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Abstract: This study applies a hydroeconomic optimization method for water resources
management in the highly water stressed Haihe River basin. A multi-objective, multi-temporal
deterministic hydroeconomic optimization model has been built to quantify the economic
trade-offs and reveal “minimum cost strategies” when reducing groundwater abstraction to
sustainable levels. A complex basin representation, with ~140,000 decision variables is for-
mulated where each decision variable represents a flow-path from a water source to a sink.
Available water sources are runoff generated by the sub-basins upstream the nine major
surface water reservoirs, the inter-basin transfers from Yellow River and South to North Water
Transfer Project (SNWTP) and the natural groundwater recharge to the three main ground-
water aquifers. Water demands, i.e. sinks, are aggregated for each model sub-basin in
categories of the major agricultural users, domestic, industrial and ecological water demands.
Each demand is associated with a curtailment cost and groundwater abstraction with a
pumping cost. Groundwater overdraft is constrained in each model scenario, ranging from
unlimited overdraft in the plain area groundwater aquifer to sustainable abstractions over an
8-year period. Inflow upstream Yugiao reservoir, and the inter-basin transfers from SNWTP
and Yellow River are identified as the water resources with the highest increase in average
shadow prices when limiting groundwater overdraft. An increase in inflow shadow prices of
37.5% indicates that these water sources will be most valuable if sustainable groundwater
abstraction should be achieved. The shadow prices of water sources reveal when and where
in the Haihe River basin users are curtailed if water resources are managed in the most op-
timal way. Average shadow prices of 1.6 yuan/m® for all surface water sources in the sus-
tainable abstraction scenarios shows that overdraft can be avoided by curtailment of users
with a willingness-to-pay <1.6 yuan/m®. The shadow prices of the existing surface water res-
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ervoirs represented in the model shows that no costs can be saved from expanding their
capacities. Finally, the cost of achieving sustainable groundwater abstraction with present
water resource availability is found to be minimum 8.2 billion yuan/year.

Keywords: Haihe River; China; hydroeconomic optimization; linear programming; groundwater sustainability;
spatio-temporal economic trade-offs; decision support

1 Introduction

Efficient water allocation is an on-going challenge for China being the world’s most popu-
lous nation and a major economy. Economic development has increased the pressure on the
nations’ natural resources for decades. Consequences can be witnessed in many regions of
China. Growing environmental concerns are also reflected in present 5-year political road-
maps of the Government of the People’s Republic of China, i.e. China’s 13th Five-Year Plan
for Ecological & Environmental Protection (2016-2020). Herein green development and
economic water use are emerging as priorities. One of the regions experiencing severe envi-
ronmental consequences of economic development is the Haihe River basin in China. The
basin covers 360,000 km?, including Hebei province and cities of Beijing and Tianjin, also
stretching into Shanxi, Henan and Shandong provinces. The Taihang Mountain region bor-
dering the basin to the West is supporting mining activities as well as sustaining rural farm-
ing. From the mountains the plain area with intensive agriculture and agglomerations of
mega cities stretches to the Bohai Gulf to the east. To the south the basin is bordered by the
lower reaches of the Yellow River. The plain area is a part of the area traditionally referred
to as the North China Plain, the “food basket of China”. Approximately 70% of the water
consumption here is used by the agricultural sector (Wang et al., 2015). Alongside the inten-
sive agriculture, heavy industries as well as family owned small-scale industries are present
within the basin, counting more than 15,000 private and state-owned industrial enterprises
(CSY, 2015b; CSY, 2015c). The highly populated urban areas, industrialization and intensive
agriculture have caused an immense pressure on the region’s water resources. The mega cit-
ies experience drastic declines in groundwater levels and land subsidence as a consequence
of decade-long groundwater overdraft (Shu et al., 2012; Zhang and Li, 2013; Chen et al.,
2016). The excessive surface water abstraction is facilitated by sophisticated engineered
water infrastructure including channels and reservoirs, and abstraction schemes have dried
out natural rivers. The combination of the region’s semi-arid climate and the competing wa-
ter users has caused water deficit for decades, resulting in overdraft of the region’s ground-
water resources (Feng et al., 2013). The changes in climatic variables have exerted remark-
able impacts on the crop phenological stages, water consumption, and productivity during
the last 3 decades over the North China Plain (Liu ef al., 2010, Mo et al., 2017). The pres-
sure on the region’s water resources is therefore expected to become more severe under fu-
ture climate changes. Inter-basin water transfers from the neighboring Yellow River basin
and the South to North Water Transfer Project (SNWTP) have been transporting billions of
cubic meters of water to the basin every year. These huge water infrastructure projects have
not succeeded in covering the water deficit, with their present water transfer schemes, and
the groundwater aquifers within the basin are still experiencing overdraft.

When water resources are scarce, planning and management becomes crucial to avoid
overexploitation and inefficient use. In a case of water scarcity the UN (1992) recommends
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that water should be viewed not merely as a human right but also as an economic good. With
economics often being referred to as the “study of allocation of scarce resources”, hy-
droeconomic analysis has become an increasingly popular tool to assess water allocations
and management under scarcity, since it emerged in the last part of the 20th century (Harou
et al., 2009). For a review on the background of hydroeconomic models, optimization
methods and economic valuation of water the reader is referred to Labadie (2004), Loucks et
al. (2005), Harou et al. (2009) and Young (2005).

Hydroecomic models can serve as decision support for both planning and operation of
water resources systems. These two aspects of water resources management have different
objectives. Whereas planning deals with the aspect of “to do, or not to do” in terms of
building new reservoirs, expanding infrastructure capacities, changing land uses etc., the
operational objective deals with day-to-day decisions on the use of water, given the inherent
uncertainty of future water availability. Planning aspects often involve a cost-benefit analy-
sis of the value added of e.g. construction of a new reservoir. Having determined the eco-
nomic value of water allocations to every user within the basin, the spatio-temporal eco-
nomic effects in the system with or without the new projects can be evaluated within a given
timeframe. For operational management of a given water resources system, the value of
saving a unit of water for future use must be carefully assessed, and the importance of in-
flow uncertainties, planning horizons and other factors affecting the present value of water
must be carefully considered in the formulation of the hydroeconomic optimization model.

China has in recent years had increased focus on market mechanisms and efficiency in
water resources management in several policy documents, such as the No. 1 document of
2011 (MA PRC, 2010) and Water Ten Plan (Gov PRC, 2015). The most recent 13th
Five-Year Plan (2016-2020) urges “the strictest possible water resources management sys-
tem” and sets a cap on the Chinese water use of 670 billion m’ (CPC, 2016). Hy-
droeconomic optimization models can give insight into cost efficient water resources man-
agement under water availability and infrastructure constraints. Academic application of
hydroeconomic modeling in China spans a wide variety of modeling approaches, such as
optimization under climate change scenarios (Hong et al., 2017) and exploring water market
scenarios (Fu et al., 2016). For the water stressed region of North China Plain studies are
also numerous. Methods such as input-output models have been used to assess the link be-
tween economic activities, water resources and water quality in China (Guan and Hubacek,
2008) as well as the Haihe River basin (Qin ef al., 2014). There have been several studies on
multi-objective optimization and scenario analysis using hydroeconomic optimization in
Haihe River basin (Wang et al., 2009; Weng et al., 2010; Zhu et al., 2010). Small-scale op-
timization studies on a single or a few reservoirs have been carried out within Haihe River
basin (Liu et al., 2008; Wang et al., 2012, Davidsen et al., 2016) as well as on some of the
major Chinese water infrastructure projects (Li et al., 2017).

