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Abstract. Water scarcity is a key limiting factor for sus-
tainable socioeconomic development especially in arid and
semi-arid basins, and managing water effectively there of-
ten requires coherent and holistic policies and regulations at
the basin scale. This study develops an integrated basin-scale
hydroeconomic optimization model. The model reasonably
details the representation of the hydrologic, infrastructural,
water demand and regulatory components, with an objective
to maximize overall economic benefits of irrigated crop pro-
duction, water supply and hydropower generation, subject to
resource, infrastructural, operational and policy constraints.
A baseline calibration enhances the model’s reliability and
empirical validity for analysing interconnected physical pro-
cesses and decision-making, based on the interdependence of
hydrologic and economic components. The model is applied
to the Yellow River Basin (YRB), where water has been fully
allocated and intense competition exists among different wa-
ter users across the basin. Results show that water avail-
ability decreases by approximately 75 % from upstream to
downstream, with the corresponding marginal values rising
from CNY 0 to 9.14 m−3 along the river in a severe dry year,
implying greater challenges for downstream water security
(especially the critical ecological requirements) and a larger
requirement for water saving in upstream areas. Basin-wide
management strategies highlighted in this study include: re-
allocating water to economically high-value production sec-
tors; coordinating the operation of cascade reservoirs and
taking advantage of reservoirs with inter-year operation ca-

pacity; monitoring and balancing water availability between
upstream and downstream areas. The stabilization of water
supply heavily relies on coordinated operation of aquifers
and reservoirs with inter-year storage capacity, which miti-
gates hydrologic variability and improves downstream wa-
ter availability. Water valuation analysis based on marginal
value underscores the potential benefits of water trading and
inter-regional transfers. The results offer insights for basin-
scale water management, showing potential of reallocation
strategies for improving management flexibility and increas-
ing water productivity. Insights from the YRB are meaning-
ful as guides for managing basins worldwide that face similar
challenges.

1 Introduction

Water scarcity is a growing challenge in many river basins
around the world, where the demand for water, driven
by population expansion, socioeconomic development, and
evolving consumption habits, outstrips water supply (Hejazi
et al., 2014; Kahil et al., 2018; Liu et al., 2017; Tian et al.,
2021; United Nations, 2023). In many of those basins, water
has already been overallocated, leading to river basin closure,
pervasive water scarcity, groundwater overdraft, and ecosys-
tem degradation (Hanasaki et al., 2013; Molle et al., 2010;
Scanlon et al., 2023; Zhou et al., 2020). Particularly, as na-
tions strive to sustain growing populations and economies
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under changing climatic conditions, pressures from water
overuse, ecological degradation, and challenges in cross-
regional cooperation in large arid and semi-arid river basins
are expected to intensify (Kahil et al., 2018). For instance,
the Colorado River and Rio Grande basins face overexploita-
tion dilemmas from historical agreements that overcommit-
ted actual water availability (Ward et al., 2006). Similarly,
the Murray-Darling Basin in Australia (Ejaz Qureshi et al.,
2013; Thevs et al., 2015) and the Ebro River Basin in Spain
(Baccour et al., 2021) struggle to reconcile water quality de-
terioration with economic development objectives. The Syr
Darya in Central Asia (Cai et al., 2003) and the Nile (Basheer
et al., 2023) are significantly impacted by challenges in trans-
boundary water allocation coordination. These challenges
highlight the need for a systematic framework to analyse
spatial and temporal trade-offs across interconnected water-
related systems in large river basins.

Hydroeconomic models (HEMs) have emerged as pivotal
tools for guiding basin-scale water resources planning, in-
corporating both economic and hydrologic representations
of water supply and demand (Pulido-Velazquez and Tilmant,
2022). Such models comprehensively characterize the infras-
tructure, management scheme and the economic value of wa-
ter within the system (Harou et al., 2009; Ward, 2021), based
on the mathematical framework that links biophysical, tech-
nological, and economic processes (Cai, 2008a; Kahil et al.,
2018; Pulido-Velazquez and Tilmant, 2022). Earlier appli-
cations include the basin-scale economic-engineering model
of California’s major water supply system to coordinate sur-
face and groundwater operations, and to optimize statewide
economic benefits from rural and urban water use (Draper
et al., 2003). Considering conjunctive water use of surface
and groundwater, Zhu et al. (2015) derived numerical solu-
tions and analytical conditions for optimizing land and water
use for crops, short-term and long-term urban water conser-
vation alternatives, and water transfers. Kahil et al. (2016)
strengthened the linkage between physically-based represen-
tations of water sources and uses through an integrated HEM
to assess the impacts of climate change and policy options in
the Jucar basin in Spain. To explore economic and environ-
mental consequences of various policy scenarios, Cai et al.
(2003) described interrelationships among hydrologic, agro-
nomic, and ecological components in the Syr Darya River
basin, where irrigation-induced salinity is a major challenge.
Together, these studies highlight HEMs to inform basin-scale
water management under multiple and competing objectives.

In this context, the Yellow River Basin (YRB) in northern
China offers a compelling case for examining basin develop-
ment against severe water scarcity (Cai, 2008b; Peng et al.,
2017; Shang et al., 2020). On the supply side, water avail-
ability in the YRB is constrained by decreasing streamflow
from reduced precipitation, rising temperature and landscape
evapotranspiration (Yin et al., 2021). On the demand side,
with the total drainage area of 7.52× 105 km2, the YRB sup-
ports 12 % of China’s population and 15 % of its farmland

with only 2.5 % of the country’s total water resources (Wu
et al., 2004; Zhang et al., 2017). Although infrastructure in-
cluding reservoirs and dams has been constructed to regulate
streamflow, and policies such as the “87 Water Allocation
Scheme” (General Office of the State Council of the People’s
Republic of China, 1987) have been implemented for rational
water allocation and conservation (Wang et al., 2020, 2018),
competition among water-use sectors has continued to inten-
sify. Addressing the dual challenges of meeting development
needs while ensuring reliable and sustainable water use is
therefore of considerable concern for the YRB.

Previous studies on water management in the YRB have
focused predominantly on supply-side issues (Xia and Pahl-
Wostl, 2012; Yin et al., 2017), including the simulation of
natural hydrologic responses to climate change (Bao et al.,
2019; Chen et al., 2014; Zheng et al., 2009) and human in-
terventions (Li et al., 2017; Wang et al., 2019b; Yin et al.,
2021), projections with hydrologic models (Cuo et al., 2013;
Xu et al., 2011; Yuan et al., 2016; Zhang et al., 2017), and the
optimization of reservoir operations (Bai et al., 2019, 2015;
Chang et al., 2014; Meng et al., 2019; Peng et al., 2020). Nev-
ertheless, a significant research gap remains in studies that
integrate physical water availability on the supply-side and
decision-making behaviours on the demand-side, and basin-
wide water management regulations within a unified quanti-
tative framework.

To reveal demand-side behaviours, HEMs have been ap-
plied to the YRB at individual or sub-basin scales. For ex-
ample, Yang et al. (2012) used a decentralized, multiple-
agent optimization method to explore water allocation man-
agement at the agent scale. Cao et al. (2023) developed an
integrated hydro-agro-economic optimization model for the
Hetao Irrigation District within the YRB, analysing econom-
ically optimal land and water allocation, and environmental
sustainability under water scarcity and soil salinization. Mar-
tinsen et al. (2021) formulated a linear programming-based
HEM to assess the implications of perfect foresight of agro-
hydrologic events for the South-to-North Water Transfer
Project, addressing joint quantity and quality management.
However, basin-wide models that holistically and quantita-
tively represent multiple water sources, diverse water-use
sectors, coordinated reservoir operations, spatially coupled
variations in water availability and value, and the supply-
demand interactions under realistic regulatory and institu-
tional settings remain largely absent. As a result, existing
models remain misaligned with the practical needs of the
Yellow River Conservancy Commission (YRCC), which ur-
gently requires an integrated basin-wide framework to guide
evidence-based water allocation decisions and long-term wa-
ter governance.

