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Abstract: Water, energy, and food are indispensable resources for socioeconomic development, and
are highly interwoven in urban activities. Clarifying spatial differences in resource consumption is of
great significance for coordinated management. However, there is still a lack of a unified assessment
for water—energy—food (WEF) nexus flow analysis. This study proposes a comprehensive framework
to investigate WEF utilization based on a modified multi-regional input—output (MRIO) analysis.
Taking the case of the Yangtze River Delta region, we first inventoried embodied water-energy—food
consumption from 2012 to 2017. Then, decoupling analysis and the Logarithmic Mean Divisia Index
(LMDI) method were applied to explore decoupling states and identify driving factors. The results
show that overall embodied WEF consumption experienced a downward trend from 2012 to 2017,
and different provinces varied significantly. Jiangsu had the largest consumption of water and energy,
while Anhui contributed a big chunk to food consumption. The manufacturing sector heavily relied
on WEF resources and had a great impact on the ecological environment. The decoupling performance
indicated a general trend of weak decoupling and strong decoupling in most provinces, with the
mining, electricity, and gas supply sectors contributing most to positive decoupling, and the service
sectors devoting the most to negative decoupling. As for resource type, water ecological footprint
decoupled more than energy and food ecological footprints. Technology level and industrial structure
had a major effect on the realization of decoupling, while economic output and population scale were
the main restraining factors. Finally, we provide some differentiated policy recommendations for
coordinated resource management.

Keywords: water—energy—food nexus; emergy accounting; MRIO model; Tapio model; LMDI; the
Yangtze River Delta region

1. Introduction

Water, energy, and food are essential resources for human survival and socioeconomic
development. By 2050, global demands for water, energy, and food are projected to increase
by 55%, 80%, and 60%, respectively, posing significant pressure for sustainable resources
supply and consumption security [1]. To address this challenge, the 2011 Bonn conference
proposed a water—energy—food (WEF) nexus concept to investigate the complex interactions
and trade-offs among different resource systems [2]. After that, the United Nations adopted
17 sustainable development goals (SDGs) in 2012, of which SDG2 (zero hunger), 6 (clean
water and sanitation), and 7 (affordable and clean energy) were directly related to WEF
systems [3]. While economic growth has generated many benefits, such as raising living
standards and improving people’s quality of life, it has also exacerbated WEF scarcity and
environmental degradation [4]. As a result, it is crucial for different regions to uncover
the intrinsic linkages between WEF consumption and economic growth, and to propel the
transition of production and consumption toward a circular and sustainable pattern.
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The Yangtze River Delta region plays a pivotal role in national economic development,
and it is a typical area of urbanization as well as resources and environment overload [5].
In 2020, this area provided 3.74% of the total geographical area, 14.91% of the total people,
and contributed 24.09% of China’s annual GDP (Figure 1). However, as urbanization
and economic expansion progresses, so does the demand for WEF resources. Between
1990 and 2018, the urbanization rate of the Yangtze River Delta increased from 21.4% to
66.8%, with water use rising by 19.04% and food consumption increasing by 201.31% [6].
Meanwhile, energy production only accounted for about 21% of the total energy supply,
and coal-dominated energy use led to massive carbon emissions, which worked against
meeting the goals of a green and low-carbon economy [7]. With the release of “The
Outline of Regional Integrated Development Plan of the Yangtze River Delta”, high-quality
development and ecological protection have emerged as crucial regional development
goals. As a consequence, there is a need to coordinate economic growth and WEF resource
use, thus gradually reducing the dependence of economic development on resources. So
far, few studies have explored the characteristics of WEF consumption in the Yangtze
River Delta region, as well as its interactions with economic development. Therefore, it
is necessary to research how economic expansion and the usage of WEF resources are
decoupled in the Yangtze River Delta.
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Figure 1. Location and regions of the Yangtze River Delta.

Many studies have attempted to explore embodied WEF consumption to reveal the
resource requirement of a product or service in a life cycle. For example, Owen et al. [8]
calculated the UK’s water, energy, and food utilization and suggested that the final products
embodied with high WEF resources and low socioeconomic value should be preferentially
reduced. White et al. [9] explored the features of WEF consumption in East Asia, reveal-
ing a mismatch between resource availability and the corresponding final consumption.
Zhang et al. [10] proposed an interactive framework for WEF footprint accounting and sys-
tematically inventoried sectoral WEF consumption in the Greater Bay Area for coordinated
resource management. The above results indicated that WEF resource utilization differed
greatly at multiple scales. In these studies, a multi-regional input—-output analysis was
widely used in environmental impact studies of supply chains [11-13]. Nevertheless, most
studies calculated the values of WEF nexus flows in different units of measurement, such
as the energy—water-land nexus in four municipalities of China [14] and the embodied
water—energy—carbon nexus of China [15], with different resources being calculated sepa-
rately. Some research has investigated the energy—water nexus of wind power generation
systems by normalizing water and energy flows in Joules, which helps policymakers to
gain a holistic view of effective nexus resource management [16]. Zhang and Li [17] applied
global average footprints to evaluate the environmental impacts of various diets, revealing
an increasing consumption of phosphorus and nitrogen as well as blue water use in China
due to its high consumption of rice, vegetables, and pork. However, a unified framework is
still lacking in the WEF nexus assessment.
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Emergy, defined as “the energy of one type required in transformations to generate
a flow and storage”, can measure various types of resources in a uniform unit (i.e., solar
emergy emjoules) and has been widely used in sustainability evaluation, environmental
impact assessment, and ecological footprints accounting [18,19]. Previous research pri-
marily focused on a single resource, such as food [20], energy [21], and water [22], and
the findings revealed that rising WEF consumption has increased carbon emissions and
generated substantial ecological footprints, threatening the regional ecological environment.
Also, progress in integration by combining emergy accounting with input—output analysis
was made in some studies to explore the environmental impact of economic activities at
the sectoral level. In the work of Ukidwe and Bakshi [23], a novel thermodynamic ac-
counting method was proposed to evaluate sectoral environmental burdens, and the result
indicated that sectors had high natural capital input disproportionate to their economic
contribution. Later, some scholars used China’s input—-output table to determine sector-
specific resource intensities and discovered that industries with high energy consumption
had the most impact on the ecological environment [24]. From the nexus perspective, a
study on energy-water consumption in Beijing was conducted to reveal economic sectors’
reliance on energy—water nexus systems [25]. However, few studies have investigated WEF
consumption by combining emergy accounting and the MRIO model.