These academic studies address the challenges of water authorities, and are often devel-
oped to serve as decision support. However, actual applications of hydroeconomic models in
practical decision making are rare (Harou et al., 2009). It is often difficult for decision mak-
ers to relate abstract hydroeconomic model results to real-world dilemmas. One major rea-
son is the high level of simplification and aggregation in the system representation that is
often required for computational feasibility.
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For operational management the choice of optimization method is crucial. The method
determines the necessary level of system aggregation and how conveniently inflow uncer-
tainty, and thereby uncertainty in available water resources, can be represented. Dynamic
programming (DP) has often been applied for reservoir operation. In DP each system state
variable, e.g. reservoir storage, is discretized into stages and all possible stages solved re-
cursively (Loucks et al., 2005). Allowing a fine discretization of stages increases both preci-
sion as well as computational cost. As the number of state variables included in the problem
increases, the computational demand increases exponentially, also referred to the curse of
dimensionality. Methods such as stochastic dynamic programming (SDP) (Stedinger et al.,
1984) capture inflow uncertainties, but inherit the curse of dimensionalities of the DP
method. Applying the Benders cuts approximation of the cost-to-go function, as in stochastic
dual dynamic programming (SDDP) (Pereira, 1989; Pereira and Pinto, 1991; Tilmant ef al.,
2008) further demands a convex future cost function. In problems with non-linearity or
non-convexity of the future cost function, such as head-dependent groundwater costs, heu-
ristic optimization algorithms, such as the Genetic Algorithm (GA), can be applied. GA can
be used to search the feasible region for near-optimal solutions, but is also computationally
demanding. Examples of such an optimization modeling framework can be found in Cai et
al. (2001) and Davidsen et al. (2015a; 2016).

In contrast to staged DP approaches and near-optimal heuristic search algorithms are the
multi-temporal deterministic optimization models that can identify optimal solutions of
much more complex system representations. The multi-temporal model set-up reveals
shadow prices and water allocations in each model time step. A problem with a linear objec-
tive function, linear constraints and a large number of decision variables can be formulated
as a linear program (LP). Efficient LP solvers are available that can handle millions of deci-
sion variables at a reasonable computational cost. However, such models are typically for-
mulated under the assumption of perfect foresight of future water availability. For prelimi-
nary decision support and relative comparison of water management scenarios this is often
an appropriate assumption.

The aim of this study is twofold: 1) to increase the level of detail at which the water re-
sources system is represented in a large-scale linear programming (LP) optimization model
in order to identify new applications in decision making, and 2) to quantify the economic
trade-offs from achieving sustainable groundwater allocation in Haihe River basin from the
model set-up.

To approach the first aim, a detailed representation of the water resources system is pro-
posed with respect to the following aspects:

* Optimize surface- and groundwater resources allocations in all major sub-basins within

the Haihe River basin in one single holistic optimization model

* Illustrate decision-support for a large number of disaggregated water users up- and

downstream of all major reservoirs

* Include individual groundwater units within the basin to assess spatial issues of

groundwater overdraft

The second research objective is addressed by

* Analyzing the spatio-temporal distribution of shadow prices of water in the basin,
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originating from the model constraints

* Using the constraining method on the groundwater abstraction to identify economic

trade-offs from sustainable groundwater abstraction

A LP optimization problem of ~140,000 decision variables covering monthly time steps
over an eight year time horizon is formulated. The Haihe River basin is separated into 16
sub-basins with detailed user representation. Three major groundwater aquifer units are in-
cluded and abstractions from these are represented using the constraining method starting
from business-as-usual abstractions going to a scenario where total abstraction equals total
groundwater recharge.

The model results help address relevant water resources management problems, such as:
What is the economic trade-off from curtailing water users of the basin? What effects on
optimal water allocations can be observed from constraining groundwater abstractions?
Does the basin have water infrastructure bottlenecks? What is the water related economic

consequence of restricting groundwater overdraft in the basin?

2 Methods and data

The chapter presents the conceptual
model and hydrological input data in
section 2.1, the hydroeconomic op-
timization model setup in section 2.2
and the economic input dataset in
section 2.3.

2.1 Study region and input data

2.1.1 Conceptual model

A conceptual model of the area is the
basis of formulating the hy-
droeconomic optimization model.
The conceptual model in Figure 1
shows the river basin outline and its
16 sub-basins together with the ma-
jor groundwater aquifer units and
inter-basin water transfers. The basin
and sub-basins of the model are
found using watershed delineation
from Satellite Radar Topography

Mission (SRTM) data (USGS, 2017).

The nine largest reservoirs of the
Haihe River basin, with capacities
above 1000 M m® (Lehner et al.,
2011), define the mountainous
sub-basin outlets. The sub-basins
have been named after the major

“# » Haihe major reservoirs

—— Haihe main upstream rivers

—> Inter-basin connection
Yellow River transfers

— South to North Water
Transfer Project

Haihe sub-basins

[] Mountainous area

[ Plain area

Groundwater recharge areas
0 200 km Plain
| North mountain

E= West mountain

Figure 1 Conceptual model of the Haihe River basin with the
nine major surface water reservoirs and their respective names,
the transfer schemes and the 16 model sub-basins (1. Tumahe, 2.
Miyun, 3. Panjiakou, 4. Yuqiao, 5. Guanting, 6. Wangkuai, 7.
Gangnan, 8. Pingshan, 9. Zhangweihe, 10. Yuecheng, 11. Beijing,
12. Heilonggangyundong, 13. Plain mid, 14. Plain north, 15.
Tianjin, 16. Xidayang) and the three groundwater units within
Haihe River basin
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surface water reservoirs at their outlets. Huangbizhuang reservoir works in series with
Gangnan reservoir and unit 8 in Figure 1 is therefore named after the hydrological station
Pingshan at the sub-basin outlet only feeding Huangbizhuang reservoir. The plain area of the
Haihe River basin downstream the nine reservoirs is divided into five additional units based
on the watershed delineation method. Further, Beijing and Tianjin make up separate
sub-basins in the model. The delineation of the sub-basins is aligned with the official Minis-
try of Water Resources publications (MWR, 2016), and also with the sub-basins generally
referred to, by the Haihe River Commission, as Luanhe (No. 3 in Figure 1), Beisanhe (Nos.
2 and 4), Yongdinghe (No. 5), Daginghe (Nos. 6 and 16), Ziyahe (Nos. 7 and 8) and Zhang-
weihe (Nos. 9 and 10). The model also includes the inter-basin connections between Haihe
River basins sub-basins, as the channel link between Panjiakou and Yuqiao reservoirs. Each
of the total 16 sub-basins has water user demands aggregated into eight categories: Domestic,
industry, ecological water demands and the five agricultural user groups of double cropping of
wheat and maize, single cropping maize, single cropping wheat, orchards and vegetables.
These water user demands are the system sinks, and the sources are the hydrological inflow
generated in the mountainous sub-basins, inter-basin water transfers and groundwater ab-
stractions as well as surface water allocations from reservoir storages.

