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Abstract 
A hydroeconomic optimization modelling framework for joint water allocation and water quality 

management is presented in this study. Water resources planning is often limited to water quantity, even 

though water quantity and quality are interdependent. Including water quality in a hydroeconomic 

optimization model increases complexity and uncertainty. In this study, the problem is addressed with a 

multi-reservoir, multi-temporal, multi-objective linear optimization model with fixed but spatially variable 

water quality. Model complexity is kept at a manageable level, leading to limited demand for computational 

resources, despite a high spatial resolution and representation of both surface water and groundwater 

resources. The model is applied to Haihe River basin, a water-scarce and highly polluted river basin in 

China. Economic trade-offs between limiting groundwater overdraft and sub-basin specific costs as well as 

maps of water availability shadow prices are presented. Adding water quality to the model framework 

impacts water availability shadow prices, which can influence model-based decision support. If groundwater 

abstractions are limited to sustainable levels, Haihe River basin will benefit from increasing inter-basins 

transfers and groundwater recharge to the shallow plain area aquifer. A scenario analysis showed that 

managed aquifer recharge in the plain area is also a feasible adaptation strategy. 

Keywords: Hydroeconomic optimization. Integrated water resources management. China. Three Red Lines. 

Groundwater overdraft. Decision support. 

 

1. Introduction 
Increasing population and water demands have put pressure on the water resources in many regions around 

the world (Wada et al., 2014). Increased water scarcity often goes along with water quality deterioration. 

Water quantity and quality are strongly interlinked. River basin water quality is highly dependent on the 

hydrological system, human interactions with water bodies and upstream diffuse- and point sources of 

pollution that can be difficult to predict and monitor. In water resources management and planning, the use 

of optimization modelling can provide valuable insight. Hydrological modelling, economic valuation of 
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water and mathematical optimization are combined to reveal economic trade-offs between water allocations 

in the model area, that can guide and inform decision makers. Including water quality in water resources 

optimization modelling increases uncertainty and water quality models are often very simple representations 

of reality (Loucks and van Beek, 2005). Consequently, it is not until late in the process of water resources 

planning that water quality is considered, if at all. 

Applications of hydroeconomic optimization models are numerous, and the reader is referred to Harou et al. 

(2009) for an overview of modelling concepts and to Labadie (2004) for an extensive review of 

mathematical optimization for planning and operation in multi-reservoir systems. While single-reservoir 

studies can be useful to determine optimal reservoir operation, river basin scale water resources planning 

often requires optimization of several water sources and reservoirs. Stochastic Dynamic Programming (SDP) 

has been widely applied in hydroeconomic studies. Present costs of water allocations and expected future 

cost functions of predicted future water availability are solved in a recursive manner. The well-known curse 

of dimensionalities limits this application to a few reservoirs (Labadie 2004). Several methods, such as 

Stochastic Dual Dynamic Programming (SDDP), presented by Pereira and Pinto (1991), and genetic 

algorithms (GA) (Cai et al., 2001), have been used to overcome this limitation. In contrast to these 

approaches, the assumption of perfect foresight of future water availabilities significantly increases 

computational efficiency while allowing for a high number of reservoirs and water sources in the system 

representation. This assumption is widely used in applied river basin water resource planning modelling 

(Medellin-Azuara et al., 2018; AQUATOOL, 2018; DHI, 2018). However, the perfect foresight assumption 

fails to capture costs of unforeseen droughts and floods and the impact of hydrologic uncertainty on optimal 

decision making. In the design process of a hydroeconomic optimization model, model framework (e.g. 

modular vs. holistic framework, for a overview of the taxonomy the reader is referred to MacEwan et al. 

(2017)) as well as the model objective must be chosen wisely. The model framework must be suitable for the 

specific case study and the problem that needs to be addressed. 

The literature includes much fewer studies on joint water quantity and quality optimization than on pure 

water quantity management. Optimization modelling considering water quality generally focus on either 
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pollution minimizing management strategies or water allocation management to limit pollution loads. Peña-

Haro et al., (2018) as well as Hsieh and Yang (2007) optimize according to groundwater pollution from 

agricultural fertilization practices and location of storm water pollution treatment facilities, respectively. 

Both studies simulate water quality as a response to various management strategies, which are optimized to 

meet quality constraints. Water quality standards can also be met from managing water allocations and their 

impact on instream water quality. Both Wang et al. (2009) and Davidsen et al. (2015) focus on water 

allocation management by accounting for return flow pollution loads, but with different approaches. Wang et 

al. (2009) consider water quality as one of three weighed objectives, and considers total water pollution from 

pollution load fractions from all water user allocations. Davidsen et al. (2015) introduce water quality to the 

model framework through downstream water quality constraints and simulates downstream pollution loads 

from upstream return flows, while considering groundwater management. 

One region of the world that experiences pressure on its water resources is China. To address the 

deterioration of surface water quality, China introduced the 1989 Environmental Protection Law, the 2002 

Water Law and the 2008 Law of Water Pollution Prevention and Control (Shen, 2012). As an 

implementation of these laws a system of surface water quality classes was developed in 1988, and re-

formulated in 2002 (MEP, 2002). The water quality classes define five classes with maximum tolerances to a 

broad range of water quality parameters. In the area known as North China Plain, an excessive overdraft of 

the regions groundwater resources has led to a dramatic decline in groundwater storage over the past decades 

(Feng et al., 2013). Alongside severe water scarcity, Haihe River basin, a part of the North China Plain, is 

the river basin in China with overall worst surface water quality. The surface water quality deterioration has 

reached a level where 36.8 % of the monitored river network is polluted or highly polluted, with a surface 

water quality class of V or >V, according to the Ministry of Environmental Protection 2016 statistics 

(Ministry of Environmental Protection 2016b). In 2015 the Water Ten Plan was launched, following the 

Three Red Lines policy document, that suggests a cap on total water consumption, improved water use 

efficiency and water pollution control. In the Water Ten Plan, Haihe River basin is one of the seven key river 
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basins targeted for strategic water pollution control and water efficiency improvement, among others (China 

Water Risk, 2017). 