As China’s economic growth is transforming from an extensive mode to a sustainable
and green development one, it is necessary to decouple economic growth from resource
utilization so that ecological degradation can be mitigated. Most studies focused on single-
resource decoupling, such as via water [26-29], energy [30,31], carbon emissions [32-34],
and food [35-37]. A few studies have attempted to explore the decoupling states between
economic growth and multiple resource utilization. For example, Anser et al. [38] explored
the decoupling states between WEF resources and carbon emissions in Pakistan and sug-
gested reducing the ecological cost through cleaner production technologies, green energy,
and strict environmental regulations. In China, Ma et al. [39] evaluated the decoupling
levels of industrial energy—water consumption to uncover the temporal and spatial features
of resource utilization. Wang et al. [40] explored the coupling mechanism of the WEF
system in the Yellow River Basin. Gao and Yang [41] analyzed the decoupling relationship
between energy and food-related water footprint pressure and green development. To
further investigate the driving factors behind resource use, decomposition analysis has
been widely used at the regional level [42,43] and sectoral level [44,45]. It can be concluded
from these studies that technological level and industrial structure have significant effects
on resource consumption, while other drivers (e.g., population, economic activity) vary in
different areas [46]. To date, few studies have examined the decoupling of WEF consump-
tion from economic growth in the Yangtze River Delta and identified the factors influencing
the decoupling states.

To fill the gap, this study aimed to establish a unified assessment framework for WEF
consumption at the regional level by combining emergy accounting and the MRIO model.
Then, we extended the LMDI decomposition model to decompose the decoupling index
into five influencing factors by fully considering both resource and economic attributes,
focusing on examining the impacts of technology effect, industrial structure effect, economic
scale effect, resource-saving capacity effect, and population size effect on the decoupling
state of economic sectors in the Yangtze River Delta region. This research contributes
to proposing an emergy-based framework for assessing the WEF nexus and addressing
the decoupling of WEF systems from economic development in the Yangtze River Delta,
which could help formulate differentiated policies for regional WEF management. The
remainder of this paper is organized as follows. Section 2 describes research methods and
data. Sections 3 and 4 present the results and discussion, respectively. Section 5 provides
conclusions and policy implications based on the results.
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2. Materials and Methods
2.1. Framework and Structure

The urban WEF nexus system is composed of both the economy and the supporting
environment. As shown in Figure 2, the economy includes seven aggregated economic
sectors including Agriculture (Ag), Mining (Mi), Manufacturing (Ma), Electricity and gas
supply (Ei), Water supply (Wa), Construction (Co), and Transport and services (St). The
supporting environment comprises various types of natural resources, such as water, fossil
energy, renewable energy, and biological assets. In order to meet residents’ living demands
and social-economic development, water, energy, and food are extensively used in the
production and consumption processes. Water is used for urban energy production and
supply, while water extraction, delivery, and treatment also require a significant amount of
energy. Meanwhile, food production, processing, and storage require adequate water and
energy supply. As a result, water, energy, and food are interwoven from the suppliers to
end users to drive the regional economic system.

Agriculture
system

Sun,Rain,
Tides,River

Figure 2. The framework of WEF nexus based on emergy and input-output analysis.

In this study, a variety of methods were adopted to analyze the urban WEF system.
First of all, the MRIO analysis was used to quantify direct WEF use and the embodied
WEF consumption at the sectoral level, so as to track water, energy, and food flows across
sectors and regions. Then, the sectoral WEF flows were converted into equivalent flows
using emergy analysis. On this basis, the Tapio model was applied to investigate the
decoupling of the embodied WEF consumption from economic growth, revealing the level
of coordinated development between ecological pressure and economic development from
the WEF nexus perspective. In addition, the LMDI decomposition method was employed
to uncover the dynamic influencing factors behind WEF consumption.

2.2. WEF Footprint Accounting

In this study, we first inventoried direct and nexus-oriented WEF consumption through
economic sectors. Different types of WEF nexus have been identified for illustrating
inter-regional consumption. Direct water was calculated as the sum of all water types
(i.e., surface water, groundwater, and desalinated water) [47]. Direct energy comprised
various types of energy consumption (e.g., coal, gasoline, diesel, natural gas, and electric-
ity) [48]. Direct food mainly referred to the physical consumption of grains, legumes, edible
oil, meats, eggs, dairy, and aquatic products [8], as shown in Equation (1). To standardize
the data, energy and food products were converted into consistent units by using the stan-
dard coal-equivalent coefficient and feed conversion ratio, respectively. The accounting of
nexus-oriented consumption enables a unified evaluation of the WEF nexus, which can be
calculated by multiplying direct WEF and the corresponding consumption coefficient [49],
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as shown in Equation (2). Water-related energy (W-energy) refers to energy consumption
for water abstraction, supply, and treatment. Energy-related water (E-water) refers to
water requirements for energy production, transportation, and consumption. F-related
water (F-water) and F-related energy (F-energy) consider water and energy consumption
in food irrigation, processing, manufacturing, and edible processes. Water-related food and
energy-related food were not considered because they lack the corresponding consumption
coefficient and relevant data [10].

