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ABSTRACT

The carbon mitigation for water supply system has
become a hot issue concerning carbon peaking and
carbon neutrality goals of cities. This study aimed to
establish an integrated water-carbon nexus model to
account the carbon emissions of urban water supply
system. First, the physical-virtual water inventory was
established covering local water intake, water transfer,
and virtual water imports. Then, the water-carbon nexus
model was constructed to simulate the carbon emissions
of each stage along the whole water supply chain.
Regarding physical water supply, the carbon emissions of
pumping station and valve combinations, and water
delivery routes were accounted while those from virtual
water imports embodied in water-intensive products
were calculated as well based on the multi-regional
input-output (MRIO) analysis. Finally, taking Beijing-
Tianjin-Hebei region as a case, we conducted a scenario
analysis in context of regional water resource planning
and carbon mitigation goals during 2020-2030. This study
may provide a novel integrated water supply
optimization framework for coordinating regional water
resource management and carbon mitigation activities.

Keywords: water-carbon nexus, water supply system,
virtual water, input-output analysis, water resource
planning

NONMENCLATURE
Abbreviations
BTH Beijing-Tianjin-Hebei
MRIO Multi-regional input-output analysis

1. INTRODUCTION

The urban water supply system involves multiple
subsystems, and the use of electricity and other energy
makes the water supply system become one of the main
sources of carbon emissions in the city. The Beijing-
Tianjin-Hebei (BTH) region, China's main economic

center, is facing severe water shortages. 51% of the
physical water resources it uses come from groundwater
extraction with high emissions [1]. In addition to physical
water supply, the import of water-intensive products is
also an important way to relieve local water pressure [2].
In the BTH, the energy consumption related to the inter-
provincial exports of virtual water accounts for nearly
half of the water-related energy consumption [3]. Goods
and services flow from Hebei to Beijing and Tianjin,
resulting in increased local carbon emissions and water
losses [4]. With the implementation of the dual carbon
goals and increasing urban water demand, low-carbon
management of water supply systems covering both
physical and virtual water in the BTH has become
increasingly important.

The water-carbon nexus is used to quantify the
complex interactions between water resources and
carbon emissions in supply chains [5, 6]. Energy is
consumed in various processes such as water intake,
water production, water conveyance, water use, and
sewage treatment. The concept of water-carbon nexus is
used to account for the energy consumption and carbon
emissions of the physical water supply system from the
perspective of the life-cycle. Studies have calculated the
total carbon emissions related to energy use in China's
urban water supply sector [7, 8] and water operation
sector [9]. The energy consumption and carbon
emissions of surface water intake, seawater
desalination, non-potable water recycling [10], and inter-
regional water transfer [11] have also been extensively
investigated. However, in the case of urban water supply
systems, the carbon emissions caused by virtual water
supply are often overlooked.

Industrial transformation is an adaptive measure to
deal with water pressure. Existing studies have discussed
the impact of industrial transformation on regional water
consumption and greenhouse gas emissions [12]. Huang
et al. studied the impact of the low-carbon transition of
China's power sector on future water supply constraints
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with the goal of saving industrial water, Zhang et al.
proposed an optimization path for Beijing's industrial
structure [15]. Zhao et al. found that implementing
industrial adjustment measures under water supply
constraints in the Beijing-Tianjin-Hebei region could
reduce the regional grey water footprint by 2.2% [16].
However, the impact of industrial transformation in the
BTH region on local water resources pressure and carbon
emissions in the water supply system has not been
resolved. This is crucial for achieving the dual goals of
water conservation and carbon reduction in the BTH
region.

Given this, this paper firstly establishes a
comprehensive water-carbon nexus model to calculate
the carbon emissions of urban water supply system.
Specifically, taking the BTH region as an example, we
calculated the carbon emissions in the physical water
supply process covering water abstraction, water
production, and water distribution. Based on the multi-
regional input-output model, the carbon emissions of the
virtual water supply in the region are calculated. Then,
we construct the industrial transformation scenarios in
the BTH from 2020 to 2030, and analyze its impact on the
local water supply system and its carbon emissions.

