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Ensuring energy, water and food security is a core challenge as well as an opportunity to national sus-
tainable development. This paper aims to perform an in-depth analysis on demand-driven energy, water
and land resource requirements by Chinese economy 2012 and corresponding energy-water-land nexus
relationships in its supply chains by using the input-output analysis and the structural path analysis.
Results show that Agriculture and Light industry, mainly related to household consumption, are critical
aggregated sectors for water and land requirements, in contrast to Heavy industry and Construction,
which are related to investment for energy requirements. 15.41% of the total energy requirement, 44.18%
of water and 58.64% of land can be attributed to the top 20 supply chain paths. The energy-water-land
nexuses are explored by industrial sector, supply chain path and final demand category from the
perspective of embodiment. On the final demand side, Agriculture, Light industry, Construction and Service
are critical nexus sectors. Major sectoral nexus paths in terms of energy-land, energy-water, water-land,
and energy-water-land nexuses are further identified. The energy-water-land nexus in China's supply
chains reflect a strong dependence relationship of energy, water and land resource requirements, which
then demonstrate essential intervention points of demand-side resource management.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

To promote socio-economic development, natural resources are
directly and/or indirectly supplied to create housing and infra-
structure as well as to produce goods and services to accommodate
urban lifestyles with higher standards [1]. Energy, water and land
resources are the most significant natural resources for sustaining
the operation of social system [2]. By considering the consumption-
based accounting principles, a full spectrum of both direct and in-
direct resource usages can be presented to reveal actual energy,
water and land requirements by social development and economic
growth. Thereafter, integrated approaches applying indicators such
as embodied resource requirements or resource footprints can be
developed for establishing sound resource and environmental
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policies [3].

Input-output models capture the complex economic linkages
among industrial sectors [4]. Environmental extended input-output
analysis (EEIOA) has been proved to be a powerful tool to identify
embodied resource flows in a specific economic system from a
macro perspective, ranging from industrial [5—9], city or provincial
[10—13], national [14—19], to global scales [20—25]. China, as the
second largest economy with the largest population in the world,
has enormous energy, water and food demands, while its energy
security, water security and food security have drawn increasing
attention [26,27]. Researches on China's embodied resource uses
often refer to energy, water and land separately. Some studies
attempted to analyze the embodied energy-water uses or land-
water uses at the regional and national scales [28,29]. Neverthe-
less, no study has been conducted to capture the panorama of
embodied energy, water and land uses in an integrated national
economic network simultaneously.

Nowadays, there is a growing recognition that the interdepen-
dence of energy, water and food demands calls for nexus thinking
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[30—32]. Nexus relationship is a metaphor to depict resource or
environmental elements interconnected and intertwined within a
complex social economy [33—36]. The interrelation and interaction
of energy, water and land (or food) resource uses are embedded in
different economic processes [37—41]. Therefore, a comprehensive
analysis on the energy-water-land nexus linkages at the national
scale from the embodiment perspective is in great demand, with
important implications for sustainable development.

For the extremely complex networks of the national economy,
tracing resource uses via the supply chains can relocate the shift of
resource demands from resource extraction and processing, inter-
mediate production of industrial products, to final consumption of
commodities or services [3,42]. A well-known method is the
structural path analysis (SPA), which can excavate the intricate
sectoral interrelationships along the supply chains [43,44]. It
therefore provides a tool to map the supply chain linkages from
resource extraction to final use, and to identify critical supply chain
paths. The fluxes throughout the entire supply chains can clearly
depict how final consumption drives the extraction of natural re-
sources. So far, the SPA has been widely used to identify supply
chain paths for causing resource uses and related environmental
emissions at different scales [45—56]. For instance, Zhang et al.
[3,42] traced the energy and resource uses via China's supply chains
based on the EEIOA and the SPA methods. Recently, Wang et al. [57]
reported critical industrial sectors and supply chain paths for the
embodied resource uses in China.

In this study, a systematic and comprehensive analysis is per-
formed on the demand-driven energy, water and land resource
requirements by Chinese economy in 2012, a benchmark year in the
economic ‘new normal’, a phrase coined by policy makers. Impor-
tant industrial sectors and final demand categories of embodied
energy, water, and land uses are investigated through the EEIOA
method. An exhaustive map of supply chain linkages between
original production and consumption attributions of embodied
resource uses is explored using the SPA method. The nexus re-
lationships of embodied energy-water-land in national supply
chains are further illustrated and examined in terms of industrial
sector, final demand category and supply chain path. A deeper
understanding of energy, water and land demands and related
nexus linkages through complex economic networks can provide
important implications for resource use management in China.

