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Abstract: Rapid urbanization poses great challenges to water-energy-food nexus (WEF-Nexus)
system, calling for integrative resources governance to improve the synergies between subsystems
that constitute the Nexus. This paper explores the synergies within the WEF-Nexus in Shenzhen city
while using the synergetic model. We first identify the order parameters and their causal paths in
three subsystems and set several eigenvectors under each parameter. Secondly, a synergetic model is
developed to calculate the synergy degree among parameters, and the synergetic networks are then
further constructed. Centrality analysis on the synergetic networks reveals that the centralities of food
subsystem perform the highest level while the water subsystem at the lowest level. Finally, we put
forward some policy implications for cross-sectoral resources governance by embedding the synergy
degree into causal paths. The results show that the synergies of the Nexus system in Shenzhen can be
maximized by stabilizing water supply, coordinating the energy imports and exports, and reducing
the crops sown areas.

Keywords: water-energy-food nexus; order parameter; synergy degree; resources governance;
cross-sectoral cooperation

1. Introduction

Water, energy, and food (WEF) are the most important elements for human wellbeing and
sustainable development [1]. The rapid urbanization [2,3], accompanied by population growth and
economic transitions, puts an ever-growing pressure on the security of three sectors [4,5], especially
in developing countries [6]. More importantly, WEF are inextricably interlinked and any sectoral
policies without considering their interconnections may lead to acute negative consequences [7,8]. For
example, to meet the food demands from growing population, some Asian countries given energy
subsidies for irrigation areas expansion, while significantly increasing the scarcity of underground
water [9,10]. The biofuel development policies that are popular in energy shortage area have great
adverse impacts on water and food supply through land use change and competition between food
and non-food cultivation [11]. The concept of WEF-Nexus has gained significant attention in recently
years, to improve the tradeoff and synergies between WEF, as it is an integrated governance tool or
framework to guide the cross-sectoral cooperation [12].

The Nexus thinking emerged in the late 2000s, when the World Economic Forum first identified
the WEF-Nexus as a key solution to global challenges, calling for a better understanding of their
interlinkages [13,14]. The Bonn Conference, held in 2011, further propelled the WEF-Nexus approach
into international discussions and provided a new governance perspective on problems of unsustainable
development [15]. Since then, the Nexus has gained popularity both within academia and among

Water 2019, 11, 2365; doi:10.3390/w11112365 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0003-1590-8022
https://orcid.org/0000-0002-0580-4791
http://www.mdpi.com/2073-4441/11/11/2365?type=check_update&version=1
http://dx.doi.org/10.3390/w11112365
http://www.mdpi.com/journal/water


Water 2019, 11, 2365 2 of 19

policy makers [16], notably in relation to the agendas of Sustainable Development Goals (SDGs 2,6
and 7) [17]. At the core of Nexus debates are the WEF securities that are threatened by increased
demands [18] and fierce sectoral competition [19], thus urgently requiring identifying the Nexus
complexity, where the resources supply and demand are highly interdependent at all scales [20–22].
As a result of these interdependencies, decision-makers from different sectors encounter the complex
governance challenges of accounting for synergies, tensions, and potential trade-offs among Nexus [12].

Until now, many Nexus modeling have been developed to promote the synergies for cross-sectoral
governance. They can be generally classified into two categories, that is, specialized models for Nexus
and generic approaches applied to Nexus. Models that are special for Nexus include Nexus Tool 2.0,
NTP (Nexus Tools Platform), NexSym (Nexus Simulation System) and WEFO (WEF security nexus
Optimization model) [14,23–25]. These models often incorporate water, energy, and food into an
integrated framework for the better assessment and simulation of synergies within Nexus system.
The generic approaches that are most frequently employed are environmental footprint assessment,
life cycle assessment (LCA), and input-output analysis (IOA), which aim to identify the synergies
and critical causal paths within Nexus [17,26,27]. Besides, the scenario analysis and indicator-based
assessment have also been adopted to highlight synergies and conflicts amongst and within the
subsystems of Nexus [6,28]. By reviewing the literature, we find that most of the modeling tools just
emphasize the fact of poor governance practices, but seldom to quantify the extent of non-synergies
existing in Nexus. In other words, when the demand of one kind of resource increases, it is still not
clear that to what extent it puts pressure on other resources. For a better understanding of the complex
interconnections of WEF Nexus, an integrated model that provides the synergetic view and further
quantifies the network features among the critical elements within the Nexus needs to be developed.

