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Allocation of water resources in
the lower Yellow river based on
ecological footprint

Shuiling Zhang, Hui Li, Chunhui Li*, Yujun Yi*, Xuan Wang and
Qiang Liu

Key Lab of Water and Sediment Science of Ministry of Education, School of Environment, Beijing
Normal Univ., Beijing, China

With the development of the economy, the contradiction of water resources in
the lower Yellow River area is becoming increasingly serious. Economic
development not only increases the socio-economic water demand, but
also causes damage to the environment. In order to ensure the safety of the
vast plains along the lower Yellow River, protect the environment of the lower
Yellow River and estuaries, and achieve environmental sustainability of the
lower Yellow River, a model was established to optimize the allocation of water
resources with the goal of ecological, safety, and social benefits, combining the
uncertainty of water resources, the uncertainty of the water demand during the
flood season under different water and sediment conditions, and the water
requirements of different water users. An improved ecological footprint method
considering soil water was applied during the allocation. Thirty different
scenarios were set up, and appropriate scenarios for 2025 and 2030 in wet,
normal, and dry years were calculated, providing a reference for decision
makers. Results show that: 1) The water supply is affected by the amount of
water resources and water demand for sediment transport in the lower Yellow
River. The satisfaction of sediment transport and the water supply rate during
wet years can reach a high level of satisfaction. 2) When the regional water
resources ecological footprint is the smallest, the allocation of water resources
tends to the section or unit with a smaller ecological footprint. Therefore, the
river sections with the lowest water shortage rates are Lijin-Hekou and Sunkou-
Aishan, and the unit with a low water shortage is ecological and industrial water.

KEYWORDS

the lower Yellow River, water resources management, water resources allocation,
ecological footprint, sustainable development

1 Introduction

The ecological footprint can comprehensively calculate the utilization of resources,
and measure the relationship between the degree of human utilization of natural resources
and the ability of the environment to provide services to humans (Rees 1992; Wackernagel
and Rees 1996). After being proposed, the concept of ecological footprint was then
introduced by some scholars and gradually applied to the calculation of water resource
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utilization, the calculation of water resources carrying capacity,
and the evaluation of sustainable development.

The water utilization described in the ecological footprint
model did not reflect the actual integrated use of water
resources, Chinese scholar Fan (2005), to reduce previous
limitations in describing water resources, proposed the water
resources ecological footprint model to reduce previous
limitations in describing water resource by increasing the
assessment of the use of water resources by human activities
and the health of aquatic ecosystems (Wang et al., 2006; Dai
et al,, 2019). The advantage of the ecological footprint of water
resources is that it considers the degree of ecological resources
occupied by humans and indicates the ecological sustainability of
regional development (Hoekstra 2008; Stoeglehner et al,, 2011).
The water resources ecological footprint method mainly evaluates
the sustainable development and utilization of water resources by
establishing a calculation model of the ecological footprint of water
resources and the corresponding ecological carrying capacity
(Huang et al., 2008). Since the introduction of the ecological
footprint of water resources, its meaning has been continuously
expanded and improved, scholars have taken into account the
concept of ecological footprint of water resources for CNY
10,000 of GDP and the impact of water pollution on the
environment (Wang et al., 2013), the regional characteristics of
equalization and vyield factors (Wang et al, 2020) to make the
ecological footprint of water resources more accurate for the
respective areas. Su et al. (2018) compared water ecological
footprint in four municipalities in China to help identify the
key gaps between different cities under different developing
back ground. The ecological footprint of water resources
considers the carrying capacity of regional water resources and
can demonstrate whether the local sectors use water resources in a
sustainable approach.

The allocation of water resources is concerned with how
limited resources should be distributed fairly among competing
activities (Wang et al., 2007). In the process of research and
development in the allocation of water resources worldwide, the
research objective has changed from simply optimizing the water
the

environment. Linear programming, dynamic programming,

volume to coordinating economy and ecological
nonlinear programming, multi-objective programming, multi-
objective genetic algorithms, and other theoretical methods were
applied to achieve the comprehensive goal (Chen et al., 2006;
Song, 2008). Scholars have modified the methods to make them
more suitable for their own study area by establishing agriculture
and hydropower sectors and the marginal net benefit from
(Divakar 2011),

stochastic programming

domestic and industrial sectors et al,
developing a multi-stage
(MFESP) method to hybrid uncertainties with the consideration