Most studies of joint water quantity and quality management treat the two as non-linear dependencies. This 

study takes a different approach on joint optimization of water allocation and water quality management. In 

the highly polluted and water scarce Haihe River basin, a hydroeconomic model with fixed but spatially 

variable water quality was optimized to minimize total water associated costs. A flow path formulation 

(Cheng et al. 2009) was used to represent all possible water allocations from any water source to any 

connected downstream water user. Actual observed water qualities in Haihe River basin were assigned to 

each of these flow paths, also including groundwater abstraction flow paths. The model framework was 

optimized using a LP optimization algorithm under the assumption of perfect foresight. Water cleaning costs 

were assigned to the flow paths if the quality of a water source was inferior to the quality demand of a water 

user. The model was optimized over an eight year monthly planning period while successively constraining 

groundwater abstractions to a sustainable level. This enabled basin scale estimates of economic trade-offs 

from sustainable groundwater abstractions while accounting for the economic costs of meeting user quality 

demands over the whole basin. Taking into account water qualities altered cost-efficient water management 

strategies. These results can guide water resources decision makers in cost-benefit analyses of water 

infrastructure investments and reveal where in the river basin valuable opportunities for water augmentation 

exists. 

 

2. Methodology 

This article builds on a previously published hydroeconomic water allocation study of Haihe River basin by 

the same authors. For a more thorough explanation of the governing equations of the optimization problem, 

water resources and water demands estimates etc. the reader is referred to Martinsen et al. (2018). The 

monetary unit of the hydroeocnomic optimization model is expressed in Chinese yuan (¥). 
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2.1 Model framework 

The core of the model framework is a linear optimization solver, linking all available water resources to all 

water demands, under the constraints of Haihe River basin connectivity and water infrastructure. The 

optimizer minimized total monetary costs within the whole Haihe River basin over an eight-year planning 

period. It is a multi-temporal optimization setup, assuming perfect foresight over the full eight years. 

Monthly time steps were linked through surface water reservoir and groundwater aquifer water balances. The 

linear optimization problem can be simplified and generalized to a decision variable vector, x, and a cost 

vector, f, associating costs to all decision variables. The problem is subject to a series of linear inequality 

constraints, expressed as a matrix of decision variable coefficients, A, and a right hand side vector, b as well 

as a matrix of coefficients Aeq, and the right hand side, beq, of all system equality constraints. Additional 

lower, lb, and upper bounds, ub, apply to the model decision variables. The optimization problem can be 

solved accordingly: 

𝐦𝐦𝐦𝐦𝐦𝐦(𝒇𝒇′ ∙ 𝒙𝒙) (1) 

𝑠𝑠. 𝑡𝑡.                             

𝑨𝑨𝑨𝑨𝑨𝑨 = 𝒃𝒃𝑨𝑨𝑨𝑨 (2) 

𝑨𝑨 ≤ 𝒃𝒃 (3) 

𝒍𝒍𝒃𝒃 ≤ 𝒙𝒙 ≤ 𝒖𝒖𝒃𝒃 (4) 

The model was formulated as a flow path based linear programming problem. Based on Cheng et al. (2009) 

any decision of allocating water from a water source node to a downstream water demand node, in any time 

step, was formulated as a flow path decision variable in x. Compared to node based water balances, the flow 

path formulation significantly increase the number of decision variables. On the other hand the flow path 

formulation enables representation of parallel channels and bypasses, with different water qualities, which 

are characteristic for the water infrastructure in Haihe River basin. Demand deficits and the groundwater 

storages are additional elements in the decision vector. Equation (5) shows how the model water balances for 

the surface water reservoirs are flow path based and how allocations are linked in time: 

∑ 𝑭𝑭𝑷𝑷𝑹𝑹𝑹𝑹,𝒕𝒕
𝒏𝒏𝑹𝑹𝑹𝑹𝒖𝒖𝑹𝑹
𝒊𝒊=𝟏𝟏 = ∑ 𝑭𝑭𝑷𝑷𝑹𝑹𝑹𝑹,𝒕𝒕−𝟏𝟏

𝒏𝒏𝑹𝑹𝑹𝑹𝒖𝒖𝑹𝑹
𝒊𝒊=𝟏𝟏 − ∑ 𝑭𝑭𝑷𝑷𝑹𝑹𝑹𝑹,𝒕𝒕

𝒏𝒏𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝒏𝒏
𝒊𝒊=𝟏𝟏  (5) 
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All (nRSup) flow path allocations to the reservoir storage, FPRS in time step t-1, can be released to all 

downstream demands (nRRdown)  in time step t, or released back into the reservoir storage in time step t. 

The groundwater aquifer systems of Haihe River basin were modeled as bucket storages, as in Equation (6). 

The groundwater aquifer storage, GRS, depends on the monthly recharge, ReGRS,t, and the sum of 

groundwater allocations, FPGRS,t, to all connected users, nGRSconnect. 