This study develops a basin-wide hydroeconomic opti-
mization model for the YRB, which represents hydrologic,
infrastructure, and water demand components using a node-
arc network in a spatially explicit manner. The model follows
the top-down hierarchical water management institutional
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setting in the YRB and integrates surface water, groundwa-
ter, and multi-reservoir operations with spatially distributed
economic activities across the entire YRB, aiming to maxi-
mize the economic benefits at the basin scale, including hy-
dropower generation, agricultural production and urban wa-
ter uses. This unified modelling framework allows a quanti-
tative assessment of basin-wide water allocation and trade-
offs among various water users. Specifically, this paper: (1)
characterizes the relationships between water supply and de-
mand under different hydrologic conditions; (2) investigates
synergies and trade-offs in economic benefits among water-
use sectors; (3) assesses the marginal values of water and the
degrees of water scarcity and provides insights for improv-
ing the current water governance in the basin. Notably, most
previous optimization models for basin management are for-
mulated as purely normative tools to explore ideally opti-
mal solutions. To better reflect real-world management, we
adopt a “positive” optimization model, of which irrigation
water use, the major water user in the YRB and many other
basins, is calibrated to the observed conditions using the Pos-
itive Mathematical Programming (PMP) approach (Howitt,
1995). The outputs of such a positive model show the ad-
justments from current practices, demonstrating that the pro-
posed basin-wide optimization framework can be a useful
scientific and practical tool to evaluate existing water allo-
cation regulatory programs and policies and search for new
alternatives in the YRB.

2 Study Area and Data

2.1 Study Area

As the second longest river in China and the fifth longest
in the world, the Yellow River (Fig. 1) originates from the
Tibetan Plateau, flows across nine provinces, and finally dis-
charges into the Bohai Gulf (Zheng et al., 2014). The mean
annual runoff of the Yellow River is 53.48 billion m3, which
has been decreasing in the past 30 years, exacerbating wa-
ter scarcity in the basin (Shang et al., 2020). Runoff is un-
evenly distributed (Fig. S1 in the Supplement) due to strong
spatiotemporal variation in precipitation (Fig. S2). The av-
erage annual precipitation across the basin during the pe-
riod from 1981 to 2010 varies spatially from 60 to 900 mm,
increasing from the northwest to the southeast (Yin et al.,
2017). Precipitation in the basin is highly seasonal, with ap-
proximately 60 % of the annual precipitation occurring dur-
ing the wet season (July–October), while only 10 %–20 %
in the dry season (March–June). Under a continental mon-
soon climate, most of the YRB is in arid and semi-arid re-
gions, with average annual potential evapotranspiration of
1199.7 mm (Peng et al., 2017). To mitigate adverse impacts
of floods and droughts, numerous dams and reservoirs have
been constructed to regulate streamflow. By 2020, 224 large
and medium-sized reservoirs have been built (YRCC, 2020).

Large reservoirs, such as Longyangxia, Liujiaxia and Xi-
aolangdi, serve as both water storage and hydropower gen-
eration facilities.

The Yellow River is a major source of water supply for
northern China, supporting irrigation, industries, domestic
water uses and ecological flow requirements. With the de-
velopment of the national economy, total water use in the
basin, sourced from both surface water and groundwater, in-
creased from 44.63 billion m3 in 1980 to 53.48 billion m3 in
2015 (Peng et al., 2017). Frequent drying up of the Yellow
River’s main channel occurred between 1972 and 2000 (Liu
and Cheng, 2000), highlighting severe spatial and temporal
mismatches between water supply and demand. To address
this issue, the Chinese government introduced the “87 Wa-
ter Allocation Scheme” in 1987 (General Office of the State
Council of the People’s Republic of China, 1987), using the
average annual natural runoff of 58 billion m3 from 1919
to 1975 as a water availability baseline. After reserving 21
billion m3 for environmental flow requirements, the remain-
ing 37 billion m3 of water resources were allocated among
the nine provinces and autonomous regions within the basin
as well as Hebei Province and Tianjin City. However, sig-
nificant discrepancies between actual runoff and this base-
line water availability gradually emerged. Meanwhile, due
to insufficient regulatory enforcement, the scheme was not
effectively implemented, leading to frequent water overuse
in provinces such as Inner Mongolia and Shandong. In re-
sponse, the scheme was revised in 1998, alongside the imple-
mentation of the “Yellow River Water Allocation and Man-
agement Regulations”, which centralized water resources
management under the YRCC (Wang et al., 2019a; Wang and
Lou, 2022). Based on the original scheme, the regulations
adhered to the principle of “increasing allocations in wet
years and reducing them in dry years”, and water overuse by
provinces was deducted from subsequent allocations to en-
sure compliance. Nevertheless, the contradiction between re-
duced water availability and growing water demand is grow-
ing and needs to be solved urgently (Wang et al., 2018, 2020).

Figure 2 depicts the basin network of water allocation
among water sources (rivers, groundwater aquifers and reser-
voirs) and water users (hydropower stations, agricultural, in-
dustrial, municipal and ecological demand sites), detailed
node-link information is listed in Table 1 and the Supplement
(Tables S2-1 to S2-6).

2.2 Data

The HEM for the YRB requires extensive data to set up, cal-
ibrate, and run. These include monthly meteorological and
hydrologic time series, aquifer attributes, characteristics of
storage, conveyance and pumping facilities, factors that de-
termine water demands of domestic, industrial, agricultural
and environmental sectors, and regulations and rules of wa-
ter system management and operations. The data were ac-
quired from various sources, such as governmental statistics,
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Figure 1. The YRB in China: general topography, mainstream and tributaries, provinces and key reservoirs.

Figure 2. Schematic diagram of the river network system.

river basin agencies, research institutions, global databases,
and expert consultations. Table 2 lists the categories, specific
parameters, attributes and sources of the datasets used in the
model.

Integrating diverse data types and scales to develop a uni-
fied model remains challenging. Water source data are eval-
uated based on hydrologic records reflecting natural condi-
tions before human interventions, while water use data are
gathered from governmental or institutional statistics. Both
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Table 1. Abbreviations and full names of nodes mentioned in the
main text and associated provinces. Detailed node information is
provided in the Supplement (Tables S2-1 to S2-6).

Node Name Province

I3 Ningxia irrigation district (NX) Ningxia
I4 Hetao irrigation district (HT) Inner Mongolia
I5 Nanan irrigation district (NA) Inner Mongolia
I8 Weihe irrigation district (WH) Shaanxi
I12 Shandong irrigation district (SD) Shandong
EEDS Ordos Inner Mongolia
XA Xi’an Shaanxi
WNA Weinan Shaanxi
DY Dongying Shandong
WLSH Wuliangsu Lake Inner Mongolia
YRD Yellow River Delta Shandong
LYX Longyangxia Qinghai
LiuJX Liujiaxia Gansu
QTX Qingtongxia Ningxia
WJZ Wanjiazhai Shanxi
SMX Sanmenxia Henan
XLD Xiaolangdi Henan

supply and demand-side data are subsequently aggregated to
the source and demand “nodes” (Fig. 2) defined in this study.
Specifically, gridded meteorological data are processed us-
ing geographic information systems (GIS) with the basin’s
spatial configuration, and values for each spatial unit are ex-
tracted, aggregated and averaged at the node scale. For irri-
gation, primary data sourced from the MapSPAM database
(International Food Policy Research Institute, 2019) are also
processed using ArcGIS and cross-validated against observa-
tions from local agencies to ensure accuracy and reliability.

Parameters are either estimated from empirically-observed
data or derived from existing publications, and are further re-
fined through contextual adjustments. Parameter estimation
for crop growth involves geographic distribution, growth pe-
riod, and hydrothermal conditions, complemented by data
from field observations and experiments. For reservoirs, key
parameters of storage-elevation and storage-area curves are
derived from real operation and fitted to a quadratic function
assumption. Economic items such as price elasticity coeffi-
cients for industrial and domestic water use, are primarily
obtained from literature at provincial or local levels.