of ecological water demand (Li et al, 2018), considering

fuzzy

hydropolitic conditions (Kazemi et al, 2020), applying the
sustainability index to the optimization model (Dadmand
et al., 2020), etc.
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The Yellow River is China’s second largest river, and water
resource of the Yellow River basin is decreasing (Zhang et al.,
2009). Since the middle and lower reaches of the Yellow River
Basin are more economically efficient in water use and the water
demand in the lower reaches of the Yellow River is higher (Guan
etal, 2021). Many Chinese scholars have conducted research on
the optimization of water resources in the lower Yellow River and
the Yellow River Delta (Shao et al., 2009; Yang, 2011; Zhang et al.,
2014; Zhang and Oki, 2021). Water resources are needed for
household production, ecology, and sediment transport in the
lower Yellow River. In order to coordinate the conflicts of
interests of all parties in water use, and consider the
coordinated and sustainable development of different elements
in various regions, water resources need to be allocated according
to local conditions. In this study, the water resources were
allocated to meet the goals of high-quality development and
ecology protection with ecological footprint of water resources.
The ecological footprint calculation takes into account the soil
water, which improves the comprehensiveness of this method.

2 Study area
2.1 Overview of the study area

With the development of the economy and society and the
improvement of people’s living standards, China’s water shortage
problem has become increasingly prominent. Defining the status
quo of sustainable water resources is of great significance for the
rational allocation of limited water resources, improving water use
efficiency and achieving the sustainable development of society.
Due to natural and human factors, the shortage of water resources
in the lower Yellow River has become more serious.

The urban clusters in the lower Yellow River selected in this
study cover 17 cities in Henan Province and Shandong Province
(Figure 1). The area is 12,171,513 square kilometres with a temperate
monsoon climate. The temperature from May to September is
21.5-27.3°C, December to February is —2.4-2.8°C, the rest of the
months is 7.1-157°C. The annual average temperature is
14.1-15.1°C. The annual average precipitation is 490-720 mm,
and the precipitation from June to September accounts for three-
quarters of the total.

2.2 Generalization of water resources
users in the lower Yellow River

Considering the regulating performance and storage capacity
of Xiaolangdi Reservoir, we believe that the downstream water
regulation can be achieved during the year. Therefore, the problem
to be solved is how to allocate water resources in the lower Yellow
River and achieve the maximum benefit among different water

users.
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Legend

The Yellow River

Cities in Shandong Province
along the lower Yellow River
Cities in Henan Province

along the lower Yellow River

Xiaolangdi Reservoir

FIGURE 1
City group map along the lower Yellow River.

TABLE 1 Comparison table of generalized administrative units in the
lower Yellow River.

Administrative
regions (cities)

Sections

Huayuankou-Jiahetan (HJ)
Jiahetan-Gaocun (JG)
Gaocun-Sunkou (GS)
Sunkou-Aishan (SA)
Aishan- Luokou (AL)
Luokou-Lijin (LL)
Liji-Hekou (LH)

Zhengzhou, Kaifeng, Jiaozuo, Xinxiang
Anyang, Hebi, Shangqiu

Puyang, Heze

Jining, Taian

Jinan, Liaocheng, Dezhou

Zibo, Binzhou, Laiwu

Dongying

Based on the conditions in the lower Yellow River, water
resources can be divided into two major aspects: the ecological
water used for sediment transport in the river, and the domestic
water outside the river. It is a multi-objective problem as it is
necessary to consider both the spatial and temporal allocation of
water resources.

To solve the problem, it is necessary to identify the water
consumption of each type of water use, each river section, and
each period; generalize the downstream area; and convert the
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The Bohai Sea

[

problem into a mathematical problem. Based on the above

requirements, a spatial generalization of the lower Yellow River
area was carried out.

According to the relationship between the water supply
project and the natural geographical location, the study area is
generalized into 7 river sections according to the main control
hydrological station downstream, namely, Huayuankou-Jiahetan
(HJ), Jiahetan-Gaocun (JG), Gaocun-Sunkou (GS), Sunkou-
Aishan (SA), Aishan- Luokou (AL), Luokou-Lijin (LL), and
Lijin-Hekou (LH), and 8 nodes: Huayuankou, Jiahetan,
Gaocun, Sunkou, Aishan, Luokou, Lijin, and Hekou. The
administrative regions (cities) corresponding to each river
section are shown in Table 1. The lower Yellow River is
generalized as shown in Figure 2, where ecological water
refers to the ecological water outside the river.

3 Construction of water allocation
model

3.1 Procedure

The steps for the allocation of water resources are as follows:
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TABLE 2 Water resources in the lower Yellow River/10% m3.