=Y arn @

JATED I S L 2)

where f,%; and f,’; are direct and nexus-oriented WEF flows from sector i in region r. m
represents resource type (i.e., water, energy, food, and nexus-oriented flows). aJ*; and b}";

represent the direct and nexus-oriented consumption for mth type. (3]2, ; represents the
consumption coefficient of the corresponding nexus-oriented flows. r and i represent the
region and the sector, respectively. Next, the WEF consumption triggered by final demand
categories was inventoried to investigate the indirect relationships among sectors from a
consumption perspective. The WEF-related emergy intensity in terms of the emergy-based
economic output of sector i, dp, ; is expressed as:

m
ri X Tmi

O = L2 ©
Xm,i X Tr,i

where m and r denote resources type and region, and f,"' refers to the amount of direct
water, energy, or food use. T, ; is the emergy transformity of mth resources. x,, ; represents
water, energy, or food intensity in terms of the economic output of sector 7, and 7, ; refers
to specific transformity for sector i. Based on the Leontief inverse matrix, the WEF flows
of urban sectors triggered by the final demand categories can be calculated, as shown in

Formulas (4) and (5):
£
A= ”S] )
Xj nxn
P =0y e (I = A) 7'F 5)

di . : : . - .
where am}afxn is a diagonal matrix transformed from dp, ;; A is the coefficient matrix calcu-

lated by inter-regional and inter-sectoral monetary flows tir’].S divided by the corresponding
economic output X in the MRIO table. (I — A)~! is the Leontief inverse matrix in which I
is an identity matrix; F represents the vector of embodied resource consumption triggered
by the final demand categories.

2.3. Hybrid Emergy—MRIO Modeling

Multi-regional input-output analysis has been widely used for quantifying the rela-
tionships between pairs of industrial components and tracking the resource and material
flows across nations [9,50], regions [51,52], and cities [53,54]. By adding extra satellite
accounts and a complementary physical matrix to the monetary MRIO model [55], envi-
ronmentally extended MRIO (EE-MRIO) can be constructed, and the WEF consumption
triggered by the final demand was inventoried to analyze the direct and indirect nexus
pathways. In our study, the original 42 economic sectors were grouped into seven larger
sectors (agriculture, mining, manufacture, electricity and gas supply, water supply, con-
struction, and transport and services) based on the common activities in the industry, as
shown in Table 1. In combination with emergy analysis, the sector-specific emergy trans-
formities were calculated based on Ukidwe, Bakshi and Hau's work [23,56]. The specific
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transformities for the aggregated seven sectors were calculated as derived from the specific
transformities for the original 42 sectors, as shown below:

_ Ii,r
pi,r - Sr (6)
T/, = 211 Tir X Pi 7)

where p; . denotes the proportion of the input from sector i out of the total input in the
economic input-output table. I; ; represents economic input for sector i from region r. S;
represents total economic input in region r. T; ; is the transformity for sector i within the
original 42 sectors. Tj”r is the specific transformity for sector j within the aggregated seven
sectors. The emergy transformity for energy consumption can be calculated based on the
proportions of different types of energy consumption and their corresponding emergy
transformity, as shown below:

_ G
ESq = Ty (8)
1 «—x
Te= 1 Y ESq x Teq 9)

where ESy denotes the energy structure. Cyq is the equivalent amount of dth type of energy
use; T4 is total equivalent amount of energy consumption. Teq is the emergy transformity
of dth energy consumption. T, is the emergy transformity for sectoral energy consumption.

Table 1. Compilation of sectors in the urban system.

Aggregated Sectors Original 42 Sectors Code

Agriculture (Ag) Agriculture, forestry, animal husbandry, and fishery
Mining and washing of coal

Extraction of petroleum and natural gas

Mining and processing of metal ores

Mining and processing of nonmetal and other ores

Food and tobacco processing

Textile industry

Manufacture of leather, fur, feather, and related products
Processing of timber and furniture

Manufacture of paper, printing, and articles for culture,

Mining (Mi)

O 0O UTk W~

education, and sport activity 10
Processing of petroleum, coking, processing of nuclear fuel 11
Chemical industry 12
. Non-metallic mineral products 13
Manufacturing (Ma) Smelting and processing of metals 14
Metal products 15
General purpose machinery 16
Special purpose machinery 17
Transport equipment 18
Electrical machinery and equipment 19
Communication equipment, computers, and other 20
electronic equipment
Manufacture of measuring instruments 21
Other manufacturing and waste resources 22
Repair of metal products, machinery, and equipment 23
Electricity and gas supply (El) Production and distribution of electric power and heat power 24
Production and distribution of gas 25
Water supply (Wa) Production and distribution of tap water 26

Construction (Co) Construction 27
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Table 1. Cont.

Aggregated Sectors Original 42 Sectors Code
Wholesale and retail trades 28
Transport, storage, and postal services 29
Accommodation and catering 30
Information transfer, software, and information technology 31
services
Finance 32
Real estate 33

Transport and Services (St) Leasing and commercial services 34
Scientific research 35
Polytechnic services 36
Administration of water, environment, and public facilities 37
Resident, repair, and other services 38
Education 39
Health care and social work 40
Culture, sports, and entertainment 41
Public administration, social insurance, and 4

social organizations

Then, the WEF resource flows among sectors can be converted to emergy-based flows
via emergy transformities, as below:

el = fIIxTy, (10)

where e?]? represents the emergy-based resource flow. fi’? denotes resource flows among
sectors. T, represents the emergy transformity for mth type of resource.