2. Methods and data sources
2.1. EEIOA and SPA models

In this study, the input-output table for China in 2012 is directly
adopted from National Bureau of Statistics of China [58]. This table
covers 42 industrial sectors, with details presented in Table S1 in
the Appendix. The basic row balance of the national input-output
table can be expressed as

X=AX +F — X™ (1)

where X is the total output; A is the technical coefficients matrix to
describe the relationship between all sectors of the economy, of
which the element is a; = Z;/X;, with Z; and X; standing for the
input from Sector i to Sector j and the total output of Sector j,

respectively; F represents the final uses or final demands (i.e., rural
household consumption, urban household consumption, govern-
ment consumption, capital formation, stock increase and exports);
and X™ denotes the imports.

Since this study focuses on domestic resource extraction and
use, the import items in the input-output table are removed. The
imports-related supply chains are isolated, referring to the method
used in previous studies [42,47]. We assume that each economic
sector and domestic demand category utilize sectoral imports in
the same proportions, though this assumption may result in some
uncertainties for the embodiment analysis. Thus, new technical
coefficient matrix in which only domestic goods are included can
be derived as

Al = (I-M)A (2)
X
XX R ?

where A? is the direct technical coefficient matrix of domestic
production; I is the identity matrix; and M = diag(m;;), m;; is the
share of imports in the supply of products and services to each
sector.

The new balance equation is shown as

X=20+f4 4 f¢ = AX + f4 4 f© (4)

where Z¢ is the matrix of domestic intermediate demands; f¢ is the
vector of domestic final consumption; and f¢ is the vector of the
exports.

Eq. (4) can be re-expressed as

—Ad) T (fd o fe) = 14(F 4 o) (5)

where [ is the identity matrix; [¢ = (I — A9)"" is the domestic
Leontief inverse matrix, whose element I;; tracks the overall direct
and indirect economic input along the domestic supply chain from
Sector i while generating unit output in Sector j.

To connect the energy, water and land resource uses with the
input-output model, the total embodied resource uses (ERUs) can
be formulated as

X=(

ERU = ¢L9(f9 4+ f¢) = e(f? + f¢) (6)

where &% represents the direct resource intensity (i.e., the direct
resource input per unit of total output); ¢ is the embodied resource
intensity, which is the sum of the direct and indirect resource in-
tensities; ¢f? is the resource uses embodied in domestic final con-
sumption; and ¢f¢ is the domestic resource uses embodied in
exports.

To extract the supply chain paths of embodied resource use, the
revised Leontief inverse matrix is expanded using the Taylor series
approximation as

= g—ah " 1Al 4 ad’ £ @A’ 4 e Al 7)

On the right-hand side of the equation, each element in the
expansion denotes a different production layer or tier. We define a

(1 - Ay = eyt edadyd g d(ad)y (AT e Al (8)



S. Guan et al. / Energy 185 (2019) 12251234 1227

production layer (PL) as each term in the power series expansion,
PLt = (A%)'. Each additional layer, PL**1 = PI'AY, represents the
production of intermediate products in (t + 1)”1 production tier
used as inputs into the t production tier. Thereafter, embodied
resource uses in the final demand (y9) can be expressed as,

where £4 (Ad)tyd represents the contribution of embodied resource
uses from the ¢ production tier. The first tier (PL°) illustrates the
sectors that directly deliver resource products for final demand,
and the sectors in the second tier (PL!) are required to provide
support for the production in the sectors of the first tier. Similarly,
the sectors in the third tier (PL?) are required by those in the second
tier, and the fourth tier is required by the corresponding upper
tiers, respectively. The quantity of nodes in the production network
increases exponentially with each tier. There are n'*! nodes in tier t,
and n is the number of industrial sectors in the economy. For
example, the n? first tier nodes are evaluated as sf’Af}yj, representing
the path i—j. The n® second tier nodes are evaluated as e?AgAfkyk,
indicated by the path i —j— k. The same pattern repeats for all tiers.
Detailed procedures to illustrate the process of SPA can be referred
to Zhang et al. [3].

