Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Adjustable Robust Optimization for Multi-Period
Water Allocation in Droughts under Uncertainty

Yuhong Shuai

Sichuan University - Wangjiang Campus: Sichuan University
Liming Yao (& Imyao@scu.edu.cn)

Sichuan University

Research Article

Keywords: Bi-level multi-period water allocation, Adjustable robust optimization, Drought area, Deep
uncertainty

Posted Date: June 4th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-428382/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License


https://doi.org/10.21203/rs.3.rs-428382/v1
mailto:lmyao@scu.edu.cn
https://doi.org/10.21203/rs.3.rs-428382/v1
https://creativecommons.org/licenses/by/4.0/

Adjustable robust optimization for multi-period water
allocation in droughts under uncertainty
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Yuhong Shuai!, Liming Yao

Abstract

Optimal, rational water resource allocation can go some way to overcoming water
deficiencies; however, its achievement is complex due to conflicting hierarchies and
uncertainties, such as water availability (WA) and water demand (WD). This study
developed a robust water withdrawal scheme for arid and semi-arid regions that
balanced the trade-offs between the sub-areas and water use participants, ensured
!sustainable regional system development, and guaranteed robust solutions for future
uncertainties. A bi-level affinely adjustable robust counterpart (AARC) programming
framework was developed, in which the regional authority as the leader allocates water
to the sub-areas to maximize the intra- and intergenerational equity, and the sub-areas
as the followers allocate water to their respective water departments to maximize their
economic benefits and minimize water shortages. This method used affine functions
between the decision variables (water allocation amount) and the uncertain parameters
(WA, WD) to deal with the computationally intractable (NP-hard) robust counterpart

for the multi-period water resources management. To illustrate the applicability and
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feasibility of this framework, a case study from Neijiang, China, is given. This model
can assist regional authorities develop more robust water resource allocation solutions

for multi-period planning responses to uncertain water deficiencies.

Keywords Bi-level multi-period water allocation * Adjustable robust optimization

* Drought area * Deep uncertainty

1 Introduction

Optimal regional water resource allocation has been found to be an effective approach
to mitigating regional water scarcity (Dai et al. 2018), alleviating the contradictions
between limited fresh clean water resources and growing water demand (Tan et al.
2010), and ensuring sustainable water resources management (Chen et al. 2013).
Consequently, there has been increased research into effective water resources
allocation, especially in arid and semi-arid areas.

However, effective water resources planning is always clouded by “cascade” of
substantial deep uncertainties indeed (Li et al. 2020), which are introduced by a
portfolio of endogenous and exogenous elements, such as sampling uncertainty, human
behaviors, environmental process and hydroclimate change (Herman et al. 2020), with
these uncertainties being a greater challenge in regions more prone to drought
(Trenberth et al. 2014). Deep uncertainties in water availability (WA) and water

demand (WD) affected by environmental or anthropogenic interferences (Li et al. 2020;



Rathnayaka et al. 2017; Droogers et al. 2012) have posed great challenges for long-
term drought emergency problems (Kapelan et al. 2017). More recently, several studies
sought to determine the uncertain water supply and demand parameters in water
management models (Liu et al. 2014; Perelman et al. 2013; Jia et al. 2006), and
especially in the municipal water supply system (Housh et al. 2011; Chung et al. 2009).

Various techniques have been used in previous studies to deal with these
uncertainties, such as stochastic programming (Sankarasubramanian et al. 2009), fuzzy
logic (Fu et al. 2011), robust optimization (Perelman et al. 2013). The first two
approaches require that uncertain parameters be resolved using perfectly known
probability distribution functions or membership functions (Perelman et al. 2013),
meaning that the optimal results are distributed around a “best-guess” (Maier et al.
2016). However, the future WA and WD uncertainties from climate change and socio-
economic development, which are confronted with distinct future states that may occur
(Kwakkel et al. 2010), have no consensus on the potential probability distribution
(Trindade et al. 2017). Therefore, methods that set the distribution or membership
functions in advance are not appropriate for this situation, which imposes the
significance of carrying out “best policy” that can be immune to data change and
guarantee it’s feasible and near optimal results, notably robust optimization (RO)
(Bertsimas et al. 2004).

It is noted that pervious WA and WD data are easily available and can provide
some reference for future uncertain processing using the Adjustable Robust Counterpart

(ARC), which divides the decisions into “here and now” which has nonadjustable



features and “wait and see”, the decisions for which can be made after partial uncertain
data known (Ben-Tal et al. 2004). Zhen et al. (2018) proposed Affinely Adjustable
Robust Counterpart (AARC) method with the later-stage decisions being formulated as
affine functions of the observed uncertainties to deal with computational intractability.
The solutions using AARC are more realistic and significantly and less conservatively
reduce the losses from the uncertainties, which are proved to be low “price of robustness”
and little worse than corresponding “ideal” results (Ben-Tal et al. 2004; 2005; Kim et
al. 2017).

Moreover, optimal water resources allocation is an extraordinary sophisticated
system, especially when it comes to contradictory situations between water supply and
demand because there is a hierarchical decision and the need to consider sustainable
development, that is, both present and future generations need to be considered.
Because global rather than individual optimization is sought, the hierarchical decision
structure needs to consider the conflicts between the upper and lower level. Specifically,
regional authority as the leader seeks stability and system development with the water
users as the followers more concerned with their own optimality. Yao et al. (2019)
noted optimum water allocation policies must be sustainable in both the present and the
future (Xu et al. 2019); therefore, it is essential to conceptualize water resources
allocation using a hierarchical, multi-period framework under deep uncertainty.
However, the complexities and uncertainties associated with the hierarchical resource
allocation process and the need to ensure sustainability have not always been fully

considered when seeking to develop optimal regional water rights allocation schemes



in drought-prone regions.

Consequently, this study proposes a robust bi-level, multi-stage optimization
administrative allocation policy in water deficient regions under uncertainty. For
sustainable water resources planning, maximizing intra- and inter-generational equity
is the system objective for the leader; the followers (water department) seek for
attaining greater economic benefits and smaller water shortages. The hierarchical
mathematical formula is established to balance the contradictions between the system
and its sub-areas, so that the decision maker can consider not only the fairness of the
system, but also the goals of the subsystems. In addition, priority rules have been
developed to manage the water department conflicts in drought-prone region, and the
goal programming method is used to reflect the priority of water use by various
departments. AARC method is used to ensure feasible solutions for water resources
planning of deficient region under deep uncertainty. The research objectives for this
paper are: (i) to conceptualize a bi-level, multi-stage, optimal water resources allocation
framework for arid and semi-arid regions; (ii) to construct an adjustable robust
optimization management model using affine decision rules that considers the water
deficiency uncertainties (WA/WD); and (iii) to apply the bi-level, multi-stage AARC
optimization approach to a case study in a drought-prone region of China.