2.4. Tapio Decoupling Model

Decoupling implies economic growth and resource consumption increases that are
not synchronized. There are two main decoupling methods used to evaluate decoupling
states, including OECD and Tapio models, in which the former model is based on the
beginning and end values [57] while the latter model considers the elastic coefficient [58].
Since the Tapio model can reduce deviation caused by the high sensitivity of the base year
and further refine the decoupling state to make the result more accurate, it is more widely
used in the research of resources and environment. This study selected the Tapio model
to evaluate the decoupling relationship between embodied WEF resources and regional
economic growth. The calculation formula is as follows:

_ AE[/Ey _ (Ej—Ej)/Ej
AG/Gjy  (G}—Gly) /G

T (11)

where T is the decoupling index; AE{ and AG;] represent the difference in WEF utilization
and GDP value of sector i in region r, respectively; subscripts 0 and t refer to the base
year and the reporting year. The coordination degree between embodied WEF resources
consumption and economic development across regions can be further calculated by using
Equation (12):

AEI‘S /EI‘S
- AGY/G
where AE™ and AG® represent the change in WEF consumption of region r caused by final
demand in region s and GDP of region s. E™ and G® refer to the WEF consumption and
regional GDP (GRDP) in the base year.

Tapio mainly divides decoupling states into three categories, coupling, decoupling,
and negative decoupling, based on the value of T, as shown in Figure 3. Specifically, strong
decoupling is the most desirable state, indicating that the economy increases while resource
consumption decreases. Weak decoupling represents the increasing rate of resource con-
sumption being obviously smaller than the economy. Recessive decoupling is a decline in
the rate of resource consumption that is clearly faster than the economy. All three states

T (12)
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above indicate rising resource productivity, which is regarded as positive decoupling. In
contrast, negative decoupling includes three states: expansive negative decoupling, weak
negative decoupling, and strong negative decoupling. Strong negative decoupling is the
least ideal state, implying negative economic growth while resource use increases. Ex-
pansive negative decoupling means that the increased pace of resource consumption is
obviously bigger than the economy. Weak negative decoupling means that the decrease
pace of resource consumption is clearly smaller than the economy. In general, the closer to
a strong decoupling, the higher the level of coordination between resource consumption
and economic growth. On the other hand, the closer to a strong negative decoupling, the
worse the level of coordination between resource consumption and economic growth.

A
AE

Expansive negative
decoupling
AE>0,A GDP>0
€>1

Strong negative
decoupling

AE>0, A GDP<0

o Weak decoupling

AE>0,A GDP>0
0<€<l

Weak negative AGDP
decoupling
AE<0,AGDP<0 Strong Decoupling
0<¢&<l
Recessive AE<0,A GDP>0
decoupling €<0
AE<0,A GDP<0

€>1

Figure 3. Decoupling state and decoupling indicator range. Green color represents the ideal state.
Red color represents the worst state.

2.5. LMDI Decomposition

There are two main types of decomposition analysis to investigate drivers behind
resource consumption, namely index decomposition analysis (IDA) and structural decom-
position analysis (SDA) methods. The former method is easier for interpreting results and
has fewer requirements for data compared with the latter [59]. Among all IDA methods, the
LMDI method can completely decompose the residual value and has small requirements for
original data, which has been widely applied in the field of resources and environment [24].
Therefore, this study applied the LMDI model to identify the driving factors and classify
resource consumption into four indicators in which both resources and economic attributes
were considered. The specific driving factors are explained in Table 2. Based on kaya
identity, the specific formula is shown below:

Ei,n Gi,n Gn Rn
E:EiEi’n:ZiGmen xR—nx?nxPn (13)

=Y .(Tec; X Striq X Incin X Resn X Popn) (14)

where i and n represent different sectors and the target year, respectively; E; , is the em-
bodied WEF consumption of the i th sector in year n; G, is the total produced value
added from sector i in year n; G, is the GRDP in year n; R, is the per capita resource
use in year n; Py, denotes the residential population. Subsequently, the formula can be
rewritten to obtain the parameters Tec;n, St7in, Incin, Resn, and Pop,, which refer to tech-
nology effect, industrial structure, economic scale, resource-saving capacity, and population
size, respectively.
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Table 2. Key drivers of WEF consumption and description.

Drivers Formula Explanation

WEF use per unit of GDP by sector, illustrating
the effect on resource-saving technologies
The proportion of sectoral output value in

Industrial structure Gin/Gn regional GDP, indicating changes in

industrial structure
Regional GDP generated per unit of WEF
Economic scale Gn/Rn consumption, representing benefits from
resources use

Per capita WEF use, representing people’s actual

capacity to save WEF resources

Population size Pn The total residents in a given region

Technology effect Ein/Gin

Resource-saving capacity Rn/Pn

Then, the LMDI method is used to decompose these driving indicators into four effects
and the Formula (15) can be further derived as follows:

AE =AEg, + AEsj, + AEp,c + AERes + AEp, (15)
M = ¥, it I o a6)
- L e
MEise = ¥ g n oo s)
Mg = T, gt In e 09)
ABpoy =Y Ein — Eipo In Pop; , (20)

i InE;,, — InE; o Pop; o

where n and 0 represent the reporting year and the base year, respectively. AEr,., AEs;,
AEjnc, AERes, and AEp,, denote the change in WEF resources caused by the four driving fac-
tors. Combined with the above formulas, a decomposition model for decoupling resources’
utilization from economic development can be expressed as follows:

G
€ —EAGAETeC +

G G G
EAGAEStr + —+=AEmc + == AERres + 7AEPup

EAG EAG EAG

= €TecT€str+encTCRes T€Pop (21)

where er,. denotes technology effect, es;, represents industrial structure effect, ey, rep-
resents economic output effect, eges is the resource-saving capacity effect, and ep,, is
population scale effect.

