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ABSTRACT 
 Energy and water are intertwined in the urban water 
cycle and need to be coordinated for an integrated 
resource utilization and more resilient structure. This 
paper presented a multi-objective optimization model 
for the energy-water nexus in urban water cycle 
targeting less energy consumption and more water 
sustainability with a case study of Beijing. The findings 
show that the total energy consumption of the social 
water cycle is 389.831 billion kWh, the maximum of 
energy consumption in water use processes is water use 
process. The least energy consumption is the water 
supply process. Based on the ecological network analysis 
method, a social water cycle network with 19 flow paths 
of 7 nodes is constructed. Based on the non-dominated 
sorting genetic algorithm II (NSGA-II), a multi-objective 
optimization of energy-water nexus in the urban water 
cycle was performed to achieve the coordinated goal of 
water sustainability and energy consumption. The 
findings may help promote the urban water system 
management and improve its sustainability. 
Keywords: water cycle system, energy-water nexus, 
multi-objective optimization, ecological network 
analysis, energy consumption 

1. INTRODUCTION 
With the strengthening of human activities, 

human's demand for water has changed from a single 
state of natural water cycle to a state of water cycle with 
artificial intervention to meet their own needs, which is 
called the urban social water cycle process. Urban water 
cycle includes the process of water intake, water supply, 
water conveyance, water use, drainage and sewage 
reuse[1]. Energy and water are highly interdependent. 
The process of urban social water cycle takes water 
resources as the carrier and energy as the driving force. 
Studies have shown that urban social water cycle 
consumes 2-3% of global total energy consumption, and 
it is estimated that by 2050, with the increase of social 
water cycle flux, the demand for energy will increase by 
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33%[2]. With the development of urbanization, global 
water consumption has increased sixfold over the past 
100 years and will grow steadily at an annual rate of 
1%[3]. Therefore, it is of great significance to analyze 
energy-water nexus in every process of urban social 
water cycle. 

As two basic resources of social and economic 
development, energy and water resources are 
interdependent and mutually restricted. At present, 
there has been many studies on the energy -water nexus 
[4]. The sustainable development of urban social water 
cycle system is restricted by the energy - water nexus[5]. 
Following that work, more scholars had conducted more 
detailed studies on the energy and water resource 
consumption in each process from a certain aspect of the 
social water cycle, such as water intake, water supply, 
water production, sewage treatment, etc[6]. 

Ecological network analysis has been widely used in 
water resources system by quantitatively exploring the 
relationship between the components of the system and 
revealing the integrity and complexity of the system. 
These studies contribute to the construction of urban 
social water cycle network process and the 
understanding of network structure and relationship. 

In view of the contradiction between supply and 
demand of water resources system, it is necessary to 
reasonably optimize the allocation of different water 
sources and water departments of water resources 
system[7]. Therefore, the multi-objective optimization 
model is widely used in the optimal allocation of water 
resources[8]. The non-dominated sorting genetic 
algorithm II (NSGA-II) is one of the most widely used 
multi-objective genetic algorithms. This method 
introduces the elite strategy, expands the sampling 
space, and has good convergence[9]. 

However, the current research is lack of detailed 
research on the various processes of urban social water 
cycle, and lack of consideration of the energy-water 
nexus in each process. Based on this, this paper 
quantified the energy- water nexus in each process of 
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urban water cycle. Based on NSGA-II model, considering 
the energy consumption and the sustainability of water 
cycle network, the water resources of each process of 
urban water cycle were optimized, hoping to realize the 
resilience and sustainable development of urban social 
water cycle. 