2.2. Data sources and processing

To avoid double accounting, the domestic energy, water and
land resource supply from the ecosystem have been carefully
defined. The extraction of primary energy resources refers to raw
coal, crude oil, natural gas, hydropower, nuclear power, wind power
and other renewable energy. All primary energy data for the year of
2012 are obtained or derived from China Energy Statistical Year-
book 2016 [59] and China Electric Power Yearbook 2013 [60]. The
inputs of hydropower, nuclear power, wind power and other
renewable power are estimated based on electricity generation
data and corresponding electricity generation efficiencies [11,42].

Water resources include only those withdrawn from natural
water bodies. Freshwater intakes (or blue water) for direct irriga-
tion and livestock production, industrial use, municipal use or
supply and ecological protection refer to the agriculture, industry
and service sectors. The total water withdrawal data for such sec-
tors in 2012 are available from China Statistical Yearbook 2013 [61].
Since the water withdrawal data for the subdivision of the industry
sector in the same year cannot be directly obtained, we resort to an
authoritative source. The water withdrawal in terms of surface
water, ground water and tap water for 38 industrial sectors in 2008
(see Table S2) are provided in China Economic Census Yearbook
2008 as the only public source [62]. We assume that the water use
structures of all the industrial sub-sectors were kept relatively
stable over the period of 2008—2012. Thereafter, detailed industrial
water withdrawal data at the sub-sectoral level in 2012 are esti-
mated based on the total water use by the industry and estimated
water use structures. According to the statistical explanation and
sectoral classification, the tap water uses for industrial production
and in the service sector can be classified into the sector of Water
Production.

The main purpose of land use is for agricultural production to
supply food and other biomass resources. In this study, the land
resources for agricultural usages are covered and categorized into
five categories including cultivated land, garden land, grassland,
forests land, and other land types. All land resource data are directly
obtained from China Statistical Yearbook 2015 [63], which provides
the total land area at the national scale based on the national land
change survey in 2013.

Detailed results of energy, water and land resource inputs at the
sectoral level in 2012 are listed in Table S3. Improving national
statistics in the future will be essential to provide a high-quality

resource use inventories for the EEIOA-based studies, and then
reduce uncertainties in dealing with the resource and environ-
mental issues.

3. Embodied energy-water-land uses in final demand

Demand-driven domestic energy, water and land resource in-
puts into Chinese economy amount to 101.03 EJ, 603.17 billion m>
and 646.47 Mha, respectively. Fig. 1 presents the embodied energy,
water and land uses in final demand. The sectoral distributions of
embodied energy, water and land resources used by Chinese
economy demonstrate significant disparities.

The embodied energy uses (EEUs) in final demand in terms of
the 42 industrial sectors are shown in Fig. 1(a). Construction (Sector
28) contributes the largest EEU, amounting to 30.14EJ and ac-
counting for 29.83% of the national total. Some manufacturing
sectors such as Transportation Equipment (Sector 18, 5.96% of the
national total), Chemical Products (Sector 12, 4.81%), and Electrical
Equipment (Sector 19, 4.57%) have significant EEUs. In Fig. 1(a), the
pie chart (the outer cycle) shows that Heavy industry, as an aggre-
gated sector, accounts for 35.41% of the national total EEU, followed
by Construction (29.83%) and Service (16.54%). The remaining four
aggregated sectors are responsible for only 18.22% of the total. For
final demand category, investment has the largest share of 47.09%
to the total EEU, followed by consumption of 30.75% and exports of
22.15%. Capital formation is the leading final demand category in
construction activities and most sectors belonging to the heavy
industry (e.g., Sectors 16—19 and 28). In the sector of Coal Mining
(Sector 2), 53.91% of its sectoral EEU can be attributed to stock in-
crease. Meanwhile, the shares of exports are relatively high in the
EEU compositions of Sectors 10—13 and 20 (Other Electronic
Equipment).