2.1.2 Hydrological data

The hydrological input data consists of estimated water availability from the three main
sources of water for Haihe River basin; the mountainous catchment run-off, the inter-basin
transfers from neighboring river basins and the groundwater resources within the Haihe
River basin. Water availability from these sources is estimated in the following sub-sections.

(1) Catchment run-off

A Budyko rainfall-runoff model framework (Zhang, 2008) was calibrated and validated
for three minor sub-basins within Haihe River basin in order to simulate surface water runoff.
Daily time series from the gridded meteorological data of China Meteorological Administra-
tion (CMA, 2017) were used as forcing of the Budyko model while model performance was
evaluated based on historical daily in-situ run-off observations from MWR (2016). The run-
off data for the three calibration basins were taken from the hydrological stations Goutaizi
(41°35'N, 117°03°E) at Xiaoluanhe in Luanhe River basin, Pingshan (38°15'N, 114°12°E) at
Yehe in Ziyahe River basin and Kuangmenkou (36°27'N, 113°47°E) at Qingzhanghe in
Zhangweihe River basin, respectively (Figure 2a). A data gap of observed runoff existed in
the Pingshan calibration basin, which was excluded from the calibration dataset. Meteoro-
logical forcing data consists of daily precipitation as well as mean, maximum and minimum
temperature at a 0.5 degree resolution. The data was split into a 20-year calibration period
from 1971-1991 and a validation period from 2006-2011. A genetic search algorithm (GA)
implemented in MATLAB was used to find best performing model parameters against the
historical runoff series, assessed by the Nash-Sutcliffe efficiencies. The resulting parameters
from the Budyko rainfall-runoff model calibration can be seen in Table 6.

(2) Inter-basin transfers

The SNWTP eastern and middle routes, as well as the Yellow River, are sources of in-
ter-basin water transfers to Haihe River basin. Yellow River basin transfers are found on the
southern fringe of the Haihe River basin, which is bordered by the Yellow River, and via an
underground pipe system to the Datong area (Figure 1). Capacities of these inter-basin
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Figure 2 Outline of calibration (red) and simulation (grey) basins of Haihe River basin (black) (a), and rainfall
forcing data (grey bars), observed in-situ runoff (blue) and simulated runoff (red) from Budyko model calibration (b)

transfers have been estimated in Table 1. The sum of the three Yellow River transfers is as-
sumed equal to the total yearly Yellow River to Haihe River basin transfers according to Wang et
al. (2015). The SNWTP allocations are based on NSBD (2016a and 2016b).

Table 1 Capacities and yearly allocations of inter-basin transfers from neighboring river basins to Haihe River
basin (Wang et al., 2015; NSBD, 2016a; NSBD, 2016b)

SNWTP cast  SNWTP mid Yellow River Yellow River Yellow R%ver
east mid Datong link
Water transfers (M m*/year) 2,000 5,700 1,490 1,490 1,490

(3) Groundwater resources

The major groundwater systems in the model area are simulated as three individual
groundwater reservoirs with monthly allocations to users in the connected sub-basins. Aqui-
fer systems are represented as box-like compartments which can supply users with water
allocations. In the two smaller aquifer units of the northern and western mountainous re-
gions, yearly total abstractions are constrained to less than or equal total yearly groundwater
recharge. The groundwater recharge to the plain area aquifer, of 120 mm/year is based on
literature values from groundwater modeling studies of the plain area aquifer (Kendy et al.,
2003; Shu et al., 2012; Cao, 2013). The recharge rates of the two mountain area groundwater
units are based on a precipitation-scaled coefficient relating the plain area recharge to pre-
cipitation. Based on average yearly precipitation, the precipitation to recharge coefficient
was estimated as 0.23. The groundwater recharge areas were based on the extent of quater-
nary surface geology from the USGS (1990) geological map (Figurel). Estimated recharge
areas and recharge rates (Table 2) sum up to 18.5 km®/year of total groundwater recharge, a
bit more than estimated by Cao et al. (2013) as plain area groundwater recharge.

2.1.3 Water demands

Water users of the Haihe River basin were aggregated into eight user groups: (1) Domestic,
(2) industry, (3) ecological water demands, and agriculture. Agriculture is split to subcatego-
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Table 2 Recharge areas (USGS, 1990) and rates * (Kendy et al., 2003; Shu et al., 2012; Cao, 2013) of the
model’s three groundwater aquifer units

Plain area North mountainous West mountainous
Groundwater reservoir recharge area (M m?) 141,398 6,648 7,673
Recharge rate (mm/year) 120* 92 115

ries (4) double cropping of wheat and maize, (5) single cropping maize, (6) single cropping
wheat, (7) orchards and (8) vegetables. Estimates of domestic, industrial and ecological wa-
ter demands are based on water supply statistics from the Chinese Statistical Yearbook
(2015d) of Beijing, Tianjin and Hebei provinces. The Landscan 2016 population count
(Bright et al., 2017) was used to estimate a population-scaled water demand for these three
categories of users in each of the model sub-basins, using the statistics of Hebei province on
all sub-basins except Beijing and Tianjin.

The agricultural groups included in the model altogether cover 90% of the sown area in
the region, according to the China Statistical Yearbook (2015a). For the agricultural users,
consumptive water demands were estimated using the FAO 56 method (Allen et al., 1998)
for determining crop specific water demands based on crop state according to:

Dem,,,, = A, -(ET,,—P)=A,-(ET,,-K,, ~P) )

agr,t c, c

with Dem,,,. being agricultural water demand for a specific crop, ¢, covering the area 4., P is
precipitation, E7, is the crop specific potential evapotranspiration, calculated from reference
evapotranspiration ET, and crop type and -stage specific crop coefficient K.. Index ¢ denotes
the specific monthly time step.

3000 |
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Figure 3 Estimated monthly agricultural water demands for the model sub-basin 13

K. values have been estimated based on a literature review of crop coefficients and stages
from both simulation models and experimental field data in, or nearby, the model region
(Cai et al., 2009; Gao et al., 2009; Liu et al., 1998; Liu and Yi, 2010; Sun et al., 2012;
Zhang et al., 2011; Wang et al., 2006). Since vegetables in the model area is a heterogeneous
group of crop types (Yang et al., 2010), some cultivated in greenhouses, the water demands
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of this user category is based on a fixed aggregated monthly water demand of 0.1 m’/m?/year.
This estimate is an average obtained from farmer field interviews in the Haihe River basin.