Wet year Normal year Dry year
Water resources in the lower Yellow River 460 320 260
Measured runoff at Huayuankou Hydrological Station 448 305 241

TABLE 3 Water demand by users in the lower Yellow River/10° m*® (water use outside the basin is water diverted to the Huai River Basin and the
Shandong Peninsula, details can be found in the cited article).

Category 2025 2030

Within the Outside the Total Within the Outside the Total

basin basin basin basin

min max min max

Agricultural water 4223 125.95 86.31 105.21 41.38 123.25 84.52 103.01
Industrial water 8.12 24.26 16.61 20.25 8.84 26.39 18.08 22.04
Domestic water 6.08 18.70 12.63 15.43 6.22 19.14 12.92 15.79
Ecological water 230 7.67 4.98 6.14 2.30 7.67 4.98 6.14
Total 58.73 176.58 120.54 147.02 58.74 176.45 120.50 146.97

Wenyan Canal

Jiaozuo Anyang Dezhou
Xinxiang Hebi Puyang Liaocheng Binzhou Dongying
A A A A A A
I B B B B B B
2 C |g[ C ol ¢ |a JLc l-[¢ C
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Zhengzhou Shangqiu Heze Jining Jinan Laiwu
Kaifeng Taian Zibo
Dawen River
Reservoir O Hydrological Section —_ > River Flow
Agricultural Industrial Domestic Ecological
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FIGURE 2

Generalized diagram of water resource users in the lower Yellow River.
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TABLE 4 Water demand in the lower Yellow River/10% m3.

10.3389/feart.2022.1018980

Wet years Normal year Dry year
Water demand in the lower Yellow River 180.42 234.94 305.6
TABLE 5 Water diversion and water lifting projects in the lower Yellow River.
Water diversion Designed flow Actual water Monthly water Actual irrigation
project (m?/s) diversion capacity supply capacity area (km?)
(m®/s) (10° m*)
HJ 14 561 322 8.35 2304.8
G 15 500 244 632 3839.1
GS 15 490 403 1045 3912.8
SA 3 335 335 8.68 3946.3
AL 11 370 321 8.32 5145.6
LL 31 897 801 20.76 6606.2
LH 17 333 257 6.67 810.7
1) Determine the scope of the research: the scope of this study 8) The generation of the system plan: optimize and coordinate
was the lower Yellow River. the water resources to obtain the final allocation plan of water
2) Determine the objectives of the research: according to resources.
national  ecological  protection and  high-quality
development plan of the Yellow River (The State
Council of the People’s Republic of China Gov, 2021), 3.2 Principle
ecological water use should be considered first. The
management of the Yellow River, the protection of According to the natural and economic conditions of the
germplasm resources, and farmland agriculture should lower Yellow River, the principles for constructing the allocation
be planned as a whole. model were determined as follows:
3) Users identification and generalization: a) water sources,
including the inflow of upstream rivers, the inflow of 1) Put people first and guaranteeing people’s lives along the
tributaries, the storage of reservoirs, the groundwater, river.
and the externally transferred water sources; b) users, 2) Ensure the basic ecological water use of the river, and ensure
including household, industry, agriculture, and ecology; the water requirements of the ecological environment of the
¢) transmission and water supply systems, including the estuary.
industrial water intake and channels in the study area. 3) Ensure production safety, which means the agricultural water
Based on the studies of Li et al. (2020) and the actual use should meet water demand during the growth period of
situation of the lower Yellow River, the basic data in this crops in the lower Yellow River.
study are shown in Tables 2-5: 4) Ensure the safety of downstream flood control and ensure
4) Target determination: coordination should be water for sediment transport during the flood season.
conducted to meet the goals of each department in 5) The relationship between water used within the river basins
time and space. and water transferred across river basins should be
5) Constraint determination: various constraints were set to handled well. Water demand of users in various sections
achieve system goals. should be considered comprehensively.
6) Model establishment. 6) Promote a virtuous cycle of the ecological environment,
7) Model solving: find a suitable algorithm and program to maintain and improve the regional ecological
solve the model. environment.
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3.3 Objective

The overall goal of the spatial allocation of water resources in
the lower Yellow River was to achieve the sustainable
development of the social economy through the process. The
objectives of this study are mainly reflected in three aspects:

1) The safety goal was to protect the vast plains along the lower
Yellow River from floods, ensure that the water supply meets
the demand for planting and the demand for sediment
transport in the lower Yellow River.