Fig. 1(b) presents the embodied water uses (EWU) in final de-
mand. Agriculture (Sector 1) holds the largest EWU with a value of
149.02 billion m?, amounting to 24.70% of the total. Food Processing
(Sector 6) is the second largest, followed by Construction and Water
Production (Sector 27). The above-mentioned four sectors, out of
the total 42 sectors, contribute to 61.62% of the national total EWU.
Overall, Light industry among all the seven aggregated sectors ac-
counts for 27.40% of the national total, followed by Agriculture
(24.71%) and Heavy industry (20.85%). The EWU of Service, as an
aggregated sector, amounts to 84.52 billion m®> with a share of
14.02%. For final demand category, consumption-driven EWU
amounts to 361.55 billion m?® and accounts for 59.94% of the total
EWU, of which 66.65% from urban consumption, 24.43% from rural
consumption and 8.92% from government consumption.
Investment-driven EWU amounts to 151.28 billion m> while ex-
ports induce 90.38 billion m>. At the sectoral level, consumption-
driven EWUs take a large proportion in Agriculture, Food Process-
ing, Water Production and Accommodation, Food and Beverage Ser-
vices (Sector 31). Government consumption contributes the
dominated share in several service sectors. Investment-driven
EWU take a major share in Construction while exports-driven
EWU is mainly related to Garments (Sector 8), Chemical Products
and Other Electronic Equipment.

Fig. 1(c) presents the embodied land uses (ELU) in final demand.
Compared to the sectoral distribution of the EWU, the ELU displays
a similar pattern. Agriculture has the highest ELU with an amount of
242.72 Mha, followed by Food Processing of 165.17 Mha. These two
sectors contribute to 63.11% of the national ELU. Construction,
Garments, Accommodation, Food and Beverage Services and Textile
(Sector 7) consume 40.77, 34.50, 25.77 and 16.81 Mha of the ELU,
respectively. Totally, Agriculture, Light industry and Service
contribute 37.55%, 36.27% and 12.55% to the national total,
respectively. The ELUs of Heavy industry and Construction are
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Fig. 1. Embodied resource uses in final demand: (a) energy; (b) water; (c) land. Note: The column graphs on the left side describe the distribution of embodied resource by sector
and by final demand category. The pie charts on the right side display the structure of embodied resource in final demand, and the original 42 sectors are further merged into seven
aggregated sectors in the outer circle (detail sectoral information is listed in Tables S1 and S4).
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relatively small. As to the final demand category, consumption
contributes the largest share of 66.28% to the total, followed by
investment of 20.09% and exports of 13.63%. The consumption-
driven ELUs in Agriculture and Food Processing amount to 179.44
and 147.15 Mha, respectively. In addition, export is the leading final
demand category for the ELU compositions of Sectors 7—9.

4. Embodied energy-water-land uses in supply chains

To reveal the circulation and distribution process of embodied
resource uses, Sankey diagrams are devised to visualize the de-
mand and supply processes of energy, water and land resources.
Fig. 2 displays the embodied energy, water and land resource flows
via the supply chains at the national scale. After capturing resource
movements along the supply chains, critical economic sectors and
supply chain paths (from the resource extraction to intermediate
production, and eventually to final demand) can be identified.

Fig. 2(a) shows Heavy industry, as an aggregated sector, con-
sumes a large portion of energy in every production layer, espe-
cially in production layer 1, mainly due to its complex economic
relationships with other sectors. Power is the critical intermediate
sector. Construction and Service have a similar pattern of energy
usage, with both sectors consume a large amount of embodied
energy. Fig. 2(b) and (c) show that Agriculture and Light industry are
the dominated sectors not only in the final consumption but also in
the intermediate process. A large part of the water and land re-
sources are directly used by Agriculture. This sector also provides
intermediate products for other important embodied water- and
land-intensive sectors such as Light industry.

In order to identify how the final demand drives resource uses in
each tier, we further extract and analyze critical supply chain paths.
Since it is not feasible to quote all the SPA results, major supply
chain paths are ranked to provide a comprehensive understanding
of the connections between production and consumption attribu-
tions. Tables S5—S7 list the top 20 ranking paths of embodied en-
ergy, water and land uses, respectively. The total EEU related to the
top 20 paths amounts to 15.57 EJ, representing 15.41% of the na-
tional total. The largest path is ‘Coal Mining — Nonmetal Mineral
Products — Construction— Capital formation’, which contributes
4.21 EJ, with a share of 4.25%, followed by the paths of ‘Coal Mining
— Smelting and Pressing of Metal — Construction — Capital for-
mation’ and ‘Coal Mining — Electric Power — Urban consumption’.
Given that coal is the major energy resource in China, eighteen of
the top 20 paths can be traced back to the sector of Coal Mining.
Eight of the top 20 ranking paths are driven by Construction, which
are always associated with Nonmetal Mineral Products, Smelting and
Pressing of Metal and Electric Power, indicating that construction
activities consume large amounts of industrial raw materials. The
sector of Electric Power, as a critical intermediate sector, which
consumes raw coal and provides power and heat to other sectors or
household consumption, is linked with six of the top 20 paths.
Petroleum Processing and Chemical Products also consume a large
amount of energy directly or indirectly. Eight ranking paths are
driven by capital formation.

