), Guangdong, Shandong, and Yangtze River Delta (YRD), have
the most considerable overshoot. The BTH region, a major urban agglom-
eration in China, absorbs around 7.70% of its population and contributes
11.56% of its carbon emission overshoot (about 0.75 Gt). It has the responsibility to change its large consumption
of carbon-intensive products. As shown in the left and middle of Figure 3a, its consumption mainly drives the
intracoupled (39.21%) and pericoupled (56.17%) carbon emission, mainly from subnational regions around it,
including Inner Mongolia and Shanxi. As for YRD, it consumed carbon-intensive products mainly from itself and
BTH, especially Hebei. Overall, pericoupled CO, moves from west to east and north to south in China. As for
telecoupled CO,, China primarily imports carbon-intensive products from the US, Russia, and South Korea, and
Guangdong, Henan, Shandong, and Jiangsu mainly consume these products. For N and P (Figures 3b and 3c), the
overshoot of major food consumption regions (Li et al., 2019), including Shandong, Henan, Sichuan, and
Guangdong, is substantial. According to China's National Bureau of Statistics, Shandong Province ranks second
in the country in terms of per capita egg consumption, with a nitrogen and phosphorus overshoot of 0.76 and
0.16 Mt, respectively, responsible for about 5.08% and 4.14% of the country's overshoot. Moreover, it mainly
drives the intracoupled and pericoupled N and P loss from Northeast and Hebei, China's main granaries.
Shanghai, as the economic centre of China, overshoot N and P boundaries of 0.52 and 0.16 Mt, respectively, is
responsible for about 3.51% and 3.97% of the country's overshoot. Its consumption mainly causes the pericoupled
N (92.62%) and P loss (93.84%), especially from northern China, including Hebei, Shandong, and Henan. As for
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Figure 4. Priority of absolute environmental sustainability management and contribution of different indicators. Note: The rank of IESI is shown on the map on the left
and the contribution of each environmental pressure is shown in the chart on the right.

telecoupled N and P loss, China primarily imports N, P-intensive products from the US, Brazil, and India, and
Guangdong, Henan, Shandong, and Jiangsu mainly consume these products.

Regarding two resource-oriented indicators, environmental surplus occurs in most of China's countries and
subnational regions. For BW (Figure 3d), only Shanghai, Shandong, Jiangsu, Shanxi, Ningxia, and BTH regions
overshoot boundaries. BTH and Shanghai have the most considerable overshoot of 14.64 and 10.90 Gt, sharing
33.71% and 25.10% of the overall overshoot, respectively, as these provinces have high population and food
consumption. Moreover, they should mainly focus on their pericoupled consumption of BW-intensive products,
especially from Xinjiang and Northeast regions. Regarding the HANPP (Figure 3e), all regions have environ-
mental surpluses except Qinghai, which has 56.69 Mt C of HANPP overshoot. Since their assigned limits are
more significant, regions with a higher population have more surpluses. We also analyze the flow of HANPP-
intensive products to manage the surplus better. We find that Guangdong and Shanghai mainly cause the
HANPP consumption of adjacent provinces. As for telecoupled HANPP, China primarily imports HANPP-
intensive products from the US, Brazil, and Australia, and Guangdong, Henan, and Shandong mainly consume
these products.

3.3. Priorities of Consumption-Based AES Management

As shown in Figure 4, four ranks are defined based on the sustainability values of each province to identify areas
that are the priorities of AESA management.

In Figure 4, from the population-based perspective, none of the regions are at the IV level of sustainability. From a
nexus perspective, Shandong, Henan, Shanghai, and Jiangsu, which have the lowest values of IESI, are in the III
level of sustainability. Shandong and Henan provinces are two of the top three in China in terms of population,
with the lowest IESI values of 0.32 and 0.33, respectively. The consumption of Shandong is CO, and BW-
intensive, as the contribution of CO, and BW to IESI is nearly zero. The consumption of Henan is N and P
intensive, as the contribution of N and P to IESI is nearly zero. With China's highest GDP per capita, Shanghai has
an IESI value of 0.40. Compared with other provinces, it prefers to consume bluewater and HANPP-intensive
products. The contribution of bluewater and HANPP to IESI of Shanghai is lower among the five indicators,
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only 6.04% and 13.03%, respectively. Sichuan and Jiangxi are in the I level, with the highest IESI values of 0.79
and 0.77, respectively. They are all in South China. It is worth noting that the contribution of each indicator is
nearly the same. The remaining regions (80.64%) are at II level with an IESI range from 0.51 to 0.71. From the
analysis above, it is evident that the economically developed and populous provinces are the priority areas for
sustainable management.

4. Discussion

4.1. Using a Subnational Consumption-Based Absolute Environmental Sustainability Management
Framework to Mitigate Inequality

We propose a new environmental sustainability management framework that assesses the absolute sustainability
of individual environmental indicators at the subnational scale and integrates them for environmental sustain-
ability management priorities identification at the subnational scale. We analyze the current overshoot or surplus
level of embodied pollution and resource dimension in this study based on metacoupling analysis and test the
framework in China's 30 provinces, aiming to achieve environmentally sustainable consumption at the subna-
tional scale. This integrated framework can further guide consumption-based AES-related policy for subnational
regions worldwide. In contrast to the previous studies, we compare subnational environmental boundaries and
CEFs obtained from three top-down downscaled approaches, further clarify the responsibility of each region in
the national overshoot or surplus, and finally identify priority regions for AES management.