2.6. Data Sources

This research explores the relationship between WEF consumption and economic
growth in the Yangtze River Delta region. The research period ranges from 2012 to 2017
and the input-output data used in this calculation were derived from the China Statistical
Bureau and China Accounts and Datasets (CEADs). Raw data on water, energy, and
food were collected from the Water Resources Bulletin, China Environmental Statistics
Yearbook, China’s Energy Statistical Yearbook, and China Agriculture Yearbook. Nexus-
oriented consumption was calculated based on direct consumption and the corresponding
consumption coefficient. The emergy transformity of different resources was obtained from
relevant studies. A specific description is stated in Table 3. Since the water consumption
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data of sub-sectors were not officially disclosed, we estimated the water consumption of
sub-sectors based on the proportion of the value-added output of each industry provided
in the 2008 China Economic Census Yearbook. Moreover, ecological water was included
in tertiary industry water usage. Multiple types of energy and food were converted
into uniform measurements of solar emergy values. Economic data were obtained from
statistical yearbooks and were deflated at constant 2015 prices.

Table 3. Data collection and description.

Data Source of Data Description

Water Resources Bulletin of Shanghai,
Jiangsu, Zhejiang, and Anhui

Water (2012-2017) [60-63]
China Environmental Statistics
Yearbook [64]

Agricultural water, industrial water,
ecological water, and domestic water

Energy China’s Energy Statistical Yearbook Coal, petroleum, natural gas, diesel,
(2012-2017) [65] kerosene, gasoline, electricity
Food China Agriculture Yearbook Raw grains, legumes, oil, meat, dairy,
(2012-2017) [66] eggs, and aquatic products

Energy-related water, food-related
water, water-related energy,
food-related energy

Liu et al. (2020) [13];

Consumption coefficient Xiang and Jia (2016) [49]

Emergy Ukidwe and Bakshi (2004) [23]; .
transformity Lan et al. (2002) [67] Transformity for water, energy, food
3. Results

3.1. Characteristics of Embodied WEF Consumption

Figure 4 illustrates the characteristics and disparities of embodied WEF consumption.
Dominated WEEF footprints embodied in final consumption differed in the Yangtze River
Delta region. On average, embodied water (8.82 x 10! sej) and energy (3.71 x 107 sej)
footprints were greater in Jiangsu than the other three regions. Anhui(AH) was the highest
province for food consumption, with an average of 2.25 x 10?® sej. In terms of sectoral
consumption, the construction sector contributed to a decrease in embodied WEF con-
sumption while the transport and services sector saw an increase in all the investigated
provinces. Specifically, Jiangsu’s manufacturing sector accounted for the largest propor-
tion in the water, food-related water, and energy networks, with an average consumption
of 1.86 x 1016 sej, 9.87 x 10'° sej, and 1.18 x 10?° sej, respectively. Anhui’s manufactur-
ing industry had the largest ecological footprint in the food network, with an average of
1.41 x 107 sej. As for the transport and services sector, Jiangsu experienced a surge increase
from 7.65x 10?2 sej to 1.87 x 10?3 sej during the study period in the energy network. Aside
from that, the mining industry and the water supply department accounted for merely a
small proportion of WEF consumption. Regarding resource types, environmental impact
due to energy consumption accounted for the majority of the total impact of economic
activities, followed by food consumption. These results were closely related to resources
endowment and the industrial structure of the four regions. Shanghai is a consumer-type
region and the service sectors are rapidly developing, contributing to a large demand for
embodied WEF products. Jiangsu (JS) and Zhejiang (Z]) have a complete supply chain in
the secondary industry, which requires more resources to keep the whole industry chain
running. Anhui’s primary sector is relatively developed and has the advantage of exporting
water-intensive food products to other areas.
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Figure 4. Embodied WEF consumption from 2012 to 2017.

Figure 5 further shows the per unit GDP and per capita WEF utilization in the Yangtze
River Delta region. The former indicator describes the amount of WEF footprints consumed
per unit of GRDP, and the latter indicator illustrates resource consumption divided by the
regional resident population, which can reflect the resource utilization efficiency better. In
general, per unit GDP water and food-related water consumption decreased from 2012
to 2017, especially in Anhui province. Per unit GDP energy and food-related energy
consumption first increased and then decreased in most provinces, except Shanghai, which
continuously decreased during the observed period. Per unit GDP food consumption
declined in most areas. In terms of per capita resource use, there was a fluctuating and
slight decrease in per capita water and food-related water consumption in Shanghai,
Jiangsu, and Zhejiang. On average, per capita water consumption in the three regions was
6.17 x 108 sej/capita, 1.06 x 10° sej/capita, and 6.06 x 108 sej/ capita, respectively, from
2012 to 2017. In contrast, per capita water and food-related water use in Anhui increased
continuously, with an average value of 2.53 x 108 sej/capita. As for energy, Anhui had the
lowest per capita energy consumption, with a mean value of 2.88 x 10'° sej/capita. Per
capita energy consumption fluctuated in the other three regions. Furthermore, Shanghai
and Zhejiang showed a decrease in per capita food consumption, while Jiangsu and Anhui
saw an increase.
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Figure 5. Per unit GDP and per capita WEF utilization from 2012 to 2017.