For the EWU, the top 20 paths are responsible for 266.56 billion
m?>, representing 44.18% of the national total. The largest EWU path
of ‘Agriculture — Urban consumption’ contributes 51.85 billion m>
with a share of 8.59%, followed by the path of ‘Agriculture — Food
Processing — Urban consumption’. Sixteen of the top 20 EWU paths
can be traced back to Agriculture, indicating that Agriculture is a
critical sector for water use. Seven of the top 20 EWU paths are
distributed in Tier O, and these sectors consume a lot of water
directly for final demand. Nine of the top ranking paths are driven
by urban consumption and five paths by rural consumption.

For the ELU, the top 20 paths amount to 379.06 Mha with a share

of 58.64%. The largest path of ‘Agriculture — Urban consumption’
contributes 86.38 Mha of the ELU, followed by ‘Agriculture — Food
Processing — Urban consumption’. The top 10 paths occupy 49.62%
of the national total ELU. Agriculture and Food Processing are critical
sectors for agricultural land use. Eight of the top 20 paths are
related to Food Processing. Food industry consumes a lot of water
and land resources indirectly through Agriculture. Some sectors of
light industry are critical final users of agricultural land resources
such as Timber Processing, Paper Products, Garments and Textile.
Seven of the top 20 ranking paths are driven by urban consumption
while four paths by rural consumption. Such information could be
important for designing targeted resource policies at supply chains
precisely.

Fig. 3 further displays the composition of the EEUs, EWUs and
ELUs at each layer instigated by the final consumption of aggre-
gated sectors. For example, Agriculture in total uses 2.01E] of
embodied energy, 149.02 billion m® of embodied water and
242.71 Mha of embodied land. About 80% of the embodied water
and land uses concentrate on Tier 0. About 70% of the embodied
energy distributes in Tier 3 and higher tiers. Agriculture uses a large
amount of water for irrigation and land for crop production directly.
Instead, agricultural machinery, pesticides and chemical fertilizer
consume the majority of the embodied energy which distributes in
higher tiers, though energy directly used for agricultural activities
only occupies 1.3% of the total embodied energy in Tier 1. Except for
Agriculture, the sectoral EWUs occur at the second and higher tiers.
Most of the ELUs in the aggregated sectors (except for Agriculture
and Light industry) occur at the third or higher tiers. The compo-
sitions of resource consumption in production tiers reflect the
sectoral resource utilization pattern for providing industrial prod-
ucts and services to a certain extent.

5. Energy-water-land nexus hidden in national supply chains

Growing scarcity and increasing demands of energy, water and
food deserve innovative thinking from a nexus prospective. Tradi-
tionally, researches on the energy-water-food nexus theories
focused on the discussion of interconnections between energy,
water and food resources on the production side [2]. The direct
dependencies of these three resources are indicated by the energy-
water nexus, water-food nexus, energy-food nexus, and energy-
water-food nexus at the macro-scale socio-economic system,
which have been extensively explored in the literature [30—32,64].
In China, energy-related industrial sectors consume a large amount
of water resources directly (mainly in Electric Power, 77.61 billion
m? in 2012), which account for 64.67% of the total water usage by
the industry sector and 12.86% of the total water supply. The sector
of Agriculture directly and indirectly consumes large amounts of
water and land resources, most of which are used for food pro-
duction. Water for irrigation reaches 388.03 billion m? in 2012,
accounting for 64.35% of the total water supply. Energy system also
provides power support for water and food systems. In fact, it is not
enough to investigate the energy-water-food nexus only on the
production side [65—67].