Parameters with inherent uncertainties are initially esti-
mated through preliminary assessments and refined during
model calibration. Sensitivity analyses of such parameters
have been conducted in HEMs applied to some major regions
located in the YRB (Cao et al., 2023). The current study
adopts the prior results. Moreover, the crop prices used in
this study fall within the range of prices observed historically.
Because these prices place the values of agricultural use well
below the economic values of water for industrial and do-
mestic sectors, it is unlikely to see that realistic changes in

agricultural prices dramatically alter operation of this model
within constraints of water availability as well as capacity
and policy constraints. In addition, we have strived to se-
lect reasonable and empirically-observed parameter values
of other important economic parameters including electric-
ity tariff (General Office of the State Council of the People’s
Republic of China, 2024) and demand elasticities (Qin et al.,
2022; Zhang and Cheng, 2022). Nevertheless, it will be ideal
to assess the sensitivity of such important economic parame-
ters. However, this will require extensive sectoral survey data
and econometric modelling, which is beyond the scope of the
present study and will be addressed in future studies. To en-
hance model stability, parameter and coefficient values are
adjusted to comparable magnitudes, ensuring consistent nu-
merical scales across variables. This reduces the risk of non-
convergence caused by excessively large numerical ranges,
thereby preventing infeasible solutions in a large-scale non-
linear optimization model (Cai, 2008a).

3 Model Formulation

As an optimization model, the HEM’s objective is to maxi-
mize basin-wide economic benefits of water use to support
economically efficient water allocation. The model assumes
an idealized framework in which the YRCC achieves seam-
less information sharing across water sources and water-use
sectors, and has complete control over basin-wide alloca-
tion decisions. To a certain extent, this setting aligns with
real-world governance in the YRB, where the YRCC serves
as a centralized authority with cross-provincial and cross-
sectoral mandates for planning, water allocation, regulation,
and emergency response, a top-down structure differing from
decentralized and collaborative institutional frameworks (Gi-
akoumis and Voulvoulis, 2018; Lawless et al., 2024; Rivera-
Torres and Gerlak, 2021; Yang et al., 2013).

The HEM runs as a multi-year model with a monthly time
step, using continuous monthly hydrologic data during the
period of 1996–2015, while fixing socioeconomic and infras-
tructure conditions at the 2020 level. The monthly time step
is adopted to capture seasonal hydrologic variability with
computational feasibility, and matches the frequency of man-
agement reporting from provincial governments to the basin
authority, the YRCC. The selected unimpaired 1996–2015
monthly hydrologic series represents the most recent con-
tinuous and reliable hydrologic record, captures hydrologi-
cal stochasticity, and enables the HEM’s realistic represen-
tation of inter-year reservoir regulation. This model formula-
tion follows established modelling approaches for large-scale
water resources planning (e.g., CALVIN; Draper et al., 2003;
Harou et al., 2009), as well as YRCC’s planning and practice
(YRCC, 2015).

Figure 3 shows an overview of the model framework. In-
put data are categorized into data on the supply side and the
demand side, and data specifying various operational, man-
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Table 2. Sources and attributes of data used in the HEM.

Category Content Parameter Resolution
and period

Source

Hydrometeorology Meteorology Precipitation, vapor pressure,
temperature, cloud cover, potential
evapotranspiration

0.5°× 0.5°,
1996–2015

CRU TS 4.06 (Harris, 2024)

Surface water Streamflow Monthly,
1996–2015

YRCC, Ministry of Water
Resources of the PRC

Groundwater Aquifer area, specific yield Yellow River Water Resources
Bulletin (YRCC, 2020)

Water Supply
Infrastructure

Storage Reservoir capacity, dead storage,
storage-elevation curve, storage-area
curve, tail water elevation

–

Conveyance Surface water division requirement Chai (2015)

Hydropower Installed capacity, firm power –

Demand Sector Irrigation Observed area, production and yield 1/12°× 1/12° MapSPAM (International Food
Policy Research Institute, 2019)

2020 Local governmental agencies

Crop growth coefficients FAO 56 (Allen et al., 1998)

Crop price, pumping cost 2020 Compilation of National Income
from Agricultural Products (Price
Division of National Development
and Reform Commission of the
People’s Republic of China, 2021)

Urban Industrial and domestic water
demand, price and supply cost

2020 Provincial water resources bulletin,
statistical yearbook

Ecological Off-stream ecological water demand,
instream environmental flow
requirements

Monthly Yellow River Water Regulation
Plan (YRCC, 2025)

Management and
Policy

Regulation Inter-provincial water allocation 1987 Water Allocation Scheme
(General Office of the State
Council of the People’s Republic
of China, 1987)

Constraint Reservoir operation, hydropower
output coefficient, flood control
water level

Chang et al. (2017), Yan et al.
(2012), Wei et al. (2003)

agement and institutional rules. Structured in this way, the
model includes benefit and cost computation of each mod-
elled water-use sector to quantify the economic value of wa-
ter, while imposing constraints on the node-arc network to
represent mass balance, infrastructure capacity limits, and
policy requirements. Outputs include water allocation, eco-
nomic performance, and management and policy results. The
model is written in the General Algebraic Modelling Sys-
tem (GAMS) language and solved with CONOPT (GAMS,
2026). Detailed descriptions and units of variables and pa-
rameters are in the Supplement (Table S1).

3.1 Objective Function

The objective of the model is to maximize the total net ben-
efit of water-use sectors in the basin, including hydropower
generation, irrigated agricultural production, and urban do-
mestic and industrial water uses. The objective function is
formulated as:

MaxZ =
∑
t

∑
r

HPr,t +
∑
y

∑
i

AGi,y +
∑
y

∑
c

URc,y

−

∑
y

∑
i

Costi,yPMP−
∑
t

∑
g

Costg,tPump

−

∑
t

∑
d

Costd,twater (1)
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Figure 3. Overview of the model framework.

where the objective variable (Z) represents basin-wide net
economic benefit over the entire multi-year period (1996–
2015). The right-hand side of Eq. (1) denotes gross revenue
of hydropower HPr,t from reservoir r , irrigation AGi,y in irri-
gated area i, and industrial and municipal activities URc,y in
city c, subtracted by the sum of cost terms including pumping
cost Costg,tPump from groundwater aquifer g, water resources

fees Costd,twater at every water demand node d (including agri-
cultural, industrial, domestic uses), and total agricultural pro-
duction cost Costi,yPMP. The Positive Mathematical Program-
ming (PMP) is used in this study to estimate parameter val-
ues in agricultural production cost functions, which enables
replication of the observed land and water use patterns in
the base year while adjusting smoothly to economic changes
(Howitt, 1995; Zhu et al., 2015). Time value of year index
(y = 1,2, . . .Y ) can be determined using the value of the in-
dex for month sequence (t = 1,2, . . .T ) (Table S1).

Energy production and benefit: The revenue from hy-
dropower generation is calculated by flow rate through the

turbine, net hydraulic head that drives the turbine, generation
efficiency and average monthly electricity price:

HPr,t =Kr ·QTrt ·
(
H r
t − Tr

)
·pHP,r (2)

where Kr is the product of generation efficiency of the hy-
dropower plant, density of water, and gravitational accel-
eration, QTrt is solved monthly average flow through hy-
dropower turbine, H r

t is solved hydraulic head, Tr is tail wa-
ter elevation, and pHP,r is the price of electricity.

Energy consumption for groundwater extraction depends
on the pumping rate, depth of groundwater table, and the ef-
ficiency of pumping set. The pumping cost is:

Costg,tPump =
ρG

η
·H

g
t ·Q

g
t ·pGW (3)

where ρ is water density, G is gravitational acceleration, η
is pumping efficiency, H g

t is pumping depth at groundwater
aquifer g, Qg

t is groundwater withdrawal, and pGW is elec-
tricity energy price for pumping.
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Agricultural production, cost and benefit: To reflect grow-
ing stage-specific crop sensitivity to water deficit over the
growing period, the Jensen’s crop water production function
(Kipkorir and Raes, 2002; Sun et al., 2012) is applied to es-
timating crop relative yield. The gross benefit of crop pro-
duction in an irrigated area is determined by crop yields, har-
vested areas and prices.