𝑮𝑮𝑹𝑹𝑹𝑹𝒕𝒕 = 𝑮𝑮𝑹𝑹𝑹𝑹𝒕𝒕−𝟏𝟏 − ∑ 𝑭𝑭𝑷𝑷𝑮𝑮𝑹𝑹𝑹𝑹,𝒕𝒕
𝒏𝒏𝑮𝑮𝑹𝑹𝑹𝑹𝑮𝑮𝑹𝑹𝒏𝒏𝒏𝒏𝑨𝑨𝑮𝑮𝒕𝒕
𝒊𝒊=𝟏𝟏 + 𝑹𝑹𝑨𝑨𝑮𝑮𝑹𝑹𝑹𝑹,𝒕𝒕 (6) 

The methodology of linking groundwater resources to the water resources allocation problem, while also 

adhering to water quality demands is illustrated in Figure 1. It is shown for a single demand deficit equality 

constraint of the optimization model as in Equation (7). The deficit of user i in time step t is equal to the total 

demand minus the total flow path allocations of surface water (FPSW) and groundwater (FPGRS): 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑖𝑖,𝑡𝑡 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖,𝑡𝑡 − ∑ 𝐹𝐹𝑃𝑃𝑠𝑠𝑠𝑠,𝑛𝑛,𝑖𝑖,𝑡𝑡
𝑛𝑛𝐹𝐹𝐹𝐹,𝑆𝑆𝑆𝑆
𝑛𝑛=1 − ∑ 𝐹𝐹𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺,𝑛𝑛,𝑖𝑖,𝑡𝑡

𝑛𝑛𝐹𝐹𝐹𝐹,𝐺𝐺𝐺𝐺𝑆𝑆
𝑛𝑛=1  (7) 

 

Figure 1. Conceptual illustration of the flow path based methodology for water allocation optimization of surface and 

groundwater resources while managing water quality demands. 

An ArcGIS geometric network, linking all surface water source nodes to all downstream demand nodes, was 

post-processed using python to find all possible surface water flow paths. Using MATLAB, this information 

was combined with all possible groundwater flow paths connecting all water users with the appropriate 

groundwater aquifers. 
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2.2 Cost vector 

The cost vector, f, associates a curtailment cost to all deficits and a groundwater pumping cost to all 

groundwater flow paths. The pumping cost of the respective aquifer units are 

𝑪𝑪𝑹𝑹𝒖𝒖𝒑𝒑𝑹𝑹 = 𝑹𝑹𝑬𝑬 ∙ 𝝆𝝆 ∙ 𝒈𝒈 ∙
∆𝒉𝒉
𝜺𝜺

  (8) 

Where cpump is the cost of pumping [yuan/m3], pE is the price of electricity [yuan/J], ρ is the density of water 

[kg/m3], g is the gravitational acceleration [m/s2], Δh is the lifting height, i.e. the average depth to the 

groundwater table [m] and ε the pump efficiency [-]. 

If the quality of the source of the flow path, do not comply with the quality demand of the user served by that 

flow path, a cleaning cost was added to that specific flow path decision variable in the cost vector f, as 

illustrated by Figure 1. 

2.3 Model objectives 

Each model run was optimized according to a single objective. Performing multiple runs with constraints on 

secondary objectives enabled trade-off analysis between multiple objectives. In addition to the first objective 

of 1) minimizing total costs, a secondary objective 2) delivering water to end-users with qualities fit-for-

purpose was ensured by the water quality check of all flow paths, adding cleaning costs for inferior water 

qualities. A third objective 3) reaching sustainable groundwater abstractions, was introduced through the 

constraining method. In the constraining method the end-storage constraints of the groundwater aquifers 

were gradually tightened. An unconstrained scenario, with unlimited groundwater abstraction identified the 

total groundwater overdraft, GRSoverdraft. The overdraft was then used as a lower boundary for the 

groundwater aquifer end-storage, GRSend. The groundwater end-storage constraint was gradually tightened 

until a groundwater scenario with sustainable groundwater abstractions was reached, by running α from 1 to 

0: 

𝐺𝐺𝑅𝑅𝑅𝑅𝑒𝑒𝑛𝑛𝑒𝑒 ≥ 𝐺𝐺𝑅𝑅𝑅𝑅𝑡𝑡=0 − 𝛼𝛼 ∙ 𝐺𝐺𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑒𝑒𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡 (9) 
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Groundwater sustainability was defined as total abstraction being equal to total recharge over the full 

optimization period. The gradual tightening of the groundwater end-storage constraints resulted in an 

ensemble of eleven groundwater scenarios ranging from unlimited overdraft to sustainable groundwater 

abstractions. 

2.4 Surface water resources and water demands 

All available water resources and agricultural water demands were computed for an eight-year period, with 

meteorological forcing data from 1st of January 2007 to 1st of January 2015. 

Rainfall-runoff modelling 

Daily time series of precipitation and evaporation from the gridded meteorological data of China 

Meteorological Agency (China Meteorological Agency, 2017) were used to compute sub-basin specific 

monthly time series of precipitation and evapotranspiration over the period 1971 to 2016. Monthly 

precipitation and evapotranspiration were used to calibrate a Budyko rainfall-runoff model (Zhang, 2008) for 

the mountainous runoff-generating sub-basins. Three minor sub-basins within Haihe River basin were 

calibrated against observed runoff (Ministry of Water Resources, 2011) by split-sample calibration over the 

20 year period 1971-1991. The model parameters were validated by proxy-basin validation over the period 

2006-2011. 