2) The ecological environment goal was to improve the
environment of the lower Yellow River, the ecological
environment of the Yellow River and estuaries, and gradually
increase the amount of water used for the ecological environment.

3) The socio-economic goal was to ensure the quality and
quantity of water for urban and rural residents.

According to the above objectives and requirements, the water
resources of the lower Yellow River can be divided into two major
aspects. One is the ecological water used for sediment transport in the
river, and the other is the water used for production and domestic
outside the river. Time and space are the factors that must be considered
while allocating water resources, so the water requirements of each type
of water use, river section, and period must be identified.

Due to the positive linear correlation between the runoff and
sediment load (Kong et al., 2015) and water volume of the Yellow
River Basin during wet, normal, and dry years varies greatly, water
used for water and sediment regulation varies in different years. In
wet years, it is necessary to ensure the basic ecological water
demand in the river, and provide a longer period of time for water
and sediment regulation to ensure water for sediment transport
during the flood season. In normal years, the time for water and
sediment regulation should be reduced due to the limitation of
incoming water. In dry years, the water used for water and
sediment regulation should be restricted.

3.4 Model construction

3.4.1 Construction method

According to the relevant planning and the actual situation of the
river basin, agricultural water, industrial water, domestic water,
ecological water (referring to ecological water outside the river),
sediment transport and river ecological water (river water) were
selected as five users of three objectives of the allocation.
Meanwhile, the temporal and spatial distribution of water
resources was taken into account.

Building a multi-objective allocation model should include
the following aspects:

1) Goal: Achieve a balance among demand of ecology, sediment
transport, and economy.
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2) Time: Meet the water demands of different periods.
3) Space: Meet the water demands of different river sections.

The lower Yellow River is at an ecological deficit (Li et al., 2020);
the ecological footprint of water resources is mainly derived from
household and production, involving domestic, agricultural and
industrial water consumption. Therefore, the ecological footprint
can be used as the objective function to balance the relationship
between and the
environment. ecological

agricultural, industrial, domestic water
Taking

satisfaction as the objective function reflects the goals of

sediment transport and

sediment transport and river ecological water use.

3.4.2 Objective function

Benefits will be generated when distributing water resources to
various users, and there will also be costs when using water
resources. The purpose of water resources optimization is to
meet the needs of all users, increase benefits, and reduce costs
when allocating water resources. According to the general guiding
concept of taking into account the safety, ecological safety, and social
development of the lower Yellow River, this article considers the
ecological benefit objective, safety benefit objective, and social benefit
objective as the objectives of the lower Yellow River area.

1) Ecological footprint function

the
development of a region. The ecological footprint of water

The ecological footprint can reflect sustainable
consumption is calculated according to the definition of the
improved ecological footprint (Li et al., 2020), which added the
soil water as an indicator to make the assessment more
comprehensive. For the lower Yellow River, the ecological
footprint calculation includes four aspects, namely, agricultural,
industrial, domestic and ecological water consumption.

f1=) PEFjq; (1)
j

where PEF; is the ecological footprint of unit water resources
produced by j water type outside the river. q; is the water
consumption of the j water type outside the river.

2) Satisfaction function

The satisfaction function of ecological water use for river
sediment transport was selected as the objective function of safety
and ecology. The objective satisfaction function (Zhao et al,
2007) is defined as:

f@-f
I A A
PUGI=T p iy *

fr=r

(@)
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where p[f (x)] is the goal achievement satisfaction function, f*
is the ideal value of the x goal, f* is the upper limit of the x goal,
and f~ is the lower limit of the x goal. When the goal reaches the
ideal value, the degree of satisfaction is 1.

Based on this, the ecological satisfaction function of river
sediment transport is established:

f(Qr)_fé,
for fa
fa,_f(Qr)

fo -~ fa

fa=p(Q) = (3)

where Q, represents the total river water consumption, fé,
the of the total
consumption, fo,represents the lower limit of the river water

represents lower  limit river water
consumption for sediment transport, and f(, represents the
upper limit of the total river water consumption for sediment

transport.
3) Water shortage rate function

The total water shortage rate function was selected as the
social benefit objective function. Social benefit refers to the social
value generated after the water source is allocated to the four
water users (household, industry, agriculture, and environment).
Under limited water resources conditions, the minimum total
water shortage rate of the lower Yellow River is selected as the
social benefit target, and the formula is as follows:

; ; %(qxi,t,j - q;;:,j)

ox 4

f3 =min

where gx;;,; represents the water demand of the water type j at
time ¢ in the i section; g;,; represents the allocated water volume
of the water j outside the channel at time ¢ in the i section; QX
represents the sum of the water demand of all users. t is the order
of the months, with January as 1, February as 2, etc Table 2.