AGi,y =
∑
cp

RYicp,y ·Ymaxicp ·A
i
cp,y ·pAG,cp (4)

RYicp,y =

M∏
m=1

(
ETaicp,t

ETcicp,t

)λmcp

(5)

In Eqs. (4) and (5), RYicp,y is solved relative yield for crop cp
in irrigation district i, Ymaxicp is maximum crop yield with-
out water stress, Aicp,y is harvested area, pAG,cp is crop price,
ETaicp,t is actual crop evapotranspiration, ETcicp,t is potential
crop evapotranspiration, and λmcp is the sensitivity factor in
growing stage m for crop cp (Table S3). The growing stage
m represents the order of months within the growing period
in year y.

A quadratic production cost function is estimated using the
PMP approach for each crop in each irrigation district:

Costi,yPMP =
∑
cp

(
µicp+ 0.5ϕicp ·A

i
cp,y

)
Aicp,y (6)

where µicp and ϕicp are the intercept and slope in the PMP
production cost function for crop cp in irrigation district i. In
model calibration, the slope of the marginal crop is estimated
by observed harvested area, land supply elasticity and gross
margin. For other crops, cost functions are calculated based
on the dual value of economic calibration using the PMP cal-
ibration constraint (Zhu et al., 2015).

Urban water-using benefit: Economic gains from water
use in urban industrial and domestic activities are determined
based on urban water prices and costs (Cai et al., 2006; Gohar
et al., 2019):

URc,y =
∑
c

∑
k

CSk,yc +
∑
c

∑
k

(
p
k,y
c − costk,yc

)
Q
k,y
c (7)

where CSk,yc is consumer surplus for city c and industrial
or domestic water use activity k, pk,yc is urban water tariff,
costk,yc is the cost from suppliers providing water to users,
and Qk,y

c is industrial or urban domestic water use in year
y. It is important that URc,y only represents the economic
benefits that water, as a factor of production, contributes to
industrial and/or domestic activities.

A demand function of water price with respect to water
demand is specified as the following linear form:

p
k,y
c = α

k
c −β

k
c ·Q

k,y
c (8)

where αkc and βkc are the intercept and slope of the demand
function, respectively, estimated based on observed prices
and price elasticity of demand adopted from the literature.

Consumer surplus is derived from the integral of demand
function as:

CSk,yc =

pmax∫
p
k,t
c

(
αkc −β

k
c ·Q

k,y
c

)
dQ

=
1
2
Q
k,y
c

(
αkc −p

k,y
c

)
(9)

Water resources fees: Charges for water delivered to de-
mand node d from both surface water and groundwater are
calculated as:

Costd,twater =
∑
nu

costdsur ·Q
nu,d
sur,t +

∑
g

costdgw ·Q
g,d
t (10)

where costdsur and costdgw are surface water and groundwa-

ter resources fees, respectively; Qnu,d
sur,t is surface water used

from upstream inflow node nu to demand node d , and Qg,d
t

is groundwater used from aquifer g to demand node d.

3.2 Water Balance and Capacity Constraints

3.2.1 Flow balance

Mass balance requires that storage change at a node equals
the total incoming flow minus the total outgoing flow during
the period:

Snt − S
n
t−1 =

∑
nu
Q

nu,n
t −

∑
nd
Q
n,nd
t (11)

where Snt is storage of node n in period t , Qnu,n
t is in-

flow from upstream node nu to node n, and Qn,nd
t is out-

flow from node n to downstream node nd. Equation (11) ap-
plies to node n types including surface reservoir, groundwa-
ter aquifer, river reach, artificial conveyance facility such as
canals and pipelines, and junction node. River reaches, con-
veyance facilities, and junction nodes have negligible stor-
age capacity, so the left-hand side of the equation becomes
zero, forcing total incoming flow to equal total outgoing
flow in any time period. Incoming flows to node n include
flows from upstream river reaches, local streams, reservoirs,
groundwater aquifers, and return flows from irrigated area
or urban nodes. Outgoing flow node types include reservoir,
river reach, groundwater aquifer, reservoir evaporation as a
sink, river basin outlet as a sink, and demand site. Specifi-
cally, for a reservoir node r with hydropower plant, total re-
lease to the downstream equals:∑
nd
Q
r,nd
t = QTrt +QSrt (12)

where QTrt is flow through turbine, QSrt is reservoir spill.
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3.2.2 Water delivery

Total water delivery to demand node d in time period t equals
the sum of surface water and groundwater deliveries:

Qd
t =

∑
nu
Q

nu,d
sur,t +

∑
g

Q
g,d
t (13)

where Qd
t is total water delivery, Qnu,d

sur,t is surface water
from upstream node nu to node d, Qg,d

t is groundwater from
aquifer g to node d.

Irrigation only occurs when crop evapotranspiration re-
quirement exceeds effective precipitation. Water delivered to
an irrigated area equals total delivery multiplied by irrigation
efficiency:

Qi
t · ei =

∑
cp

IWDit ·A
i
cp,y (14)

where ei is irrigation efficiency in irrigation district i, and
IWDit is net irrigation water requirement determined by the
difference between monthly effective precipitation and crop-
specific monthly evapotranspiration when the latter is larger.

3.2.3 Capacity constraints

A set of constraints is applied to set the upper and lower
bounds of decision variables, including reservoir storage ca-
pacity and dead storage, installed hydropower generation
capacity and firm power, conveyance capacity, river flow
regime for aquatic ecosystem protection or minimum in-
stream flow requirement, range of planted areas of certain
crops and guaranteed urban water supply.

Particularly, to avoid storage depletion by pursuing high
net revenue and meeting high water demand, a constraint
for major large reservoirs with inter-year storage capacity is
added to reserve water for future use at the end of a water
year:

Srte ≥ S
r
end (15)

where te is the last month of a water year and Srend is targeted
carryover reservoir storage value.

3.3 Baseline Calibration

Due to incomplete representation of numerous implicit
and qualitative factors in real-world physical processes and
decision-making, the HEM is limited in reliably represent-
ing the actual water supply-demand dynamics with sufficient
details, before being calibrated for adequate model fidelity.
Thus, a baseline approach is adopted for this study, i.e., us-
ing a starting point to compare and evaluate results against
observations. Obtaining a baseline of observed inputs and
outputs is a crucial procedure to improve the model’s applica-
bility and reliability for policy analysis (Cai and Wang, 2006;
Draper et al., 2003).

Calibration is usually used to develop a baseline for a
computer-based model. The complexity of HEM calibration
is to calibrate the connected hydrologic and economic com-
ponents (Cai and Wang, 2006). Given the interdependence
among these parameters, calibration simultaneously helps to
reflect how hydrologic variability propagates to economic
outcomes, and how economic behaviours conversely alter
hydrologic regimes.

Hydrologic calibration is to adjust model parameters to
ensure that system states closely match observed mass bal-
ance conditions (Baccour et al., 2022). This process involves
maintaining water balance across the entire basin and at each
individual node, balancing water supplies, uses, consump-
tions, and changes of surface reservoir and groundwater stor-
ages. For reservoirs, water storage-release relationships are
governed by physical characteristics and operational rules
with embedded economic drivers from demand sites (Cai and
Wang, 2006). During the ice-flood control periods, strict con-
straints are imposed on water releases from major reservoirs
to critical river reaches (Chang et al., 2014; Hu et al., 2023a,
b; Yan et al., 2012). Additionally, the operations of spe-
cific reservoirs during the flood season undertake sediment-
flushing tasks, which align with basin-wide water regulation
objectives (Gao et al., 2023; Zhai, 2004).