Water demands 

Each sub-basin has seven categories of water demands. These are (1) domestic, (2) industry, and agricultural 

subcategories of (3) double cropping of wheat and maize, (4) single cropping maize, (5) single cropping 

wheat, (6) orchards and (7) vegetables. Domestic and industrial demands were based on China Statistical 

Yearbook data for Hebei, Beijing and Tianjin provinces (National Bureau of Statistics of China, 2015). The 

sub-basin specific water demands for these two categories were estimated by population scaling using the 

Landscan 2016 population count (Bright et al., 2017). The agricultural water demands were estimated based 

on the FAO 56 method (Allen et al. 1998). Monthly water demands were found for each cultivated area, Ac, 
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using local crop specific coefficients, Kc, and monthly precipitation and evapotranspiration time series, P and 

ET0, for each time step, t: 

𝐷𝐷𝐷𝐷𝐷𝐷𝑜𝑜𝑎𝑎𝑜𝑜,𝑡𝑡 = 𝐴𝐴𝑐𝑐 ∙ �𝐸𝐸𝑇𝑇0,𝑡𝑡 ∙ 𝐾𝐾𝑐𝑐,𝑡𝑡 − 𝑃𝑃𝑡𝑡� (10) 

3. Input data 

3.1 Haihe River basin connectivity and water infrastructure 

Spatially, the model of Haihe River basin was divided into 16 sub-basins (numbered 1 to 16 in Figure 2). 

Watershed delineation in ArcGIS was used to define the sub-basins. Nine sub-basins were defined upstream 

the major reservoirs with capacities above 1,000 mio m3 identified from the Global Reservoir and Dam data 

set (GRanD) (Lehner et al., 2011). These were Panjiakou, Miyun, Guanting, Xidayang, Wangkuai, Gangnan, 

Huangbizhuang and Yuecheng reservoirs. Runoff was generated in these nine sub-basins in the western and 

northern mountainous regions of Haihe River basin. Further division of the downstream plain area into seven 

additional sub-basins was done and aligned with the official Ministry of Water Resources publications 

(Ministry of Water Resources, 2011). Separate sub-basins defines the administrative province borders of 

Beijing and Tianjin province.  
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Figure 2. Conceptual illustration of Haihe River basin, the sub-basins, surface water reservoirs, groundwater recharge areas 

and inter-basin transfers. 

3.2 Groundwater resources 

Groundwater was assumed to be available in areas of surface-near quaternary deposits. From a USGS 

geological map (Steinshouer et al., 1997) a major recharge area on the plain and minor mountainous recharge 

areas were identified. The groundwater resources of Haihe River basin were divided into northern 

mountainous, the western mountainous and the shallow and deep plain area groundwater resources, see 

Figure 2. A detailed hydrogeological cross section of the Haihe River basin plain area can be found in Figure 

2 in Cao et al. (2013), showing the separation of the plain area aquifer into a shallow and a deeper unit by a 

confining layer. All users of model sub-basins overlapping with the extent of the groundwater recharge area 

were connected users, which could access the groundwater resources of that aquifer. Large-scale 

groundwater recharge rates were mostly available for the major groundwater system in the plain area of the 

model. Assuming mountainous recharge occurring mainly in areas of similar geology as the plain area, 

allowed transfer of the overall recharge rate found in literature. Recharge to the groundwater aquifers of the 

mountainous regions were found by multiplying mountainous precipitation with the scaling coefficient 

between plain area precipitation and shallow groundwater recharge. Because of the limited extent of the 
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mountainous aquifers, abstraction from the mountainous groundwater aquifers were subject to a yearly 

sustainable groundwater aquifer water balance constraint. The water balance of the larger plain area aquifer 

spans the whole optimization period, subject to the constraining method explained in Section 2.3. 

The estimated groundwater recharge areas, rates and groundwater pumping costs for each of the four 

groundwater aquifer units of the model are seen in Table 1. 

Table 1. Groundwater aquifer recharge areas (Steinshouer et al., 1997), recharge rates (Kendy et al. 2003; Shu et al. 2012; 

Cao et al. 2013) and pumping costs. 

Groundwater aquifer Recharge area [km2] Recharge rate 

[mm/year] 

Pumping cost 

[yuan/m3] 

GRSplain,shallow 141,398 96 0.1 

GRSplain,deep - 24 0.8 

GRSnorth 6,648 92 0.4 

GRSwest 7,673 115 0.4 

 

3.3 Inter-basin surface water transfers 

Haihe River basin receives additional surface water resources from inter-basin transfers from the Yellow 

River and the South to North Water Transfer Project (SNWTP). The SNWTP routes through Haihe River 

basin and the Yellow River transfer inlets are indicated on Figure 2. The yearly estimated inter-basin 

transfers into Haihe River basin can be seen in Table 2. 

Table 2. Inter-basin transfer into Haihe River basin. SNWTP capacities based on NSBD (2001a and 2001b). Yellow River 

transfers estimated based on Wang et al. (2015) 

 SNWTP 

east 

SNWTP 

mid 

Yellow River 

east 

Yellow River 

mid 

Yellow 

River into 

Jin 
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Water transfers [mio m3/year] 2,000 5,700 1,490 1,490 1,490 

 

3.4 Water quality data 

The surface water qualities were classified according to the Chinese Environmental Quality Standards for 

Surface Water (MEP, 2002). The surface water quality classes range from a quality class I of good quality to 

a quality class of V of bad quality. These classes apply as minimum quality standards for different purposes 

of water use (Table 3). 

Table 3. Chinese Environmental Quality Standards for Surface Water (MEP, 2002). 

