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Abstract

The management of water resources system and energy system belongs to different
decision-making departments, and there is a certain hierarchical relationship between them.
Optimizing the configuration of regional-scale water and energy systems from a global
perspective, and considering the correlations between water resources shortage risk and energy
shortage risk as well as their joint-risk interaction, can improve the accuracy and efficiency of
management decisions. This study aims to propose a copula-based interval two-level
programming (CITP) method by integrating a copula-based interval stochastic programming
(CISP) method and two-level programming (TP) method. CITP can not only balance the goals and
preferences among different decision-making levels but also analyze the risk interactions between
water resources availability and electricity demand. The CITP method is then applied to planning
the energy-water nexus system (EWNS) of Henan Province (China), where various
decision-making levels and diverse risk-interaction scenarios are analyzed. Results reveal that:
during the planning horizon, a) the total electricity-generation amounts can change by 7.31 x 10°
GWh from S1 to S5; b) the future electricity-supply structure will toward a more sustainable
aspect, and the electricity generated from gas-fired, hydro and wind power can increase by 6.2 X
103 GWh, 3.7 x 103 GWh and 5.8 x 10> GWh, respectively. Results can provide decision
supports for the coordinated development of regional-scale EWNS management among water,

energy, economy and society as well as environment.

Keywords: copula, energy-water nexus system, planning, risk interactions, two-level

programming, uncertainty
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1. Introduction

1.1 Significance

Energy and water are closely linked and restrict each other, which has become increasingly
indispensable for maintaining the world’s sustainable development [1]. With the increase of
population and the acceleration of urbanization, resources and environment have become the
main problems constraining regional sociometric development. To some extent, the growing
demands of water and energy put many cities at a risk of water and energy shortages [2].
Moreover, the world’s energy and water resources demands will respectively increase by 80%
and 55% in 2050 compared to 2015 [3]. This has become an important bottleneck for the world's
sustainable development, presenting a series of realistic problems and administrative difficulties
to local decision makers [4]. Thus, it is of great importance to efficaciously solve the trade-off
between water shortage and energy security, and jointly plan the future energy system
management by low-carbon energy consumption and high-efficiency water utilization. Nexus is
an instructive approach to settle multifarious complicated problems which combine water and
energy collectively, therefore it could be diffusely applied to the regional-scale energy system
research [5, 6]. However, there are many complex interrelationships in the real-world

energy-water nexus system (EWNS) management [7-9].

1.2 Complexity and uncertainty

The complexity and uncertainty of EWNS include: a) water is used for cleaning, cooling and
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conducting whole process of energy production from mineral exploitation to electricity
generation, while energy is used for water supply, transportation and treatment [10]; besides,
energy and water act upon each other, resulting in the synergic risk in EWNS [2, 11]. b) in
EWNS management, varying energy and water-resources utilization processes associated with
changed energy and water resources availabilities, dynamic energy and water resources
demands, estimated economic data, as well as subjective decisions for environmental impacts
control need to be addressed jointly [12]. ¢) the exsiting energy and water resources managers
are independent of each other, leading to the management of EWNS to be fragmented not in a
synergic way [13]. d) EWNS management includes various decision makers, and each decision

maker may formulate conflicting decisions toward its own preferences [14].

1.3 Literature review

Previously, numerous studies such as life cycle assessment (LCA), input-output (I0) model,
ecological network analysis (ENA), system dynamic modelling (SDM), agent-based modelling
(ABM) and integrated water resources or energy system model were proposed for quantitatively
analyzing ENWS [15-19]. Moreover, many researchers have conducted for handling associated
complexities and uncertainties related to stochastics variables (e.g., rdandom water-resources
availability, electricity demand and their complex interactions), interval system coefficients (e.g.,
water-consumption parameters, pollutant-emission coefficients and technical parameters) and the
hierarchically conflicting objectives (e.g., the objectives of minimum system cost and minimum
water consumption) in the EWNS [2, 9, 12, 14, 20-23]. For example, Cai et al. [2] used an