3.4.3 Constraint function

1) Constraints on the total amount of water resources: the
amount of water taken by all users outside the river
channel and the amount of water in the river channel shall
not exceed the total amount of water resources.

; Z Z(qi,txj) + Z‘Zt,r =Q

@)

where Q represents the total amount of water resources in a year,
and g, represents the water consumption of the river at time ¢.

2) Water balance restriction of diversion section: according to
the principle of water balance, the inflow section is equal to
the outflow section plus the water withdrawal of the river
section minus the river receding water.
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Qitr = Z Qi t Givrer — Gity (6)
j

where g;;, represents the water consumption of the i -th river
section at time ¢ ; that is, the inflow section, g;,1,,, , represents the
water consumption of the (i + 1) -th river section at time ¢, and
Qirv represents the returned water at time t of the i -th river
section from water consumption.

3) River water restriction: in order to ensure the safety of the
environment in the lower Yellow River, the river must have a
certain amount of flow to transport sediment and protect the
environment, which is expressed by the ecological water use
constraints of sediment transport and the river ecological
water:

%

qi,t,r > min qt,sand

where min gy s.nq represents the lower limit of water used for
sediment transport at t time when t=7, 8, 9, 10.

(8)

qi,r,r > min qt,eco

where min gy .., represents the lower limit of ecological water
used in rivers when t=1-6, 11, 12.

4) Water diversion restriction: the water drawn from the river
channel cannot exceed its water demand.

Y Y 4ni<Q

i

)

where Q; represents water demand for agriculture, industry,
household, and ecology.

5) Water supply capacity constraints: the water drawn from the
river cannot exceed than its water supply capacity.

z Zqi,t,j <QG;
71

(10

where QG; represents the water supply capacity of the i section.

6) Non-negative constraints

qi,t,jZO (11)

According to the prediction results of water demand in
Table 3 and Table 4, the corresponding constraint values of
water in the river and outside the river were obtained, and the
constraints of water use in the river are as follows: the sediment
transport water in the flood season was calculated according to
the bankfull discharge in the flood season. The upper limit of the
sediment transport water requirement in the flood season, as
found in Table 3, is the ideal value of the objective function, and
the lower limit of the sediment transport water requirement is the
lower limit of the objective function; the nonflood season’s
suitable ecological water demand in Table 3 is the ideal value
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of the objective function, and the lower limit ecological water
demand is the lower limit of the objective function.

3.4.4 Model solving

At present, linear programming is the best way to solve
multi-objective problems, and its core concept is to transform
multi-objective problems into single-objective problems. This
paper adopted the main objective function method, that is, a
primary objective function is selected from a series of
objective functions, while the remaining objectives are
limited to a certain range and converted into new
constraints, established the model according to the above
constraints, and used the General Algebraic Modelling
System (GAMS) to solve it.

The objective function is:

(12)

f=PEF*Y Y g,
t

i

The constraint functions are:

22 X aw)+ Y ar =Q

joit t

ivr = Z Qitj + Gisrtr — ity
j

Git,r >min t,sand

qi,t,r 2 min qt,eco
Y D 4i<Q
it
Z z qisj < QG;
j ot
Git,j >0
pn<fa<l
Z ; Z(qxi,t,j - q:;:,j)
i j
QX

(13)

<0

where each symbol in the formula is the same as before.

3.4.5 Target plan setting

According to the water demand forecast results (2025 and
2030) from Table 5 and the uncertainty of incoming water and
sediment (frequency of water resources and range of water
used for sediment transport), this research combined high,
medium, and low inflow scenarios (that is, corresponding to
wet years, normal years, and dry years in Table 4) with
different ecological satisfaction levels of sediment transport
to form different simulation scenarios. Among them, the
different types of sediment transport satisfaction were
divided into A, B, C, D, and E, respectively, corresponding
to the scenarios with satisfaction levels of 0, 0.25, 0.5, 0.75, and
1. A total of 30 scenarios were set up to analyze the
different
transport requirements and water shortage rates under

quantitative relationship  between sediment
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different water requirements and different incoming water
conditions. The parameters of each simulation scenario are
shown in Table 6.