Economic calibration uses the PMP method (Howitt,
1995) to calibrate agricultural activities in the base year,
replicating observed land and water use patterns while ef-
fectively addressing the issue of over-specialization inher-
ent in traditional linear models. By incorporating nonlinear-
ity into the objective function using the marginal values of
the calibration constraints (Sect. 3.1), PMP replicates base-
year activity levels and resource allocation without intro-
ducing artificial constraints, allowing smooth adjustments to
economic changes (Mérel and Howitt, 2014). This approach
minimizes reliance on detailed information and facilitates re-
alistic representations of economic behaviours with limited
data. The quadratic form of the cost function captures di-
minishing marginal returns on additional inputs, accounts for
substitutability of different input factors, focuses on the im-
pacts of water and land on crop yields, and reflects farm-
ers’ decision-making behaviours (Howitt, 1995; Medellín-
Azuara et al., 2012, 2010). For industrial and domestic water
demands, economic parameters such as price elasticities are
adjusted, and water withdrawals are calibrated to baseline ob-
servations through a value-demand search process (Cai et al.,
2006).

A model performance evaluation is conducted to assess
the consistency of the calibrated HEM with observed sys-
tem behaviour. Model outputs for major hydrological gauge
stations, end-of-year reservoir storage, and agricultural wa-
ter use are compared against observations using Percent
Bias (PBIAS) and Normalized Root Mean Square Error
(NRMSE). The performance check (Table S4) indicates that
the modelled values fall within acceptable ranges relative to
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the observations, supporting the calibrated model for subse-
quent analysis.

4 Results

In this paper, the HEM is solved as an optimization model
that uses monthly hydrologic and meteorological data from
1996 to 2015, while socioeconomic and water management
conditions are fixed at the base-year (2020) level. Hydro-
logical year types are determined by the frequency analysis
of the unimpaired annual flow at the basin outlet, with the
5th (2002), 50th (1998), and 95th (2012) percentiles selected
from the 1996–2015 period to represent dry, normal, and wet
years, respectively.

4.1 Dynamics of Water Supplies and Uses

Figure 4 shows the supply of surface water and groundwa-
ter under different hydrologic conditions. Total water with-
drawal (TOT) is higher in dry years than in wet years, primar-
ily due to higher irrigation requirements under water scarcity.
Surface water is the dominant source in the basin. However,
due to hydrologic and climatic variability, natural surface
runoff (SWR) fluctuates sharply with annual inflow differ-
ences exceeding 20 billion m3 between dry and wet years
for the whole basin. The available surface water inflow is
insufficient to meet actual surface water withdrawal (SW)
during dry years, and the unmet demand is compensated
through reservoir releases and water transfer projects. In con-
trast, groundwater supply (GW) is relatively stable across hy-
drologic conditions, compensating for reduced surface water
supplies in dry years. This highlights the important role of
groundwater as a buffer resource to enhance the resilience of
the basin’s overall water supply system under unfavourable
hydrologic conditions.

Figure 5 shows annual water withdrawals, aggregated by
various water uses for each sub-basin and for the entire basin.
Irrigation uses the largest amount of water among all sectors,
accounting for more than 70 % of total water withdrawals
in the basin. The high demand is from the extension of irri-
gated area, the diversity of crops, and the inconsistency be-
tween the peak of water requirements for crop growth and
rainfall seasonality. Agricultural water withdrawal decreases
from upstream to downstream, in contrast to the increase in
irrigated areas, suggesting more irrigation water use per unit
planting area in the upstream regions. Because upstream re-
gions have a more arid climate, only a relatively small portion
of crop water requirements are met by effective precipita-
tion, therefore increasing reliance on irrigation. Meanwhile,
downstream irrigation districts, with more advanced irriga-
tion technologies, have higher water use efficiency in reduc-
ing agricultural water withdrawals.

Industrial and domestic water demands are highest in the
middle reaches of the YRB. Shanxi and Shaanxi provinces in

Figure 4. Water supply by hydrological year type in the entire
YRB (108 m3). GW= groundwater withdrawal; SW= surface wa-
ter withdrawal; TOT=GW+SW; SWR= natural surface runoff.

Figure 5. Water withdrawal by water demand sectors and loca-
tions (108 m3). U= upstream region; M=middle-stream region;
D= downstream region; YRB= the Yellow River Basin.

the midstream region, have water-intensive heavy industries
such as energy production, steel manufacturing, and metal-
lurgy (Wang, 2023), resulting in substantial industrial wa-
ter use. Additionally, 14 prefecture-level cities considered in
these two provinces have large resident populations, lead-
ing to high domestic water demand. Henan and Shandong in
lower reaches receive water from the Hai River and the Huai
River in addition to the Yellow River. Consequently, their de-
pendence on water withdrawals from the Yellow River is less
than that of upstream provinces.

As this study only considers five major off-stream ecolog-
ical replenishment areas, ecological water withdrawal repre-
sents the smallest component of total water demand (1.6 %).
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Figure 6. Harvested area (104 ha) by crop and hydrological year
type.

The primary objective of ecological water replenishment is
to maintain the health of wetland environments rather than to
achieve maximum economic benefit, therefore environmen-
tal water use is enforced artificially through laws or regula-
tions (Zhu and Sun, 2025).

4.2 Demand Sector Behaviours

4.2.1 Irrigation and crop cultivation

For different hydrologic scenarios, the harvested area ex-
pands with improved water availability (Fig. 6), underscor-
ing a positive correlation between water availability and land
use. In wet years, grain crops have the largest expansion
(330 000 ha), while oil crops, vegetables, and cash crops have
comparatively smaller increases, reflecting constraints on to-
tal arable land and agricultural infrastructure associated with
crop patterns. However, the optimal cropping pattern of area
shares across the entire basin shows relatively small varia-
tions (Fig. S3). Grain crops consistently occupy the largest
share of the total planting area, maintaining a highly sta-
ble proportion regardless of hydrologic conditions, which re-
flects their cultivation prioritization in ensuring the security
and resilience of food supply system. The shares of other
crops increase in water-scarce conditions, suggesting farm-
ers’ willingness to cultivate drought-resistant or high-value
crops with limited water. However, their overall share of non-
grain crops remains small, exerting negligible impacts on the
basin-wide cropping structure.

Table 3 shows the water productivity (WP, defined as crop
production per unit of water) of major crops by different lo-
cations and hydrological year types in the YRB. The WP
values differ significantly across crops. Vegetables have sub-
stantially higher WP than other crops, primarily from their
efficient water use for biomass accumulation and higher crop
prices. In contrast, cotton and rice have lower WP, reflecting

Table 3. Crop water productivity by location and hydrological year
type (kg m−3).

Crop Type Location Dry Normal Wet

Wheat U 0.73 0.73 0.74
M 0.81 0.94 0.93
D 0.76 1.00 1.05

YRB 0.77 0.95 0.98

Rice U 0.08 0.11 0.20
M 0.10 0.10 0.19
D 0.12 0.12 0.19

YRB 0.10 0.11 0.20

Maize U 0.56 0.64 0.68
M 0.85 1.21 2.55
D 1.01 2.69 13.68

YRB 0.81 1.35 2.39

Potato U 1.69 1.84 1.93
M 2.15 2.37 2.60
D 2.61 6.57 5.18

YRB 1.89 2.06 2.21

Cotton U 0.26 0.30 0.35
M 0.41 0.57 0.96
D 0.44 0.68 1.15

YRB 0.44 0.66 1.10

Vegetable U 6.88 7.25 7.54
M 6.33 6.79 8.35
D 6.36 7.26 10.49

YRB 6.47 7.02 8.51

their higher water requirements. Particularly, under drought
conditions, the WP of rice is only 1.5 % that of vegetables.

WP increases with improved water availability for most
crops, indicating that sufficient water supply enhances crop
growth and thereby increases crop yields. Notably, rice as
a water-intensive crop, exhibits minimal WP variation be-
tween dry and normal years, whereas its WP doubles in wet
years. This response is associated with rice’s high sensitivity
of stomatal conductance to water stress, as its photosynthetic
rate increases by more than 40 % when soil moisture exceeds
70 % of field capacity (Bouman et al., 2007).

WP of each crop varies spatially under different hydro-
logic conditions. For instance, cotton’s WP in downstream
regions increases by 158 % in wet years compared to dry
years, whereas the corresponding increase in upstream re-
gions is only 32 %. This difference stems from the syner-
gistic effects of the North China Plain’s favourable soil and
hydrothermal conditions, along with the implementation of
water-saving irrigation systems in that region. Additionally,
this spatial sensitivity is driven by the dual dependence of
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Figure 7. Water use proportion (%) by sector and province.

downstream irrigation on both local precipitation and water
availability from upstream regions, making downstream WP
more sensitive to hydrologic variability.