The remainder of this paper is organized as follows. Section 2 gives the problem
statement, Section 3 details the methodology, Section 4 gives the problem solutions,

Section 5 demonstrates the model in a case study, and Section 6 gives the conclusions.



2 Problem statement
2.1 Conceptual framework
This paper designs a sustainable regional water resources allocation management
program for domestic, industrial, and agriculture water users in drought-prone regions.
The water allocation is characterized by a hierarchal structure that includes a dynamic
drought decision process. Therefore, a conceptual bi-level regional water allocation
framework was constructed, with the regional authority in the upper level, the focus of
which is on the ecological environment and intra/intergenerational equity maximization,
and the sub-areas in the lower level, which have income maximization and water
shortage minimization as their objective functions. When managing arid and semiarid
regions, the critical challenge is to balance the trade-offs between the competing users,
and especially between the irrigation users and other users (Housh et al. 2011). In the
lower-level water allocation planning, allocation principles are established to comply
with the administrative measures after meet the minimum ecological water use
requirements. First, the normal domestic demand is met, after which industry water is
allocated to ensure a certain economic development level, and finally, the agricultural
water is allocated. As irrigation generally takes up the largest water allocation, by
restricting agricultural water quantities, farmers would be motivated to improve their
technologies and save water. In addition, water planners need to consider both present
and future water management to achieve sustainable development.

Due to varying rainfall and possible climate change effects, WA and WD data are

usually inexact, vague, and constantly changing. However, these often-ignored



uncertainties can have a significant impact on water planning and water resource
management, especially in drought-prone areas. Although determining accurate WA
and WD probability distributions or membership functions for uncertain factors is
difficult, previous data can be a valuable reference. Therefore, with a specific focus on
water deficient regions, this paper employed an AARC method to deal with the WA
and WD uncertainties, used affine decision rules associated with the previous values,
and developed a bi-level multi-stage water allocation framework that considered the
WA and WD uncertainties. Figure 1 gives the flowchart for the proposed framework

that shows the hierarchal structure, the allocation rule and the uncertain environment.
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Fig. 1 Water allocation decision making framework for drought-prone regions

2.2 Adjustable robust counterpart (ARC)
Robust Optimization is immune to data change, guarantees a feasible, near optimal
solution, and does not need to master the true function information.

Robust Optimization (RO). The classical RO for uncertain linear programming



problems is defined as

min{ sup (¢'x): Ax<b, V& E[a,b,c]eZ} (1)

efabclz
where the random variables a.,b,c are varying in the uncertainty set Z .

Ben-Tal et al. (2004) introduced Adjustable Robust Counterpart (ARC)
methodology, which was found to yield less conservative decisions than classical robust
optimization (Zhen et al. 2018) as it encompassed both “here and now” decisions (that
cannot be adjusted to the data) and “wait and see” decisions (that can be adjusted after
uncertain data has been disclosed). Therefore, each decision variable x is made up both
a non-adjustable (“here and now”) and an adjustable (“‘wait and see”’) variables, that is
x= (uT,vT )T, where the sub-vector U indicates the non-adjustable variable and V
indicates the adjustable variable.

Adjustable Robust Counterpart (ARC). The ARC equation distinguishes the

non-adjustable and adjustable variables and then normalizes the objective function as

follows, _

{min cu:Uu+Vy Sb,} 2)

&=[U.V.bleZ
When V is a certain constant matrix, it is recognized as a fixed recourse that
corresponds to a “two-stage stochastic programming problem”, in which # is the first-
stage (“here and now”) decision and v is the second-stage (“wait and see”) decision.
This uncertain linear optimization problem which will be addressed next, can be

rewritten as _

{min cu:Uu+Vv< b}
Uy &=[U blez

3)



Definition. The Adjustable Robust Counterpart (ARC) for the uncertain linear
programming problems can be defined as

(ARO): muln {cTu V(&= [U,V,b] €Z),v:Uu+Vv< b} 4)
and the classical Robust Optimization (RO) is :

(RO): muin{cTu:EIv, v :[U,V,b]e Z):Uu +Vv£b} (5)
Equations (14-15) demonstrate that the ARC is more flexible than the RO and is able
to obtain better optimal values.

Affinely Adjustable Robust Counterpart (AARC). The AARC (Ben-Tal et al.
2004) is then introduced to deal with the computational intractability of the ARC, which
is an NP-hard problem even in fixed resource cases, as the linear inequality constraints
between the adjustable decisions and random variables can be limited appropriately
using affine functions. As in the fixed resource case, the non-variable # can be
assumed as given, and U,v,b adopt common assumptions by affinely depending on

uncertainty set Z through parameterization mapping

[U.v.b]= [UO’ V()’bo] + ;5}( [UK’VK’”K] . The AARC formulation is:

min {0+ e Jurv [V + Y e <[+ X b | VEez) ()
3 Model Formulation
As shown in Fig. 1, a specific water allocation system for sustainable development in
drought-prone regions under uncertainty is considered in this paper. This section details
the mathematical formulations for the bi-level multi-stage framework with uncertainty.

The parameters and decision variables are displayed in Table 1.



Table 1 Notations

Index

I water subarea i,i=1,2,...1

J water department j, j =1,2,...0

t stage for the water resources planning and management?,? =1,2,..T

Certain parameters

e, minimum ecological water demand in subarea i at period ?

b,»j, benefit parameter per unit for water department j in subareai at
period i

Lg-l,m minimum water demand of water department j in subarea I at
period i

LI;-,aX maximum water demand of water department j in subarea i at
period i

Vi minimum water capacity of stored water

Vo maximum water capacity of stored water

Uncertain Parameters

WA, regional available water at period

ﬁ/D,;,-, water demand for water department J in subarea i at periodi

State Variables

V(0) regional initial stored water at the beginning

V() regional stored water at period ! at the beginning

Decision variables

X, water allocated to subareai at period
Yije water allocated to water department J in subarea i at period i
€, water allocated for ecological use in subareai at period

3.1 Upper-level regional water allocation decision process

3.1.1 Upper-level objective

In areas where there is a sharp contradiction between water supply and demand, the
difference and irrationality of resource allocations are more likely to trigger conflicts.
To reduce regional imbalances and promote coordinated development in the whole
basin, it is necessary to guarantee water resource allocation equity. The Gini coefficient,
which is an effective tool for measuring impartiality, has been widely used to weight

water management inequalities (Xu et al. 2019); the larger the Gini coefficient, the more



unfair the resource allocation, and if the Gini coefficient is 0, absolute fairness has been
achieved.