Surface water quality class Qualify for use in 

II First class protected areas of surface water sources for centralized drinking 

water 

III Ecological demands (winter fishing grounds of fish and shrimp, migratory 

passages, aquaculture areas and other fishing waters and swimming areas) 

IV General industry 

V Agriculture 

 

Institute of Public and Environmental Affairs (IPA, 2006) has mapped around 380 monitoring stations in 

Haihe River basin with surface water quality class observations ranging from single observations to yearly 

and weekly time series. In total 109 monitoring station were selected, ranked according to quality and 

observation frequency (1: Yearly or less, 2: Monthly, 3: Weekly), and used to determine the flow path source 

water quality classes (Figure 3). The resulting sub-basin water quality defines the water source qualities of 

the surface water flow paths. The water qualities of the SNWTP mid and east line are of quality class II and 

III respectively (MEP, 2016a). The water qualities of Yellow River inter-basin transfers are of quality class 

III (IPA, 2006). 
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Figure 3. Surface water monitoring stations’ average quality class and monitoring frequency, and overall sub-basin surface 

water quality classes. Based on monitoring data from IPA (2006). 

For groundwater qualities, data is sparser. Groundwater flow path qualities were based on reports by the 

Ministry of Environmental Protection. Generally the shallow plain aquifer is of lower quality compared to 

the deeper layers (Tan et al., 2015; MEP, 2011). The model flow paths leaving the shallow aquifer unit was 

assumed to have a quality class of V, only fit for agricultural groundwater allocations. The deep aquifer unit 

was assumed to have a quality class II. According to the Ministry of Environmental Protection the 

mountainous groundwater resources are of better quality than the plain area aquifer (MEP, 2011) and were 

assigned a general good quality of class II. 

 

3.5 Cleaning and deficit costs 

The cleaning costs are unique for each sub-basin and come from local wastewater cleaning fees (China, 

2000). Averaged local wastewater cleaning fees used in the model can be found in Table 4. The costs of 

cleaning water deliveries to comply with quality standards were assumed to be equal no matter how many 

quality classes the source was inferior to the downstream quality demand. 
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Table 4. Sub-basin (seen in Figure 2) average cleaning costs of water allocations, January 2017. Based on (H2O China, 2000). 

Sub-basin 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Cleaning cost 0.6 0.7 0.7 0.7 1.0 0.9 0.9 0.7 0.8 0.6 1.6 0.9 1.0 1.7 1.1 0.9 

[yuan/m3]                 

 

Unit costs of water user deficits for all 16 sub-basins are found in Table 5. 

Table 5. Curtailment costs of water demand deficits for each of the 16 model sub-basins, seen in Figure 2. 1) Gan et al. (2008), 

2) H2O China (2000), 3) World Bank (2001). 

Sub-basin 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Low value crops1) 1.8 1 1.3 1.3 1.6 1.6 1.2 1.2 1.6 1.2 1 1.8 3.3 1.3 1 1.6 

High value crops1) 13.6 7.4 12.3 12.3 24.7 24.7 39.2 39.2 14.95 39.2 7.4 13.6 14.2 12.3 7.4 24.7 

Domestic2) 2 2.7 2.7 2.7 2.6 2.3 2.3 2.5 2.1 2.6 5 4 3.2 3.5 4.9 2.3 

Industry2) 2.4 5.6 5.6 5.6 4.2 3.1 3.1 3.9 2.8 4.8 9.9 6.3 4.7 5.9 7.9 3.1 

Ecological3) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

 

4. Results and discussion 

4.1 Computational resources 

The optimization problem spanned an eight-year period with 1,722 monthly decision variables that summed 

totally 165,312 decision variables. The CPU time required to solve the full ensemble of eleven groundwater 

scenarios was ~46 seconds in a 2 Intel® Core™ i5-7200U processor with 8 GB RAM and Windows 7 

operating system. Computational resources are therefore not a limiting factor in increasing the spatial 

resolution of the model area. A spatially much more aggregated modelling study of a single surface water 

reservoir and one groundwater aquifer, and considering stochastic future inflow, was carried out by Davidsen 

et al. (2016) to study groundwater sustainability in Ziya River basin, North China Plain. The SDP model 

solved in a coupled LP-GA optimization setup was reported to use 4000 CPU hours to solve a single 
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scenario. This clearly illustrates the trade-off between spatial model complexity and considering unforeseen 

future water availability in the choice of model framework. 

4.2 Pareto front 

For each of the eleven groundwater scenarios the total costs consisting of user curtailment costs, 

groundwater pumping costs and water treatment costs were quantified. Combining all of the groundwater 

scenarios made up the Pareto front (Figure 4). The slope of the front shows the economic trade-off between 

limiting total costs and ensuring groundwater sustainability. It should be noted that model results are to be 

seen as lower boundaries of total water-associated costs, and not absolute values. Two Pareto fronts are 

illustrated, one with a joint optimization of water allocations and water qualities, and one solely managing 

water quantities. The difference between the two Pareto fronts quantifies minimum costs of ensuring water 

qualities fit for purpose in Haihe River basin. This difference ranged from 0.29 to 1.2 billion yuan/year 

depending on the groundwater scenario. The total groundwater allocations for each groundwater scenario are 

also shown, along with the relative abstraction from the shallow and the deep plain aquifer. The initial 

adaptation strategy, when moving away from groundwater overdraft, was a shift from the over-pumped 

shallow aquifer to deep groundwater abstractions, sustaining constant total groundwater abstractions. At the 

point where approximately 25% of total plain area groundwater abstractions came from the deep aquifer unit, 

a decrease in total groundwater abstractions was necessary to reach a sustainable abstraction scenario. At 

present, the deep groundwater aquifers of Haihe River basin are exploited to a significant degree. The mark 

“present”, between the unlimited overdraft scenario and sustainable groundwater abstractions, on the Figure 

4 x-axis represents a groundwater allocation situation of today. As groundwater abstractions were limited to 

a sustainable level, the costs increased significantly from curtailment of users, and allocation schemes had to 

adapt in the most cost-efficient way in order to keep costs low. The relative cost of reaching sustainable 

groundwater allocations compared to a present scenario was 12.2 bio yuan/year when considering water 

qualities. Scaling up results from the Davidsen et al. (2016) study on Ziya River basin (a sub-basin of Haihe 

River basin) to the Haihe River basin population count gives a cost estimate of 32.8 billion yuan/year. This is 

comparable to the cost in this study’s sustainable groundwater scenario, of 26 billion yuan/year (Figure 4). 
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The total cost estimate of this study is expected to be lower since pumping costs are not head-dependent and 

the possible cost-efficiency gained from possible substitutions of water resources between the Haihe River 

sub-basins in the model setup. 