From an equity perspective (EPC downscaling method), consumption in significant economies contributes more
to global environmental pollution overshoot. Despite holding 19.76% of the global population, they contribute
25.26%, 41.11%, and 39.67% to the global overshoot of CO, emissions, N, and P loss. Subnational efforts are
deemed crucial to address these issues (Figure S1 in Supporting Information S1). Using China as a case study, we
find that inequality exists in the country regarding the consumption of pollution-intensive and resource-intensive
products. Developed provinces with large populations in China (e.g., Beijing-Tianjin-Hebei, Guangdong,
Shandong, and the Yangtze River Delta) have consumed more than their fair share. This overconsumption has not
only led to significant pollution emissions within these regions but also contributed to pollution problems in
China's energy and fertilizer-intensive regions. Notably, there is an embodied pollution flow moving from the
west to the east, for example, Inner Mongolia and Shanxi emit 33.8 and 28.1 billion tonnes of carbon dioxide to
satisfy Shandong's consumption (Figure 3a), as well as from the north to the south, for example, Hebei loss about
25 kt phosphorus to satisfy Shandong's consumption (Figure 3c). Addressing these problems requires strength-
ening inter-regional cooperation and exploring reallocation measures like carbon pricing through taxes or
emissions trading systems to curb excessive consumption (Cao et al., 2023). Furthermore, establishing
compensatory mechanisms between developed regions and pollution-intensive product-producing areas is
essential (Zheng et al., 2023). Subnational regions characterized by heavy industrial production should receive
subsidies from “downstream” provinces within the supply chain to address imbalances and promote sustainable
development.

Consumption of resource-intensive products is absolutely sustainable, that is, there is a surplus in major countries
of the world and most subnational regions of China. Most provinces consume more pericoupled resource use than
intracoupled resource use, especially for some provinces in the north-west, for example, Shaanxi, which is a
water-scarce province, consumes 3,446.8 Mt of BW-intensive products from other provinces, accounting for
64.47% of Shaanxi's total consumption-based BW (Figure 3d). The province of Hebei is a significant contributor,
which faces even more severe water scarcity. Failure to reasonably assign responsibility for mitigating water
stress is likely to worsen inequalities due to variations in water resources. Hence, it is crucial to compensate for the
water cost in regions facing water scarcity. This understanding allows us to recognize that trade can still benefit
such regions (Motoshita et al., 2023; Wei et al., 2023).

Integrated sustainability assessment helps policymakers identify priorities of AES management in China from a
comprehensive perspective and find critical environmental pressures through supply chains that affect the sus-
tainable level of the global environment. For example, Shanghai has an IESI value of 0.40, and the component that
contributes the least is BW, with a weight of approximately zero. This indicates that freshwater use driven by
Shanghai's consumption exceeds the corresponding boundaries and needs to be addressed as a priority. Therefore,
this study proves that the proposed framework can be used to allocate responsibilities for environmental sus-
tainability at subnational scales and to inform policymakers about comprehensive sustainable management.
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Concentrating on allocation methods, we downscaled the PBs based on the egalitarian, area-dependent, and GDP-
dependent principles. The egalitarian principle advocates that each person has an equal right to use resources and
emit pollutants; thus, the PBs are shared proportionally among the population of each entity (Rose, 2009). This is
a strictly top-down approach to allocation and has been widely used in previous studies (Dao et al., 2018; Fang,
Heijungs, Duan, et al., 2015; Fanning et al., 2022; O’Neill et al., 2018), representing a normative choice. The
GDP-dependent and area-dependent principles are downscaled according to the GDP and land area. Under the
area-dependent principle, PBs tend to be allocated to regions with relatively large land areas, causing a more
significant portion to sparsely populated areas with low consumption levels. Less is allocated to metropolitan
areas with trim and high consumption levels. Under the GDP-dependent principle, PBs tend to be assigned to
large economies. So, the results differ under three distribution methods (See Figures S1 to S4 in Supporting
Information S1), especially for HANPP.

4.2. Methodological Limitations

This study has some methodological limitations, including the selection of planetary boundaries, the granularity
of the input-output tables, and the limitations of the weighting method.

First, the soundness of the five leading biophysical indicators selected in this text is worth considering. In the case
of water resources, only BW was considered, while gray water was ignored. This was because when combining
the indicators to characterize a country's environmental impact, attention needs to be paid to the mutual exclu-
sivity of the accounts. As N and P lead to the eutrophication of water bodies, these nutrients are essential items
affecting gray water (Hu et al., 2020). In addition, other spatially heterogeneous and mutually exclusive elements,
such as biodiversity (Koslowski et al., 2020; Wilting et al., 2017), could be considered in the future. Also, we only
use three-liner allocation methods to downscale the planetary boundaries, which are considered inappropriate for
metrics with spatial heterogeneity (Tan et al., 2022).

Second, there are limits to the Input-Output (IO) table. Due to the data limitation of the IO table, we only tested
our framework in China in 2010. It can not accurately reflect the current situation in China. However, it is worth it,
as our framework can be widely used worldwide. On the other hand, the Input-Output table's granularity needs to
be improved. WIOD includes only one agricultural sector. The chain-wide effects on water, nitrogen, phosphorus,
and biomass (HANPP) consumption exhibit a significant degree of heterogeneity due to regional differences in
dietary composition. In order to determine the effects of the various sectors (Cheng et al., 2024; Meng et al., 2021;
Ogunmoroti et al., 2022) and create suitable policy suggestions (Cheng et al., 2023; Tahir et al., 2022), this calls
for the construction of more accurate input-output tables. Therefore, further consideration will also be given to
this in the future, as data allows.