When determining regional water allocations in drought-prone areas, water
authority need to ensure greater socio-economic benefits and adequate water resources
to maintain production and residential water security. Therefore, to measure the
resource allocation rationality and fairness, a comprehensive Gini coefficient system is
proposed that considers living standards and economic development level, population
and Gross Domestic Product (GDP) in each region as the criteria. These criteria were
chosen for the following reasons: (1) as water resource consumption is positively
proportional to the population, population growth inevitably leads to increased water
use, and as production and daily life water must be guaranteed, population levels are an
appropriate index for balanced resource allocation; (2) socio-economic development
cannot be separated from the water resource support that is, no industry can survive
without water resources, and the better the development, the greater the demand for
water. Therefore, sub-areas’ population and GDP were selected as indicators for the
fairness assessment.

Moreover, for sustainability, equity must consider both spatial and temporal
dimensions and focus on both individual and intergenerational issues (Kverndokk et al.
2014). The spatial equity considerations need to balance the solutions in the different
regions for the current generation and the temporal equity considerations need to
maintain equilibrium between the current and future generations (different periods).

The equity functions are:



Intra-generational equity:

1 T K 1 1 1 X X
min F;mra—equity = Os_zzwk n zz -
= ZHZﬁ vt | M Iy, (7
i=1 hkii
Inter-generational equity:
) 1 I K 1 T T xil xiq
min Enterfequity = TZZ Wk T X ZZ h_ o h (8)
i k=1 2T it I=1 g=1 kil kiq
t=1 hkit
Thus, the Gini coefficient minimization function Fequ,-,y is described as follows:
T K 1 1 1 K T T : X.
minF = D3 D e 0 P D S
K t k=1 n it u=l v=I hkm hkvt IK i k=1 2Tz Xie =1 q=1 hkil hkiq (9)
- =,
i=1 T t=1 it

where 4 and V are watershed areas u,vei(i=12,..1), [ and 9 are the periods

l,get(t=12,.T), and A, isthe Gini coefficient assessment.

3.1.2 Upper-level constraints

State transit of stored water: In arid and semiarid areas, the reservoir water storage in
flood periods plays a significant role in providing both spatial and temporal dry season
water resources. Therefore, there is a certain functional relationship between the state
of the storage water variables and decision-making, that is, the stored water V(¢) at
the end of period ¢ can be determined from the water storage in the 7—1 period
V(t—1), the water availability WA, and the allocated water Zi:xit in period 1, as

follows:

it?

Vi) =V(@-1)+WA - x,, Vi (10)

The stored water reservoir capacity is limited within a certain range [Vin» Vil



with its function being to meet several needs, such as power generation, flood control,
and the fishing industry. The water storage constraint is:
V. V@<V _ ., Vt (11)
which can be rewritten with Equation 10 as follows:
V. sv<z>:v<r-1)+ﬁ/A,—Zx,, <V Vi (12)
where the initial parameter V(0) is determined from the relevant report.

Ecological water requirement constraint: Arid and semi-arid areas have fragile
ecological environments and are vulnerable to eco-environmental damage as they have
poor resilience and are sensitive to changes in external conditions. Therefore, the
ecological water supply is crucial to the healthy maintenance of aquatic organisms and
plants. To meet this sustainable development requirement, the water allocated to
ecosystem €, care must be guaranteed that meets the minimum ecological water
demand e,™, as shown in the following constraint:

e, >e, ™", Vit (13)

Water availability constraint for sub-area allocation: The volume of water
distributed from region to sub-areas, including ecological water€; , and domestic,
industrial, agricultural water ZI Yir | cannot exceed the regional water supply:

Zyiﬁ+eit <x,, Vit (14)
j

Non-negative constraint: The water withdrawal cannot be negative; therefore,
there is the following constraint on the decision variables:

x, >0 (15)

3.2 Lower-level sub-area water allocation decision process



3.2.1 Lower-level objective
In the lower level, subarea managers focus more on their own respective benefits and
development, instead of taking a panoramic view of the system with the leader with
economic benefit maximization ;Zbﬁzyiﬂ being the primary goal. Each subarea
provides water to three water users (domestic, industrial, and agricultural) where b,
is the economic profit parameter per unit of used water (CNY /m’ ). The benefit
maximization is therefore expressed as:
The objective of maximize economic benefit:
max f'* = Zzbwym (16)
7o

In arid and semi-arid regions and especially when there is extreme water
insufficiency, each sub-area manager seeks to reduce their water deficiencies. Thus,
water shortage minimization between water demand Z;Zdﬁ and water supply
ZZJ:Z Yir is the second lower-level objective, which is calculated by the following
equation:

The objective of minimize water deficiency:

min /" = 3 37 5 (WD —,,) (17)

3.2.2 Lower-level constraints

Water allocation constraint for each sub-area: To ensure no waste or inefficiencies, the
allocated water Y; for each water user is constrained within a certain range, that is,
between the minimum water requirements L;-’,jn to be satisfied and the maximum

withdrawal targets L;l,ax , as follows:



Ly <y, <L3*.Vi, j.t (18)
Non-negative constraint: As the distributed water cannot be negative, there is the

following constraint on the decision variables:

Vi >0, Vi, j,t (19)

3.3 Allocation principles

When there is extreme water insufficiency, water distribution among the departments
has become the key and difficult problem. The managers of sub-areas are responsible
for making an optimal strategy for maintaining social life and development. As the sub-
area managers are responsible for developing optimal strategies to ensure the
maintenance of socio-economic development, to deal with the conflicts quickly and
efficiently and obtain appropriate solutions, certain water resource allocation priority
principles were established as lower-level management tools for drought-prone regions
based on China’s specific administrative policies. First, to ensure production and
residential water in water shortage situations, a certain reservoir inventory is needed, as
shown in Eq. 12. Second, when the ecological environmental water demand is satisfied
((Eq. 13) of the upper constraints), the domestic water demand should be satisfied first,
followed by the industrial water demand, with the residual amount being distributed to
the agricultural sector. As explain in Hatem et al. (2020), water scarcity can be
mitigated using rational spatial cropping patterns, that is, less allocated water should
motivate farmers to adopt more effective irrigation techniques and strategies (Chukalla

et al. 2015). A goal preference programming method is therefore utilized to realize the



lower-level distribution principles, with the lower-level objectives and constraints (Eq.