3.2. Analysis of Decoupling States

An analysis of the decoupling between WEF utilization and economic growth for
different sectors can deeply reflect the sustainable use of WEF resources and assist in specific
resource policy-making. Figure 6 shows the decoupling states between economic growth
and WEF consumption from 2012 to 2017. In general, the decoupling state between WEF
ecological footprints and GDP was manifested as weak decoupling and expansive negative
decoupling in 2012-2015, while in 2015-2017 weak decoupling and strong decoupling
occurred in most provinces, representing huge progress in resource utilization efficiency.
From the perspective of sectors, the mining sector and the electricity and gas supply
sector transformed from negative decoupling to decoupling, reflecting an overall positive
decoupling performance. In contrast, the transport and service sectors went from strong
decoupling and weak decoupling to expansive negative decoupling, indicating that the
sector’s economic growth became more dependent on WEF utilization. Moreover, sectoral
economic output in Jiangsu and Anhui’s agriculture became negatively decoupled from
water consumption, indicating an increasing water demand. In terms of resource type,
water ecological footprint had a higher level of decoupling than energy and food. More
specifically, the decoupling of food-related water consumption from economic growth
was stronger than that of energy-related water consumption. The decoupling of food-
related energy consumption from economic growth was stronger than that of water-related
energy consumption.

With interregional economic linkages, the embodied resources consumption in one
region is usually driven by the final demand in other regions. Figure 7 explores the
decoupling states between embodied WEF footprints and economic growth across regions.
Overall, embodied WEF consumption in horizontal areas caused by the final demand in
vertical regions was mainly negatively decoupled from its economic growth during the
study period. Among the investigated regions, Shanghai’s embodied WEF consumption
provided by other regions was decoupled from its economic growth. In Jiangsu, decoupling
in states between embodied WEF footprints imported from other regions and their economic
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growth was manifested as expansive negative decoupling. As for Zhejiang and Anhui, the
decoupling level dramatically improved from 2015 to 2017.

Type Ag Mi  Ma Ei Wa Co St Whole

‘Water
E-water
F-water

Ag Mi Ma Ei Wa St Whole

(a) (b)

- Strong decoupling Weak decoupling - Expansive negtive decoupling

-Strong negtive decoupling - Weak negative decoupling Recessive decoupling

Figure 6. Decoupling states between sectoral economic growth and WEF consumption. (a) 2012-2015,
(b) 2015-2017.

Water E-water F-water Energy W-energy

F-energy Food

2015-2017

2012-2015

Figure 7. Decoupling states between GDP and WEF consumption between regions.

3.3. Identification of Key Driving Factors

To further study the driving factors behind resource consumption, the LMDI method
was adopted to fully explore the contributions of socioeconomic attributes that impact the
decoupling between WEF consumption and economic growth. As illustrated in Figure 8,
the impact of the driving factors was volatile from period to period. Specifically, the darker
the cell, the greater the relative contribution of each effect, and the stronger the promotion
effect on resource decoupling. Conversely, the greener the color, the stronger the inhibitory
effect of each effect on resource decoupling.
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Figure 8. Analysis of decoupling driving factors during 2012-2017. (a) 2012-2015, (b) 2015-2017.

Technology effect (TE) was the major factor in reducing WEF consumption during the
first period (2012-2015), and it was highly conducive to promoting decoupling in most re-
gions. The average annual reduction in water, energy, and food consumption in the Yangtze
River Delta region was 9.32 x 10 sej, 1.72 x 10?2 sej, and 3.71 x 10? sej, respectively.
Among the provinces, Zhejiang had the best decoupling effect in terms of water and food
consumption, while Shanghai contributed most to energy reduction. However, this effect
was reversed and constrained decoupling during the second period (2015-2017) in most
areas, with an average annual increase of 8.20 x 10'* sej, 1.59 x 10?? sej, and 2.95 x 10%! sej
in water, energy, and food consumption, respectively. Such results indicate that technology
advances can, to some degree, improve the efficiency of WEF utilization and therefore
decrease WEF consumption per unit of GDP. However, benefits from technology could
make resources cheaper and generate new demand, thereby gradually offsetting the impact
of technology progress and creating a “rebound effect” [68].

The impact of industrial structure (SE) on resources use changed from positive to
negative, which inhibited resource consumption. Specifically, the decoupling index of SE in
2015-2017 was smaller than in 2012-2015, exhibiting that the optimization of the industrial
structure had suppressed embodied WEF consumption and strengthened the decoupling ef-
fect, especially in terms of energy consumption, with an average decrease of 5.83 x 10 sej
per year. This could be attributed to industrial transformation and upgrading. During the
“12th Five-Year Plan” and “13th Five-Year Plan” periods, the industrial structure of the
Yangtze River Delta region became reasonable. The tertiary industry continued to grow at
a faster rate of 13.4%, and contributed 51.8% of GRDP growth on average. In contrast, the
proportion of the first and secondary industries declined and stabilized at about 5.8% and
51.8% of GRDP, respectively. It can be seen that industrial optimization with low-resource
consumption and environmentally friendly industries can be conducive to WEF resources’
reduction. At the regional level, the decoupling indexes of water, energy-related water,
food-related water, and food consumption in Jiangsu were smaller than in other regions,
showing a stronger driving effect. In addition, Zhejiang contributed most to energy and
water-related energy savings, with an average annual reduction of 2.33 x 10? sej and
2.48 x 10?0 sej. Although the industrial structure effect was not as strong as the technology
effect, it was still the secondary negative factor for decreasing WEF consumption.

The impact of economic scale (EE) remained significant during the research period,
which represents the economic benefit per unit of WEF consumption. Generally, rapid
economic growth led to an increase in embodied water and food consumption in both
periods, especially for Shanghai, which had a strong inhibitory effect on decoupling. As
for energy consumption, the decoupling index of EE became larger in 2015-2017 than in
2012-2015, indicating that economic growth became more dependent on energy. At the
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sectoral level, the manufacturing sector significantly affected the decoupling performance
during the whole period. It is worth considering that when affected by factors such as
technical bottlenecks, path dependence, and excess capacity of low-end manufacturing [69],
the transformation and upgrading of the manufacturing industry may become difficult,
which is not conducive to resource savings and regional sustainable development.