 

Figure 4. Pareto fronts and groundwater allocation under the transition from an unlimited to a sustainable abstraction 

scenario. 

4.3 Spatial cost distribution 

The model provided the spatial distribution of costs across the Haihe River basin, in the optimal solution. 

The results seen in Figure 5 are from one of the multiple equally optimal solutions. The spatial pattern of 

sub-basin costs was stable between different equally good solutions. 

As expected, limiting groundwater overdraft increased total costs, especially in the plain area, where the 

major costs originated from demand deficits. The highest costs from demand deficits were seen in sub-basin 

3, 5, 9 and 14. Sub-basin 9 and 14 are the most isolated sub-basins in the plain area with regards to water 

infrastructure, and sub-basin 14 has a relatively high water treatment cost. Sub-basin 3 and 5 have some of 

the most polluted surface waters and a low water availability to water demand ratio. 
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Costs originating from groundwater pumping and cleaning were highest in the plain area sub-basins. The 

total costs in Haihe River basin from groundwater pumping and cleaning were 3.8, 6.7 and 4.6 billion 

yuan/year for the unlimited, present and sustainable groundwater scenario, respectively. One could expect 

that less total groundwater abstraction would cause less costs, but the costs from pumping and cleaning 

groundwater was actually higher in the sustainable scenario compared to a scenario with unlimited overdraft. 

Saving groundwater was not strictly equivalent to lower costs of delivering groundwater. The groundwater 

costs were highly driven by the fraction of deep, and more expensive, aquifer pumping. From the present 

scenario to the sustainable abstraction scenario, the groundwater costs decreased because of less total 

pumping. 

 

In the unlimited overdraft scenario the surface water cleaning costs summed up to 0.68 billion yuan/year, 

going to 0.09 billion yuan/year in the present groundwater scenario ending up with a total surface water 

cleaning cost of 0.11 billion yuan/year in the sustainable groundwater scenario. The occurrence of costs 

shifted from the mountainous regions to the downstream plain areas that became more dependent on the 

upstream polluted surface water when the groundwater abstractions were limited. The cleaning cost of plain 

area sub-basin 1 is lower than the deep aquifer pumping costs and the sub-basin therefore had significant 

surface water cleaning costs even in the unlimited groundwater abstraction scenario. Compared to the costs 

originating from user deficits and groundwater pumping, the cleaning costs were magnitudes smaller. This is 

an effect of the highly engineered and complex water infrastructure of Haihe River basin combined with an 

optimization-based model. As the plain area received more of the polluted surface water runoff, the 

flexibility in downstream user allocations allows the optimization model to allocate water where it is most fit 

for purpose in terms of qualities, avoiding excessive cleaning costs. 
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Present Unlimited Sustainable 
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Figure 5. Sub-basin costs. Unlimited, present and sustainable groundwater scenarios going from left to right. 

4.4 Water availability shadow prices 

From a water resources planning perspective the shadow prices are interesting, since they provide a relative 

comparison of where additional water sources could alleviate most costs. For Haihe River basin the spatial 

overview of various water resources’ relative value is important to make decisions on where water resource 

augmentation initiatives will add relatively most value. In the unlimited groundwater scenario the highest 

shadow prices were found in sub-basin 3 and 9, which have some of the highest water demand deficits 

(Figure 6). Moving to the present scenario, the shadow prices of all water sources increased and spatial 

variations were evened out. This was because all surface water source shadow prices reflected the possible 

substitution of plain area deep aquifer pumping in the periods with no upstream water demand deficits. In the 

sustainable groundwater scenario the spatial variation again became more pronounced because of increased 

water demand deficits across the basin. A large increase in the shallow plain area groundwater shadow price 

was seen, and additional recharge to the shallow aquifer therefore became especially valuable when going 

towards a sustainable abstraction scenario. The inter-basin transfers from the SNWTP and the Yellow River 

in the south also reached high shadow prices. This shows how the region will become dependent on these 

sources of water to be able to limit groundwater overdraft, especially the SNWTP mid line with a quality 

class of II. What cannot be captured by the water source shadow prices are the costs faced by the river basins 

feeding the inter-basin transfers into Haihe River basin. These should also be accounted for in a cost-benefit 

analysis if water resources managers judge that increasing inter-basins transfers is the most feasible 

adaptation strategy. The western mountainous sub-basins had just as high surface water shadow prices. 

Despite a variation in surface water quality from quality class II to class IV, the western mountainous sub-

basins, no. 6, 7, 8, 10 and 16, all had high shadow prices under the sustainable groundwater abstraction 

scenario. Water resources with the best quality were not necessarily the most valuable. Water source shadow 

prices were the result of more complex interactions between water quality, and downstream demands, quality 

demands and water infrastructure. Protecting against upstream pollution and availability of water resources 
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in these upstream mountainous sub-basins is therefore crucial when reaching sustainable groundwater 

abstraction. 