4 Results and discussion

4.1 Overall water shortage rate under
different scenario combinations

The overall water shortage rate trend of the 15 scenarios in
the 2025 forecast year in the lower Yellow River basin is shown
in Figure 3. It can be seen from the figure that when the
satisfaction degree of ecological sediment transport increases,
the water shortage rate of water outside the river channel
increases. In the low and medium scenarios, only when the
satisfaction degree is 0 and 0.25, can it be ensured that there is
no shortage of water outside the river, while in the high
scenario, the water demand outside the river can be fully
satisfied.

The overall water shortage rate trend of the 15 scenarios in
the 2030 forecast year in the lower Yellow River basin is shown in
Figure 4. It can be seen from the figure that the overall trend is the
same as in 2025, but compared to 2025, the water shortage rate
under the same sediment transport satisfaction rate drops
slightly.

4.2 Analysis of suitable plans for different
scenarios

According to the model, the feasible solutions under different
water shortage rates and different satisfaction levels are as
follows:

When the water shortage rate for water outside the river is
less than 30%, only two of the 2025 and 2030 plans cannot meet
the requirements, namely, 2025-low -E and 2025-medium-E, and
2030-low-E and 2030-medium-E.

When the water shortage rate for water outside the river is
less than 20%, four of the 2025 and 2030 plans cannot meet the
requirements, namely, 2025-low-D, 2025-medium-D, 2025-low-
E, and 2025-medium-E, and 2030-low-D, 2030-medium-D,
2030-low-E, and 2030-medium-E.

When the water shortage rate for water outside the river is
less than 10%, four of the 2025 and 2030 plans cannot meet the
requirements, namely, 2025-low-D, 2025-medium-D, 2025-low-
E, and 2025-medium-E, and 2030-low-D, 2030-medium-D,
2030-low-E, and 2030-medium -E.

It can be seen from the above that the water resources in the
lower Yellow River face a great shortage. In dry years and normal
years, the average water demand for sediment transport in flood
seasons cannot meet the demand for water outside the river and
within the river.
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TABLE 6 Proposed plans.

Satisfaction levels

Scenarios

Low A
B
C
D
E

Medium A
B
C
D
E

High A
B
C
D
E

60.00%

40.00%
20.00%
2 0.00%
®
o
©
5
& -20.00%
£
©
=
-40.00%
-60.00%
-80.00%
-100.00%
~o—Low water shortage rate
~a—Medium water shortage rate
High water shortage rate
—a—Ecological satisf: levels of sediment p
FIGURE 3

Uncertainty

Designed water
resources frequency

(%)

75

50

25

-28.97%

-26.48%

-77.38%
0

Sediment transport
requirement
(90%confidence level)
(10° m®)

[49.40, 144.75)

[112.70, 199.27]

[177.87, 269.93]

-10.26% 8.45%

-9.33% 7.83%

-59.29% 41.20%
025 05

Changes in satisfaction and water shortage rate under different scenarios (2025)
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Water resources, satisfaction level,
water requirement
(108 m?, -, 10® m?)

2025

(260, 0, 147.02)
(260, 0.25, 147.02)
(260, 0.5, 147.02)
(260, 0.75, 147.02)
(260, 1, 147.02)
(320, 0, 147.02)
(320, 0.25, 147.02)
(320, 0.5, 147.02)
(320, 0.75, 147.02)
(320, 1, 147.02)
(460, 0, 147.02)
(460, 0.25, 147.02)
(460, 0.5, 147.02)
(460, 0.75, 147.02)
(460, 1, 147.02)

27.16%

24.99%

23.11%
0.75

45.87%
42.15%
-5.02%

2030

(260, 0, 146.97)
(260, 0.25, 146.97)
(260, 0.5, 146.97)
(260, 0.75, 146.97)
(260, 1, 146.97)
(320, 0, 146.97)
(320, 0.25, 146.97)
(320, 0.5, 146.97)
(320, 0.75, 146.97)
(320, 1, 146.97)
(460, 0, 146.97)
(460, 0.25, 146.97)
(460, 0.5, 146.97)
(460, 0.75, 146.97)
(460, 1, 146.97)
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Water resource allocation of six suitable scenarios [(A—F) represent 6 selected scenarios respectively].
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Distribution of water resources for six suitable scenarios in Jiahetan-Gaocun section [(A—F) represent 6 selected scenarios respectively].
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TABLE 7 Water supply rate of six suitable scenarios in seven sections.