Identifying the energy-water-land nexus hidden in national
supply chains provides new insights to understand how energy,
water and land interact in the economic system. In addition to the
production-side energy-water-land nexuses in concrete industrial
sectors covering traditional energy-water nexus, water-land nexus,
energy-land nexus and energy-water-land nexus (Nexus 1), the
consumption-based resource concept from the embodiment
perspective adds a new dimension to understand the nexus re-
lationships in terms of supply chain path nexus (Nexus 2), the
sectoral nexus (Nexus 3), and the final demand category nexus
(Nexus 4). A systems diagram is further devised to present the
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overall energy-water-land nexus relationship in the supply chains
at the national scale, as shown in Fig. 4.

To find out the common paths where water, energy and land
interact with each other indicated by Nexus 2, Fig. 5(a) visually

S~

— —

Nexus 2 (Supply chain paths)

synthesizes the embodied water, energy and food resource flows
via China's supply chains in an integrated Sankey diagram. Agri-
culture consumes a significant amount of water and land directly. In
the intermediate process, Light industry, as an aggregated sector, is
the core nexus sector of the three resources, especially for water
and land. On the final demand side, Agriculture, Light industry,
Construction and Service are critical aggregated sectors of nexus.
The highest impact on the EEUs occurs in Tier 3 of the supply chain,
amounting to 22.87 EJ, implying that a large amount of energy is
used by final demand via one or two sectors as transition notes for
intermediate production. For example, Construction uses a lot of
embodied energy via the three sectors of Manufacture of Nonme-
tallic Mineral Products, Manufacture and Pressing of Metals, and
Electric Power through the top 20 paths of embodied energy.
Embodied water and land uses are mainly appeared in the first two
tiers (53.40% of the total for water and 57.39% of the total for land),
implying that these two kinds of resources are mainly used by final
demand or by one transition sector (e.g., Food Processing) directly.
In the intermediate consumption attribution, Agriculture and Light
industry, among all the seven aggregated sectors, consume a large
portion of the embodied water and land, while Heavy industry
consumes a large amount of embodied energy.

Fig. 5(b) further illustrates the top 50 sectoral supply chain paths
of the EEUs, EWUs and ELUs simultaneously. The top 50 ranking
paths (from the original resource extraction to the final demand
sectors) together represent 26.84%, 58.11% and 71.45% of the na-
tional total EEU, EWU and ELU in final demand, respectively. The
sectoral supply chain paths don't distinguish the end of supply

Land

-
—

Nexus 1 (Production side)

Fig. 4. Systems diagram of the energy-water-land nexus relationship in national supply chains. Note: Nexus 1 represents traditional energy-water-land nexus in the production
side; Nexus 2 indicates common sectoral supply chain paths to link with the final demand; Nexus 3 represents common industrial sectors to provide commodities or service for the
final demand; and Nexus 4 represents common final demand categories (e.g., urban consumption, rural consumption, government consumption, capital formation, stock increase,

and exports). S;, Sj, Sk and S, represent different sectoral notes in the supply chains.
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Fig. 5. Embodied energy-water-land uses in the supply chains: (a) supply chain paths from production to consumption; (b) major sectoral supply chain paths. Note: In Fig. 5(a),
colors of the sectoral node indicate the seven aggregated sectors, and colors of the flows indicate different resource types. From left to right, the diagram reveals how the resource
transfer from extraction via intermediate consumption to final consumption. Contributions from PL* and all higher tiers are combined to provide a comprehensive view of the
system. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

chains (i.e., different final demand categories). Among the signifi-
cant transition and syncretic sectors of the three resources, Agri-
culture, Food Processing, Textile and Chemical Products are critical
transmission sectors. On the final demand side, products of Agri-
culture, Food Processing, Chemical Products, Electric Power and Con-
struction are mainly used by final consumers.