A method based on land use products, official statistics, field trip interviews and literature has
been developed to determine crop water demands in the model sub-basins. For a detailed expla-
nation, the reader is referred to the publication by Martinsen (2019). The resulting temporal
agricultural water demand for the model sub-basin 13 can be seen in Figure 3. From these
temporal estimates the 2011 agricultural demand of this sub-basin is 10,924 M m’. The es-
timated agricultural water demands align well with the official statistics of total water de-
mands for Hebei province in 2012, which were 14,380 M m® (CSY, 2011) considering that
Hebei province has approximately 40% more cultivated area than the total cultivated area of the
model basin 13.

2.2 Hydroeconomic optimization model

The hydroeconomic optimization model was formulated as one large linear program with 96
time steps (8 years at monthly time steps), with the objective to minimize the total economic
costs within the Haihe River basin. The plain area groundwater reservoir storage was suc-
cessively constrained, spanning from unlimited abstraction possibilities to a sustainable ab-
straction over the full optimization period. Optimizations with different groundwater ab-
straction constraints were run assuming perfect foresight of future runoff and groundwater
recharge. This assumes stable climatic conditions similar to the historical hydrological data-
set. The model was set up using MATLAB 2014a and solved with the MATLAB linear pro-
gramming solver using a dual-simplex algorithm. The objective was formulated as:

Min(f"-x) )
with f being the vector of multipliers associated with all elements of the decision vector, x.
The decision vector contains quantities of water transferred on each flow path for each time
step, deficits for all users at any time step, amounts of groundwater pumped from each ag-
uifer system as well as the plain area groundwater aquifer storage for each time step:
* Flow paths of surface water allocations: FPy,, including RR and RS
* Flow paths of groundwater allocations from each groundwater storage: FPgrsnorth,

FPGrswests FPGRsplain
*  User demand deficits: Def
*  Groundwater reservoir storage of the plain area aquifer: GRSain

All possible water allocations were formulated via flow paths, as described by Cheng et al.
(2009), instead of node based water balances. In this way all water sources were linked with
all downstream sinks that possibly receive water allocations. An explanation of all decision
variable and model parameter abbreviations can be seen in Tables 3 and 4, respectively.

The total number of decision variables in x for each time step is 1,490, and the total deci-
sion variable count for the dynamic problem is 143,040. The CPU time required to solve the
eleven groundwater scenarios is 59 seconds in a 2 Intel® Core™ i5-7200U processor with 8
GB RAM and Windows 7 operating system.

The multipliers for the surface water flow path decision vector elements (FPgy,;...FPgy ot)
are all set as zero. The multipliers for the demand deficits (Def...Defy) are the specific cur-
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Table 3 List of abbreviations and units for the decision variables of the hydroeconomic optimization model

Abbreviation Explanation Unit
FPsw Flow via any surface water source flow path to a downstream user node [M m*/month]
FPGrsnorth Flow via any North mountainous groundwater aquifer flow path to any [M m*/month]

connected user node
FPGRrswest Flow via any West mountainous groundwater aquifer flow path to any [M m*/month]
connected user node
FPGrsplain Flow via any plain area groundwater aquifer flow path to any connected M m3/month]
user node
Def Water deficit for any water user node from not having its Dem fulfilled [M m’*/month]
GRSpiain Groundwater aquifer storage in the plain area aquifer [M m’]
RR Surface water reservoir release — a subset of FPgw M m3/month]
RS Surface water reservoir storage — a subset of FPgw M m3/month]

Table 4 List of abbreviations and units for the parameters of the hydroeconomic optimization model

Abbreviation Explanation Unit
Dem Water demand for any water user node [M m*/month]
cc Curtailment cost for any water user from a water demand deficit [yuan/m’]
Cpump Cost of delivering one unit of groundwater [yuan/m’]
I Surface water inflow from either runoff or inter-basin transfer [M m*/month]
Re Groundwater recharge to any given groundwater aquifer unit [M m*/month]
RSyal Maximum storage capacity of any of the nine reservoirs [M m’]

tailment costs (cc), presented later in this section. The multiplier for the groundwater flow
paths (FPggs) is the cost of pumping groundwater, Cpymp.

2.2.1 Constraints

The optimization problem is subject to constraints that fall into four categories: User con-
straints, inflow constraints, time step carry-over constraints and infrastructure constraints.
Demand constraints:

_ S S
De](i,t - Demi,t z:n:IFTZ'w,n,i,t z:n:IFVPGRAS',n,i,t

Water availability constraints:

jl(?l
I, =2 FPy,
=
Jrot $1=12 <
Ej=lzt=l FPGRSnorth,j,t =~ ReGRSnorth,yearly

Jior 31=12 <
z“j:lztzl FPGRSWest,j,t =~ ReGRSwest,yearly

Infrastructure constraints:

RS, <RS

t vol

Time step carry-over constraints:

RR, =RS, , +Z!“FP, —X'FP

n=l1 sw,n,t Jj=1 SW, J,t

GRSplain, = GRSplain,_, —Zj’;’lFPGRSplain, it T ReGrspiain.

3

(4)

(&)
(6)

(7

(8)
€))

where sw denotes surface water, gw groundwater, i user, ¢ time, ts total number of time steps,

n upstream flow paths, j downstream flow paths, and U total number of users.
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2.2.2 Constraining method

The model was optimized under the constraining method for the major groundwater unit of
the model, the plain area aquifer. Yearly allocations from the two minor mountainous
groundwater aquifers were subject to hard constraints less than or equal to their yearly re-
charges. Abstractions from the mountainous aquifers were therefore constrained to sustain-
able levels, on a yearly basis, throughout all scenarios.

The constraining method applied to the plain aquifer was implemented by setting in-
creasingly tight end conditions, GRSpjain tend, fOor the groundwater aquifer time-step carryover
equality constraints in Equation (9). The plain aquifer groundwater storage of the last time
step, GRSpain tends SEt to Zero, expresses the sustainable abstraction scenario. Here the sum of
all flow paths allocated from the groundwater aquifer equals the total recharge to the aquifer
over the full optimization period.

The end condition of GRSpjain end, Were determined from a model run with an uncon-
strained plain area groundwater aquifer end storage allowing this groundwater source to
cover all possible water user deficits. The groundwater aquifer end-storage from the uncon-
strained optimization represents the business-as-usual 100% overdraft, where deficits are
covered by groundwater abstractions. From here on results are presented from the 11 sce-
narios (100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 10%, 0%) ranging from the
unlimited overdraft scenario, called 100% overdraft, to the sustainable abstraction scenario,
called 0% overdraft.