 

Figure 6. Average water source shadow prices. Unlimited, present and sustainable groundwater scenarios going from left to 

right. 

The effect on shadow prices going from purely managing water resources quantities to jointly managing 

quantities and qualities can be seen in Figure 7. In both the unlimited and present scenario, a slight decrease 

was seen in most surface water shadow prices, that all have water qualities inferior to a water quality class II. 

These water sources all needed some level of treatment to be able to deliver qualities fit for purpose. In the 

sustainable groundwater scenario the effect of considering water qualities was more significant. The surface 

water shadow prices in sub-basin 5 decreased, when water qualities were added to the model framework, 

since upstream surface water allocations in sub-basin 5 need cleaning treatment. Shadow prices of the 

western mountainous sub-basins surface water sources all increased despite their various surface water 

qualities. This was a response to new plain area deficits among agricultural user groups that increased 

western mountainous runoff could alleviate. More of these plain area agricultural users experienced deficits, 

since cleaner water sources were prioritized to higher valued user groups, such as domestic purposes, which 

have more stringent water quality requirements. These increased agricultural deficits appeared in sub-basin 1 

and 12, especially. A study by the same authors of this study (Martinsen et al., 2018) already showed the 

sensitivity of constraint shadow prices towards the estimated economic values of water, especially for the 

Unlimited Present Sustainable 
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low-valued agricultural users that are most often curtailed. Local economic studies considering spatial 

differences in the economic value of water are therefore valuable in a spatially resolved model framework. 

Additionally, water availability shadow prices were highly influenced by considering water qualities. As 

these shadow prices determine relative values of water source augmentation, considering water qualities is 

likely to influence the decisions supported by this model framework. 

 

Figure 7. The effect on water source average shadow prices from introducing water qualities to the model. Showing the 

unlimited, present and sustainable groundwater scenarios going from left to right. 

In Figure 8 each individual groundwater aquifer shadow price is compared to the average surface water 

shadow prices in the sub-basins connected to the respective groundwater aquifers. The mountainous 

groundwater aquifers generally had high water availability shadow prices, until the near-sustainable 

groundwater abstraction scenarios where the plain area shallow aquifer recharge became most valuable. For 

the western mountainous water resources, increased runoff or increased inter-basin transfers were mostly 

more valuable than increased groundwater recharge. For the plain area, increased inter-basin transfers were 

more valuable than additional recharge, from the unlimited overdraft up until the present scenario. Going 

towards the sustainable abstraction scenario the eastern inter-basin transfers, SNWTP east line and Yellow 

River east, became slightly less valuable than additional shallow aquifer recharge, and finally the value of 

Yellow River mid transfers decreased below the value of shallow plain aquifer recharge. A crucial water 

resources management strategy, in order to reach sustainable groundwater abstractions, is to ensure 

Unlimited Present Sustainable 
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additional shallow aquifer recharge in the plain area.

 

Figure 8. Groundwater and surface water average shadow prices. 

4.5 Scenario analysis 
Two scenarios were investigated that represents system changes that can improve the water resource 

problems in Haihe River basin. The two scenarios were: 

1. Improving the water quality of the SNWTP eastern line from quality class III to quality class II 

2. Managed aquifer recharge (MAR) of the plain area shallow aquifer using surplus runoff 

For scenario 2, the MAR was assumed to take place in Beijing province, using a combination of different 

MAR facilities, as well as near the city of Shijiazhuang in Hebei province, in the dried out Hutou River bed, 

just downstream Gangnan and Huangbizhuang reservoirs in sub-basin 7 and 8. Infiltration capacities were 

based on local modelling studies by Su et al. (2013), Du et al. (2013) and Hao et al. (2014). The MAR 

scenarios were investigated using upstream surplus runoff, and infiltration capacities of 243 and 300 mio 

m3/year for the Beijing (Hao et al. 2014) and Shijiazhuang (Su et al., 2013) MAR sites, respectively. Since 

MAR was performed during the wet summer months in both cases, all infiltrated surface water was assumed 

to recharge the groundwater aquifer. 

 

The effect of the scenarios on total cost and the various sub-basin costs are summarized in Table 6. Both 

scenarios lowered the total water-associated costs in Haihe River basin. The effect of the scenarios was only 

compared for the sustainable groundwater abstraction scenario, since the initiatives are expected to go hand-

in-hand with a reduced groundwater overdraft. 
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Table 6. Effects of scenario 1 and 2 compared to the sustainable groundwater abstraction scenario with water qualities. 

Scenario Δ total cost  

[bio yuan/year] 

Sub-basin with highest 

reduction in costs 

Sub-basin with highest 

increase in costs 

SNWTP east quality 

class II 

-0.14 1 and 12 from reduced 

deficits and gw pumping 

and cleaning costs 

13 from increased gw 

pumping and cleaning costs 

MAR using sub-basin 5, 

7 and 8 runoff 

-0.18 1 from reduced user 

demand deficits 

15 from increased user 

demand deficits 

 

Figure 9 shows the scenario effect on water availability shadow prices. The improvement of the SNWTP east 

water quality caused a slight increased shadow price of the eastern inter-basin transfers. The surface water 

sources of sub-basin 5 experienced an increase in scenario 2. The increase observed in the inter-basin 

transfers from SNWTP east and the Yellow River inter-basin transfers at the southern fringe of Haihe River 

basin was insignificantly small. 

 

Figure 9. Change in shadow prices under sustainable groundwater abstractions from scenario 1 and 2. 