When it comes to the research scales, the prevailing opinions largely see Nexus as the local scale
that often proved to be unsustainable, owing to inadequate cross-sectoral synergies. In recent times,
more scholars turn to the study of Nexus system at city level [29–32]. As is well known, urbanization is
prevalent worldwide, with the global urbanization rate reaching 54% in 2017. That figure will increase
by 28% in the next 15 years, and the demand for WEF in urban areas will simultaneously increase [33].
It is worthy to note that much attention is usually paid to the cities in developed countries, while less
to the cities in developing countries. In the context of growing population and climate change, the
stress on WEF will increase the vulnerability of urban Nexus [34], and these challenges are more likely
to hit less developed countries [35].

As the largest developing country in the world, China has entered a phase when its cities,
particularly those cities that are located in east coasts, have been growing at a breakneck speed since
the reform and opening in the late 1970s. Shenzhen, as China’s first Special Economic Zone, had a
large population of 12.53 million at the end of 2017, about 37.5 times that of 1979 [36,37]. The rapid
urbanization has not only made the demand for urban resources far exceed its own supply capacity,
but has also posed challenges in transferring a great number of resources from outside. In 2017,
the Chinese central government approved Shenzhen to build the National Sustainable Development
Agenda Innovation Demonstration Zone, which required the improvement of resource use efficiency
and ecological environment management. This indicates that the solutions toward the resource and
environmental problems for megacities that are represented by Shenzhen and its demonstration
effects on other cities are highly valued at the national level. Therefore, exploring the synergies of
WEF-Nexus in Shenzhen will provide useful policy implications for developing countries during rapid
urbanization, and valuable practices for megacities to seek sustainable resources governance and the
implementations of the 2030 Agenda for Sustainable Development.

Based on the above, this paper takes Shenzhen city as the case, in order to quantify the synergies
of WEF from the perspective of nexus governance. We first select some order parameters and identify
their causal paths that exist in Nexus system. Subsequently, we develop the synergetic model to
calculate the synergy degree among order parameters. By doing this, the synergetic networks can be
constructed and centralities analysis on these networks is subsequently conducted. Finally, this paper
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proposes some policy implications that aim to guide the integrative urban WEF integrated governance
by embedding the synergy degree into causal paths.

2. Subsystems, Order Parameters and Eigenvectors

2.1. Subsystems and its Order Parameters

Order parameters are generally used to reflect the ordered structure of systems. WEF-Nexus is a
typical complex system and it is necessary to select some suitable order parameters to help understand
the synergies and trade-offs within the Nexus system. The fluctuation of order parameters within
Nexus will change the stability of the system and increase the complexity of urban resource governance.
Nexus is first divided into three subsystems, including water, energy, and food, to more clearly
identify the order parameters. Secondly, each subsystem can be further divided into two attributes,
according to the resources supply and demand. Thirdly, based on the attributes of each subsystem,
the corresponding order parameters can be set. Finally, 23 order parameters are eventually selected
within Nexus, among which the water, energy, and food subsystems include 7, 8, and 8, respectively
(see Table 1).

Table 1. Water, energy, and food (WEF)-Nexus subsystems, attributes, and order parameters.

Subsystems Attributes Order Parameters

Water-Subsystem Supply supply quantity, conservation quantity

Demand total water demand, water for agricultural, dairy farming,
fishery, and power generation

Energy-Subsystem Supply allocation from outside, allocation over outside, energy stock,
energy production

Demand total energy demand, energy for energy related sectors, water
related sectors, and food manufacture

Food-Subsystem Production gross value of agriculture, total sown areas, cultured areas of
aquatic

Demand yield of major farm crops, total output of meat, eggs and milk
output, aquatic products, food imports

2.2. Causal Paths in Order Parameters

After reviewing the literature in WEF-Nexus domain, we find that most types of causal paths that
exist among order parameters have been scientifically tested (see Table 2). Taking the causal path 1O
as an example, the literature [38] mainly discussed the dam building generating the hydropower to
increase the energy supply, while reducing the water availability for agriculture (food production).
Subsequently, we can conclude this causal path as “water conservation→power generation→electricity
(for food production as well)”. Other causal paths are summarized in the same way. Furthermore, we
visualize these causal paths and integrate them into a loop diagram, as shown in Figure 1.
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Table 2. Causal paths of order parameters examined by literature.