Moreover, we used various environmental sustainability assessments in the PB category in this study. We
weighted the results, but the weighting approach inevitably increased the uncertainty and subjectivity of the final
estimates. Sensitivity analysis of the weights was performed by increasing and decreasing the weight by 20% of
each environmental indicator (Details can be seen in Supporting Information S1). When the change rate of IESI is
more significant than 4%, the region is sensitive to corresponding indicators. For example, Sichuan is sensitive to
the change of two resource-oriented indicators (BW and HANPP), with IESI change rates of —5.1-5.1% and
—4.2-4.2%, respectively.

4.3. Future Directions
The following three aspects summarize the future research directions of the PBs-EFs integrated framework.

First, consideration should be given to the SDGs' two additional dimensions (social and economic). Initial
research has been done at the national level, but more research at the subnational level is still needed. The concept
of the “safe and just operating space” was previously proposed by Raworth (2012) and her “donut economics”
intuition. Fanning et al. (2022) used the Safe and Just Space (SJS) framework to examine the sustainability of
more than 140 nations. They discovered that, on average, each nation achieves an additional social threshold at the
expense of going over a biophysical limit. Based on the principles of Donut Economics (Raworth, 2017),
appropriate models should be developed in the future at the subnational scale to investigate how socioeconomics
and the environment are coupled, explore the impact of the same policy on both pressures and weigh the policy
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measures that are suitable for future development and in line with the principles of the circular economy
(Kirchherr et al., 2017).

Moreover, the significance of the management framework lies not only in historical assessments but also in
offering policy guidance and technical programs. Looking ahead, formulating scenarios (Huo et al., 2023) aligned
with the time and target values of the SDGs plays a crucial role in the exploration of optimized options.
Simultaneously, classifying subnationals for management purposes and identifying model regions within the
same category can serve as a reference for other provinces within the unified region.

Second, if data are available to describe certain information, more ecological pressures, such as gray water and
biodiversity, could also be considered. Third, absolutely sustainable consumption is also needed at the urban
scale, as large urban clusters absorb large populations and have more demands for goods and services, such as the
Beijing-Tianjin-Hebei region's situation analyzed above.
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The Input-Output tables for 40 global regions (Timmer et al., 2015) used in this study can be downloaded at
(https://dataverse.nl/api/access/datafile/199123). The CO, inventory is calculated based on the method from the
IPCC report (https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html). BW footprint coefficients for China
by regional crop type and livestock product type obtained from Hoekstra et al. (2011). The volume data of water
consumption for China's subnational sectors were described in our previous study (Meng et al., 2022). For ni-
trogen and phosphorus emissions, we refer to Hu et al. (2020). As land use footprint, the data representing the NPP
of the actual vegetation (NPPact) were taken from the Moderate-resolution Imaging Spectroradiometer (MODIS)
product MOD17 (Dietzenbacher et al., 2013), and the potential NPP (NPPpot) data were derived using a modified
Carnegie-Ames-Stanford Approach (CASA) model (Ji et al., 2021). The detailed calculation steps can be found in
our previous studies (Liu et al., 2020). Subnational boundaries and absolute environmental sustainability under
three downscaled methods for this study are available in Meng et al. (2024).

References

Arrow, K., Bolin, B., Costanza, R., Dasgupta, P., Folke, C., Holling, C. S., et al. (1995). Economic growth, carrying capacity, and the environment.
Science, 268(5210), 520-521. https://doi.org/10.1126/science.268.5210.520

Bjorn, A., Kalbar, P., Nygaard, S. E., Kabins, S., Jensen, C. L., Birkved, M., et al. (2018). Pursuing necessary reductions in embedded GHG
emissions of developed nations: Will efficiency improvements and changes in consumption get us there? Global Environmental Change, 52,
314-324. https://doi.org/10.1016/j.gloenvcha.2018.08.001

Bjgrn, A., Margni, M., Roy, P.-O., Bulle, C., & Hauschild, M. Z. (2016). A proposal to measure absolute environmental sustainability in life cycle
assessment. Ecological Indicators, 63, 1-13. https://doi.org/10.1016/j.ecolind.2015.11.046

Cao,Y.,Qu,S., Zheng, H.,Meng, J., Mi, Z., Chen, W., & Wei, Y.-M. (2023). Allocating China’s CO, emissions based on economic Welfare gains
from environmental externalities. Environmental Science & Technology, 57(20), 7709-7720. https://doi.org/10.1021/acs.est.3c00044

Chandrakumar, C., Malik, A., McLaren, S. J., Owsianiak, M., Ramilan, T., Jayamaha, N. P., & Lenzen, M. (2020). Setting better-informed climate
targets for New Zealand: The influence of value and modeling choices. Environmental Science & Technology, 54(7), 4515-4527. https://doi.
org/10.1021/acs.est.9b06991

Chen, X., Li, C., Li, M., & Fang, K. (2021). Revisiting the application and methodological extensions of the planetary boundaries for sustainability
assessment. Science of the Total Environment, 788, 147886. https://doi.org/10.1016/j.scitotenv.2021.147886

Cheng, S., Wang, K., Meng, F., Liu, G., & An, J. (2024). The unanticipated role of fiscal environmental expenditure in accelerating household
carbon emissions: Evidence from China. Energy Policy, 185, 113962. https://doi.org/10.1016/j.enpol.2023.113962

Cheng, S., Yu, Y., Meng, F., Chen, J., Chen, Y., Liu, G., & Fan, W. (2023). Potential benefits of public—private partnerships to improve the
efficiency of urban wastewater treatment. Npj Clean Water, 6(1), 1. https://doi.org/10.1038/s41545-023-00232-2