The change in sub-basin costs from introducing each of the two scenarios showed the redistribution of costs 

occurring within Haihe River basin (Figure 10). In scenario 1 the sub-basins receiving the eastern inter-basin 

transfers had a high reduction in costs from deficits and groundwater pumping and cleaning as an effect of 

the improved surface water quality of the SNWTP east line water transfers. They were now able to serve 

Scenario 1 Scenario 2 
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higher valued users with clean surface water and reduce costs of pumping groundwater. More groundwater 

was pumped for the plain area sub-basin 13, and the end-receiver of the SNWTP east water, sub-basin 15, 

experienced an increased demand deficit and a decreased groundwater pumping. Using MAR in scenario 2 

caused an overall decrease in costs originating from demand deficits, especially in sub-basin 1. Increase in 

demand deficits were seen in sub-basins 11, 12 and 15, which are downstream the sources of runoff that is 

now infiltrated. A general increase in groundwater pumping costs was also observed, as expected with 

additional water sources stored in groundwater aquifer. Both scenarios showed no change in surface water 
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cleaning costs.

 

Figure 10. Change in sub-basin costs from introducing scenario 1 and 2 under sustainable groundwater abstractions. 

The results of this study’s scenario analysis explore the overall cost reduction from an allocation perspective, 

but cannot capture local increases in groundwater tables. It further assumes a perfect substitution of 

groundwater resources between all connected plain area users. In reality, the effect on the groundwater table 

is local. The MAR initiative should therefore be backed up by local hydrogeological investigations as well as 

Scenario 1 Scenario 2 
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more detailed groundwater modeling studies. The choice of a simple groundwater aquifer representation in 

this study is a conscious choice. The attributes of the model as perfect foresight, basin scale water resources 

management and uncertainties in local groundwater abstractions and recharges argues for a more robust 

model for water resources planning, with groundwater resources lumped into total storages, ignoring spatio-

temporal dynamics in the groundwater aquifers. 

4.6 Model limitations 
A major concern in water resources management is the uncertainty of future water availability. Flood control 

and droughts are most often the two main objectives of water management. Flood incidents often happen on 

a daily time scale, whereas drought is a long-term incident. The model results presented in this study were 

optimized over an eight-year historic meteorological time series that captures all climate variability within 

the period of 2007-2015. Several studies have also shown that the future climate of Haihe River basin will be 

influenced by increasing temperatures and alterations in precipitation patterns (Guo et al., 2002; Lu et al., 

2013; Chu et al., 2010). The model results do not capture future climate changes, and only quantify costs for 

similar climate variabilities as for the historic period 2007-2015. The model framework further assumes 

perfect foresight over the full planning period. In reality, water planners and managers will not have perfect 

foresight, but will be limited by the extent of available forecasting products. Unforeseen future droughts will 

lead to great losses in agriculture and risks of urban water supply cut-offs. Nothing is unforeseen when 

optimizing with perfect foresight. Numerous stochastic optimization approaches that take into account the 

uncertainty of weather and climate have been presented, as discussed by Labadie (2004). The focus of this 

study is to compare performance of different projects and scenarios and not on operational decision support. 

On this basis, the perfect foresight assumption can be justified. The assumption of perfect foresight will 

underestimate the true water associated costs and cost estimates should be regarded as lower boundaries. 

All input data and parameterization of the optimization model are exogenous to the model framework. This 

means that hydrological simulations, water demands and water values are inputs to the optimization model, 

and do not have any non-linear dependencies with the allocation scheme of the optimization model results. 

This highly enhances the computational efficiency of the model. On the other hand, there is a risk of losing 
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insight into the effects of changed water allocations and system changes. The optimization model cannot 

capture effects on groundwater recharge from changes in agricultural irrigation practices, or in-stream flow 

and quality from urban and industrial return flows and agricultural nutrient seepage. On the other hand, this 

limits computational resources and uncertainties introduced from parameterization and modelling of these 

interactions. In good water management practice, any major system change should be accounted for, and the 

model updated with new information. Adaptation towards more sustainable groundwater allocations will 

likely result in major system changes. The model results must therefore be evaluated as “where do we go 

from now” decision support. 

5. Conclusion 

The proposed model framework of joint optimization of water allocation and water quality management 

revealed economic trade-offs from limiting groundwater overdraft and mapped out water availability shadow 

prices in Haihe River basin. The relative cost of reaching sustainable groundwater allocations, compared to a 

scenario mimicking present water management, was 12.2 bio yuan/year. The majority of the costs originated 

from user demand deficits, especially in the sub-basins not well connected by water infrastructure (sub-basin 

9 and 15). Deficit costs were also high in sub-basin 3 and 5 with bad surface water qualities. The plain area 

sub-basins further became more dependent on the surface water runoff from the mountainous regions and the 

costs of cleaning polluted surface water shifted to the downstream plain area sub-basins. The water 

availability shadow prices were highly affected by adding water quality management to the model 

framework, implying that decision-making in water resources management can be altered from considering 

water qualities. In order to limit groundwater overdraft, the most valuable surface water sources were seen to 

be the inter-basin transfers, SNWTP and from the Yellow River, at the southern fringe of the Haihe River 

basin. Equally important were many of the mountainous surface water runoff with different water qualities 

ranging from a quality class of II to IV. The shadow prices of water availability ware seen to depend on a 

complex interaction of both water quality and downstream demands, quality demands and water 

infrastructure. A scenario analysis of groundwater recharge of surplus mountainous runoff, was shown to 
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lower total water associated costs within Haihe River basin. It can be recommended as a feasible strategy 

towards limiting groundwater overdraft, if managed in the right way. 
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