No. Causal Paths Relevant Literature

1O water conservation→power generation→electricity (for food
production as well) [38,39]

2O water conservation→total sown areas→yield of major farm crops
(with energy embedded in) [40,41]

3O water consumption→water for dairy farming→total output of meat
(with energy embedded in) [42,43]

4O
water consumption→water for dairy farming→eggs and milk
output
(with energy embedded in)

[44]

5O water consumption→water for fishery→aquatic products (with
energy embedded in) [45]

6O water consumption→cultured areas of aquatic→aquatic products
(with energy embedded in) [46]

7O energy production→energy consumption→energy-related sectors
(with water embedded in) [27,47]

8O energy production→energy consumption→water-related
sectors→water consumption [48]

9O energy production→energy consumption→manufacture of food
(with water embedded in) [49,50]
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Figure 1. Causal loop diagram within WEF-Nexus order parameters.

2.3. Eigenvectors under Order Parameters

The causal loop just qualitatively draws out the interconnections among order parameters, but
it is insufficient to evaluate the synergetic effects within the Nexus system. 23 order parameters
are decomposed into 72 eigenvectors, each order parameter containing at least two eigenvectors, in
order to quantify the synergies among order parameters (see Table 3). A number of eigenvectors
combined together form a multi-dimensional vector space to calculate the synergy degree among
order parameters.
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Table 3. The eigenvectors under WEF-Nexus order parameters.

No. Order Parameters Eigenvectors

W1 water supply quantity volume of water diversion, surface water, groundwater, and other sources
W2 water conservation quantity volume of total water conservation; number of reservoirs, and water supply reservoirs
W3 total water demand volume of water consumption for whole city, residential sector, and industrial sector
W4 water for agricultural demand of paddy field, irrigated land, vegetable field, timber trees and fruit trees
W5 water for dairy farming demand of meadow, and livestock (consumption of water & water for consumption)
W6 water for fishery volume, average per mu and ratio of replenishment of fishponds
W7 water for power generation capacity, consumption rate and ratio of thermal power generation
E1 energy allocation from outside allocation from other provinces, and imports
E2 energy allocation over outside allocation over other provinces, and exports
E3 energy stock volume of energy stock at the beginning and end of the year, losses, and local consumption
E4 energy production output of primary energy, and electricity
E5 total energy demand volume of end-use, primary industry, and residential demand; total electricity demand
E6 energy for food manufacture volume of gasoline, diesel oil, and electricity
E7 energy for energy related sectors volume of gasoline, diesel oil, natural gas, and electricity
E8 energy for water related sectors volume of diesel oil, natural gas, and electricity
F1 gross value of agriculture value of planting, animal husbandry, fishery, and agricultural services
F2 total sown areas areas of grain crops, cash crops, other crops, and orchards
F3 cultured areas of aquatic areas of seawater, and freshwater
F4 yield of major farm crops yield of grain, peanuts, vegetable, and fruits
F5 total output of meat number of cattle, raised hogs, and raised poultry; output of meat sold
F6 eggs and milk output number of milk cows, output of milk, and fresh eggs
F7 aquatic products volume of seawater aquatic products, and freshwater aquatic products
F8 food imports value of imports of farm production, and food
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3. Synergetic Model

The core of the synergetic model is to calculate the variations of multi-eigenvectors at different
time, and then obtain the synergy degree among all order parameters. The value of synergy degree
represents the relationship intensity between two connected order parameters, so the elements that
occupied the dominate position could be identified for more effective policy making. The synergetic
network of order parameters can be constructed by the synergy degree between every two parameters.
According to the network centralities, the status and significance of the order parameters and their
corresponding subsystem in Nexus system can be demonstrated.

3.1. Synergetic Model Construction

How to handle the multi-dimensional vector space is the first step towards synergy degree
calculation. We use the value change of eigenvectors at two time points to represent the variation of
order parameters due to each multi-dimensional vector space (order parameter) consisting of two or
more eigenvectors [53]. Many authors have proved that the vector space model performs effectively in
information retrieval when processing large amounts of text files [54]. Similarly, a large number of
eigenvectors can also be processed together by using a vector space model.

3.1.1. The Definition of Eigenvector

According to Tables 1 and 3, Ti
0 =

(
ti
10 , ti

20 , . . . , ti
n0

)
and Ti =

(
ti
1, ti

2, . . . , ti
n

)
can be defined as the

eigenvector in ith order parameter in current and next year, respectively. Where ti
10 ≥ 0 and ti

1 ≥ 0 are
the value of the eigenvector, l = 1, 2, . . . ,n. Similarly, the eigenvector in jth order parameter in current
and next year are T j

0 =
(
t j
10 , t j

20 , . . . , t j
m0

)
and T j =

(
t j
1, t j

2, . . . , t j
m

)
, respectively.