The rest of this paper is organized as follows. Section
2 describes the water-carbon nexus analysis method and
the scenario analysis method. Section 3 presents the
case study results of BTH. Section 4 gives the discussion
and conclusions.

2. METHODS
2.1 System boundary

This study defines an urban water supply system as
the entire process of water resources from nature to
users. Water supply is divided into physical water supply
and virtual water supply. The carbon emission of physical
water supply comes from the energy consumption in the
process of water abstraction, water production, and
water delivery. Carbon emissions from virtual water
supply refers to the carbon emissions embodied in the
virtual water supply chain.

This study defines an urban water supply system as
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users. Water supply is divided into physical water supply
and virtual water supply. The carbon emission of physical
water supply comes from the energy consumption in the
process of water abstraction, water production, and
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Fig. 1 System boundary
2.2 Water-carbon nexus analysis

2.2.1 Carbon emissions of physical water supply

The sources for urban physical water supply include
surface water, groundwater and unconventional water
sources. As the carbon emissions from the
unconventional water withdrawal process mainly come
from the energy consumption in water treatment plants.
Therefore, its carbon emissions are included in the water
production process.

(1) Surface water withdrawal

Surface water withdrawal includes water storage,
water diversion, water lift and water transfer. Water
diversion projects in the Beijing-Tianjin-Hebei region are
generally completed with the help of gravitational
potential energy. Therefore, the carbon emissions of
water diversion are negligible.

Carbon emissions in the water storage process come
from the operating energy consumption of infrastructure
(reservoirs, storage tanks) and the loss of taps along the
way. Carbon emissions from the water storage process:

Cstor = QstorWstorEFco,

Among them, Qg, isthe water supply volume from
the water storage project. Wy, is the energy intensity
of the water storage project, with a value of
0.109kWh/m?3, EF¢p, is the power carbon emission
coefficient, with a value of 1.246kg/kWh.

The process of water lifting is to use power
equipment such as pumping stations to lift water
resources from lower places to higher places to meet
people's needs. According to the principle of energy
conversion, the energy consumption of the lifting
process of surface water can be approximately equal to
the gravitational potential energy:

Eupe = PQuirtghiist
3.6 X 107
where p is the density of water, Qs is the volume of
water lifted, and g is the acceleration of gravity. h is the
lift, which is 5 meters due to the flat terrain in the Beijing-
Tianjin-Hebei region. The carbon emission of water lift is
Ciire = EygtEFco,



The carbon emissions in the water transfer process
mainly comes from the energy consumption in the
operation of sluice gates.

Ciran = QtranWtranEFCOZ

Among them, Qrqn is the water supply volume of
the water diversion project. W;.,, is the energy
intensity of water transfer project, with a value of
0.102kWh/m?,

(2) Underground water withdrawal

In the process of taking water from groundwater,
electrical energy is converted into potential energy of
water. Therefore, the electrical energy consumed by
groundwater withdrawal can be approximately equal to
the work done by the water from the dynamic water
level to the surface.

EUnde — pQundegH
3.6 X 10%n
where Qunge is the volume of underground water
withdrawal. H is the total lift. The carbon emission of
underground water withdrawal is
Cundae = EunaeEFco,

(3) Water production

The energy consumption intensity K of conventional
water plants is taken from the average of n water plants
in the Beijing-Tianjin-Hebei region. El,,, is the energy
consumption of the i-th water production plant, and
WL, isthe annual water production of this plant.