Daily, G. C., & Ehrlich, P. R. (1994). Population, sustainability, and Earth’s carrying capacity. In F. B. Samson & F. L. Knopf (Eds.), Ecosystem
management (pp. 435-450). Springer. https://doi.org/10.1007/978-1-4612-4018-1_32

Dao, H., Peduzzi, P., & Friot, D. (2018). National environmental limits and footprints based on the Planetary Boundaries framework: The case of
Switzerland. Global Environmental Change, 52, 49-57. https://doi.org/10.1016/j.gloenvcha.2018.06.005

Dietzenbacher, E., Los, B., Stehrer, R., Timmer, M., & de Vries, G. (2013). The construction of world input—output tables in the WIOD project
[Dataset]. Economic Systems Research, 25(1), 71-98. https://doi.org/10.1080/09535314.2012.761180

Fang, K., Heijungs, R., & de Snoo, G. R. (2014). Theoretical exploration for the combination of the ecological, energy, carbon, and water
footprints: Overview of a footprint family. Ecological Indicators, 36, 508-518. https://doi.org/10.1016/j.ecolind.2013.08.017

Fang, K., Heijungs, R., & De Snoo, G. R. (2015b). Understanding the complementary linkages between environmental footprints and planetary
boundaries in a footprint-boundary environmental sustainability assessment framework. Ecological Economics, 114,218-226. https://doi.org/
10.1016/j.ecolecon.2015.04.008

MENG ET AL.

13 of 15

85U9017 SUOWIWOD 9A1TESID 3ceatdde au Aq pauseno ae Sappie VO ‘8sn J0 3| 10} Akeid18ulUO A3[IA UO (SUONIPUOD-pUe-SWLIRIALICY" AS |1 Afelq 1jpu1|UO//:SANY) SUONIPUOD pUe SWLB | 84} 89S *[202/0/y0] Uo Areiqiauljuo Ao|im ‘el puelLood Ag 8T8E0043202/620T OT/I0pw0d Ao | im Aseiq puluo sqndnBey/:sdiy Wwoiy pspeojumoq ‘s ‘v20Z ‘L/2v8eee


https://dataverse.nl/api/access/datafile/199123
https://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html
https://doi.org/10.1126/science.268.5210.520
https://doi.org/10.1016/j.gloenvcha.2018.08.001
https://doi.org/10.1016/j.ecolind.2015.11.046
https://doi.org/10.1021/acs.est.3c00044
https://doi.org/10.1021/acs.est.9b06991
https://doi.org/10.1021/acs.est.9b06991
https://doi.org/10.1016/j.scitotenv.2021.147886
https://doi.org/10.1016/j.enpol.2023.113962
https://doi.org/10.1038/s41545-023-00232-2
https://doi.org/10.1007/978-1-4612-4018-1_32
https://doi.org/10.1016/j.gloenvcha.2018.06.005
https://doi.org/10.1080/09535314.2012.761180
https://doi.org/10.1016/j.ecolind.2013.08.017
https://doi.org/10.1016/j.ecolecon.2015.04.008
https://doi.org/10.1016/j.ecolecon.2015.04.008

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2023EF003818

Fang, K., Heijungs, R., Duan, Z., & De Snoo, G. (2015a). The environmental sustainability of nations: Benchmarking the carbon, water and land
footprints against allocated planetary boundaries. Sustainability, 7(8), 11285-11305. https://doi.org/10.3390/su70811285

Fanning, A. L., & O’Neill, D. W. (2016). Tracking resource use relative to planetary boundaries in a steady-state framework: A case study of
Canada and Spain. Ecological Indicators, 69, 836-849. https://doi.org/10.1016/j.ecolind.2016.04.034

Fanning, A. L., O’Neill, D. W, Hickel, J., & Roux, N. (2022). The social shortfall and ecological overshoot of nations. Nature Sustainability, 5(1),
26-36. https://doi.org/10.1038/s41893-021-00799-z

Goodland, R., & Daly, H. (1996). Environmental sustainability: Universal and non-negotiable. Ecological Applications, 6(4), 1002-1017. https://
doi.org/10.2307/2269583

Hachaichi, M., & Baouni, T. (2020). Downscaling the planetary boundaries (Pbs) framework to city scale-level: De-risking MENA region’s
environment future. Environmental and Sustainability Indicators, 5, 100023. https://doi.org/10.1016/j.indic.2020.100023

Han, D., Yu, D., & Qiu, J. (2023). Assessing coupling interactions in a safe and just operating space for regional sustainability. Nature Com-
munications, 14(1), 1369. https://doi.org/10.1038/s41467-023-37073-z

Hickel, J. (2020). Quantifying national responsibility for climate breakdown: An equality-based attribution approach for carbon dioxide emissions
in excess of the planetary boundary. The Lancet Planetary Health, 4(9), €399—e404. https://doi.org/10.1016/S2542-5196(20)30196-0

Hickel, J., O’Neill, D. W., Fanning, A. L., & Zoomkawala, H. (2022). National responsibility for ecological breakdown: A fair-shares assessment
of resource use, 1970-2017. The Lancet Planetary Health, 6(4), €342—349. https://doi.org/10.1016/S2542-5196(22)00044-4

Hoekstra, A. Y. (2009). Human appropriation of natural capital: A comparison of ecological footprint and water footprint analysis. Ecological
Economics, 68(7), 1963-1974. https://doi.org/10.1016/j.ecolecon.2008.06.021

Hoekstra, A. Y., Chapagain, A. K., Aldaya, M. M., & Mekonnen, M. M. (2011). The water footprint assessment manual: Setting the global
standard earthscan [Dataset]. FAO London (UK). http://www.fao.org/sustainable-food-value-chains/library/details/en/c/266049/