2.2.3 Shadow prices

For each formulated constraint of the linear program an associated Lagrange multiplier to
the optimal solution exists. Lagrange multipliers are often referred to as shadow prices.
These shadow prices are the marginal change of the objective resulting from a marginal
change in the constraint. These shadow prices therefore represent the change in total cost for
the whole Haihe River basin from relaxing for example the constraint on available runoff or
inter-basin transfer. From here on these Lagrange multipliers are referred to as shadow
prices.

2.3 Economic input data

As the objective of the optimization model is to minimize total costs, the economic input
data set is a key input for identifying optimal solutions, within the constraints of the model
set-up. As explained in the section on the hydroeconomic model set-up, the vector of multi-
pliers, f, consist of two categories of economic data; Costs of not fulfilling users’ water de-
mands, referred to as curtailment costs, and costs of supplying groundwater. Surface water
allocation is assumed to carry no costs. The curtailment costs can be determined by various
means, and is an ongoing subject for discussion among resources economists. Methods such
as residual imputation can be used for determining value of water in agriculture and indus-
tries. Residual imputation techniques determines the value added to the output from any
production inputs per unit water use in the production process (Young, 2005). The in-
put-output based methods Computational General Equilibrium Models (CGEM) is a more
comprehensive method for determining values of water in a system of users with non-linear
simultaneous equations (Young, 2005). An inductive method for estimating users’ willing-
ness to pay (WTP) is to simply observe users’ current water prices. China has developed its
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own standard to determine economic water values, referred to as the benefit sharing coefti-
cient method (Gan et al., 2008; Li et al., 2008).

2.3.1 Curtailment costs

Spatially distributed water prices of domestic uses and industries per 1st of January 2017
have been used as curtailment costs for any water deficit among the domestic and industrial
users (H20, 2017).

The agricultural curtailment costs are from a Chinese study estimating water values in
Haihe River basin based on the benefit sharing coefficient method (Gan et al., 2008). The
water values are estimated for the regions of Beijing, Handan, Tangshan, Anyang, Xinxiang,
Shuozhou, Changzhi and Dezhou within Haihe River basin, and have been extrapolated to
the nearest sub-basins in the model. All spatially distributed curtailment costs can be seen in
Table 5. The environmental water value is set to 1.5 yuan/m’ in all sub-basins (WB, 2001).

Table 5 Curtailment costs of water demands for each of the 16 model sub-basins, seen in Figure 1

Sub-basin Cur-
tailment cost

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Low value 1.8 1 13 13 16 16 12 12 16 12 1 1.8 33 13 1 16
crops”
High value 13.6 7.4 123 123 247 247 392 392 1495 392 74 13.6 142 123 74 247
crops"
Domestic? 2 27 27 27 26 23 23 25 21 26 5 4 32 35 49 23
Industry?® 24 56 56 56 42 31 31 39 28 48 99 63 47 59 79 31

Ecological® 1.5 1.5 15 15 15 15 15 15 15 15 15 L5 1.5 15 15 15

Data sources: 1) Gan et al. (2008), 2) H20 (2017), 3) WB (2001)

2.3.2 The cost of groundwater

The cost of groundwater is fixed at a constant pumping cost, not dependent on water table
height and other aquifer properties. This ensures linearity of the optimization problem, and
is a valid assumption given that each individual groundwater aquifer of the model is repre-
sented as one single unit. The actual price is determined based on pumping costs given a
certain pump efficiency, groundwater depth and electricity price. The groundwater pumping cost
of this study is based on the pumping cost of 0.4 yuan/m’, applied in the study of water resources
management in the Haihe River sub-basin, i.e., Ziyahe River basin by Davidsen et al.
(2015b).

3 Results

3.1 Budyko modeling of catchment runoff

Results from the Budyko rainfall-runoff model calibration can be seen in Table 6.

Table 6 Budyko model calibration results and associated Nash-Sutcliffe efficiency

Budyko parameters

Calibration basin Nash-Sutcliffe efficiency
[L1] [05] d Smax K

Goutaizi 033 0095 0.89 1012 29 0.11

Pingshan 0.52 0.85 0.0029 75 61 0.43

Kuangmenkou 0.37  0.56 0.99 995 22 0.66
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Goutaizi and Kuangmenkou calibration parameters have been applied to Panjiakou and
Yuecheng sub-basins, respectively. The model parameters of Pingshan calibration sub-basin
performed best in the proxy- basin validation, and have been applied to the remaining
sub-basin for runoff simulations. Simulations have been done for an eight year period using
forcing data from 2007-2014. The resulting sub-basin surface water runoff can be seen in

Figure 4.
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Figure 4 Runoff time series from all nine mountainous sub-basins in Haihe River basin upstream the nine
model reservoirs, simulated with a calibrated Budyko rainfall-runoff model using meteorological forcing data
from 2007 to 2014

3.2 Groundwater aquifer storage

The plain aquifer groundwater storage compartment of the model is subject to changing
end-storage constraints under eleven different groundwater abstraction scenarios. The tem-
poral changes in storage of the plain groundwater aquifer can be seen in Figure 5. The two
blue lines represent the two extremes of unconstrained groundwater abstraction, i.e., 100%
overdraft scenario (dotted blue line) and a scenario of groundwater abstraction limited to the
total groundwater recharge, i.e., 0% overdraft scenario (solid blue line). A total groundwater
overdraft over the full optimization period of 80.6 km® is observed in the unconstrained
scenario. The resulting overdraft is compared to a recent study by Feng ef al. (2013) of
groundwater depletion in North China Plain based on NASA’s Gravity Recovery and Cli-
mate Experiment (GRACE) satellite data. Assuming a yearly storage depletion of 5 cm/year,
as can be estimated from Feng er al. (2013), this scales up to a total overdraft of 56.6 km’
during an eight year period of the plain area
groundwater compartment, indicated by the
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five year overdraft rate over the much Year

greater area of NCP, the unconstrained Figure 5 Temporal groundwater storage of the plain
groundwater overdraft of the plain area area groundwater aquifer during the eight-year optimiza-
from the optimization model, covering a tion period for the 11 model scenarios, from unlimited
smaller and generally more intensively cul-
tivated area, is judged to be realistic.
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3.3 Average shadow prices of surface water sources

The solution of the LP includes shadow prices of all water sources within Haihe River basin.
The effect of constraining groundwater abstraction from the plain area aquifer can be
witnessed in the temporal averages of shadow prices of the surface water sources in the
Haihe River sub-basins, as shown in Figure 6. The higher the average shadow price of a
water source is, the more an additional unit of available water from this source could reduce
the total cost associated with water use in Haihe River basin. A high shadow price therefore
reflects the possibility to relieve water demand deficits of high-valued users.
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Figure 6 Average shadow prices (yuan/m’) of surface water sources from the sub-basins in Haihe River basin
(a. the unconstrained; b. the sustainable groundwater abstraction scenario; c. percentage increase in average
shadow prices from constraining groundwater abstraction to a sustainable level)