4.2.2 Water use structure

Figure 7 shows provincial variations in sectoral water use
structure within the basin. Provinces in the middle and lower
reaches display higher proportions of industrial and domes-
tic water uses than those in the upper reaches. Particularly,
Shanxi has a distinct water use pattern, with a relatively
low irrigation share (35 %) and significantly higher indus-
trial (28 %) and domestic (37 %) uses compared with other
provinces. This structure is largely driven by the dominance
of water-intensive industries such as coal mining and metal-
lurgy (Wang, 2023), which account for a substantial portion
of industrial water demand in Shanxi. Shandong and Henan,
with advanced industrial systems, prioritize urban and in-
dustrial water allocation through stringent policies that con-
strain agricultural water quotas (Lyu et al., 2022; Yin and Yi,
2016; Yu, 2023). Concurrently, higher urbanization rate and
population density in the middle and lower reaches result in
higher domestic water demand, contrasting sharply with the
sparsely populated upstream areas (Fig. S4). In upstream re-
gions (Qinghai, Gansu, Ningxia, and Inner Mongolia), agri-
cultural sector plays a more important role in provincial eco-
nomic development, and irrigation requirement is high due
to semi-arid and arid climate there.

Compared to irrigation, urban water use varies less in re-
sponse to climatic and hydrologic fluctuations. Under water
scarcity, water is allocated based on the respective economic
values of competing water uses, provided all constraints re-
garding water allocation in the model are met. As a result,
agricultural sector faces greater pressure to adapt when water
availability declines. Thus, as hydroclimatic changes inten-
sify, diminishing water supplies will exacerbate competition
for water among sectors and regions.

Figure 8. Longyangxia reservoir (LYX) annual storage change and
inflow from 1996 to 2015 (108 m3).

4.2.3 Reservoir operation

Figure 8 compares the Longyangxia Reservoir (LYX) an-
nual storage change with its inflow from 1996 to 2015. A
proportional relationship between reservoir inflow and stor-
age shows that the reservoir releases water in dry years with
low inflow and stores water in wet years with high inflow.
As the only reservoir on the Yellow River with multi-year
regulation capability, LYX is critical for inter- and intra-
annual regulation, thereby improving water security, protect-
ing ecological health within and outside the river channel,
and meeting water demands for basin-wide economic and
social development. Given the substantial inter-annual vari-
ability in streamflow and the frequent occurrence of consecu-
tive dry years (e.g., 2000–2002), additional multi-year regu-
lation reservoirs would benefit the YRB. However, construct-
ing such reservoirs in the middle and lower reaches of the
Yellow River is highly challenging due to the lack of suitable
dam sites and the high sediment concentration.

Table 4 summarizes the frequencies of full/empty storage
(i.e., the upper/lower bound of active storage) for the ma-
jor cascade reservoirs during 1996–2015. LYX, with a total
storage capacity of 24.7 billion m3, is designed for prolonged
drought mitigation, and therefore rarely reaches full or empty
storage levels except in exceptionally wet or dry years. Li-
uJX, with about 23 % of LYX’s storage capacity, serves as
a primary peak-shaving power station in the northwestern
power grid of China and is full several times every year in
the study period, which is likely driven by electric power gen-
eration requirements. WJZ shows high frequencies of being
completely empty or full, due to its limited regulating stor-
age capacity (896 million m3), which is only 3.6 % of LYX’s
capacity, and its role in regulating water diversion from the
Yellow River to Shanxi Province. SMX and XLD never reach
full capacity, because their key functions of flood control and
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sediment flushing require strict water-level management to
preserve adequate flood regulation space and to flush sedi-
ment via generated “artificial floods” downstream (Wu et al.,
2021). To mitigate flood risks in the lower reaches, SMX is
often preemptively drawn down during the flood season to
accommodate potential flood peaks.

During 2000–2005, all five reservoirs experience vary-
ing degrees of empty storage, as consecutive dry years re-
duce basin-wide water availability. These full-empty storage
occurrences are closely associated with inter-annual inflow
variability, multi-objective operational requirements (flood
control, water supply, sediment transport, and ecological pro-
tection), and the joint operation of cascade reservoirs, high-
lighting the need for dynamic reservoir scheduling to balance
water use and flood risk mitigation.

4.3 Economic Welfare

Table 5 presents the economic benefits and costs by water-
use sectors under various hydrologic conditions. The major-
ity of the economic benefits are from agricultural production,
with an average value of CNY 78.54 billion, consistent with
its dominant role in basin water use. Benefits from domestic
water use remain relatively stable across different climatic
and hydrologic conditions due to low price elasticity and sta-
ble water demand. Industrial benefits, however, are more sen-
sitive to reductions in water availability due to higher price
elasticity. Hydropower benefits depend directly on natural
runoff, and consequently vary more with water variability.

Net benefit is calculated as the difference between total
benefits and costs (Fig. 9). For a wetter hydrology case, to-
tal benefit (CNY 176.54 billion), cost (CNY 18.51 billion),
and net benefit (CNY 158.04 billion) are higher than those
in dry years, reflecting higher water availability and larger
water withdrawals in the basin. Nevertheless, the relatively
small difference in net benefits across hydrologic years is at-
tributed to several synergistic mechanisms: (1) As the domi-
nant component of total benefits, agricultural revenue is sta-
bilized through a minimum cultivated area constraint in the
optimization model, which prevents excessive land fallow-
ing while maintaining regional cropping patterns. Although
grain crop areas expand preferentially in wet years, their lim-
ited contribution to total agricultural revenue persists due to
low commodity prices. (2) Due to the prioritization of guar-
anteed water use for domestic and industrial sectors, urban
water use varies little across water years, resulting in sta-
ble benefits from these sectors even under water scarcity.
(3) Although hydropower benefit fluctuates significantly with
water availability (Fig. S5), its small share of total bene-
fits minimizes its overall impact. (4) The cascade reservoir
system along the mainstream, particularly the LYX with its
multi-year regulation capacity, enables inter-annual water re-
allocation. Surplus water is stored during wet years and re-
leased during droughts, effectively decoupling water avail-
ability from sectoral demands. Overall, the HEM optimiza- Ta
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Table 5. Economic benefits and costs by water demand sectors un-
der different hydrological year types (CNY billion).

Sector Dry Normal Wet Average

Benefit Agricultural 73.49 78.60 85.48 78.54
Domestic 59.39 59.62 59.97 59.49
Hydropower 5.45 4.87 6.53 6.31
Industrial 23.29 23.93 24.57 23.85

Sum 161.61 167.02 176.54 168.20

Cost PMP 16.78 16.96 18.32 17.21
Pumping 0.06 0.05 0.02 0.07
Resource 0.28 0.21 0.17 0.25

Sum 17.13 17.22 18.51 17.32

Figure 9. Benefits and costs by dry, normal and wet hydrologic
cases (CNY billion).

tion framework demonstrates robust stabilization of eco-
nomic benefits, limiting total net benefit fluctuations across
all hydrologic scenarios.

4.4 Marginal Values

Marginal values (also known as shadow prices) offer essen-
tial insights to decision-makers and water stakeholders by
quantifying the value of additional water and reflecting the
degree of water scarcity. Figure 10 presents shadow prices
for various demand sectors under different hydrologic condi-
tions. For a given hydrological year type, the marginal value
represents the economic gain (or cost reduction) for one ad-
ditional unit of water available in that month for irrigation,
urban use, and ecological replenishment, and annually for
reservoirs. When water scarcity intensifies, shadow prices are
higher. In this study, marginal values of water are determined
based on total water withdrawals at the demand sites.