16-19) being represented using goal programming:

- + +
v 2jt + d2jz) + P3d3jr
ijt

min f, = Rdf, + Y Rd;, + P,(d

j
fibe _zzbmym +df; —df = f,-fneax,Vi
j ot
- + .. (2())
5.4 i +dijr _dljt :ﬁ]Dijt,Vl,],t
Lg;l" < Vii < L;;ax,Vi,j,t
ym >O7VL,],t

where F, represents the preferences for the first objective f *., B,P, P, represent

the water user preferences in the second objective f Sh, f bemax refers to the ideal
values, df; .df;.d;,.d;, refers to the slack variables. B, >P, > P, is representative
for the priority, min Fd,;, indicates the needs are met and the shortage of domestic
water is minimized, P, (d, it +d, ) indicates that the industrial water requirement is

not exceed, and PBd; » means that the agricultural one does not exceed the demand.

3.4 Global optimization model

In the bi-level multi-period framework, the regional authority as the leader considers
the overall socio-economic development when allocating the water to the subareas, with
the regional objective function (Eq. 9) being to maximize the intra- and
intergenerational equity under the respective constraints (Eq. 11-15). Water
deficiencies increase environmental protection tension and ecological environmental
issues, which means the upper level must guarantee the minimum ecological water
before the lower-level allocations. Each sub-area follower then makes water withdrawal

decisions based on the economic benefit maximization and the water deficiency



minimization objective functions and constraints, with the priority allocations being
given to the domestic sector first, followed by the industrial and agricultural sectors (Eq.
20). To deal with the contradictions between the leader and the followers, a bi-level

method with interactive relationships is proposed for the sustainable water resources

allocation system in water deficient regions with uncertainty, as follows:

11 &E — X 11 G& 1 L& x,
minF =o—--> ) —— ZZ O ) ) ZZh o
tok=l 9y A wm 4 kut kvt i k=l 2TZ it =1 q=1|""1 kiq
i=1 T =1 "it

V(t)=V(t—1)+WA,—Zx,,,w

V. <V()<V Vi

Zyl,j,+e =x,,Vi,t

J
stie, >e, ™ Vit

min f, = Rdf, + Y Pd;, +P(d,, +d;,)+Pd;,

Yije jt

f;he _ Z Zbljt yijt + df df f;max s

Yy +di, —dy = WDy Vi, jit

ijt

me < ylﬂ < Lmax Vl, ],t

Tt iyt

S.t.

Vi > 0,Vi, j,t

min . .
x, >0,e, s Vi > 0,Vi, j,t

21

4 Problem solutions
Bilevel optimization model is known to be a typical non-deterministic polynomial

complete problem that is surprisingly difficult to implement directly. Extensive



methodology, including game theory, descent method, penalty function (Aiyoshi et al.
1984), evolutionary algorithm, single-level reduction, Karush-Kuhn-Tucker (KKT)
conditions, are turned out to be effective solution for the complex bilevel programming
problem. KKT conditions is a sophisticated way to deal with hierarchical structures
with multiple independent followers through replacing the lower level optimization
problem with equivalent constrains. Hence, the equivalent single-level programming
model of Eq.(13) through KKT method, as demonstrated in Eq.(14).

At the beginning of each year, the water authority needs to allocate the water to
the different areas and sectors to meet the random demand ﬁ/D,;,-, , the value for which
is determined from the uncertain set Z . Although there is no information regarding
the demand WDj, in period f, the actual values from years {1,2,../—1} can be
easily acquired, with Y;; being the “here and now” decisions, and Y;, being the “wait
and see” decisions based on the information from the previous periods

1 el, ={1,2,..1 -1} . The AARC methodology assumes that the adjustable variable Y

oy =0 r " ) . )
is an affine function of WD Vi = Tiji +Z7Tz:fﬁ’D i, with thei, water quantity

rel,

allocated x; being a non-exact value that depends on data water availability

M re I . X, is then mapped from the vector §a" with the affine decision rules

— 0 r : r r .
as follows: Xir =i +Z'7n‘;“"ﬂ , with the coefficients 7; and 7, being the new

rel,
nonadjustable variables.
The uncertainties can then be converted to the following uncertain programming

problem using the AARC approach:



min y
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Water availability gt, in the uncertainty set is based on the given parameter
perturbations @ and the nominal supply WA :WA, e[WA —ocWA ,WA +cWA'],
and the future demand ﬁ/D,,-, in the uncertainty set is based on the given parameter
perturbations 0 and the nominal demand
WD, WDy e [WD;, —-OWD,,,\WD,, + OWD;,] . Therefore, from the uncertainty set and
the equivalence proposed by Ben-Tal et al. (2005), the uncertain AARC problem can
be straightforwardly converted to a computationally tractable equivalent linear

programming equation, as follows:
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5 Case study
To demonstrate the effectiveness of the proposed robust optimization methodology

under uncertainty, this section gives a practical application from Neijiang, China.

5.1 Case study system overview

Neijiang, which is a prefecture-level city located on the Tuo River in southeast Sichuan
province, China, has a per capita water resource that is usually below 400 m’/ per
and a water resource utilization above 50%. The location of Neijiang area is shown in
Fig. 2. Although it is surrounded by several river basins, most of the transit flood water
is excluded from the territory due to the poor water conservancy storage capacity.
Therefore, it has been found to have typical seasonal and year water shortages and is
prone to droughts and floods; however, it is more vulnerable to droughts. Neijiang has
five subareas: Shizhong district, Dongxing district, Zizhong county, Longchang county,
and Weiyuan county, with i=1, 2, 3, 4, and 5 respectively representing each subarea.
After meeting the minimum ecological water demand, the water resources are supplied
to the three sectors: j =1 is the domestic sector, Jj =2 is the industrial sector, and

J =3 is the agricultural sector.
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Fig. 2 Research region-Neijiang location

The data and parameters for this problem were extracted from the 2011 to 2019
Statistical Yearbooks and Water Resources Bulletins from the Regional Bureau of
Statistics in Neijiang and expert opinion. Essential information for the determined
parameters and expert decisions are shown in Tables 2 and 3. The parameters assumed
to be constant (b, L},", L} ,\WD,) are shown in Table 2, and those assumed to be
variable (e]",G,,PO,,WA’) are shown in Table 3, in which the nominal water supply
gradually reduces to indicate the increasing water stress. To meet the allocation
principle requirements, the preference weights (P;) were diverse, where F > P, > P,
illustrated that the water needs of the domestic sector were satisfied first, followed by
the industry and agricultural sectors. To prevent any irreversible ecological water

shortage damage to the environment, the planning period was set to three years, with

the time horizon being 7 =3 periods and with the predicted values for the next three



years being taken as the model reference. In this case, equal importance was given to

the intra- and inter-generational equity.