There are direct or indirect causal correlations between any two order parameters. If the changes
of eigenvectors within two order parameters are highly consistent, it means that these two have high
synergy degree. Standardization processing is needed, as the eigenvectors in each order parameter
have different dimensions and properties. According to the definition of Ti

0 and T j
0 mentioned above,

the Qi =
(
qi

1, qi
2, . . . , qi

n

)
and Q j =

(
q j

1, q j
2, . . . , q j

m

)
can be further defined as the vectors of the ith and jth

order parameter. Where qi
l and q j

k represents the variation of lth eigenvector in ith order parameter and

the variation of the kth eigenvector in jth order parameter. qi
l =

∣∣∣∣ti
l − ti

l0

∣∣∣∣/ti
l0

and q j
k =

∣∣∣∣t j
k − t j

k0

∣∣∣∣/t j
k0 (l = 1,

2, . . . ,n; k = 1, 2, m; n and m refers to the number of eigenvectors that are included in the corresponding
order parameter).

3.1.2. The Definition of Order Parameters Synergetic Matrix

Based on the theory of single factor coupling degree in vector space [55], combining the definition
of Qi and Q j, the influence degree of the lth and kth eigenvector is defined as:

bi j
lk = min

(
qi

l, q j
k

)
/max

(
qi

l, q j
k

)
(1)

where 0 ≤ bi j
lk ≤ 1 If the change rate of lth and kth eigenvector are close, then the bi j

lk will close to 1,
and there will be high synergetic effect between these two eigenvalues. The larger the variation of
the eigenvectors, the smaller the bi j

lk will be, which means that the synergy degree between two order

parameters is lower. As one order parameter contains several eigenvectors, the synergetic matrix Bi j
n×m

of the ith and jth order parameter can be constructed, as below.

Bi j
n×m =


bi j

11 bi j
12 . . . bi j

1m
bi j

21 bi j
22 . . . bi j

2m
. . . . . . . . . . . .

bi j
n1 bi j

n2 . . . bi j
nm

 (2)



Water 2019, 11, 2365 7 of 19

where n and m are the number of eigenvectors in ith and jth order parameter, respectively.

3.1.3. Synergetic Model of Order Parameters

On the basis of the eigenvector variations and synergetic matrix, the formula of the synergy degree
between ith and jth order parameter is as follows:

ri j =

(∣∣∣Ti
− Ti

0

∣∣∣i)× B×
∣∣∣∣T j
− T j

0

∣∣∣∣T
‖Ti − Ti

0‖2 × ‖B‖2 × ‖T
j − T j

0‖2

(3)

where 0 ≤ ri j ≤ 1. Ti
0 and T j

0 refers to the normal vector of ith and jth order parameter, respectively.∣∣∣Ti
− Ti

0

∣∣∣ means the absolute value, while the ‖Ti
− Ti

0‖2 means the two-norm (L2) of Ti
− Ti

0. The
number of C2

t synergy degree will be calculated if we select t order parameters to reveal the synergetic
effects of the system.

3.2. Centrality Analysis of Synergetic Networks

This paper develops the synergetic network model to illustrate the synergy degree variations
between every two order parameters. After the synergetic networks are constructed, we can analyze
the network features from the perspective of centralities, i.e., degree centrality, betweenness centrality,
and closeness centrality [56].

3.2.1. Degree Centrality

The degree centrality is used to measure the number of connections that one order parameter
directly connects others in synergetic network, and that means this order parameter has influence on
the synergies of the Nexus system. Standardized degree centrality refers to the ratio of the degree
centrality of one order parameter to the maximum degree centrality of the network. The formula is
as follows:

CRD
i =

∑
j

Pi j

n− 1
(4)

where CRD
i represents the relative degree centrality of ith order parameter,

∑
j

Pi j represents the number of

connections that ith order parameter connects others, and n represents the number of order parameters
in the network.

3.2.2. Betweenness Centrality

The betweenness centrality characterizes the transition connections of order parameters in the
network. For example, if there is no direct connection between two order parameters, but they are
directly connected with the third order parameter. In this condition, we can regard the third order
parameter as the “bridge”. The greater one order parameter act as “bridge”, the higher its betweenness
centrality. Suppose that g jk represents the number of shortcuts between two order parameters j and k,
b jk(i) represents to what extent the third order parameter i can control the connections of j and k, that
is, the probability that i locates in the shortcut between j and k. The number of the shortcuts between
j and k that pass i are represented by g jk(i), where b jk(i) = g jk(i)/g jk. The absolute betweenness
centrality of one order parameter is as follows:

CB
i
=

n∑
j

n∑
k

b jk(i) (5)
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where j , k , i and j < k standardized betweenness centrality is the ratio of the betweenness centrality
to the maximum possible betweenness centrality in network. The formula is as follows:

CRB
i

=
2CB

i

n2 − 3n + 2
(6)

3.2.3. Closeness Centrality

Closeness centrality is the degree of one order parameter that is not indirectly affected by others
in the synergetic network, or the independence of synergies between one order parameter and others.
Here, we define the distance as the number of edges of the shortest path between two order parameters.
If the closeness centrality of an order parameter is greater, the average path of this order parameter
is shorter when it directly or indirectly correlates with others. The absolute closeness centrality is
defined, as follows:

CC
i =

∑
j
(dmax − di j)

N − 1
(7)

where dmax represents the maximum distance in network, that is, the maximum observation distance
plus 1. di j represents the distance between i and j. To compare the closeness centrality of different
networks, the standardized closeness centrality can be calculated, as follows:

CRC
i =

CC
i

max
i, j

(dmax − di j)
(8)

4. Synergetic Analysis: Case of Shenzhen City

This part will take Shenzhen city as an example to quantify the synergy degree of order parameters
within WEF-Nexus system from 2010 to 2016. Based on this, we then construct synergetic networks
among all the order parameters and further conduct some centrality analysis on these networks. The
data used were mainly collected from Shenzhen Statistical Yearbook and Shenzhen Water Resources Bulletin
and from the China City Statistical Yearbook. All of the eigenvectors under WEF-Nexus order parameters
are measured with data from within city borders, except for F8 (food imports).

4.1. Synergy Degree of Order Parameters

In six periods, each order parameter in the Nexus system shows different synergy degree. If one
order parameter has strong synergetic correlations with others, then it can be regarded as dominant in
the whole system and it can easily influence others or be affected by others. Figure 2 shows the mean
value of synergy degree for each order parameter from 2010 to 2016. The higher the mean value is, the
higher the synergy degree between the corresponding order parameter and whole Nexus system.
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Figure 2. The mean value of synergy degree of 23 order parameters in six periods.

The average synergy degree of order parameter in food subsystem is the highest (0.36), followed
by energy subsystem (0.31) and water subsystem (0.28). In the food subsystem, the order parameters
with the highest synergy degree are F1 and F2. F1 is the gross value of agriculture and its change
depends on the yield of all kinds of agricultural products (F4–F7), while F2 is the sown areas of crops.
The change of F2 will directly affect crop yield (F4) and F1 indirectly through F4, and even affect order
parameters from other subsystem, such as water demand (W4). The order parameter with the lowest
synergies are F3 and F7, which indicates that aquaculture is a relatively independent the agricultural
sector. In addition, the synergy degree of F8 is also low with small fluctuation, because the change of
food import is mainly influenced by food policy and market price; hence, it is not directly connected to
most of the other order parameters in Nexus.

In the energy subsystem, the highest average synergy degree is E5, which can be regarded as a
“bridge”. It is determined by the energy storage (E3) and energy production (E4), but meet the energy
demand from the related sectors (E6–E8). E3 and E7 are in the second place, both with the synergy
degree of 0.38. E3 is regulated by energy allocation from outside (E1) and over outside (E2). At the
same time, it also determines the energy production (E4) and it affects the energy demand from related
sectors (E6–E8). As an energy-related sector, E7 needs to consume a certain amount of energy (E5)
and increase the energy supply (E4) to provide secondary energy for other sectors. Like F8, E1 and E2
largely depend on urban energy policies and market price, so their synergy degree is relatively low.

The average synergy degree of order parameters in the water subsystem is the lowest. When
compared with other two subsystems, water occupies a fundamental status in Nexus system and
determines energy and food production to a large extent. As an independent subsystem, the water
subsystem inclines to affect other subsystems, rather than being affected by order parameters from
other subsystems. Shenzhen is located in monsoon climate area, so the water supply largely depends
on precipitation. The variation of inter-annual precipitation makes the water supply (W1) irregularly
fluctuate. However, after the regulation by water storage facilities, the synergy degree of actual water
supply (W3) is improved to a certain extent, so as to meet the water demand from related sectors. As
agricultural sectors consume a large amount of water, the synergies of W4, W6, and W7 are all less
than 0.3, which indicates that there is a lack of water governance for these demand sides.