Irrigation: Marginal values appear only in months when
irrigation demand exists in the corresponding irrigation dis-

Figure 10. Marginal values of water by water demand sectors under
dry, normal and wet hydrologic conditions (CNY m−3) in different
parts of the YRB. IRR= irrigation district; CTY= city; ECO= off-
stream ecological replenishment area; RES= reservoir. See Table 1
for detailed node interpretation.

trict. NX and HT upstream, WH in the middle reaches, and
SD downstream are selected as representatives. Compared to
wet years, shadow prices in these major irrigation districts
rise sharply in dry years, suggesting that reduced Yellow
River water supply exacerbates shortages of irrigation water
and reduces agricultural revenues. In the downstream region,
the shadow price of SD remains zero under wet conditions,
indicating farmers’ unwillingness to pay for additional deliv-
ered water since additional water supply does not generate
additional returns.

Urban use: Marginal values of urban water use in three
representative cities, EEDS (upper region), XA (middle re-
gion), and DY (lower region), reflect their varying depen-
dence on the Yellow River as a primary water source. Higher
marginal values under water scarcity indicate greater stress
on urban water supply. From dry to wet years, shadow prices
decrease by 77.3 % in EEDS and 33.3 % in XA, while DY
shows a larger decline of 81.6 %, highlighting its greater
sensitivity to hydrologic variability. In dry years, an addi-
tional unit of water supply provides substantially higher ben-
efits to urban activities in DY, consistent with its industrial-
dominated economic structure.

Ecological replenishment: WLSH and YRD, as main off-
stream ecological replenishment areas, are excluded from di-
rectly achieving economic value objectives. However, water
replenished to these areas indirectly affects available water
supply and related economic benefits for other water-use sec-
tors. The negative sign means that using an additional unit
of water for environmental protection reduces total (urban,
agriculture, and hydropower) economic benefits. The abso-
lute values of these shadow prices are high in dry years due
to prioritization of high-value economic sectors, but they de-
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cline in wet years as increased water availability allows more
water to be allocated to less economically productive uses.

Reservoirs: Marginal values of reservoirs refer to the ben-
efits of increasing one additional unit of maximum reser-
voir storage capacity, related to both generating hydropower
and meeting downstream water requirements. LiuJX, a large-
capacity reservoir and major hydropower station on the main
stem, shows lower marginal values than smaller reservoirs
such as QTX and WJZ, reflecting both the limited contribu-
tion of additional storage to power generation and the sat-
isfaction of local water demands. QTX primarily supports
irrigation in surrounding districts, while WJZ diverts water
from the Yellow River to Shanxi Province through the wa-
ter transfer project. Both reservoirs alleviate water shortages,
as demonstrated by their high marginal values. Higher val-
ues for the smaller reservoirs may be associated with more
frequent refilling and greater hydropower head per unit of
additional storage (Table 4). These marginal values should
ultimately be compared with the costs of expanding reser-
voir capacities, as construction costs and economies of scale
differ across sites.

Figure 11 illustrates the spatial variations in streamflow
(Fig. 11a), cumulative withdrawals (Fig. 11b), and marginal
values of water (Fig. 11c) along the main stem of the Yellow
River during a representative dry year. The co-occurrence of
decreasing flow, increasing withdrawals, and rising marginal
values highlights the intensification of water scarcity from
upstream to downstream. Upstream regions, where flow re-
mains relatively high, have low marginal values due to ade-
quate water supply. However, cumulative withdrawals sub-
stantially reduce available water along the mainstem, in-
creasing the economic value of water. The most pronounced
marginal value peaks occur in regions with limited alterna-
tive water sources and/or highly intensive production activi-
ties, such as NA relying solely on the Yellow River for irri-
gation, WNA depending on the Wei River for industrial and
domestic use but facing competition from its upstream users,
and SD with extensive irrigated areas but very limited water
availability near the estuary.

Several factors affect the spatial dynamics of marginal
value. First, intensive agricultural withdrawals reduce local
water availability, increasing the value of additional water for
sustaining crop yields. Second, growing industrial and urban
water demands intensify water use competition, particularly
in downstream cities with expanding populations and eco-
nomic activities. Finally, institutional water allocation con-
straints, including inter-basin transfer regulations and envi-
ronmental flow requirements, further restrict access to water,
amplifying marginal values.

The strong correlation between withdrawal amounts and
marginal value underscores the need for targeted conser-
vation and allocation strategies. Improving irrigation effi-
ciency, optimizing industrial water use, and refining alloca-
tion mechanisms can mitigate excessive withdrawals and al-
leviate pressure on downstream users. Furthermore, market-

Figure 11. Spatial dynamics of (a) mainstream flow (108 m3), (b)
cumulative withdrawals (108 m3), and (c) marginal values of water
(CNY m−3) along the Yellow River in a typical dry year.

based approaches such as water pricing and trading could fa-
cilitate more efficient allocation, supporting sustainable wa-
ter management in water-scarce areas (Ringler et al., 2010;
Trail and Ward, 2024; Zhao et al., 2023).

5 Discussion

5.1 Implications

Our results have some key implications for improving water
management flexibility and water use efficiency.

Spatiotemporal water supply variations (Fig. 5) across the
basin highlight opportunities for more adaptive water man-
agement that can serve as a reference for planners to make
better decisions to meet demand requirements. As irrigation
water use occupies 74 % of total basin water use, improv-
ing irrigation water-use efficiency is critical. Furthermore, to
mitigate the impacts of water shortages that may lead to fal-
low land or shifts in cropping patterns, comprehensive re-
forms in agricultural water pricing and reward mechanisms
for water conservation are essential. Additionally, most crops
experience yield reductions under water-deficient conditions,
while drought-resistant crops maintain relatively high pro-
ductivity levels (Table 3). Expanding the cultivation of low-
water-consuming and drought-resistant crops, together with
improvements in crop varieties through genetic enhance-
ment, can help stabilize agricultural production under in-
creasing water stress.

For industrial activities, water withdrawal in midstream
and downstream cities accounts for 74.9 % of total indus-
trial water use across the basin (Fig. S4), with heavy in-
dustries dominating in these regions. Efforts should focus
on maximizing the potential for water-saving by accelerat-
ing the adoption of advanced water-saving technologies and
equipment. Priority should be given to water-saving mea-
sures in high water-consuming industries such as energy,

https://doi.org/10.5194/hess-30-2161-2026 Hydrol. Earth Syst. Sci., 30, 2161–2181, 2026



2176 Y. Yan et al.: Hydroeconomic optimization of water management in the Yellow River Basin

chemical manufacturing, and construction materials produc-
tion, as well as to improving urban wastewater reuse tech-
nologies.

Addressing the risk of severe water scarcity under consec-
utive dry-year conditions requires careful consideration of
adaptive reservoir management strategies. In particular, ap-
propriate hedging rules for multi-year reservoir operations
are essential to improve the reliability of long-term water
supply planning. While optimization models often assume
perfect hydrologic foresight for computational convenience,
such assumptions do not align with real-world conditions.
Reservoirs may operate based on “foreseen” future condi-
tions that do not exist, leading to suboptimal storage and re-
lease decisions. Consequently, analysis on carryover storage
of multi-year regulating reservoirs, such as the LYX, is im-
portant to provide a physical buffer against hydrologic and
demand uncertainties and reduce reliance on unrealistic mod-
elling assumptions.

Based on the spatial and temporal variability in the
marginal values of water across hydrologic conditions, sec-
tors and locations (Figs. 10 and 11), economically-oriented
water transfers and water rights trading can enhance real-
location of water resources. During dry years, downstream
sectors show higher marginal values of water, indicating that
transferring surplus water from upper to lower reaches via
water markets or other negotiated agreements could generate
greater economic benefits, foster inter-regional win-win out-
comes, and mitigate water stress. Multi-purpose reservoirs
play a key role in this process. Their high marginal values
underscore the significant economic and social benefits gen-
erated by each unit of water in meeting diverse objectives,
including hydropower generation, flood control, and water
supply. However, current storage capacities and regulation
capabilities are insufficient to fully meet growing demands.
Targeted investments in additional storage infrastructure or
inter-basin water transfer projects could therefore enhance
system resilience and improve overall water resource utiliza-
tion.