Hoekstra, A. Y., & Wiedmann, T. O. (2014). Humanity’s unsustainable environmental footprint. Science, 344(6188), 1114—1117. https://doi.org/
10.1126/science. 1248365

Hu, Y., Su, M., Wang, Y., Cui, S., Meng, F., Yue, W., et al. (2020). Food production in China requires intensified measures to be consistent with
national and provincial environmental boundaries. Nature Food, 1(9), 572-582. https://doi.org/10.1038/543016-020-00143-2

Huo, J., Meng, J., Zheng, H., Parikh, P., & Guan, D. (2023). Achieving decent living standards in emerging economies challenges national
mitigation goals for CO, emissions. Nature Communications, 14(1), 1. https://doi.org/10.1038/s41467-023-42079-8

Intergovernmental Panel on Climate Change (IPCC). (2019). Refinement to the 2006 IPCC guidelines for national greenhouse gas inventories
[Dataset]. WIOD. Retrieved from http://www.wiod.org/

Ji, F., Meng, J., Cheng, Z., Fang, H., & Wang, Y. (2021). Crop yield estimation at field scales by assimilating time series of Sentinel-2 data into a
modified CASA-WOFOST coupled model. IEEE Transactions on Geoscience and Remote Sensing, 60, 1-14. https://doi.org/10.1109/TGRS.
2020.3047102

Kirchher, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the circular economy: An analysis of 114 definitions. Resources, Conservation
and Recycling, 127, 221-232. https://doi.org/10.1017/sus.2019.23

Koslowski, M., Moran, D. D., Tisserant, A., Verones, F., & Wood, R. (2020). Quantifying Europe's biodiversity footprints and the role of ur-
banization and income. Global Sustainability, 3, el. https://doi.org/10.1017/sus.2019.23

Lade, S.J., Steffen, W., de Vries, W., Carpenter, S. R., Donges, J. F., Gerten, D., et al. (2020). Human impacts on planetary boundaries amplified
by Earth system interactions. Nature Sustainability, 3(2), 119-128. https://doi.org/10.1038/s41893-019-0454-4

Li, J., Huang, K., Yu, Y., Qu, S., & Xu, M. (2023). Telecoupling China’s city-level water withdrawal with distant consumption. Environmental
Science & Technology, 57(10), 4332—4341. https://doi.org/10.1021/acs.est.3c00757

Li, M., Wiedmann, T., Fang, K., & Hadjikakou, M. (2021). The role of planetary boundaries in assessing absolute environmental sustainability
across scales. Environment International, 152, 106475. https://doi.org/10.1016/j.envint.2021.106475

Li, M., Wiedmann, T., & Hadjikakou, M. (2019). Towards meaningful consumption-based planetary boundary indicators: The phosphorus ex-
ceedance footprint. Global Environmental Change, 54, 227-238. https://doi.org/10.1016/j.gloenvcha.2018.12.005

Li, M., Wiedmann, T., Liu, J., Wang, Y., Hu, Y., Zhang, Z., & Hadjikakou, M. (2020). Exploring consumption-based planetary boundary in-
dicators: An absolute water footprinting assessment of Chinese provinces and cities. Water Research, 184, 116163. https://doi.org/10.1016/j.
watres.2020.116163

Liu, G., Wang, X., Baiocchi, G., Casazza, M., Meng, F., Cai, Y., et al. (2020). On the accuracy of official Chinese crop production data: Evidence
from biophysical indexes of net primary production. Proceedings of the National Academy of Sciences, /17(41), 25434-25444. https://doi.org/
10.1073/pnas.1919850117

Liu, J. (2023). Leveraging the metacoupling framework for sustainability science and global sustainable development. National Science Review,
10(7), nwad090. https://doi.org/10.1093/nsr/nwad090

Meng, F., Chen, S., Cheng, S., Chen, B., Li, Z., Wang, F., & Liu, G. (2021). Analysis of subnational CO, mitigation policy pressure in the
residential sector in China. Journal of Cleaner Production, 293, 126203. https://doi.org/10.1016/j.jclepro.2021.126203

Meng, F., Liao, D., Wang, D., Liu, G., Liang, S., Cristiano, S., et al. (2024). Subnational boundaries and absolute environmental sustainability
under three downscaled methods [Dataset]. Zenodo. https://zenodo.org/doi/10.5281/zenodo.10531626

Meng, F., Liu, G., Hu, Y., Su, M., & Yang, Z. (2018a). From production to consumption: A multi-city comparative study of cross-regional carbon
emissions. Energy Procedia, 152, 744-749. https://doi.org/10.1016/j.egypro.2018.09.239

Meng, F., Liu, G., Hu, Y., Su, M., & Yang, Z. (2018b). Urban carbon flow and structure analysis in a multi-scales economy. Energy Policy, 121,
553-564. https://doi.org/10.1016/j.enpol.2018.06.044

Meng, F., Wang, D., Liu, G., Giannetti, B. F., Agostinho, F., Almeida, C. M. V. B., & Yang, Z. (2023). How robust are current narratives to deal
with the urban energy-water-land nexus? Journal of Environmental Management, 345, 118849. https://doi.org/10.1016/j.jenvman.2023.
118849

Meng, F., Wang, D., Meng, X., Li, H., Liu, G., Yuan, Q., et al. (2022). Mapping urban energy—water—land nexus within a multiscale economy: A
case study of four megacities in China. Energy, 239, 122038. https://doi.org/10.1016/j.energy.2021.122038