Water 2019, 11, 2365 10 of 19

4.2. Synergetic Network between Order Parameters

We use Gephi to visualize the synergetic networks among order parameters based on the synergy
degree of every two order parameters. Figure 3 shows the synergetic networks of the Nexus system
in Shenzhen from 2010 to 2016. The size of node in the network represents the weighted average of
synergies between each order parameter and all others. The node positions are sequentially arranged
according to the synergy degree of order parameters. The thickness of the nodes ligature represents
the synergy degree between two order parameters that are connected by the nodes.
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The size of nodes in each circle is various, which means that each order parameter participates
in the synergy dynamics of Nexus system to a different extent. The order parameter with the largest
weighted average, that is, the node occupies the dominate position in the network, mainly comes from
the food subsystem, especially related to food production (F1, F2). It means that changes of other order
parameters are more likely to affect food production activities, thus ensuring a stable supply of water
and energy is critical to food security. Node position regarding water-related order parameters are
relatively backward and greatly varies, which indicates that most order parameters (W1, W2) in the
water subsystem are more independent and changes of other subsystems have little driving effect on
them. As for energy subsystem, the node position about energy supply is backward, while the node
position of energy demand is forward. When compared with other energy demand sectors (E7, E8),
the node of energy for food manufacture (F6) is larger, for it not only maintains high synergy degree
with food production, but also as one of the most energy-intensive sectors [49].

4.3. Centrality Analysis of Synergetic Networks

By using the Ucinet, Table 4 shows the centralities of synergetic networks of Nexus system in
Shenzhen from 2010 to 2016.
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Table 4. Centralities of synergetic networks in Shenzhen from 2010 to 2016.

Degree Centrality Betweenness Centrality Closeness Centrality

Mean Std Dev Mean Std Dev Mean Std Dev

2010–2011 21.34 0.19 3.52 9.89 64.53 21.27
2011–2012 22.13 0.2 2.71 7.99 56.13 22.95
2012–2013 21.74 0.16 5.2 9.47 72.73 8.68
2013–2014 18.57 0.16 4.25 11.05 61.53 15.48
2014–2015 11.86 0.11 4.39 8.22 44.57 21.77
2015–2016 17.79 0.14 4.37 7.13 60.08 19.98

4.3.1. Degree Centrality

The degree centrality of synergetic network reached the highest in 2011–2012 by 22.13%, reflecting
that the overall synergies of the Nexus system is the best. In this period, the degree centrality of
the F-supply subsystem reached the peak value, while other subsystems were relatively low, but
close to each other. The degree centrality reached the lowest in 2014–2015 by 11.86%. In addition
to the sharp decrease of F-production subsystem, the water subsystem also significantly decreased.
The change of water related order parameters will cause the fluctuation of the order parameters in
F-production in larger amplitude since W-supply and W-demand directly affect F-production, which is
shown in Figure 4a where the lines of W-demand, W-supply, and F-production change in the same
direction. Given the food security threatened by the instability of food production, Shenzhen has
adjusted its food supply through food import, so the F-supply line is relatively stable and opposite to
that of F-production.
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Figure 4. (a). Degree centrality of synergetic network from 2010 to 2016; (b). Betweenness centrality of
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4.3.2. Betweenness Centrality

The betweenness centrality of the synergetic network fell to the lowest at 2.71 in 2011–2012 and
rose to 5.2 in 2012–2013, and then kept stable between 4.2 and 4.4. In Figure 4b, the order parameters
related to F-production still occupy a high position. These order parameters heavily depend on the
input of irrigation water and energy and affect the output of agricultural products, so they act as
the “bridge”. In 2014–2015, as the agricultural water supply and agricultural production declined,
the ability of F-production to control the network declined accordingly. In the whole system, the
betweenness centrality of water subsystem is the lowest, especially for the W-supply. With regard to
surface water, underground water and transferred water, the factors that affect W-supply mainly come
from outside the Nexus; hence, the order parameters within the water subsystem rarely play the role
of “bridge”.
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4.3.3. Closeness Centrality

From 2010 to 2016, the closeness centrality of the Nexus system repeatedly fluctuated, but the
direction of all subsystems was shown to be consistent. In Figure 4c, the closeness centrality of system
reached the maximum in 2012–2013, especially for E-demand and F-production. It means that there
are relatively short pathways when the order parameters in these two subsystems connected with
others. In 2014–2015, except for F-supply, the closeness centrality in other subsystems all reached the
minimum, which means that the great instabilities within the Nexus happened in 2015. While taking
the W-demand as the example, the total water demand increased by only 0.5% every year from 2010 to
2014, while it grew to around 3% from 2014 to 2015, which was mainly caused by the water used for
the expansion of cash crops.