The impact of resources-saving capacity (RE) was volatile in both periods. This effect
had a greater impact on energy consumption than water and food consumption, showing
that a reduction of per capita energy use has a stronger driving effect on decoupling. The
impact of population scale (PE) was not significant and led to a slight increase in resource
utilization, with an average contribution of 2%. Since the permanent population growth in
this area dropped from 0.8% in 2012 to 0.5% in 2017, the impact of population size on WEF
consumption gradually weakened. However, it was still necessary to strengthen residents’
awareness of resource conservation and public education to ensure the sustainability of
resources and the environment.

4. Discussion
4.1. Differentiated Management for WEF Resources Consumption

As the results disclosed, the WEF consumption in the four regions was different and
complex. In general, embodied WEF consumption in Shanghai and Zhejiang showed a
decreasing trend, while Anhui had an increasing demand for WEF resources. Meanwhile,
embodied WEF utilization in Jiangsu was greater than in other regions. Manufacturing,
transport, and service sectors contributed a larger share in most regions and resource types.
This was similar to the findings of previous studies [24,70], which found that the manu-
facturing industry and service sector in coastal regions required more embodied natural
resources (e.g., fossil energy and biomass), and Jiangsu was the main resource utilization
province due to its high fossil energy consumption. From the nexus perspective, the trend
of water-related energy consumption was basically in line with water consumption, while
energy and energy-related water consumption showed an inconsistent trend. The main
reason can be explained through different types of energy use. For example, although
energy consumption in Jiangsu declined with an annual rate of 6.23% during 2015-2017,
coal use accounted for a big chunk (>57%) and witnessed an increasing consumption
trend, leading to growing energy-related water utilization. In addition, the energy-related
nexus (i.e., water-related energy, food-related energy) footprints contributed a meager
share of total energy footprints, whereas the food-related water footprint contributed most
to the total water footprints, which was largely consistent with the composition in the
Greater Bay Area [10]. Also, the results of per unit GDP and per capita WEF resources’
utilization showed that economic benefits induced by WEF resources should be further
improved in Anhui due to its increasing urbanization and relatively low level of economic
development [5]. The gap between food-related water intensity and direct water inten-
sity implies that less attention has been paid to the management of nexus flows than
direct flows. Thus, WEF resources management needs a shift toward a nexus paradigm,
which can help achieve SDGs 2, 5, and 7, which target adequate food, clean water, and
green energy.

4.2. Decoupling of Embodied WEF Consumption and Economic Development

Decoupling performances reflect to what extent an economy relies on WEF resources.
Traditional production-based decoupling analyses mostly neglect resource stress shift
between regions and underestimate actual resource use, while consumption-based de-
coupling performances take into account an economy’s off-site resource use triggered
by cross-regional trade [30]. Overall, the decoupling states between WEF resources and
economic growth in the Yangtze River Delta region have shown a good trend (mainly from
expansive negative decoupling to weak decoupling), which is partially consistent with the
findings of Yuan’s study regarding China’s Beijing-Tianjin—-Hebei region [71,72]. To achieve
SDGs and promote all-round green transformation, the Chinese government has promul-
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gated a series of environmental and resource policies, such as the action plan for controlling
total and intensity of energy consumption (2011), the most stringent water resource man-
agement system (2012), Outlines of National Agricultural Water-Saving Program (2012),
and the Environmental Protection Law of the People’s Republic of China [73,74], which
have alleviated resource pressure and environmental impact to some extent [75]. However,
strong decoupling has not been achieved and decoupling performance differs from region
to region, and is closely related to resource endowments and economic development. Both
Jiangsu and Anhui have more abundant freshwater resources and land available for use,
resulting in resource advantages in making products with high WEF footprints. In 2017, the
total water resources in Jiangsu and Anhui were 11 and 23 times that of Shanghai, respec-
tively, while the aggregated arable area of these two provinces was 5 times larger than that
of Shanghai and Zhejiang. In contrast, Shanghai has formed an industrial structure domi-
nated by the service economy, and the digital economy in Zhejiang was well developed,
with technology-intensive industries becoming dominant, resulting in a relatively low
dependence on WEF resources. Therefore, policy adjustments and industrial upgrading
have contributed to further decoupling between WEF ecological footprints pressure and
economic growth.

4.3. Factors Influencing the Sustainable Development of the Yangtze River Delta Region

Concerning the decomposition results, technology effect and industrial structure
played a major role in decoupling between WEF resources use and economic growth,
while economic scale contributed most to the increase in WEF consumption. This is
in line with some previous studies exploring the factors influencing the decoupling of
water [29,76], energy [31,44], and food consumption [35]. The results showed that the
industrial structure factor had a greater impact on the decoupling in 2015-2017 than
in 2012-2015, especially in terms of energy consumption. This indicates that with the
implementation of environmental regulations and resource policies, industrial structure has
become reasonable, and the tertiary industry has gradually replaced the dominant position
of the secondary industry, implying the government’s efforts to optimize the industrial
layout and mitigate ecological stress. In contrast, the technology effect showed the opposite
results, with a declining impact on decoupling. The main reason was that resource savings
caused by technical improvement were roughly offset by the cumulative effect of other
factors, such as economic scale and resource-saving capacity. Therefore, it is necessary to
consider all the driving factors for the effective control of resource conservation. With a
transition from quantity to quality in economic development, economic restructuring and
upgrading made the economic growth rate slow down, which was conducive to resource
reduction. Considering environmental carrying capacity, population overloads should
be avoided in those regions with high levels of urbanization and appropriate population
concentrations should be maintained [26].