=1 Ecl'onv
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The carbon emission of conventional water

production is

KCOTlV -

Ceonv = COTIUQCOTIVEFCOZ

The calculation method of carbon emissions from
unconventional water production is consistent with that
of conventional water. K, are the average energy
consumption of | water reuse plants in the Beijing-
Tianjin-Hebei region.
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Cwast = KwasthastEFCOZ
(4) Water conveyance
The carbon emissions of the water distribution
process are
Ccove = Qcouew/coveEFCOZ
Among them, Q.. is the water conveyance
volume. W,,,. is the energy intensity of the water
conveyance project.
2.2.2 Virtual water

We track virtual water and embodied carbon
emissions along the supply chain based on a multi-

regional input-output model. It uses a series of equations
to express the flow of goods and services between
different sectors [17]. Suppose there are m regions and

n departments.
Z Z ZT‘S Z Y'TS

s=1j=

X[ is the total input of sector i in region r, which
consists of intermediate input and final input. Z” is the
intermediate input of sector i in region r to sectorJ in
regions, and Y/* is the final input of sector i in region r
to regions.

The direct consumption coefficient a;; represents
the products of sector i consumed by sector j for the total
output of the production unit'

A=[aff], =77 /X]
Therefore, the above formula can be expressed in
the form of a matrix
X=AX+Y
Inverse can be obtained
X=(U-A)"1Y
L=[]= (-4

L is a Leontief inverse matrix, and its element lirjs
represents the input required by sector i in region r to
meet the final output of sector j in region s. Thus, the
Leontief inverse matrix establishes a link between
production and consumption activities.

The direct water use coefficient matrix Fy, and the
carbon emission intensity matrix F; can be written as
the following equations, respectively. The representative
is based on the direct water consumption W, carbon
emission C and economic output of each sector.

Fw = [fwi] = W/X
Fe = [f]] = C/X

The virtual water supply and carbon emissions
triggered by final demand are calculated using the
following equations

VW = F, LY
EC = F;LY

2.3 Industrial transition scenarios analysis

Industrial transition scenarios are designed to reduce
water consumption in production activities. In this study,
we set "water supply constraints" based on the water
stress index for 2020-2030. 80% of the total available
water is set as water supply. Referring to the “Measures
for industrial structure adjustment with energy
conservation” and available literature related to the
water footprint at the sectoral scale we designed
industrial transition scenarios [18]. In order to mitigate
the adverse impacts of water shortages on human health
and well-being, tertiary sectors such as Freight transport
3



and warehousing; Hotels, food and beverage places
(establishments) would not be considered as water
supply constraint sectors [19]. To maintain the safe and
necessary functioning of urban systems, the water
supply to key sectors such as Gas and water production
and supply; Social services and Wholesale and retail
would not be rationed. As a consequence, the water
constraints are mainly imposed upon agriculture and
some secondary sectors.

3. RESULTS

3.1 Carbon emissions from physical water supply
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Fig. 2 Carbon emissions from physical water supply

Physical water supply in the Beijing-Tianjin-Hebei
region totaled 2.948 billion tons, resulting in 11.11
million tons of carbon dioxide emissions. The region's
virtual water supply reached 10.2 billion tons, one-third
of physical water. But the resulting carbon emissions
reached 969.19 million tons (Fig. 2). Carbon emissions
from Surface water withdrawal. We could see that the
total amount of surface water intake reached 9.08 billion
cubic meters. 769.05 thousand tons of CO2 was
discharged. Beijing's surface water intake accounts for
13.66% of the total of Beijing-Tianjin-Hebei, and its
carbon emissions reached 234.13 thousand tons,
accounting for 30.44% of the total. Tianjin has the largest
surface water withdrawal, which was 1.9 billion cubic
meters, accounting for 20.93% of the total. Carbon
emissions only account for 2.83%. The Beijing-Tianjin-
Hebei region has withdrawn a total of 13.72 billion cubic
meters of groundwater and discharged a total of 3010.94
thousand tons of CO2. Unlike surface water, Shijiazhuang
ranks first in both groundwater exploitation (22.39%)
and carbon emissions (22.82%). Beijing's groundwater
exploitation is second only to Shijiazhuang. Carbon
emissions from physical water supply — water
production: The water production process produced
3465.07 kilotons of CO2. Among them, the production
process of conventional water, recycled water and
desalinated water accounted for 44.30%, 39.32% and
16.38% respectively. Beijing ranks first in both
conventional water carbon emissions and recycled water

carbon emissions. Carbon emissions from desalinated
water are concentrated in Tianjin and Cangzhou. In 2017,
the total amount of water transmission and distribution
in the Beijing-Tianjin-Hebei region was 1.224 billion cubic
meters, generating 3870.24 thousand tons of CO2.