Average shadow prices under the unlimited groundwater abstraction scenario can be seen
in Figure 6a. Spatial variations are seen among the sub-basins, revealing that the surface
water resources in Panjiakou (No. 3) sub-basin are relatively most valuable. The surface
water sources upstream Panjiakou reservoir serves the upstream users and the downstream
Plain north (No. 14) and Tianjin sub-basins (No. 15). It can also be noticed that the incoming
water sources from the inter-basin transfers have relative low shadow prices. The SNWTP
and Yellow River inter-basin transfers are represented by the shadow prices found in the two
most southern sub-basins (Nos. 1 and 9). Gradually constraining the groundwater abstraction,
as illustrated in Figure 5, has an effect on the shadow prices. Reaching a sustainable level of
groundwater abstraction, and thereby limiting available water resources, increases shadow
prices of all surface water sources to 1.6 yuan/m’ (Figure 6b). Under an optimally managed
scenario, a sustainable level of groundwater use would cause curtailment of all users groups
with a curtailment cost up to 1.6 yuan/m’ if the most cost efficient use of water would be
applied. The water resource deficit occurring from limiting groundwater abstractions to sus-
tainable levels could potentially be recovered solely from curtailing these low-valued agri-
cultural users and the ecological water demands around the Haihe River sub-basins. The
sub-basins experiencing the biggest effect from constraining groundwater abstractions to a
sustainable level can be identified from Figure 6¢. This figure shows the percentage increase
in average shadow prices of surface water sources from reaching a sustainable level of
groundwater abstraction. The most significant impact of constraining groundwater overdraft
can be seen in the sub-basins upstream Yugqiao reservoir (No. 4), as well as on the southern
border of the Haihe River basin, reflecting the inter-basins transfers from the SNWTP and
the Yellow River with increases in average shadow prices of 37.5%. This reflects a greater
need for surface water transfers from Yellow River and SNWTP. The interactions between
high-valued downstream users, their water demands, limited groundwater access and water
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infrastructure makes these water sources especially affected by a more sustainable plain area
groundwater abstraction. The sub-basin of Panjiakou reservoir does not experience a sig-
nificant increase since it was already experiencing high-value downstream deficits under the
unconstrained groundwater abstraction scenario (Figure 6a).

3.4 Temporal variation of surface water availability shadow prices

The temporal variations in surface water shadow prices reflect where and when additional
water sources could reduce total costs. The examples of temporal shadow prices are from the
sub-basins highlighted in Figure 7c. From Figure 7a the temporal dynamics of surface water
shadow prices in the sub-basin upstream Wangkuai reservoir (No. 6) for three groundwater
overdraft scenarios 0%, 50% and 100%, can be found (blue). For comparison, the shadow
prices of west mountainous groundwater resources are also shown for the three overdraft
scenarios (grey). As can be seen, the groundwater shadow prices are constant in time.
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Figure 7 Temporal shadow prices of (a) surface water sources upstream Wangkuai reservoir and the West
mountainous groundwater aquifer; (b) the inter-basin transfers from SNWTP and Yellow River and the plain area
groundwater aquifer; (c) the geographic location of the sub-basins and groundwater aquifers

As the overdraft decreases to 0% both surface water and groundwater shadow prices in-
creases. From the 100% overdraft scenario (dotted line), it can be seen how the Wangkuai
surface water sources varies in time. In the months with highest agricultural water demands,
the shadow price increases. These periods reflects increased deficit of water resources under
the given constraints, even under optimally managed scenario with unlimited groundwater
abstraction of the plain aquifer. In these periods of increased deficit, an additional unit of
surface water upstream Wangkuai reservoir could avoid a cost of 1.2 yuan in any of the
sub-basins sharing the same water resources. The solid line in Figure 7a represents a sce-
nario with sustainable groundwater abstractions, which results in constant deficit among the
higher low-value crop agricultural users. In any case the shadow price of surface water ex-
ceeds the shadow price of groundwater, since it is assumed to carry no cost. If the cost of
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pumping groundwater is disregarded, the Wangkuai surface water shadow price drops below
the groundwater aquifer shadow price in the 100% overdraft scenario. This shows that an
additional unit of available yearly recharge to the West mountainous groundwater resources
would generate more value in another of the connected sub-basins during these periods.

The shadow prices of inter-basin transfers represent the cost reduction per unit of addi-
tional water transferred to Haihe River basin. This however, does not consider any economic
effects it might have on the neighboring sub-basins from which it is abstracted. As can be
seen in Figure 7b the shadow price of the inter-basin transfers also increases from con-
straining groundwater overdraft. The constant temporal shadow prices express a constant
down- stream deficit. Compared to the West mountainous aquifer, the plain area groundwa-
ter resources have lower shadow prices under the 100% overdraft scenario. This reflects the
relatively higher value of mountainous groundwater sources, if unlimited overdraft from the
plain area aquifer is allowed. Both Wangkuai surface water sources and the sub-basins 1 and
9 inter-basin transfers have a constant shadow price of 1.5 yuan/m’ in the 50% overdraft
scenario. In this overdraft scenario, the highest valued curtailed user in Haihe River basin is
the ecological water demand. Until this stage, half-way to sustainable groundwater abstrac-
tions, the low valued agricultural users are curtailed before the ecological demands. The
most cost efficient water demand curtailments, as a consequence of reaching sustainable
groundwater abstraction, can be seen in all temporal plots of surface water shadow prices.

3.5 Shadow prices of water infrastructure constraints

The shadow prices of surface water reservoir storage capacity constraints of the model have
also been examined. They are zero at any time during all groundwater abstraction scenarios.
Haihe River basin will therefore not be able to save any costs from expanding the existing
reservoir storages of these nine major reservoirs, given that the water resources are managed
in the most optimal way.

Surface water shadow prices upstream Wangkuai reservoir (dotted blue line in upper Fig-
ure 7a) under the 100% overdraft scenario varies in time. The peaks occur during spring,
where agricultural water demands are peaking. From these temporal peaks of increased sur-
face water marginal values it is seen how users could benefit from having additional up-
stream surface water storage. This trend can be observed in all mountainous sub-basins with
groundwater abstraction from the two smaller mountainous groundwater aquifer units. As
Haihe River basin has an extensive network of surface water storage reservoirs (Ding et al.,
2015) minor surface water storages do exist in all of the sub-basins. Under optimally man-
aged conditions, these shadow prices therefore reflect an upper limit to surface water
shadow prices, as fewer deficits are expected as a result of these smaller upstream surface
water storages which are not simulated in the present model setup.