Sections Scenarios

HJ 2025-low-C
2025-medium-C
2025-high-D
2030-low-C

2030-medium-C
2030-high-D

]G 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

GS 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

SA 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

AL 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

LL 2025-low-C
2025-medium-C
2025-high-D
2030 -low-C
2030-medium-C
2030-high-D

LH 2025-low-C
2025-medium-C
2025-high-D
2030-low-C
2030-medium-C
2030-high-D

Therefore, we selected suitable plans for different
satisfaction levels of years and different water resources,
according to the requirements of wet years, normal years,

Frontiers in Earth Science

Water supply rate

Agricultural water

0.92
0.92
1.00
0.92
0.92
1.00
0.91
0.92
1.00
0.92
0.92
1.00
0.85
0.85
1.00
0.85
0.85
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.87
0.87
1.00
0.87
0.87
1.00
0.85
0.91
1.00
0.84
0.90
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Industrial water Domestic water
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.93
1.00 0.94
1.00 1.00
1.00 0.97
1.00 0.97
1.00 1.00
1.00 0.93
1.00 0.94
1.00 1.00
1.00 0.82
1.00 0.82
1.00 1.00
1.00 0.82
1.00 0.82
1.00 1.00
1.00 0.97
1.00 0.97
1.00 1.00
1.00 0.97
1.00 0.97
1.00 1.00
1.00 0.78
1.00 0.78
1.00 1.00
1.00 0.78
1.00 0.78
1.00 1.00
1.00 0.81
1.00 0.81
1.00 1.00
1.00 0.81
1.00 0.81
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00

12
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Ecological water Total
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.94
1.00 0.94
1.00 1.00
1.00 0.87
1.00 0.87
1.00 1.00
1.00 0.88
1.00 0.88
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 0.88
1.00 0.88
1.00 1.00
1.00 0.89
1.00 0.89
1.00 1.00
1.00 0.87
1.00 091
1.00 1.00
1.00 0.87
1.00 0.91
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00
1.00 1.00

and dry years. In the wet year, the plans with a satisfaction
degree of one were selected, that is, 2025-high-D and 2030-
high-D. In the normal years, the plans with a satisfaction
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FIGURE 8

Distribution of water resources for six suitable scenarios in Gaocun-Sunkou section [(A—F)

degree greater than or equal to 0.5 and the water shortage rate
of less than 10% were selected, that is, 2025-medium-C and
2030-medium-C. In the dry years, the plans with a satisfaction
degree greater than or equal to 0.5 and the water shortage rate
of less than 10% were selected, that is, 2025-low-C and 2030-
low-C.

4.2.1 Analysis of overall water supply in the lower
Yellow River

The results
distribution

of the ecological
of the above were
analyzed. The result is shown in Figure 5 with 5(a) to 5(f)
represents 6 selected scenarios respectively. In 2025, the water

footprint-based water

scenarios six scenarios

shortage rate under the suitable scenarios of dry year, normal
year, and wet year is 8.45%, 7.83%, and 0%, respectively. In 2030,
the water shortage rate under the suitable scenarios of dry year,
normal year, and wet year is 8.42%, 7.80%, and 0%, respectively.

Within the same year, there is a small difference in the water
shortage rate of the water resources allocated outside the river in a
normal year and a dry year in 2025. That is, the total amount of
water resources in normal years is more than that in dry years, but
the amount of water used for sediment transport in normal years
also increases. This is due to the fact that with the increase in the
inflow of water, the sediment load increases (Kong et al., 2015), and
the amount of water required for sediment transport increases.
Therefore, although the total amount of water resources in a normal
year increases, under the same satisfaction degree of sediment
transport, the distribution of water resources outside the river
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represent 6 selected scenarios respectively].

does not change significantly. In a wet year, although the water
demand for sediment transport increases, the efficiency of
transporting sediment may increase due to the large amount of
inflow. Therefore, even if the satisfaction of water for sediment
transport increases (from 0.5 to 1), the water resources allocated
outside the river course will also increase significantly, which can
fully meet all water demand outside the river course.

Although existing dams and reservoirs play a key role in
trapping sediments in the Yellow River, the ability will decline in
the future (Wang et al., 2016), slowing down the erosion of the
Loess Plateau which causes larger sediment load is the source
management method to control water demand for sediment
transport.

4.2.2 Analysis of water supply by sections in the
lower Yellow River

Table 7 and Figures 6-12 show the changes in four water
users outside the river from seven sections in the lower Yellow
River under the six scenarios, respectively and (a) to (f) represent
6 selected scenarios.