5. Managerial Implications and Conclusions
5.1. Managerial Implications

Based on the results, this paper proposes some policy implications to promote sustain-
able WEF resources management and economic growth, as below.

(1) According to the characteristics of WEF consumption, differentiated development
strategies among provinces should be taken into account. For Jiangsu and Zhejiang,
high water- and energy-intensive industries should be phased out and upgraded.
Coal and other fossil fuels need to be restricted and replaced by renewable energy,
especially in terms of the manufacturing sector. Since both of the two provinces
are adjacent to the shore, they can benefit from coastal resources to increase their
sources of water, energy, and food. For instance, sea rice cultivation could be a
promising option for sustainable food demand while improving soil function and
the ecological environment, which has been implemented in some parts of Jiangsu
Province. Offshore wind power and tidal power could help provide clean electricity
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and a sustainable energy supply. For Anhui, developing advanced water techniques
in agricultural production and processing should be encouraged to improve water
use efficiency. For Shanghali, it is necessary to enhance public awareness of water
and energy conservation, as well as food waste reduction. The government should
encourage sustainable consumption behavior, green purchasing, and frugal habits by
way of organizing regular popularization and publicity activities.

(2) The transport and service sectors exhibit non-ideal decoupling states in the Yangtze
River Delta. Therefore, it is necessary to promote green transport systems and clean
energy vehicles. Furthermore, shifting from a traditional service industry (i.e., catering
and hotel) to a modern service industry could decrease resource ecological footprints.
Furthermore, due to interregional trade, decoupling in one region may be achieved at
the cost of negative decoupling in other regions, leading to environmental burdens
and social inequality. Therefore, a comprehensive policy synergistic mechanism
should be established to enhance cooperation and communication between industrial
sectors and regions. Through economic instruments such as finance, taxation, and
pricing policy, sustainable production and consumption can be achieved by reducing
products embodied with high water and energy footprints.

(3) Reducing the intensity of WEF consumption and promoting industrial upgrades
are the main factors that promote decoupling resource use from economic develop-
ment. Thus, it is necessary to develop resource-saving technologies and accelerate
the industrial transformation from traditional-based industries to advanced manufac-
turing and modern services, thereby promoting green and sustainable development.
Sprinkler irrigation and low-pressure pipeline water transfer techniques can be aggres-
sively promoted in agriculture, whereas wastewater treatment and carbon capture
and storage technology contribute to sustainable production. Meanwhile, efforts
should be made to optimize and upgrade the urban industrial structure, moving from
resource-intensive to high value-added and environmentally friendly industries.

In the context of China’s economy, which is transitioning from a high-speed growth
stage to a high-quality development stage, it is of great significance to decouple WEF
consumption from economic growth. On the production side, developing resource-saving
technologies and accelerating industrial upgrading could contribute to a low-carbon econ-
omy and high-quality development. On the consumption side, it is necessary to raise public
awareness of resource conservation and encourage sustainable ways of living.

5.2. Conclusions

In this study, we proposed a unified assessment framework for inventorying WEF
nexus consumption based on MRIO analysis and emergy accounting in the Yangtze River
Delta region from 2012 to 2017. Both the Tapio analysis and the LMDI method were applied
to uncover decoupling states and identify driving factors. The results of this research
can provide empirical support for urban resources management in the future to ensure
balanced and sustainable economic development. Specific conclusions are as follows.

(1) The total WEF consumption in the Yangtze River Delta had an overall downward trend
from 2012 to 2017. However, the performance of WEF utilization varied significantly
in different provinces, showing spatial heterogeneity. Jiangsu accounted for the largest
proportion of water, energy, and the corresponding nexus consumption, while Anhui
contributed most to the food and food-related water footprints. The manufacturing
sector was the most active in all types of WEF consumption, and can therefore be the
critical point, with high dependence on WEF resources and environmental supports.
In terms of resource type, energy consumption had a greater environmental impact
due to its high emergy contents. In addition, Jiangsu’s per unit GDP energy use was
larger than other regions, while per capita food consumption was high in Anhui.

(2) The decoupling performance in the Yangtze River Delta region improved during
2012-2017, showing a general trend of “weak decoupling, strong decoupling” in most
provinces. In terms of sector decoupling, the mining sector and the electricity and
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gas supply sector contributed most to the improvement of decoupling performance,
while the transport and service sector weakened the decoupling. From the interre-
gional trade perspective, the coupling state was strengthened between Shanghai and
Zhejiang, while Anhui had less reliance on other regions, indicating its self-supply
ability for WEF resources. Jiangsu’s WEF resources imported from other regions were
negatively decoupled from its economy.

(38) The technology effect has a major positive effect on the realization of decoupling in
the Yangtze River Delta region, especially for manufacturing and agricultural sectors.
The inhibitory effect of industrial structure on WEF consumption in most regions
was strengthened during the 13th Five-Year Plan period. Moreover, economic output
and population scale were the main factors restraining the occurrence of decoupling.
The effect of resources-saving capacity was volatile and varied significantly across
regions, indicating considerable room for improvement in the future. The differ-
ence in these factors could be attributed to unbalanced resource endowment and
economic development.

In this study, the MRIO model and emergy accounting were creatively combined to
provide a unified base for embodied WEF resources calculation. In addition, consumption-
based decoupling analysis could take both direct and indirect resource use into account,
thereby reflecting the actual WEF consumption of the investigated regions. However, some
limitations remain to be solved in future research. First, we merged the forty-two economic
sectors into seven large components, which may not fully reveal the differences among the
industries and their WEF flow processes. A more detailed analysis would be possible to
minimize the potential errors associated with sector aggregation. Second, studying changes
between two periods cannot fully reflect the decoupling relationship among the regions
and sectors; it is necessary to extend the research period to cover a much longer time span
as more data become available.
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