5. Governance Implications

This paper combines the synergy degree with causal path within WEF-Nexus in order to reveal
the governance implications of the synergies (see Figure 5). Nexus-governance can be improved
according to the synergy degree in causal path to effectively achieve cross-sectoral cooperation. More
importantly, the priority of governance policies can be determined by weighing the synergy degree
among different causal paths.
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In the water subsystem, the synergy degree among water supply, water conservation, and water
demand is not relatively high. This is because the water supply is more likely to be affected by natural
factors, while the water demand significantly depends on the human activities. From 2013 to 2014,
water supply in Shenzhen increased by 2.3%, while water demand increased by 2.9%, which resulted
in a decline of water conservation. In the next period, the water supply increased by 7.6%, while
the water demand just increased by 4.4%, leading to the recovery of water storage. The inconsistent
changes between water supply and demand increase the instability of water subsystem and order
parameters in the energy and food subsystem that highly rely on water resources. As the Shenzhen
is located in monsoon-dominated river delta, high temporal variability in water use and availability
will aggravate the water crisis [57]. Therefore, for water supply with the greatest uncertainty, the
water governance sector needs to carefully plan the amount of water for consumption according to the
supply capacity of the year. If water supply is insufficient, then water demand needs to be reduced
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accordingly and water stored in reservoirs or groundwater can be appropriately extracted. In general,
these three order parameters should synchronously increase or decrease, and the current situation in
which one is increased while the other is decreased should be avoid.

In the energy subsystem, the synergy degree among energy stock, energy allocation from outside,
and over outside is not high as well, in that the amount of energy imports and exports depend on
human activities, and it is no easy job to coordinate the two because of the diversity of energy and
dispersion of energy users. Therefore, managing the amount of energy imports and exports in an
integrative way is essential. If energy demand increases in a given year, the transmission through
energy production might lead to a reduction of energy stock. In this case, city needs to increase
energy from outside and reduce over outside. As the energy sector not only consumes energy, but also
produces secondary energy, it keeps a high synergy degree with the energy demand (0.58). In the case
of energy supply crisis, priority should be given to guarantee the energy demand from energy sectors.
Afterwards, when considering the energy supply for water sectors (0.43) that connected many order
parameters in water subsystem and cross-sector coordination is of great importance here.

Food production mainly relies on the water supply, whether planting, dairy farming, or fisheries.
The degree of dependence on water resources shown in different agricultural types varies greatly,
which leads to the variation of synergy degree between them and water supply. For example, there
is a high synergy degree between water demand, sown areas, and crops yield, but the fishery and
dairy sectors consume less water. Even if the water supply changes greatly, the effect on egg, milk,
and meat products will be relatively small. In terms of the impact on total food output, the output
of aquatic products, egg, and milk products is greater than that of grain and meat. This reflects the
characteristic of coastal city with high urbanization rate, but it is also affected by the sharp reduction in
crops planting areas and meat production in recent years. In this case, the food production pattern
should be reconsidered in response to the changes of urban food consumption structure. In addition,
the relative benefits of the food sectors should be weighed and alternative strategies of food imports
adopted in due course. Food production requires large amounts of water that may crowd out the
water demand from other sectors. Meanwhile, the economic benefits that are generated by agricultural
sectors are much lower than the industrial sectors, so local agricultural should be reduced to increase
the water supply for industries, and the treated industrial wastewater can also be re-deployed in food
production and processing. In fact, Shenzhen has already taken some actions. In the past 20 years, the
crop planting area in Shenzhen has shrunk by 63.8%.

6. Discussion and Conclusions

This paper developed an integrated approach by combining the synergetic model with network
analysis to reveal the synergies of urban WEF-Nexus. When compared with the traditional Nexus
modeling, the biggest difference of synergetic model is that all kinds of synergies between the elements
of Nexus could be measured. Besides, the network analysis can further filter out the dominant
factors with a high synergy degree. Until now, many debates on Nexus just take it as guidance for
cross-sectoral or multi-stakeholder tradeoffs [16,58], with little attention being paid to the Nexus
quantification. Although some other researches assessed the influence of one resource fluctuation on
the other two resources, they largely concerned about the Nexus interlinkages from different point of
departure separately. For example, from the point of water, Karimi et al. estimated that extracting 1 m3

groundwater for agricultural requires 0.826 kWh of energy in Iran, which is three times larger than
India, as the groundwater tables in Iran are dropping rapidly [59]. Jalilov et al. started from energy
and found that the dam building on Vakhsh River will expand more than the double energy capacity
for upstream country, while having a negative impact on downstream irrigated agriculture by 37%
decline [38]. El Gafy et al. applied the Nexus approach to food production in Egypt. They calculated
that 11 million USD could be gained if the proposed cropping pattern is implemented; meanwhile,
the water and energy savings would be about 1.9 km3 and 1006TJ respectively [60]. However, the
Nexus complexity will varies greatly depending on the regional features, and any type of current
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Nexus was hardly extended to other situations. To a great extent, the regional Nexus should be
considered as a holistic system, which consist of as many Nexus forms as possible. The significance
of this paper is to construct a comprehensive framework for better resolving the Nexus, not only for
megacities in developing countries, also for the sustainable resource governance at the regional and
cross-regional scales.