Table 2 Parameters | of Neijiang City

Parameters Water user J Sub-area i
i=1 i=2 =3 i=4 i=5
b, (CNY /10*m’) j=1 15.83 18.21 22.63 19.28 27.33
j=2 18.02 23.88 35.09 25.16 33.33
Jj=3 11.38 15.85 9.68 7.76 9.97
Ly (10*m’) j=1 2298.89  3464.98  3300.00 2979.62  2692.00
j=2 5398.00  3228.00 2879.00 5065.87  5363.00
j=3 3010.00 5643.70  8041.30  6316.12  7957.00
L (10*m?) J=1 3796.88  5079.21  6150.83  5827.76  3863.63
j=2 12619.18 6077.82  6420.41  8899.44  10599.81
J=3 4863.00 10163.30 20451.00 16200.00 19930.77
WD;, (10" m*) J=1 297541  3795.60  5028.46  3191.66  3118.55
j=2 749254 493377  4066.89  6712.93  7261.78
J=3 3775.66  7193.53 1439027 8941.70  10827.26
Table 3 Parameters II of Neijiang City
Parameters Water user J Sub-area i
i=1 i=2 i=3 i=4 i=5
M (10" m®) t=1 86.72 70.71 92.96 86.58 112.74
t=2 9291 75.47 99.61 94.65 127.14
t=3 99.10 80.22 10625  102.71 141.54
G, t=1 3.020 2.486 2.961 3.070 3.796
t=2 3.208 2.593 3.114 3.264 4.001




t=3 3.396 2.700 3.267 3.457 4.206

PO, t=1 53.0 79.5 114.6 63.0 59.2
t=2 53.7 78.6 114.1 63.4 58.7
t=3 53.2 77.0 113.9 64.3 58.5
WA t=1 93691.23
t=2 83691.23
t=3 73691.23

5.2 Results and discussions
This section comprehensively discusses the calculation results; water allocation
strategies, comparative studies, and managerial insights; to provide a valuable reference

for arid and semi-arid regional decision makers under uncertain environments.

5.2.1 Regional strategies analysis under several uncertainty levels

Several experiments were conducted under different uncertainty levels (from 0.025 to
0.2) and different uncertainty conditions (only WA or WD were uncertain or both were
uncertain), with the optimal objective value for each respectively shown in Fig. 3, 4 and
5, and the water withdrawal solutions illustrated in Fig. 6. Figures 3, 4 and 5 and Table
3 reveal the regional system economic benefits and water shortage equity in the lower-
level subareas for the three uncertain scenarios: Scenario 1, in which the water demand
is deterministic and the water availability is indeterministic; Scenario 2, in which the
water availability is uncertain while the water demand is certain; and Scenario 3, in

which both the water availability and demand are uncertain.
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Fig.6 Regional water allocation strategies under uncertainties of WA and WD
(1) Equity, benefit, water shortage analysis
The Gini coefficient ranges from O to 1 with the smaller the value the greater the
equity, with 0 being absolutely fairness. From the equity results shown in Figure 3
under the various uncertainty levels, the minimum was 0.0510, the maximum was
0.0650, an increase of 21%, and the average was 0.0554, that is, all results were between
0 and 0.1, which indicated that the water resources allocations had high equity even

though there were fluctuating uncertainty levels, which demonstrated that the AARC



water allocation framework is able to make sound decisions even when there is
significant uncertainty. From the regional total economic benefits for the various
uncertainty sets shown in Fig. 4, it can be seen that the results were sensitive to
fluctuations in WA and WD, with the maximum being 4,733,704 CNY, 653,504 CNY
higher than the minimum with a 16% fluctuation. The water shortages were shown to
be more vulnerable to indefinite circumstances as they moved from 24,454.12 104m3
to 110,964.6 104m3, which clearly indicated that the uncertainties have a significant
impact on water resource management systems and cannot be ignored.
(2) Strategy analysis comparison under uncertainty

The results from the three scenarios indicated that there were large differences in the
economic benefit and water shortage targets; however, the equity was similar regardless
of the uncertainty. Scenario 2 had the largest economic benefit on average at 4,612,948
CNY, followed by Scenario 1 at 4,225,067 CNY and Scenario 3 at 4,208,298 CNY,
which indicated that any variations in water demand has a greater impact on the system
than the water supply. The better result in Scenario 2 was mainly because dynamic
water resource allocations increase the possibility of greater water provision in the
region. The benefit in the Scenario 1 was more likely affected by water demand
fluctuations as indicated by the higher standard deviation (105139) than Scenarios 2
(90294) and 3 (76578). Therefore, it was concluded that water demand management is
imperative in improving regional development stability. The lowest regional water
shortages were found when the water availability was uncertain and the highest regional

water shortages were when there were uncertainties in both the water supply and water



demand. When only the water supply was uncertain, the result was significantly lower,
indicating that water shortages were more vulnerable to fluctuations in the water
demand, as shown by the maximum standard deviation (27579) in Scenario 1.
Interestingly, the result was not as volatile in Scenario 3 when there were double
uncertainties, indicating that it is possible that the water resources supply interval

uncertainty alleviated the impact of the dynamic demand.

5.2.2 Subarea water allocation strategy analysis
As displayed in Table 2, to illustrate a serious water stress situation, the nominal
demand WD;, took the average of the previous years and the WA, reduced over time,
with an average of 93691.23 104° in the first period (WA, ) and a decrease of 10*,*
in the following year. In an actual situation, water resource supply and demand are
uncertain and decision makers do not have complete information in advance when
formulating their plans. Therefore, multi-period sub-area and departmental water
allocation strategies under several vital uncertainty levels were examined, as shown in
Fig. 6, for which the water shortages were based on the maximum possible water loss.
The total water distribution indicated that Weiyuan was the largest area and had
different uncertainty levels in different time periods, while Dongxing has the least
amount of water allocated and a difference of about 12000 m3 in each uncertainty level,
which was mainly due to its higher GDP and larger water demand. Although Zizhong
has the largest population, its GDP and industrial water demand were significantly

lower than in Weiyuan County. The comparison of the two sub-areas indicated that the



bi-level model trade-off conflicts between the upper level and the lower level were
taking the followers’ interests into account. From a water distribution perspective, the
system strictly abides by the water shortage policy constraint priority principle from the
domestic sector, to the industry sector to the agricultural sector. For example, in the
Shizhong sub-area when there is a 10% WA and WD uncertainty level, from the first
period when there are sufficient water resources to the second water reduction period,
the agricultural water sector allocation decreased from 4153.23° to the minimum of
3010.00/m° (by 1143.226m*), while the industrial water consumption reduced by 704
m’ and there was little decrease in the domestic sector; however, in the third higher
water shortage period, each sector only obtained the minimum water requirements.
The water allocations in the various periods ¢ were somewhat similar, especially
in the latter two periods. As shown in Fig. 6, to obtain high intra-generational equity
and especially high inter-generational equity, the Gini coefficients were respectively
0.0564, 0.0578, 0.0511, 0.0511 and 0.0535 (all less than 0.1) as the uncertainty grew,
which indicated that the water resource distribution has small fluctuations in spatial and
temporal heterogeneity when there is increasingly limited water resource availability,
which is mainly reservoir storage and the emergency water provision. Therefore, to
reduce annual water imbalances and seasonal water, water conservancy projects (e.g.,

reservoir) are needed to regulate water storage and water deficiencies.