3.6 Economic costs associated with achieving sustainable groundwater abstraction

There is a significant increase in the surface water sources’ shadow prices throughout Haihe
River basin going from unlimited groundwater overdraft to sustainable groundwater abstrac-
tions. This reveals a substantial economic cost associated with achieving sustainable
groundwater abstractions. The total economic cost from water demand deficits under unlim-
ited groundwater abstractions sums up to an average of 14.5 billion yuan/year over an
eight-year planning horizon. Reaching a sustainable level of groundwater abstraction in-
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creases the economic costs associated
with water demands deficits to an
average of 22.7 billion yuan/year.
The cost of achieving sustainable
groundwater abstraction is therefore
8.2 billion yuan/year. The economic
trade-off per m’ of limited ground-
water overdraft is the difference in
total cost estimates relative to the
relieved groundwater overdraft. This
trade-off represents the economic
costs that could have been avoided
from every saved unit of groundwater
overdraft, assuming water is allocated in the most economical way. In Haihe River basin, the
low-value agricultural users have the highest total water demand and the lowest economic
value of their water use. The most cost-efficient way of reaching sustainable groundwater
abstractions would therefore be to achieve water savings among these users. In Figure 8, the
pareto front of the minimum possible costs associated by any groundwater overdraft sce-
nario can be seen. The bends on the pareto front shows how the economic trade-off from
saving and additional unit of groundwater increases under more and more sustainable
groundwater abstraction scenarios (dotted lines). The economic trade-offs are represented by
the slopes (dotted lines) going from one overdraft scenario to the next and more sustainable.
These range from 0.6 yuan/m’ between the 100% and 90% overdraft scenario to 1.2 yuan/m’
between the 10% and 0% overdraft scenario. Limiting an additional unit of groundwater
overdraft becomes more and more costly approaching a sustainable scenario.
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Figure 8 Pareto front of all eleven groundwater overdraft sce-
narios from 100% to 0% overdraft

3.7 Allocation patterns

The flow path formulation of the model decision variables gives an insight to every single
water allocation for any optimal solution. Based on the flow path decision variables each
water delivery from source to sink can be tracked. Changes in optimal water allocation
schemes can be seen from Figure 9. A comparison of water allocations from SNWTP mid
line (left) and composition of water sources for Beijing (right) in the sustainable groundwa-
ter abstraction scenario versus the unlimited overdraft scenario is illustrated. Figure 9a
shows each receiving sub-basin of SNWTP mid line water allocations, and the sub-basins
fraction of the total SNWTP water resources under the 0% overdraft scenario (upper fraction)
and under 100% overdraft scenario (lower fraction). These spatial fractions of SNWTP mid
line allocations represent optimal allocations, only considering end users’ value of water and
not considering the SNWTP water price. The optimal allocation is seen to change between
the scenarios. The same change in optimal water allocations is seen in Figure 9b, where new
compositions of different water sources are allocated to Beijing. This kind of insight into
optimal allocations of different water sources can be used for further exploration of various
water management scenarios and the effect of different pricing schemes of individual water
sources.

3.8 Model sensitivity

It is challenging to validate results from hydroeconomic optimization modeling. Therefore,
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Figure 9 Fractions of SNWTP mid line water resources allocations (a), and source specific absolute water allo-
cations to Beijing (No.11) (b)
the model results have been subject to a sensitivity analysis, expressing the uncertainty
based on the most sensitive input data. Four model outputs have been subject to sensitivity
analysis:

1. Average shadow prices of surface water sources in the 0% overdraft scenario

2. Average shadow prices of surface water sources in the 100% overdraft scenario

3. Total cost

4. Plain aquifer end storage in the 100% overdraft scenario

The resulting impact on model results from £10% variations of various model input data
can be seen in Figure 10.
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Figure 10 Sensitivity analysis of four model output responses to a +10% variation of various model input data

From the sensitivity analysis relative impacts on model results from various input pa-
rameters can be seen. The most sensitive parameters can be seen to be the SNWTP inter-
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basin transfers, the low valued agricultural curtailment costs and demands, as well as the
plain area aquifer recharge, GRRj5in. The SNWTP transfers especially affect GRS, end
storage and the surface water shadow prices in the 0% overdraft scenario, as it affects total
water availability in the basin. The sensitivity of curtailment costs towards the shadow prices
shows which user groups are on the verge of being curtailed or not with the available water
resources. As the agricultural users curtailment costs are generally the lowest, the surface
water shadow prices are sensitive towards their relative changes. Compared to the
higher-value users’ curtailment costs, the only effect is seen on the 100% overdraft surface
water shadow prices, when curtailment costs of the rest of the users are decreased 10%.

4 Discussion
4.1 Choice of hydroeconomic modelling framework

The model is formulated as one big linear multi-temporal deterministic optimization prob-
lem. In contrast to methods as SDP and SDDP which can be developed for reservoir opera-
tion, this model-setup assumes perfect foresight similar to recent historical climate; this
limits its application to planning applications. In contrast, the model formulation is very
flexible, allowing numerous flow paths as decision variables, and a high level of spatial
resolution for multi-reservoir system planning. The curse of dimensionality of state variables,
which limits model complexity in methods such as SDP and SDDP is not a limiting factor
for the linear multi-temporal deterministic optimization problem. As an initial planning tool
the model framework presented in the paper is a promising basis for developing even more
model complexity.

Results of source to sink allocations in different groundwater abstraction scenarios show
one of the benefits of applying the flow path formulation to the model set-up. Even though
the model is not fit for operational optimization, given the deterministic nature of the model
set-up, the flow paths show changes in optimal allocation schemes under different scenarios.
The model results represent optimal allocation, and not simulation of present water alloca-
tions. Differences between actual allocations and the optimal allocations schemes from the
model optimizations indicates that new and more cost-efficient water source allocations can
be identified within the system constraints.

4.2 Uncertainty of available water resource

The optimization model planning period of eight years is based on historical meteorological
data and runoff from 2007-2014. The model average values of shadow prices and total costs
captures meteorological variations seen in this specific historical input data period. If a
longer historical dataset had been available the planning period could have been extended
and an even broader range of climate variability could be represented in the model results.
Considering the insignificant computation time of the ~140,000 decision variable LP prob-
lem, extending the planning period will not be a computational challenge. As Haihe River
basin is experiencing climatic changes input forcing data could have been modified to future
climate predictions.

Extending the model application to operational decision support would make it necessary
to represent inflow uncertainties. Operational control methods have long been an alternative
for considering stochastic inflow (Bras et al., 1983). An operation control methodology can
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be wrapped around an optimization model framework to ensure adaptive system operation
(Labadie, 2004). Extending the multi-temporal deterministic LP problem with such an op-
erational control methodology could enable both spatially detailed and flexible model set-up,
also adaptable to inflow uncertainties.

Operational control methods would result in near-optimal solutions of water allocations.
The results presented in this study only deals with one optimal model solution. The problem
is not sufficiently confined to provide a single unique optimal solution. In addition to multi-
ple optimal solutions a range of near-optimal solutions also exists as discussed by Liu ef al.
(2011) and Rosenberg (2015). This wide spectrum of equally optimal or near-optimal solu-
tions becomes important under operational optimization. Under the scope of this study, of
exploring the groundwater abstraction scenarios, model uniqueness is no longer as important.
All optimal solutions will result in the same total costs, shadow prices and economic
trade-offs. The methodology applied in this study is therefore appropriate for evaluating the
economic trade-offs and relative cost in-between scenarios.