The synergies and trade-offs among order parameters within the Nexus system are always in
the process of dynamic changes in the context of urban resources governance. There are many
other approaches to facilitate the cross-sectoral cooperation outside the current Nexus. For example,
resources supply channels can be expanded by adopting incentive policies. Shenzhen makes great
efforts to develop clean energy, like solar energy, wind energy, and tidal energy, under the background
of building low-carbon city, which not only raises the energy supply, but also optimizes the structure of
energy consumption. In 2018, the proportion of clean energy use in Shenzhen reached 85%, while the
importance of fossil fuels in energy system dramatically dropped. Shenzhen also increased its water
supply through desalination, with the amount of seawater utilization reaching 12.164 billion cubic
meters in 2017. However, desalination consumes large amounts of energy and it requires cross-sectoral
trade-offs. Moreover, sustainable governance can be achieved by efficiency promotion and waste
reduction. For example, the price of resources can be regulated to guide citizens to form the habit
of saving resources. Besides, improving urban infrastructures to increase the capacity of resource
transportation and reduce the loss in transportation [61], optimizing industrial processes and waste
recycling are all beneficial to sustainable governance.

This study also has some limitations. Firstly, the selection of order parameters in this paper
significantly rely on the availability of data and some important order parameters in WEF-Nexus are
omitted. For example, the resources waste and treatment have been the focus of the WEF-Nexus domain,
while the order parameters that are related to WEF waste are not considered in this paper. In addition,
the dietary behavior of city inhabitants is also essential for urban WEF-Nexus end-of-supply-chain
solution [31,32]. Secondly, as an open system, the external factors, such as population, economy,
technology, and environment, largely affect the changes of the WEF-Nexus. In recent years, the growths
of population and resident income have both increased the demand for meat (F5) and aquatic products
(F7), resulting in a high synergetic degree between these two parameters (0.59). Finally, the synergetic
degree that u provided in this paper is only relative value and there is still a lack of baseline for
scenarios comparation. Future work will apply the synergetic model to other cities in China and even
around the world.

In conclusion, this paper has some valuable findings.

(1) Water subsystem has the lowest centralities but it dominates the Nexus system

The water subsystem shows low centralities in the synergetic network, which indicates that it has
strong independence and great influence on other subsystems, so it dominates the synergy dynamics
of Nexus system to a larger extent. Shenzhen should actively expand the water supply and increase
the water storage in reservoirs to alleviate the potential water shortage according to the grow demand
of water resources due to climate change and uneven inter-annual precipitation. Meanwhile, the
energy sectors of water-intensive should pay attention to improving the production efficiency and
reducing water consumption; the agricultural sectors can reduce sown areas and appropriately lower
water consumption.

(2) Energy system is stable and critical to maintaining the orderly operation of Nexus system

The variation of synergetic degree of order parameters in the energy subsystem is the least
obvious, especially for energy stock and energy demand. This means that stable energy supply can be
guaranteed in Shenzhen. It is worth noting that the energy imports and exports in Shenzhen has a low
synergetic degree with the energy stock, so it is necessary to balance the energy trade and local energy
stock in the future. When compared to the food sector, there is greater synergies between the water
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sectors and energy subsystem, which suggests that the water order parameters are more sensitive to
fluctuations of energy supply. Therefore, energy supply for water subsystem should be given priority
when the city encounters energy shortage.

(3) Food subsystem has the highest centralities and has been dominated in Nexus system

The centralities of the food subsystem are significantly higher than that of the other two subsystems.
This is because changes of order parameters of other subsystems are more likely to affect food production
activities, and the stable supply of water and energy is crucial to urban food security. At the same time,
the synergetic degree of order parameters in the food subsystem fluctuates greatly, mainly because
of the reduction of sown areas and turning to the expansion of dairy farming and aquaculture in
recent years. Currently, the output of local foods has been unable to meet the growing urban demand,
which can be alleviated by expanding food imports, as well as helping to reduce the pressure from
agricultural sectors on water and energy.
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