5.2.3 Comparison with deterministic programming

To further demonstrate the superiority and effectiveness of the AARC model’s response



to regional water allocations under dynamic water supply and demand uncertainties, it
was compared with conventional deterministic programming. The deterministic
optimization model was formulated with no uncertainty, that is, « =0 and B =0,
and with the water availability and water demand taking average values for an ideal
situation with complete information. As shown in Table 4, the linear programming
determined the allocation strategies to be a 0.5682 intra- and inter-generational equity,
4472632 CNY economic benefit, and a 29678 m3 water shortage.

Compared with the indeterministic model, the proposed model had higher spatial
and temporal equity in all scenarios with little “price of robustness”. However, the
economic benefit maximization and water shortage minimization goal results were
similar to the certainty case and significantly better than the other two scenarios in
which there was uncertain demand. Consequently, it was concluded that accurate water
demand descriptions are vital for regional water resources planning. Although the water
shortages in uncertain environments are greater than in certain environments, the
proposed allocation scheme obtained a higher equity and a regional economic benefit
close to the certain environment. Therefore, the AARC model, which incorporates
uncertainty and robustness, provides more flexible, less conservative solutions, and
gives deeper insights in the sub-areas and water user water distribution even in
constantly changing uncertain environments, which allows decision makers to adjust

their uncertainty coefficients to express varying attitudes and diverse future situations.

5.2.4 Managerial suggestions



In response to water insufficiency and possibly more serious states, it is necessary to
develop water resource allocation frameworks that encompass sustainable development,
balance supply and demand, and provide efficient utilization, water conservation, and
water security for both the short and long term. Water resources management is a
sophisticated complex system, with much of the information not accurately known
before the decision-making and optimal solutions needing to be made that embrace the
uncertainties. Based on these results, several policy implications for water resources
management in regional authorities are proposed. First, regional authority managers
need to consider the impact of uncertain parameters on their decision-making to account
for the lack of advance information, which means that to cope with water deficiencies,
they need to establish water resources planning frameworks that enable information
fluctuations. The results analysis indicated that the more unstable the water supply
security and the greater the contradiction between supply and demand, the greater the
system losses. More specifically, uncertain water demand results in greater fluctuations
in overall system development, an area that has received little research attention.
Second, when there are serious water shortages, the administration can set simple
constraints to prioritize the water resources allocation to first ensure sustainable
ecosystem development, then respectively meet the domestic, industrial production,
and agricultural production requirements. Administrative measures need to be able to
directly and quickly respond to emergencies by focusing on contingency plans for all
sectors. Finally, reservoirs play an important role in regulating the annual and long-

term distribution of water resources, especially when there are long-term water



shortages and seasonal droughts. Governments need to establish water conservancy
facilities (reservoirs) to ensure emergency water demand, improve water resources
storage efficiencies, and reduce water shortages. However, as conservancy project
construction inevitably changes the surrounding environment and ecology,
corresponding policies and regulations need further study to identify alternative

schemes.

6 conclusions

In this paper, a bi-level robust optimization methodology for regional sustainable water
resources management was proposed to balance the trade-off among sub-areas and
water-use departments and to provide government and regional authority with a
practicable and rational water allocation planning framework under deep uncertainty.
In this hierarchal model framework, the upper-level regional authority water allocations
to the sub-areas sought to maximize the equity between the current and future
generations, whereas the lower-level sub-areas distributed water to their various water
sectors to maximize their own benefits and minimize any water shortages. The study
closely examined the supply and demand uncertainties and constructed an adjustable
robust optimization programming function to provide flexible, less conservative
solutions for governments and managers. The affine functions between the water
allocated and water availability or demand were defined using linear rules that
transformed the bi-level model into a linear programming problem that was

computationally tractable. Priority allocation principles were also established on the



lower level using goal programming with preferences to ensure ecological
sustainability and to adhere to administrative policies. The model was then applied to
Neijiang, a drought prone area in Sichuan Province, China, to demonstrate the
applicability and rationality of the optimization method and elucidate sustainable water
allocation solutions. An in-depth water deficiency analysis was conducted by varying
the uncertain coefficients, which provides regional authorities and sub-area managers
with a viable methodology to deal with real-world water supply and demand uncertainty
problems.

The major contributions of this work are therefore as follows. (i) A bi-level
affinely adjustable robust model was developed that considered the conflicts between
the participants. (i1) It was demonstrated that to meet the requirements, future decisions
must adjust to the revealed uncertainties from earlier periods. (iii) Strong administrative
allocation frameworks and established priority rules are needed in drought-prone areas.
Regardless of the positive results, however, there were some research gaps that need to
be addressed in future research. For example, the effect of groundwater pumping on
surface water flows in future years (Elbakidze et al. 2012; Kuwayama et al. 2013) and
the complex and interrelated relationship between water supply uncertainty and water

demand uncertainty were not considered.



Funding

The work is supported by the National Natural Science Foundation of China (Grant No.
71771157), Fundamental Research Funds for the Central Universities of China (Grant
No. 2019hhs-19), Funding of Sichuan University (Grant No. skqx201726), Social
Science Funding of Sichuan Province (Grant No. SC19TJ005, 2017ZR0154) and Youth

Program of National Natural Science Foundation of China (Grant No. 71701025).

Competing interests

The authors declare that they have no conflict of interest.

Availability of data and material

Data and material used in this paper are listed in Tables 2 and 3.

Code availability

There is no code in this paper.

Authors contributions
Yuhong S. led the methodology, formulation solutions and writing of the draft. Liming
Y. supported the review and editing of the paper and the development of the

methodology.

Ethics approval



Not applicable

Consent to participate

Not applicable

Consent for publication

All authors have duly consented to publish this manuscript.