4.3 Demand for input data

The high spatial resolution of the model has led to a need for high level of input data resolu-
tion. In the methods section, this data is estimated from available statistics, remote sensing
products as well as field verifications. Most data used for the model has been publicly
available. In the hands of relevant decision maker, with the right access to necessary data,
the model results can become even more realistic, reliable and useful for the relevant water
resource planning. Improved knowledge on water infrastructure capacities, such as various
channel systems, could help identify any infrastructure bottlenecks.

The sensitivity analysis shows from which input data the greatest uncertainty to the model
results origin. The uncertainty of the model results can be evaluated based on the uncertainty
of the most sensitive input data. As seen in the results of the sensitivity analysis the parame-
ters of economic values and water demands of the agricultural users are the most influential
input data on the model sensitivity. The economic data set of the agricultural users in this
study comes from a Chinese study on water values using the benefit coefficient sharing
method in Haihe River basin (Gan et al., 2008). The economic values give an estimate of the
total cost related to water resources. Economic value always depends on the assumptions
made, what is considered exogenously and endogenously given. The value of displacements
or re-schooling of farmers, not being allocated water for irrigation is for example not con-
sidered. Economic costs and curtailment costs of this study should therefore merely be
viewed as relative indicators. As to say, how much more cost will there occur from achiev-
ing sustainable groundwater abstractions. What is the economic trade-off, and where in the
system are the relatively high values of water occurring when groundwater is abstracted to a
sustainable degree. Applying a more area specific and spatially higher resolved economic
data set would enable even more exact measures of economic costs from water curtailment.

4.4 Implications of models results

The water sources of Haihe River basin cannot satisfy the massive and increasing water user
demands within the region. If demands cannot be lowered, water managers are faced with a
dilemma: Demands must be curtailed, inter-basin transfer must be increased or the ground-
water resources of the region must be further depleted. As none of these scenarios are desir-
able, the fourth, and less dramatic alternative, is to identify the most optimal water man-
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agement strategy in order to reach more sustainable water use. When water is a scarce re-
source this is a trade-off between environmental, social and economic objectives. The model
results of this study help quantify and identify relative trade-off between two of these objec-
tives, the economic and the environmental consequences of groundwater overdraft. The dif-
ference in economic cost of any of the scenarios provides a relative measure of the water
associated economic impacts of implementing constrained groundwater abstraction.

The model results show the economic trade-off from achieving sustainable groundwater
abstraction. How to actually reach the sustainable level of groundwater abstraction is a
question of institutional design. Should it be reached by curtailing water demands among the
users with the lowest curtailment cost through permits? Should investments be made in stra-
tegic water saving techniques? Or should it be achieved through market mechanisms as in-
creased water prices? Any choice of institutional design can further be explored by this kind
of model framework, and economic trade-offs from different policies can be identified. A
model set-up as in this study is a basis for further decision making. As can be seen from the
results, no costs can be saved from expanding the capacity of existing surface water reser-
voirs represented in the model.

The model results show the shadow prices of water sources under the most cost-efficient
water management. For water managers, cost-efficiency is not the sole objective of the
management strategies. Social stability, environmental concerns and other political agendas
must also be considered. One thing that becomes clear from the model results of this study is
though that water managers cannot meet the goal of sustainable groundwater abstractions
with present water user demands and available water resources. The major demands exist
among the low value crop agricultural users, and since the whole of China is dependent on
the agricultural output of this region it is not realistic to simply curtail the agricultural users.
Scenarios with local storage solutions or efficient water saving techniques among these low
value users is likely to be the way forward to avoid substantial loss of agricultural yield un-
der more sustainable groundwater abstractions, and can be further explored in the model
set-up.

4.5 Further model development

This study shows how important managing the agricultural users’ water demand is for the
water resources of the whole Haihe River basin. Attention on a detailed representation of
these users is therefore essential in order to improve model results for decision support in
this region. As this model does not consider sunk-costs of water allocations in agriculture
and yield-dependent curtailment costs, this is an obvious next step for model development,
and will pursued in future studies. The study revels economic trade-offs and spatio-temporal
aspects of optimal water management for planning aspects. In order to move into operational
management on month-to-month decisions, the model framework must be developed and
adapted to consider the uncertainty of available water resources.

5 Conclusions
5.1 Model framework

The multi-temporal, multi-reservoir deterministic LP hydroeconomic optimization model is
a computationally efficient and flexible tool for scenario analysis of water resources man-
agement problems and decision support. The model developed in this study is a valuable
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starting point for further scenario analysis, and can serve as a basis for use in an operational
modeling framework or flow path based decision support. The higher spatial resolution of
the model, compared to what is possible with a DP model framework, has enabled valuable
insight in the spatio-temporal shadow prices of the Haihe River basin water sources.

5.2 Economic efficient and sustainable water resource allocations

Expanding surface water reservoir capacities cannot limit costs occurring from reaching
sustainable groundwater abstractions. The solutions must therefore be found in lowering
demands or increasing available water resources. In the sustainable groundwater abstraction
scenario all surface water inflow shadow prices increase to 1.6 yuan/m’. The groundwater
overdraft can therefore be ended by solely curtailing the low valued agricultural users and
the environmental water demands. As this is not a feasible option, water savings in these
demand categories should be encouraged, and water saving scenarios could be further ex-
plored using the model framework. From the eight-year planning period the cost of ending
groundwater overdraft is 8.2 billion yuan/year. This estimate is a lower limit, assuming that
costs would occur from curtailing the low-value crop agricultural users, such as winter
wheat. Reaching sustainable groundwater abstractions will inevitable be more costly, but
probably not less. Decreasing groundwater abstraction will result in new optimal allocation
schemes. Insight into new optimal water resource allocations can be beneficial for adaptive
water resource management. Economic trade-offs going from unlimited overdraft to a sus-
tainable groundwater abstraction scenario, gradually increase from 0.6 to 1.2 yuan per cubic
meter limited groundwater overdraft. The model result also shows how the average shadow
prices of SNWTP and Yellow River sources increase by 37.5% when limiting groundwater
abstractions to sustainable levels. Haihe River basin will therefore be even more dependent
on inter-basin transfers as SNWTP and Yellow River if sustainable groundwater abstractions
should be achieved.

5.3 Future model improvements

As already mentioned during the discussion of the data a lot of insight could be gained from
further development of the model framework. A more detailed and spatially resolved data set
for water demands and economic values among the agricultural users could give a better
insight of the costs and curtailments in the agricultural sector from sustainable groundwater
abstraction. Moving into a modeling framework representing inflow uncertainties would
enable decision support under stochastic future inflow and agricultural water demand.
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