2. MATERIALS AND METHODS 

2.1 Calculation of energy consumption in social water 
cycle 

2.1.1 Water intake process 

2.1.1.1 Surface water intake 
The energy consumption calculation formula of 

water storage project is： 

𝑤𝑤1 =
𝑚𝑚𝑚𝑚ℎ𝑓𝑓

3.6 × 106
(2.1) 

ℎ𝑓𝑓 = 𝑖𝑖 × 𝐿𝐿 (2.2) 
𝑖𝑖 = 10.294 × 𝑛𝑛2 × 𝑄𝑄2 ÷ 𝑑𝑑5.333 (2.3) 

𝑤𝑤1 is the energy consumption of water storage, 
kWh; ℎ𝑓𝑓  is the head loss along the route, m; 𝑚𝑚: water 
quality, kg; 𝑚𝑚: the acceleration of gravity, N/kg; 𝑖𝑖: head 
loss per unit pipe length, m/m; 𝐿𝐿: length of pipe section, 
m; 𝑛𝑛: the roughness factor; 𝑄𝑄 : pipeline flow, m3/s; 𝑑𝑑 : 
bore of pipe, m;  

The calculation formula of water extraction project 
is： 

𝑤𝑤2 =
𝑚𝑚𝑚𝑚ℎ

3.6 × 106 × 𝜀𝜀
(2.4) 

𝑤𝑤2 is the energy consumption of water extraction 
project, kWh; 𝜀𝜀: pumping station efficiency 

The energy consumption calculation of inter-basin 
water transfer is publicized as (2.1), but the head loss 
along the river is publicized as: 

ℎ𝑓𝑓 = 𝐿𝐿 × 𝑄𝑄2 × 𝑛𝑛2 ×
�𝑏𝑏 + 2ℎ√1 + 𝑚𝑚2�

4
3

[(𝑏𝑏 + 𝑚𝑚ℎ) × ℎ]
10
3

(2.5) 

𝐿𝐿 is the length of water conveyance, m; 𝑏𝑏 is the 
bottom width, m; ℎ is the height of the water surface, m; 
𝑚𝑚 is slope coefficient; 
2.1.1.2 Groundwater intake 

Groundwater is mainly used for farmland irrigation, 
residents drinking and industrial utilization. Among 
them, residents drinking and industrial use need to 
consider the head loss of the water pipeline 𝛽𝛽. 

𝑤𝑤3 =
𝑚𝑚𝑚𝑚ℎ

3.6 × 106 × 𝜀𝜀 × (1 − 𝛽𝛽)
(2.6) 

𝑤𝑤3 : the energy consumption for groundwater 
intake, kWh; ℎ is groundwater depth, m; 𝛽𝛽 Losses along 
the way; 

2.1.2 Water supply process 

2.1.2.1 Conventional water plants 

𝑤𝑤4 = �𝐸𝐸𝑖𝑖

𝑛𝑛

𝑖𝑖=1

(2.7) 

𝑤𝑤4: the energy consumption for conventional water 
plants, kWh; 𝐸𝐸1、𝐸𝐸2、𝐸𝐸𝑛𝑛: annual power consumption 
of waterworks, kWh； 
2.1.2.2 Wastewater reclamation plants 

The calculation formula of the energy consumption 
for wastewater reclamation plants is as formula (2.7). 

2.1.3 Water conveyance 

𝑤𝑤6 = �(𝑘𝑘𝑖𝑖 × 𝑄𝑄𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

(2.8) 

𝑤𝑤6: the energy consumption for water conveyance, 
kWh; 𝑘𝑘𝑖𝑖: energy intensity of water conveyance in each 
waterworks, kWh/m3; 𝑄𝑄𝑖𝑖 : total water conveyance in 
each waterworks, m3. 

2.1.4 Water use 

The calculation formula of the energy consumption 
for water use is as formula (2.8). 

2.1.5 Drainage and sewage reuse 

2.1.5.1 Sewage collection: 
𝐻𝐻 = 𝐿𝐿 × 𝜇𝜇 (2.9) 

H is the pump head, m; 𝐿𝐿  is the straight-line 
distance before and after sewage lifting, m; 𝜇𝜇  is the 
average slope of the sewage pipe network, %. 