References

Aiyoshi E, Shimizu K (1984) A solution method for the static constrained Stackelberg
problem via penalty method. IEEE Trans Automat Contr 29(12):1111-1114.
https://doi.org/10.1109/TAC.1984.1103455

Ben-Tal A, Golany B, Nemirovski A, Vial JP (2005) Retailer-Supplier Flexible
Commitments Contracts: A Robust Optimization Approach. M & Som-Manuf Serv

Op 7(3):248-271. https://doi.org/10.1287/msom.1050.0081

Ben-Tal A, Goryashko A, Guslitzer E, Nemirovski A (2004) Adjustable Robust
Solutions of Uncertain Linear Programs. Math Program 99(2):351-
https://doi.org/10.1007/s10107-003-0454

Bertsimas D, Sim M (2004) The Price of Robustness. Oper Res 52(1):35-53.
https://doi.org/10.1287/opre.1030.0065

Chen C, Huang GH, Li YP, Zou Ym(2013) A robust risk analysis method for water
resources allocation under uncertainty. Stoch Env Res Risk A 27(3):713-723.

https://doi.org/10.1007/s00477-012-0634-5

Chukalla AD, Krol MS, Hoekstra AY (2015) Green and blue water footprint reduction

in irrigated agriculture: effect of irrigation techniques, irrigation strategies and


https://doi.org/10.1109/TAC.1984.1103455
https://doi.org/10.1287/msom.1050.0081
https://doi.org/10.1007/s10107-003-0454
https://doi.org/10.1287/opre.1030.0065
https://doi.org/10.1007/s00477-012-0634-5

mulching. Hydrol Earth Syst Sci 19(7):4877-4891. https://doi.org/10.5194/hessd-

12-6945-2015

Chung G, Lansey K, Bayraksan G (2009) Reliable water supply system design under
uncertainty. Environ Model Softw 24(4):449-462.
https://doi.org/10.1016/j.envsoft.2008.08.007

Crespo D, Albiac J, Kahil T, Esteban E, Baccour S (2019) Tradeoffs between Water

Uses and Environmental Flows: A Hydroeconomic Analysis in the Ebro Basin.

Water Res Manage 33(7):2301-2317. https://doi.org/10.1007/s11269-019-02254-3
Dai C, Qin XS, Chen Y, Guo HC (2018) Dealing with equality and benefit for water
allocation in a lake watershed: A Gini-coefficient based stochastic optimization

approach. J Hydrol 561:322-334. https://doi.org/10.1016/j.jhydrol.2018.04.012

Divakar L, Babel MS, Perret SR, Gupta A (2011) Das Optimal allocation of bulk water
supplies to competing use sectors based on economic criterion-A application to the
Chao Phraya River Basin, Thailand. J Hydrol, 401(1-2):22-35.
https://doi.org/10.1016/j.jhydrol

Droogers PW, Immerzeel WW, Terink W, Hoogeveen J, Debele B (2012) Water
resources trends in Middle East and North Africa towards 2050. Hydrol Earth Syst
Sci 16(9):3101-3114. https://doi.org/10.5194/hess-16-3101-2012

Elbakidze L, Shen X, Taylor G, Mooney S (2012) Spatiotemporal analysis of prior
appropriations ~ water calls. Water Resour Res 48(6): WOOLO7.
https://doi.org/10.1029/2011WR010609

Falkenmark M, Lundqvist J, Wistrand C (1989) Macro-scale water scarcity requires
micro-scale approaches: Aspects of vulnerability in semi-arid development. Nat

Resour Forum 13:258-267. https://doi.org/10.1111/7.1477-8947.1989.tb00348

Falkenmark M, Widstrand C (1992) Population and water resources: A delicate balance.

Population Bulletin. https://doi.org/10.1007/BF01358045

Fu G, Kapelan Z (2011) Fuzzy probabilistic design of water distribution networks.
Water Resour Res 47(5): 143-158. https://doi.org/10.1029/2010WR009739

Grafton RQ, Chu HL, Stewardson M, Kompas T (2011) Optimal dynamic water

allocation: Irrigation extractions and environmental tradeoffs in the


https://doi.org/10.5194/hessd-12-6945-2015
https://doi.org/10.5194/hessd-12-6945-2015
https://doi.org/10.1016/j.envsoft.2008.08.007
https://doi.org/10.1007/s11269-019-02254-3
https://doi.org/10.1016/j.jhydrol.2018.04.012
https://doi.org/10.1016/j.jhydrol
https://doi.org/10.5194/hess-16-3101-2012
https://doi.org/10.1029/2011WR010609
https://doi.org/10.1111/j.1477-8947.1989.tb00348
https://doi.org/10.1007/BF01358045
https://doi.org/10.1029/2010WR009739

Murray,Australia. Water Resour Res 47(12): WO00GO8.
https://doi.org/10.1029/2010wr009786

Hatem C, Maarten SK, Arjen YH (2020) Changing global cropping patterns to
minimize national blue water scarcity. Hydrol Earth Syst Sci 24:3015-3031.

https://doi.org/10.5194/hess-24-3015-2020

Herman JD, Quinn JD, Steinschneider S, Giuliani M, Fletcher S (2020) Climate
Adaptation as a Control Problem: Review and Perspectives on Dynamic Water
Resources Planning Under Uncertainty. Water Resour Res 56(2):e24389.
https://doi.org/10.1029/2019WR025502

Housh M, Ostfeld A, Shamir U (2011) Optimal multiyear management of a water
supply system under uncertainty. Water Resour Manage 47(10):4889-4890.
https://doi.org/10.1029/201 1WR010596

Jia Y, Culver TB (2006) Robust optimization for total maximum daily load. Water

Resour Res 42(2):W02412. https://doi.org/10.1029/2005WR004079

Kapelan Z, Zheng F, Beh EHY, Dandy GC, Holger RM (2017) Robust optimization of
water infrastructure planning under deep uncertainty using metamodels. Environ

Model Softw 93:92-105. https://doi.org/10.1016/j.envsoft.2017.03.013

Kahil MT, Dinar A, Albiac J (2015) Modeling water scarcity and droughts for policy
adaptation to climate change in arid and semiarid regions. J Hydrol 522:95-109.

https://doi.org/10.1016/i.jhydrol.2014.12.042

Kim BS, Chung BD (2017) Affinely Adjustable Robust Model for Multiperiod
Production Planning Under Uncertainty. IEEE T Eng Mange 64(4):1-10.
https://doi.org/10.1109/TEM.2017.2691404

Kollet SJ, Zlotnik VA (2003) Stream depletion predictions using pumping test data
from a heterogeneous stream-aquifer systema: a case study from the Great Plains,

USA. J Hydrol 281(1):96-114. https://doi.org/10.1016/S0022-1694(03)00203-8

Kuwayama Y, Brozovic N (2013) The regulation of a spatially heterogeneous
externality: Tradable groundwater permits to protect streams. J Envir Econ Manage

66(2):364-382. https://doi.org/10.1016/j.jeem.2013.02.004

Kverndokk S, Navdal E, Nastbakken L (2014) The Trade-off between Intra and


https://doi.org/10.1029/2010wr009786
https://doi.org/10.5194/hess-24-3015-2020
https://doi.org/10.1029/2019WR025502
https://doi.org/10.1029/2011WR010596
https://doi.org/10.1029/2005WR004079
https://doi.org/10.1016/j.envsoft.2017.03.013
https://doi.org/10.1016/j.jhydrol.2014.12.042
https://doi.org/10.1109/TEM.2017.2691404
https://doi.org/10.1016/S0022-1694(03)00203-8
https://doi.org/10.1016/j.jeem.2013.02.004