Motoshita, M., Pfister, S., Sasaki, T., Nansai, K., Hashimoto, S., Yokoi, R., et al. (2023). Responsibility for sustainable water consumption in the
global supply chains. Resources, Conservation and Recycling, 196, 107055. https://doi.org/10.1016/j.resconrec.2023.107055

Miiller, M., Wolfe, S. D., Gaffney, C., Gogishvili, D., Hug, M., & Leick, A. (2021). An evaluation of the sustainability of the Olympic Games.
Nature Sustainability, 4(4), 340-348. https://doi.org/10.1038/s41893-021-00696-5

National Bureau of Statistics. (2011a). China agricultural statistical Yearbook 2011 [Dataset]. China Statistics Press. Retrieved from https://cnki.
nbsti.net/CSYDMirror/trade/Y earbook/Single/N20120700107z=7009

National Bureau of Statistics. (2011b). China energy statistical yearbook 2011 [Dataset]. China Statistics Press. Retrieved from https://www.
zgtjnj.org/navibooklist-N2012020066-1.html

MENG ET AL.

14 of 15

85U9017 SUOWIWOD 9A1TESID 3ceatdde au Aq pauseno ae Sappie VO ‘8sn J0 3| 10} Akeid18ulUO A3[IA UO (SUONIPUOD-pUe-SWLIRIALICY" AS |1 Afelq 1jpu1|UO//:SANY) SUONIPUOD pUe SWLB | 84} 89S *[202/0/y0] Uo Areiqiauljuo Ao|im ‘el puelLood Ag 8T8E0043202/620T OT/I0pw0d Ao | im Aseiq puluo sqndnBey/:sdiy Wwoiy pspeojumoq ‘s ‘v20Z ‘L/2v8eee


https://doi.org/10.3390/su70811285
https://doi.org/10.1016/j.ecolind.2016.04.034
https://doi.org/10.1038/s41893-021-00799-z
https://doi.org/10.2307/2269583
https://doi.org/10.2307/2269583
https://doi.org/10.1016/j.indic.2020.100023
https://doi.org/10.1038/s41467-023-37073-z
https://doi.org/10.1016/S2542-5196(20)30196-0
https://doi.org/10.1016/S2542-5196(22)00044-4
https://doi.org/10.1016/j.ecolecon.2008.06.021
http://www.fao.org/sustainable-food-value-chains/library/details/en/c/266049/
https://doi.org/10.1126/science.1248365
https://doi.org/10.1126/science.1248365
https://doi.org/10.1038/s43016-020-00143-2
https://doi.org/10.1038/s41467-023-42079-8
http://www.wiod.org/
https://doi.org/10.1109/TGRS.2020.3047102
https://doi.org/10.1109/TGRS.2020.3047102
https://doi.org/10.1017/sus.2019.23
https://doi.org/10.1017/sus.2019.23
https://doi.org/10.1038/s41893-019-0454-4
https://doi.org/10.1021/acs.est.3c00757
https://doi.org/10.1016/j.envint.2021.106475
https://doi.org/10.1016/j.gloenvcha.2018.12.005
https://doi.org/10.1016/j.watres.2020.116163
https://doi.org/10.1016/j.watres.2020.116163
https://doi.org/10.1073/pnas.1919850117
https://doi.org/10.1073/pnas.1919850117
https://doi.org/10.1093/nsr/nwad090
https://doi.org/10.1016/j.jclepro.2021.126203
https://zenodo.org/doi/10.5281/zenodo.10531626
https://doi.org/10.1016/j.egypro.2018.09.239
https://doi.org/10.1016/j.enpol.2018.06.044
https://doi.org/10.1016/j.jenvman.2023.118849
https://doi.org/10.1016/j.jenvman.2023.118849
https://doi.org/10.1016/j.energy.2021.122038
https://doi.org/10.1016/j.resconrec.2023.107055
https://doi.org/10.1038/s41893-021-00696-5
https://cnki.nbsti.net/CSYDMirror/trade/Yearbook/Single/N2012070010?z=Z009
https://cnki.nbsti.net/CSYDMirror/trade/Yearbook/Single/N2012070010?z=Z009
https://www.zgtjnj.org/navibooklist-N2012020066-1.html
https://www.zgtjnj.org/navibooklist-N2012020066-1.html

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2023EF003818

National Bureau of Statistics. (2011c). China statistical yearbook 2011 [Dataset]. China Statistics Press. Retrieved from https://www.zgtjnj.org/
navibooklist-N2011090108-1.html

Nykvist, B. (2013). National environmental performance on planetary boundaries.

Ogunmoroti, A., Liu, M., Li, M., & Liu, W. (2022). Unraveling the environmental impact of current and future food waste and its management in
Chinese provinces. Resources, Environment and Sustainability, 9, 100064. https://doi.org/10.1016/j.resenv.2022.100064

O’Neill, D. W., Fanning, A. L., Lamb, W. F., & Steinberger, J. K. (2018). A good life for all within planetary boundaries. Nature Sustainability,
1(2), 88-95. https://doi.org/10.1038/s41893-018-0021-4

Oosterhoff, H. C., Golsteijn, L., Laurent, A., & Ryberg, M. W. (2023). A new consistent framework for assignment of safe operating space to B2C
and B2B industries for use in absolute environmental sustainability assessments. Journal of Cleaner Production, 399, 136574. https://doi.org/
10.1016/j.jclepro.2023.136574

Price, D. (1999). Carrying capacity reconsidered. Population and Environment, 21(1), 5-26. https://doi.org/10.1023/A:1022196825557

Raworth, K. (2012). A safe and just space for humanity: Can we live within the doughnut? Oxfam international. Retrieved from https://www.
oxfam.org/en/research/safe-and-just-space-humanity