5.2 Limitations and Future Development

The HEM developed in this study involves several simplify-
ing assumptions. First, water allocation is driven exclusively
by the basin-wide economic objective subject to system con-
straints. However, in real-world applications, water manage-
ment is guided by broader criteria, including water supply re-
liability, environmental performance (Kahil et al., 2018), and
political considerations. Second, representing basin compo-
nents using a node-arc network, despite its convenience for
modelling, assumes a representative water user at each de-
mand node, thus ignoring heterogeneities in scales, technolo-
gies, productivity and user preferences across different users
within each demand area. At the node level, the model simu-
lates the exchange and allocation of flows between nodes but
does not capture detailed local dynamic feedbacks, such as

interactions between groundwater aquifers and surface water
systems. For the time scale, the monthly time step adopted in
the model run limits the representation of short-term hydro-
logical extremes, such as flood peaks, reflecting the HEM’s
focus on basin-scale water allocation rather than event-scale
dynamics. Besides, the model broadly classifies water use
into four sectors: irrigation, urban (industrial and domestic)
use, hydropower, and ecology. Livestock and forestry within
agriculture, light industry, individual household water use be-
haviour, or the functions of local ecological protection and
aquaculture associated with reservoirs are omitted. Includ-
ing these water users can improve the assessment of wa-
ter competition among sectors and guide efficient allocation
on a broader sectoral scale. Lastly, the model assumes that
the river basin management authority has full control over
all water-use sectors, possesses comprehensive access to and
management of information from both supply and demand
sides, and can respond promptly to any changes or adjust-
ments within the system. Accordingly, the management au-
thority is conceptualized as an efficient decision-making en-
tity capable of integrating information, optimizing resource
allocation, and dynamically regulating operations. Consis-
tent with this basin-level perspective, the model emphasizes
coordinated allocation at the basin scale and therefore does
not fully represent decentralized decision-making mecha-
nisms operating at the provincial level. Thus, the model pro-
vides an idealized solution (rather than a directly imple-
mentable solution) including precise policy evaluation and
strategy optimization that the basin authority can achieve if
the flow of information and feedback within a complex wa-
ter resources system can be followed. Nevertheless, idealized
solutions provide insights and directions for policy and man-
agement improvements, they are not suitable for real-time
scheduling and daily operational management, and face sig-
nificant limitations at micro-level applications such as indi-
vidual water users.

Another limitation of this study is the lack of comprehen-
sive information and data. Due to the lack of reliable bio-
physical and economic data, important local processes, im-
pacts on water quality, interaction between surface water and
groundwater, and changes in the cost of water supply over
time, etc., are not fully represented. Especially, data acqui-
sition presents significant challenges, such as limited data
sharing among institutions and concerns over confidentiality,
which restrict access to comprehensive datasets and affect the
validation of the basin-wide model. Moreover, discrepancies
in temporal and spatial resolution across data sources compli-
cate data integration. Even after extensive processing, vari-
ability in numerical scales across datasets, combined with
uncertainties from natural variability and measurement er-
rors, poses difficulties in assessing the reliability of model
outputs (Cai, 2008a).

Climatic water stress, population growth, and increasing
concerns over regional water sharing and equity within many
arid and semi-arid basins highlight the significance of de-
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signing models that can adapt to both natural change and
socio-economic development. Future research should prior-
itize sustainable water use under long-term climate change
and increasing extreme events, with greater emphasis on in-
corporating stochastic optimization or scenario-based analy-
sis to evaluate future climate and socioeconomic pathways.
It is also vital to consider large-scale infrastructure projects
under construction or planning, including the western route
of the South-North Water Transfer Project, to support eval-
uation of investment feasibility and future economic bene-
fits. Finally, future model development should more explic-
itly represent conjunctive use of surface water, groundwater
and other unconventional sources, especially given the unre-
liability of relying on a single source and the derivative risks
from groundwater over-exploitation.

6 Conclusions

This study develops a hydroeconomic optimization model
that integrates surface and groundwater hydrology, water in-
frastructure, and sector-specific water demands into a coher-
ent analytical framework to assess spatiotemporal variations
in water availability and water value in a large basin. The
model adopts a PMP calibration method to suggest an op-
timal water allocation plan in which the optimized baseline
conditions are consistent with data observed in irrigated ar-
eas, reservoir storage levels, and city water supplies, allow-
ing identification of impacts from any new changes in poli-
cies and operational rules on water allocation and benefits
at the basin scale. The framework captures trade-offs among
competing water uses including agricultural production, in-
dustrial and domestic activities, and ecological requirements,
and offers quantitative support for basin-wide water manage-
ment decisions.

The HEM is applied to the YRB in China, a large basin
with pressing water security issues and a centralized basin
authority (YRCC) to coordinate basin-wide management ac-
tivities. By investigating supply-demand dynamics under dif-
ferent hydrologic conditions, the results indicate that:

1. Meeting the water demands of the various sectors with
reliability, without major economic losses or compro-
mising critical ecological requirements, depends heav-
ily on coordinated reservoir operations and groundwa-
ter extraction, particularly during dry seasons or severe
droughts.

2. Agricultural water use has significant spatial and cli-
matic vulnerabilities. Arid regions face heightened wa-
ter stress and therefore need technological advances
to enhance irrigation efficiency. Differences in crop-
specific water productivity identified by the model re-
veal opportunities to prioritize drought-resilient and
high-value crops. Such adjustments could reduce irriga-
tion demand without compromising yield stability, of-

fering a path to decouple agricultural production from
water-intensive practices.

3. Multi-year regulating reservoirs are pivotal in mitigat-
ing interannual hydrologic variability, by reallocating
water surpluses from wet to dry years and buffering
against consecutive drought years. Analysis of storage
cycles of the LYX shows its relatively low frequency
of full or empty storage, implying that its capacity is
sufficiently large to regulate extremely high and low
flows, provided that active inter-year regulation capac-
ity is maintained.

4. Marginal value analysis highlights heterogeneity in wa-
ter scarcity across sectors and regions. During periods
of water scarcity, allocation priorities favouring indus-
trial and domestic use, as their higher water economic
values often lead to ecological flow deficits and unsta-
ble agricultural systems, thereby increasing long-term
sustainability risks. These trade-offs necessitate adap-
tive allocation mechanisms that balance efficiency with
equity, such as tiered pricing for high-value uses and
compensatory schemes for environmental and subsis-
tence needs.

Beyond the YRB, this study offers transferable modelling
methods and insights for governance of other large river
basins confronting scarcity and competition. The combina-
tion of the node-link representation, PMP calibration, and
an integrated hydroeconomic model formulation provides a
structured basis for evaluating basin-wide allocation strate-
gies under diverse policy and hydrologic conditions. How-
ever, accomplishing such analyses in practice depends on
specific institutional settings. In the YRB, a strong central-
ized basin authority facilitates water governance. In more
decentralized or collaborative settings, comparable outcomes
may require stronger coordination mechanisms, legal align-
ment, stakeholder negotiation, or market institutions. Thus,
while the modelling framework is broadly applicable, its op-
erational deployment must be adapted to local governance
contexts.

While the model shows its usefulness as a planning tool
for large basin authorities, it is formulated with the wa-
ter demand of aggregated sectors without considering intra-
sectoral heterogeneity. Given its focus on large-scale dynam-
ics, the model lacks precision in capturing technical varia-
tions or behavioural preferences of individual users. Addi-
tionally, its emphasis on long-term planning and strategic
analysis limits its applicability for real-time scheduling. Nev-
ertheless, by adopting a macroscopic perspective, the model
effectively identifies system-level bottlenecks and supports
the development of sustainable strategies for managing com-
plex water allocation challenges.

Future research should focus on incorporating additional
dimensions such as climate change impacts, water markets
and exchanges, conjunctive use of surface water and ground-
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water, and inclusion of unconventional water sources in the
water supply portfolio. Additionally, improving data avail-
ability and integrating socio-political factors can enhance the
robustness of decision-making frameworks, providing more
actionable insights for sustainable water resources manage-
ment in the YRB and similar arid basins worldwide.
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