The top 20 largest sectoral nexus paths for energy-land, energy-
water and water-land are listed in Tables S8—S10, respectively. Food
Processing, Textile and Chemical Products are critical transition sec-
tors for the energy-land nexus as well as Agriculture and Food
Processing for the energy-water nexus. The largest path of energy-
water nexus is the ‘Energy & Water — Food Processing’, followed by
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‘Energy & Water — Food Processing — Accommodation, Food and
Beverage Services’. For the water-land nexus, the largest path is the
‘Water & Land — Agriculture’, implying that water and land are
mainly used by Agriculture and directly for final demand. This path
contributes 19.64% and 30.52% to the national total EWU and ELU,
respectively. The top 20 energy-water-land nexus paths contribute
3.70 EJ (3.70% of the total EEU), 133.18 billion m> (22.08% of the total
EWU) and 206.85 Mha (32.00% of the total ELU) to the national
total, respectively (see Table S11). The largest nexus path is the
‘Water & Energy & Land — Food Processing’, being responsible for
0.32 EJ of embodied energy (0.32% of the total EEU), 61.4 billion m>
of embodied water (10.18% of the total EWU) and 102.29 Mha of
embodied land (15.82% of the total ELU). Food Processing provides
food for other sectors, which links with the top 4 high-ranking
paths. The path ‘Water & Energy & Land — Construction’ covers
4.23 billion m® of embodied water (0.70% of the total EWU), 0.25 EJ
of embodied energy (0.25% of the total EEU) and 7.05Mha of
embodied land (1.09% of the total ELU). Other critical sectors in
domestic supply chains are also identified, including Textile, Timber
Processing and Chemical Products. These sectors reflect their roles as
transmission channel in the supply chain paths.

As to the common industrial sectors for providing final goods to
meet final consumption indicated by Nexus 3, Agriculture contrib-
utes 24.71% and 37.55% to China's total EWU and ELU in final de-
mand, respectively, though the proportion of Agriculture by EEU in
final demand is far less than the former ones. Furthermore, Light
industry, as an aggregated sector, consumes a large amount of water
and food due to the processing and manufacturing of agriculture
products. Light industry has direct linkages with Agriculture,
therefore the shares of its EWU and ELU in final demand are much
larger than that of its EEU. By contrast, Heavy industry and Con-
struction among all the seven aggregated sectors have large
amounts of the EEU in final demand. The demand of Service also
leads to substantial consumption of embodied water, energy and
food resources.

As to the common final demand category indicated by Nexus 4,
investment takes the largest proportion of EEU in final demand
(47.09%), compared to 25.08% of the EWU and 20.09% of the ELU.
Consumption plays an important role in driving the EWUs and
ELUs, among which the embodied resource uses of urban con-
sumption are more than twice those of rural consumption in terms
of the three resources. Thereafter, the energy-water-land nexus in
China's supply chains are systematically displayed in terms of
common industrial sectors, final demand categories and supply
chain paths, indicating a strong dependence relationship of energy,
water and land resource requirements.

6. Concluding remarks

Responsible consumption and production is an important in-
dicator among United Nation's 2030 Sustainable Development
Goals. Effective measures to reduce resource footprint are of great
concern to gauge sustainability [68]. The growth of Chinese econ-
omy has a measurable impact on energy, water and land resource
demands. By using the EEIOA and the SPA models, this study re-
veals how final demand drives domestic extraction and utilization
of energy, water and land resources in 2012, highlighting the in-
terconnections among embodied energy-water-land resource uses.

According to the final demand categories driving water, energy
and land resource requirements, capital formation contributes the
most to the energy requirements, while urban consumption is the
leading driver for water and land resource requirements. Agricul-
ture and Light industry are critical aggregated sectors for the EWUs
and ELUs and Heavy industry and Construction for the EEUs in final
demand. In order to excavate the complex resource linkages in the

economic system network, the supply chain paths of embodied
resource flows from the original extraction to the final demand are
identified. The top 20 ranking paths together account for 15.41%,
4418% and 58.64% of the national total EEU, EWU and ELU,
respectively. The energy-water-land nexus in national supply
chains are systematically elucidated from the embodiment
perspective, covering common industrial sectors, final demand
categories and supply chain paths. Major sectoral nexus paths in
terms of energy-land, energy-water, water-land, and energy-water-
land nexuses are further explored, reflecting the tight inter-sectoral
energy-water-land connection. Among the sectoral energy-water-
land nexus paths, for instance, the largest path is “Water & En-
ergy & Land — Food Processing”, responsible for 61.4 billion m> of
embodied water, 0.32 E] of embodied energy and 102.29 Mha of
embodied land. Identifying these main dependence pathways is
essential to address the trade-offs and synergies among embodied
energy, water and land uses along the entire supply chains. Con-
trolling critical nexus sectors and paths can yield multi-benefits for
possible energy, water and land conservation. The supply chains of
energy, water and land resource requirements in association with
their connections and interactions can provide important infor-
mation for policy makers to reduce resource and environmental
footprints along with complex economic activities.
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