Figure 13 shows the overall water supply rate in every region
in 6 scenarios. It can be concluded from the above that on the
whole scale, cities in GS and AL sections suffer more from lower
water supply rate. According to studies of Gong et al. (2020),
Puyang in GS section, Dezhou and Liaocheng in AL section
performed poorly in efficiency of water utilization, which may
cause larger water demand. Moreover, as shown in Figure 2, GS
and AL sections are in the lower reaches of the main tributaries of
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the Yellow River (Wenyan Canal and Dawen River), restricting
upper cities’ water intake from these tributaries may supplement
main stream water and improve the water supply rate.

From the perspective of different industries, ecological, and
industrial water supply rates of the sections other than SA and
LH are better than those of domestic and agricultural water
supply rates, which indicates that the ecological footprint of
domestic and agricultural water in these sections is greater than
that of ecological and industrial water. Therefore, these sections
should focus on improving the efficiency of domestic water and
agricultural water or making industrial adjustments to reduce the
production of ecological footprint. In the SA section, the water
supply rate of ecology, industry, and agriculture in this area is
better than that of domestic use, which reflects the larger
ecological footprint generated by domestic water in the
section. Therefore, this section should focus on improving the
efficiency of domestic water. In the LH section, under the water
demand forecast scenarios in 2025 and 2030, the water supply
rate of each department in the dry year and normal year also
reached 1.0.

Analyzing the above results, among the sections, the river
sections with the largest water supply rate are the LH section and
the SA section, which are close to 1. The river sections with the
smallest water supply rate are the GS section and the LL section,
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which are 0.87; that is, the GS section and the LL section have a
relatively large ecological footprint. Among industries, the water
supply rate of agricultural and domestic water is lower than that
of ecological and industrial water. This reflects that the ecological
footprint generated by agricultural water and domestic water in
the lower Yellow River is larger. Measures should be taken to
improve the efficiency of agricultural and domestic water
utilization. Among the years, there is a significant conflict
between the water demand for sediment transport outside the
river in normal and dry years.

Since water use priorities vary from region to region, there are
some studies that also set priorities between both cities and types of
water utilization (Li et al., 2021). However, when prioritizing using
analytical hierarchy process (AHP) or other methods (Wang et al.,
2003), there is still the problem of subjectivity and possibly
insufficient rationality in the water allocation.

The result of the allocation plan is similar to Zhang and Oki
(2021) based on Nash-Harsanyi bargaining game theory. Since the
concept of ecological footprint of water resources applied in this
paper innovatively includes soil water as one of the indicators of
water resources carrying capacity (Li et al., 2020), the ecological
footprint of water resources in agriculture, which is one of the
main water uses in the lower reaches of the Yellow River, can be
considered more objectively, and the ecological footprint of water
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resources in the lower reaches of the Yellow River can be assessed
more comprehensively. However, this study only focuses on the
water resources allocation in the lower reaches of the Yellow River,
and there may be a need for more in-depth studies in the basin as a
whole in the future.

The suggestions for normal and dry years are as follows:

1) Broaden sources of income: increase the amount of water
resources, including inter-annual reservoir regulation of water
resources; introduce external water resources, such as the South-
to-North Water Diversion and seawater desalination.

2) Reduce expenditure: since the main water demand for water
outside the lower Yellow River is agricultural water, water-saving
irrigation should be conducted to improve the utilization
efficiency of water resources. Furthermore, the efficiency of
sediment transport can be improved since the main water used
in the river is for sediment transport. Water conservancy projects
need to be fully utilized, such as the Xiaolangdi Reservoir for water
and sediment regulation. In addition, more stringent policies and
laws and regulatory regimes may be needed.

5 Conclusion

Based on the evaluation results of ecological footprint and the
results of water demand prediction, a multi-objective allocation
model of water resources in the lower Yellow River was
constructed and solved with GAMS software. The model
results are shown as follows:

1) The shortage of water resources in the lower Yellow River is
related to the amount of water resources and the water
demand for sediment transport in the year. When there is
a wet year, the shortage of water resources is significantly
reduced, but there is no significant difference between a dry
year and a normal year.

2) Water shortages in different areas of the lower Yellow River
are related to the ecological footprints of different users in the
area. The rivers with the largest shortages are GS and AL
sections, the rivers with the smallest shortages are the LH and
SA sections. Restricting upper cities’” water intake from
tributaries of the Yellow River may supplement main
stream water and improve the water supply ability.

The model explores the relationship among incoming water
and sediment conditions, the ecological footprint produced by
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