Intergenerational Equity in Climate Policy. Eur Econ Rev 69:40-58.
https://doi.org/10.1016/j.euroecorev.2014.01.007

Kwakkel JH, Walker WE, Marchau VAWIJ (2010) Classifying and communicating
uncertainties in model-based policy analysis. Int J Tech Pol and Manage 10(4):299-
315. https://doi.org/10.1504/1JTPM.2010.036918

Li S, Chen X, Singh VP, Qi X, Zhang L (2020) Tradeoff for water resources allocation
based on updated probabilistic assessment of matching degree between water
demand and water availability. Sci Total Environ 716:134923.1-134923.8
https://doi.org/10.1016/j.scitotenv.2019.134923

Liu J, Li YP, Huang GH, Zeng XT (2014) A dual-interval fixed-mix stochastic
programming method for water resources management under uncertainty. Resour

Conserv Recycl 88:50-66. https://doi.org/10.1016/j.resconrec.2014.04.010

Lu M, Zuo-Jun MSA (2020) Review of Robust Operations Management under Model

Uncertainty. Prod Oper Manag. https://doi.org/10.1111/poms.13239

Maier HR, Guillaume JHA, Van Delden H, Riddell GA, Haasnoot M, Kwakkel JH
(2016) An uncertain future, deep uncertainty, scenarios, robustness and adaptation:
How do they fit together? Environ Model Softw 81: 154-164.
https://doi.org/10.1016/j.envsoft.2016.03.014

Mccallum AM, Andersen MS, Rau GC, Larsen JR, Acworth RI (2014) River-aquifer
interactions in a semiarid environment investigated using point and reach
measurements. Water Resour Res 50(4):2815-2829.
https://doi.org/10.1002/2012WR012922

Perelman L, Housh M, Ostfeld A (2013) Robust optimization for water distribution
systems least cost design. Water Resour Res 49(10):6795-6809.
https://doi.org/10.1002/wrcr.20539

Postek K, Den HD, Kind J, Pustjens C (2018) Adjustable Robust Strategies for Flood
Protection. Omega-Int J Manage S 82:142-154.
https://doi.org/10.2139/ssrn.2842275

Rathnayaka K, Malano H, Arora M, Nawarathna B, Maheepala S (2017) Prediction of

urban residential end-use water demands by integrating known and unknown water


https://doi.org/10.1016/j.euroecorev.2014.01.007
https://doi.org/10.1504/IJTPM.2010.036918
https://doi.org/10.1016/j.scitotenv.2019.134923
https://doi.org/10.1016/j.resconrec.2014.04.010
https://doi.org/10.1111/poms.13239
https://doi.org/10.1016/j.envsoft.2016.03.014
https://doi.org/10.1002/2012WR012922
https://doi.org/10.1002/wrcr.20539
https://doi.org/10.2139/ssrn.2842275

demand drivers at multiple scales I: Model development. Resour Conserv Recycl

117:86-92. https://doi.org/10.1016/j.resconrec.2016.11.015

Sankarasubramanian A, Lall U, Filho FAS, Sharma A (2009) Improved water
allocation utilizing probabilistic climate forecasts: Short-term water contracts in a
risk management framework. Water Resour Res 45(11):W11409.1-W11409.18.
https://doi.org/10.1029/2009WR007821

Soyster AL (1973) Technical Note-Convex Programming with Set-Inclusive
Constraints and Applications to Inexact Linear Programming. Oper Res

21(5):1154-1157. https://doi.org/10.1287/opre.21.5.1154

Sun Y, Liu N, Shang J, Zhang J (2016) Sustainable utilization of water resources in
China: A system dynamics model. J Clean Prod 142:613-625.
https://doi.org/10.1016/].jclepro.2016.07.110

Tan K, Yu Y, Zhang T, Fang J, Piao S, et al. (2010) The impacts of climate change on
water resources and agriculture in China. Nature 467(7311):43-51.

https://doi.org/10.1038/nature09364

Trenberth KE, Dai A, Der SGV, Jones PD, Barichivich J, Briffa KR, Sheffield J (2014)
Global warming and changes in drought. Nat Clim Chang 4(1):17-22.
https://doi.org/10.1038/nclimate2067

Trindade BC, Reed PM, Herman JD, Zeff HB, Characklis GW (2017) Reducing
regional drought vulnerabilities and multi-city robustness conflicts using many
objective optimization under deep uncertainty. Adv Water Resour 104:195-209.

https://doi.org/10.1016/j.advwatres.2017.03.023

Tu Y, Zhou X, Guang J, Liechty M, Xu J, Lev B (2015) Administrative and market-
based allocation mechanism for regional water resources planning. Resour Conserv

Recycl 95:156-173. https://doi.org/10.1016/j.resconrec.2014.12.011

Xu J, Lv C, Yao L, Hou S (2019) Intergenerational equity based optimal water
allocation for sustainable development: A case study on the upper reaches of
Minjiang River, China. J Hydrol 568:835-848.
https://doi.org/10.1016/j.jhydrol.2018.11.010

Yao L, Xu Z, Chen X (2019) Sustainable water allocation strategies under various


https://doi.org/10.1016/j.resconrec.2016.11.015
https://doi.org/10.1029/2009WR007821
https://doi.org/10.1287/opre.21.5.1154
https://doi.org/10.1016/j.jclepro.2016.07.110
https://doi.org/10.1038/nature09364
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1016/j.advwatres.2017.03.023
https://doi.org/10.1016/j.resconrec.2014.12.011
https://doi.org/10.1016/j.jhydrol.2018.11.010

climate scenarios: A case study in China. J Hydrol 574:529-543.
https://doi.org/10.1016/].jhydrol.2019.04.055

Zhen J, Dick DH, Melvyn S (2018) Adjustable Robust Optimization via Fourier-
Motzkin Elimination. Oper Res 66(6):893-1188.
https://doi.org/10.1287/opre.2017.1714



https://doi.org/10.1016/j.jhydrol.2019.04.055
https://doi.org/10.1287/opre.2017.1714

Figures

Objective function of the upper level : Minimizing regional system water shortage throughout the period
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Water allocation decision making framework for drought-prone regions
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Values of objectives in Scenario 1
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Values of system objective functions in Scenario 1



Values of objectives in Scenario 2
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Values of system objective functions in Scenario 2



Values of objectives in Scenario 3
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Values of system objective functions in Scenario 3
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