Raworth, K. (2017). Doughnut economics: Seven ways to think like a 21st century economist. Chelsea Green Publishing. Retrieved from https://
www.resilience.org/stories/2017-04-06/doughnut-economics/

Rockstrom, J., Gupta, J., Lenton, T. M., Qin, D., Lade, S. J., Abrams, J. F., et al. (2021). Identifying a safe and just corridor for people and the
planet. Earth's Future, 9(4), e2020EF001866. https://doi.org/10.1029/2020EF001866

Rockstrom, J., Steffen, W., Noone, K., Persson, A Chapin, F. S., Lambin, E. F., et al. (2009). A safe operating space for humanity. Nature,
461(7263), 472—475. https://doi.org/10.1038/461472a

Rose, A. (2009). The economics of climate change policy: International, national and regional mitigation strategies. Edward Elgar Publishing.
https://doi.org/10.4337/9781035305674

Ryberg, M. W., Andersen, M. M., Owsianiak, M., & Hauschild, M. Z. (2020). Downscaling the planetary boundaries in absolute environmental
sustainability assessments — A review. Journal of Cleaner Production, 276, 123287. https://doi.org/10.1016/j.jclepro.2020.123287

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S. E., Fetzer, 1., Bennett, E. M., et al. (2015). Planetary boundaries: Guiding human
development on a changing planet. Science, 347(6223), 1259855. https://doi.org/10.1126/science.1259855

Tahir, M., Burki, U., & Azid, T. (2022). Terrorism and environmental sustainability: Empirical evidence from the MENA region. Resources,
Environment and Sustainability, 8, 100056. https://doi.org/10.1016/j.resenv.2022.100056

Tan, N., Wang, X., Wang, H., Gao, Z., Chang, X., & Ma, T. (2022). Downscaling of planetary boundaries and sustainability management: A nexus
analysis of water, land and major functions at the national-provincial level. Sustainable Horizons, 3, 100028. https://doi.org/10.1016/j.horiz.
2022.100028

Timmer, M. P., Dietzenbacher, E., Los, B., Stehrer, R., & de Vries, G.J. (2015). An illustrated user guide to the world input—output database: The
case of global automotive production [Dataset]. Review of International Economics, 23(3), 575-605. https://doi.org/10.1111/roie.12178

United Nations. (2015). Transforming our world: The 2030 Agenda for sustainable development. Retrieved from https://sdgs.un.org/publications/
transforming-our-world-2030-agenda-sustainable-development-17981

Wang, D., Meng, F., Yuan, Q., Liu, G., Li, H., Hu, Y., et al. (2022). Cross-sectoral urban energy—water—land nexus framework within a multiscale
economy: The case of Chinese megacities. Journal of Cleaner Production, 376, 134199. https://doi.org/10.1016/j.jclepro.2022.134199

Wei, Z., Huang, K., Chen, Y., Wang, D., Yu, Y., Xu, M., & Kapelan, Z. (2023). Unveiling the inequalities in virtual water transfer in China: The
environmental and economic perspectives. Sustainable Production and Consumption, 42, 63-73. https://doi.org/10.1016/j.spc.2023.09.009

Wiedmann, T., & Allen, C. (2021). City footprints and SDGs provide untapped potential for assessing city sustainability. Nature Communications,
12(1), 3758. https://doi.org/10.1038/s41467-021-23968-2

Wiedmann, T., & Lenzen, M. (2018). Environmental and social footprints of international trade. Nature Geoscience, 11(5), 314-321. https://doi.
org/10.1038/s41561-018-0113-9

Williges, K., Meyer, L. H., Steininger, K. W., & Kirchengast, G. (2022). Fairness critically conditions the carbon budget allocation across
countries. Global Environmental Change, 74, 102481. https://doi.org/10.1016/j.gloenvcha.2022.102481

Wilting, H. C., Schipper, A. M., Bakkenes, M., Meijer, J. R., & Huijbregts, M. A. J. (2017). Quantifying biodiversity losses due to human
consumption: A global-scale footprint analysis. Environmental Science & Technology, 51(6), 3298-3306. https://doi.org/10.1021/acs.est.
6b05296

Wilting, H. C., Schipper, A. M., Ivanova, O., Ivanova, D., & Huijbregts, M. A. J. (2021). Subnational greenhouse gas and land-based biodiversity
footprints in the European Union. Journal of Industrial Ecology, 25(1), 79-94. https://doi.org/10.1111/jiec.13042

Wu, L., Huang, K., Ridoutt, B. G., Yu, Y., & Chen, Y. (2021). A planetary boundary-based environmental footprint family: From impacts to
boundaries. Science of the Total Environment, 785, 147383. https://doi.org/10.1016/j.scitotenv.2021.147383

Xu, W., Xie, Y., Ji, L., Cai, Y., Yang, Z., & Xia, D. (2022). Spatial-temporal evolution and driving forces of provincial carbon footprints in China:
An integrated EE-MRIO and WA-SDA approach. Ecological Engineering, 176, 106543. https://doi.org/10.1016/j.ecoleng.2022.106543

Xu, Z., Chau, S. N., Chen, X., Zhang, J., Li, Y., Dietz, T., et al. (2020). Assessing progress towards sustainable development over space and time.
Nature, 577(7788), 7788-7878. https://doi.org/10.1038/s41586-019-1846-3

Xu, Z., Li, Y., Herzberger, A., Chen, X., Gong, M., Kapsar, K., et al. (2019a). Interactive national virtual water-energy nexus networks. Science of

the Total Environment, 673, 128-135. https://doi.org/10.1016/j.scitotenv.2019.03.298