3.2 Carbon emissions from virtual water supply

The virtual water consumption in the final demand
of the Beijing-Tianjin-Hebei region is 10.327 billion cubic
meters (Fig. 3). Among the five types of final demand, the
virtual water consumption is urban residents'
consumption (43.33%), gross fixed capital formation
(35.61%), rural household consumption (13.54%), the
government consumption expenditure (5.74%) and
inventories increased (1.77%).
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Fig. 3 Carbon emissions from virtual water supply

From the perspective of sectoral flows. The food and
tobacco industry is the largest net input sector of virtual
water, with a net input of 5.68 billion m3 of virtual water.
Virtual water mainly comes from agricultural products;
the net input of virtual water in the textile and garment
industry is 3.38 billion m3. The food and tobacco industry
and the textile and garment industry have a high inflow
of virtual water and a large amount of intermediate
input. As the end of the industrial chain, they use a large
amount of virtual water from other departments in the
production process.

3.3 The impact of industrial transition on water supply and
carbon emissions

According to the Beijing-Tianjin-Hebei Industrial
Water Saving Action Plan, we set up 16 scenarios (Table
1). Water supply constraints have been set in some
sectors, excluding the livelihood sector. These impacts
alter carbon emissions across the supply chain. The
results show that Water supply constraints have the
greatest impact on the agricultural sector. In each
scenario, water supply constraints in the agriculture and
metalworking industries result in the greatest water
savings and emissions reductions. The additional
environmental gains from water supply constraints
imposed on the agricultural and food processing
industries in Hebei Province are the largest (Fig. 4).
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Fig. 4 Industrial transition’s impact on water supply and
carbon emissions

4. CONCLUSION

This paper establishes a comprehensive water-
carbon nexus model to calculate the carbon emissions of
urban water supply system. Specifically, taking the BTH
region as an example. We construct the industrial
transformation scenarios in the BTH from 2020 to 2030,
and analyze its impact on the local water supply system
and its carbon emissions. It may provide a novel
integrated water supply optimization framework for
coordinating regional water resource management and
carbon mitigation activities. The research results can
provide some reference and support for the setting of
water saving policy. Such as Improvements in water
saving efficiency, how to set up water resource
constraints departments. When water is scarce, those
sectors are given priority. Inevitably, there are a few
potential extensions worth further exploring. The most
important thing is that the setting of water resource
constraint scenarios should be more abundant, and the
balance of supply and demand in each region should be
considered.
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Table. 1 Industrial transition scenarios based on the water supply constraint.

Region Code The water-constrained sectors

Economic output shrinks

B-S1  Agriculture 2.21765
B-52 Agriculture 2.17765
Beijing Food and tobacco processing 5.568765
B-S3 Agriculture 1.878765
Electricity and heating power production 14.408765
T-S1  Agriculture 1.268765
1.2 Agriculture 1.248765
Food and tobacco processing 6.438765
153 Agriculture 1.208765
Tianjin Chemicals 5.958765
T84 Agriculture 1.198765
Smelting and processing of metals 16.978765
155 Agriculture 1.248765
Construction 5.7102
H-S1  Agriculture 31.9402
HoS2 Agriculture 31.2402
Smelting and processing of metals 32.078765
H-S3 Agriculture 37.178765
Food and tobacco processing 6.078765
Agriculture 30.4
H-S4 o
Textile industry 11.978765
Hebei H-S5 Agriculture 31.8402
Garments, leather, furs, and related products 10.278765
H-SE Agriculture 31.4402
Smelting and processing of metals 78.1402
HeS7 Agriculture 30.5402
Electricity and heating power production 17.378765
Agriculture 31.6402
H-S8 .
Construction 37.2402