𝑤𝑤8 =
𝐻𝐻 × 𝑀𝑀
𝜔𝜔

(2.10) 

𝑤𝑤8: sewage collection energy consumption, kWh; 
𝑀𝑀 is the amount of sewage raised by the pump, m3; 𝜔𝜔 
is the average pump efficiency, %. 
2.1.5.2 Sewage treatment and reuse of reclaimed water 

The calculation formula of the energy consumption 
for sewage treatment and reuse of reclaimed water is 
as formula (2.8). 

2.2 ecological network analysis of the urban water cycle 

2.2.1 ecological network model of the urban water 
cycle 

The ecological network analysis is represented by 
nodes in circles, and the path of species and energy 
transfer between nodes is represented by arrows. The 
𝑓𝑓𝑖𝑖𝑖𝑖 between each path represents the runoff from node 
𝑗𝑗 to node 𝑖𝑖, and the arrow from 𝑗𝑗 to 𝑖𝑖. The input path 
from the environment in the system is represented by 𝑧𝑧𝑖𝑖, 
and the arrow points to the component. 
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2.2.2 through flow and utility analysis 

The network structure efficiency is measured by the 
network indicator Ascendency (A). 

𝐴𝐴 = ��𝑇𝑇𝑖𝑖𝑖𝑖 log2
𝑇𝑇𝑖𝑖𝑖𝑖𝑇𝑇..

𝑇𝑇𝑖𝑖.𝑇𝑇.𝑖𝑖

𝑛𝑛

𝑖𝑖=0

𝑛𝑛+2

𝑖𝑖=1

(2.11) 

In view of the system development capability, the 
network structure resilience is defined as measured by 
the reserve capacity index (∅). 

∅ = −��𝑇𝑇𝑖𝑖𝑖𝑖

𝑛𝑛

𝑖𝑖=0

log2
𝑇𝑇𝑖𝑖𝑖𝑖2

𝑇𝑇𝑖𝑖.𝑇𝑇.𝑖𝑖

𝑛𝑛+2

𝑖𝑖=1

(2.12) 

The mutual supplements of A and ∅ represent the 
long-term sustainability of the system, and there is a 
relationship between network development capacity C 
and the above indicators: 

𝐶𝐶 = 𝐴𝐴 + ∅ (2.13) 

2.3 multi-objective optimization for energy-water nexus 

  The form of objective function can be expressed 
as: 

𝑍𝑍 = 𝑚𝑚𝑚𝑚𝑚𝑚{𝑓𝑓1(𝑋𝑋),𝑓𝑓2(𝑋𝑋)⋯𝑓𝑓𝑛𝑛(𝑋𝑋)} (2.14) 
𝑋𝑋 is a decision variable, composed of different quantity, 
quality and form of water resources.  
𝑓𝑓1(𝑋𝑋),𝑓𝑓2(𝑋𝑋)⋯𝑓𝑓𝑛𝑛(𝑋𝑋): optimization function. 

3. RESULTS AND DISCUSSIONS 

3.1 Energy consumption 

The total energy consumption of the social water 
cycle in Beijing is 389.831 billion kWh, of which the 
energy consumption of water use process is 363.02 
billion kWh, of which the energy consumption of 
domestic water is the most, accounting for 66.72%. The 
energy consumption of water supply is the lowest, only 
0.757 billion kWh. 
Tab.1 The energy consumption of social water cycle 
process 

 3.2 Ecological network analysis 

According to the system boundary studied, 
different sectors of the ecological network model of 
social water cycle are represented by nodes, and the flow 
of water at the above nodes is represented by directional 
lines, obtain the metabolic ecological network model of 
water resources in the process of social water cycle. A 
total of 7 compartments, 19 flow paths. 

 
1.Nat Nature environment 

2.WSC Water supply and conveyance 

3.DW Domestic water 

4.IW Industrial water 

5.AW Agricultural water 

6.WT Wastewater treatment 

7.RW Reuse water 

Fig.1 Ecological network analysis of social water cycle 
process 
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