Xu, Z., Zhang, D., McCord, P., Gong, M., & Liu, J. (2019b). Shift in a national virtual energy network. Applied Energy, 242, 561-569. https://doi.
org/10.1016/j.apenergy.2019.03.099

Yang, L., Ren, H., Wang, M., Liu, N., & Mi, Z. (2022). Assessment of eco-environment impact and driving factors of resident consumption:
Taking Jiangsu Province, China as an example. Resources, Environment and Sustainability, 8, 100057. https://doi.org/10.1016/j.resenv.2022.
100057

Zhang, S., & Zhu, D. (2022). Incorporating “relative” ecological impacts into human development evaluation: Planetary Boundaries—adjusted
HDL. Ecological Indicators, 137, 108786. https://doi.org/10.1016/j.ecolind.2022.108786

Zheng, H., Zhang, Z., Dietzenbacher, E., Zhou, Y., Tébben, J., Feng, K., et al. (2023). Leveraging opportunity of low carbon transition by super-
emitter cities in China. Science Bulletin, 68(20), 2456-2466. https://doi.org/10.1016/j.scib.2023.08.016

MENG ET AL.

15 of 15

85U9017 SUOWIWOD 9A1TESID 3ceatdde au Aq pauseno ae Sappie VO ‘8sn J0 3| 10} Akeid18ulUO A3[IA UO (SUONIPUOD-pUe-SWLIRIALICY" AS |1 Afelq 1jpu1|UO//:SANY) SUONIPUOD pUe SWLB | 84} 89S *[202/0/y0] Uo Areiqiauljuo Ao|im ‘el puelLood Ag 8T8E0043202/620T OT/I0pw0d Ao | im Aseiq puluo sqndnBey/:sdiy Wwoiy pspeojumoq ‘s ‘v20Z ‘L/2v8eee


https://www.zgtjnj.org/navibooklist-N2011090108-1.html
https://www.zgtjnj.org/navibooklist-N2011090108-1.html
https://doi.org/10.1016/j.resenv.2022.100064
https://doi.org/10.1038/s41893-018-0021-4
https://doi.org/10.1016/j.jclepro.2023.136574
https://doi.org/10.1016/j.jclepro.2023.136574
https://doi.org/10.1023/A:1022196825557
https://www.oxfam.org/en/research/safe-and-just-space-humanity
https://www.oxfam.org/en/research/safe-and-just-space-humanity
https://www.resilience.org/stories/2017-04-06/doughnut-economics/
https://www.resilience.org/stories/2017-04-06/doughnut-economics/
https://doi.org/10.1029/2020EF001866
https://doi.org/10.1038/461472a
https://doi.org/10.4337/9781035305674
https://doi.org/10.1016/j.jclepro.2020.123287
https://doi.org/10.1126/science.1259855
https://doi.org/10.1016/j.resenv.2022.100056
https://doi.org/10.1016/j.horiz.2022.100028
https://doi.org/10.1016/j.horiz.2022.100028
https://doi.org/10.1111/roie.12178
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://doi.org/10.1016/j.jclepro.2022.134199
https://doi.org/10.1016/j.spc.2023.09.009
https://doi.org/10.1038/s41467-021-23968-2
https://doi.org/10.1038/s41561-018-0113-9
https://doi.org/10.1038/s41561-018-0113-9
https://doi.org/10.1016/j.gloenvcha.2022.102481
https://doi.org/10.1021/acs.est.6b05296
https://doi.org/10.1021/acs.est.6b05296
https://doi.org/10.1111/jiec.13042
https://doi.org/10.1016/j.scitotenv.2021.147383
https://doi.org/10.1016/j.ecoleng.2022.106543
https://doi.org/10.1038/s41586-019-1846-3
https://doi.org/10.1016/j.scitotenv.2019.03.298
https://doi.org/10.1016/j.apenergy.2019.03.099
https://doi.org/10.1016/j.apenergy.2019.03.099
https://doi.org/10.1016/j.resenv.2022.100057
https://doi.org/10.1016/j.resenv.2022.100057
https://doi.org/10.1016/j.ecolind.2022.108786
https://doi.org/10.1016/j.scib.2023.08.016

	description
	A Consumption‐Based Integrated Framework for Subnational Absolute Environmental Sustainability Management
	1. Introduction
	2. Methods
	2.1. Subnational Consumption‐Based Absolute Environmental Sustainability Management Framework
	2.2. Consumption‐Based Environmental Footprint Accounting
	2.2.1. Environmental Inventory


	Impact‐Oriented Indicator
	Resource‐Oriented Indicator
	Outline placeholder
	2.2.2. Environmental Footprints Accounting

	2.3. Downscaling the Biophysical Boundaries
	2.3.1. Selection of Planetary Boundaries


	Climate Change
	Biogeochemical Flows
	Freshwater Use
	Land‐System Change
	Outline placeholder
	2.3.2. Allocation of Planetary Boundaries

	2.4. Consumption‐Based Absolute Environmental Sustainability Assessment
	2.5. Environmental Overshoot and Surplus
	2.6. Identification of Priorities for Consumption‐Based Absolute Environmental Sustainability Management
	2.7. Data Sources

	3. Results
	3.1. Subnational Absolute Environmental Sustainability in China
	3.2. Flow‐Based Environmental Management of Subnational Regions
	3.3. Priorities of Consumption‐Based AES Management

	4. Discussion
	4.1. Using a Subnational Consumption‐Based Absolute Environmental Sustainability Management Framework to Mitigate Inequality
	4.2. Methodological Limitations
	4.3. Future Directions

	Conflict of Interest
	Data Availability Statement