integrated approach (IA) for assessing interactive risk in water and energy resources. Lv et al.
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[12] proposed an integrated optimization method to plan the EWNS, in which uncertainties of
interval- and random information were solved. Zhang and Vesselinov [14] proposed a two-level
model (TLM) for addressing the tradeoffs between upper-level and lower-level managers (i.e.
energy-development manager and whole-system manager) in EWN management. Li et al. [23]
proposed a coalescent multi-objective programming (MOP) method which could be used to
manage the energy-water-food nexus (EWFN) in agriculture, as well as deal with the

contradictions in water, energy, food and land.

Although LCA, 10, ENA, SDM and ABM were effective for quantitatively analyzing ENWS,
while most of them focused on deterministic analyses, which could encounter difficulties in
reflecting complexities and uncertainties existed in EWNS. Furthermore, the TLM proposed by
Zhang and Vesselinov [14] and MOP proposed by Li et al. [23] are effective for dealing with the
tradeoffs in two-level decision makers or different objectives, while they are incapable of
handling the random water-resources availability and electricity demand as well as the system
joint risk caused by their complex interactions. The IFCCP proposed by Lv et al. [12] and TA
proposed by Cai et al. [2] can effectively deal with stochastic variables and interval values as
well as the stochastic variables’ joint interactions employed to the EWNS; however, the IFCCP
are based on assumptions that all of random variables employed to probabilistic constraints are
normally and independently distributed, and the relationship among random variables are linear,
leading to a narrower feasible region than the actual interval solutions. Moreover, IFCCP and 1A
both can hardly coordinate the tradeoffs among different decision makers or policies. Thus, it is
of indispensability to exploit more robust optimization techiques that integrate the advantages of

TLM, MOP, IFCCP and IA into one approach for jointly addressing the associated complexities
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and uncertainties in EWNS management problems.

1.4 Innovation

This study aims to formulate a two-level based copula interval-stochastic programming (TCIP)
approach to manage the regional-scale EWNS issues. TCIP integrates the superiority of TLM,
MOP, IFCCP and IA into a framework, which can not only balance the goals and preferences
among different decision-making levels but also analyze the risk interactions between water
resources availability and electricity demand through using copula functions even having
different probability distributions and previously unknown correlations.Then, the TCIP is applied
to Henan Province, China. Two-level managers (i.e. the upper-levlel manager for the water
resources-development and the lower-level manager for the whole-system) and five scenarios
with different groups of water resources availability and electricity consumption are considered.
Results will provide supports for: a) identifying the desired electricity- supply patterns under the
conflicts among economic objective, water resources shortage, electricity demand, as well as
environmental requirement, b) balancing the conflicts toward the two-level managers’ own
attitudes; ¢) analyzing interactions between water resources availability and electricity

consumption, and disclosing their joint risk on EWNS under different scenarios.

2. Methodology

A general two-level programming (TP) problem is [24]:

MinF(xl,xz) (1a)
X1
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where x, is obtained by:

Min f(x,, x,) (1b)
X

subject to:
G= {(xl,x2 )‘gi (xl, xz) <0,i=L2,..m, x,x,2 O} (1c)

where x, € R" (upper-level variables) and x, € R"* (lower-level variables);

F:R"xR” >R, f:R"xR"™ — R are the corresponding objective functions. G is the

constraint. The solution process of TP problem can be solved based on the leader-follower

Stackelberg game by using the fuzzy approach [25].

Although TP can effectively deal with conflicts by diverse decision-making levels while it can
hardly handle uncertain parameters presented as interval values owing to the observation error
and subjective estimation [26]. It is also incapable of tackling multiple random variables as well
as analyzing their associated interactions [27]. Actually, there are many other approaches to
reflect the co-effect among different random variables such as the joint-probabilistic
programming (JPP) methods [28, 29]. However, the conventional JPP methods are based on the
assumptions that all of random variables existing in chance-constraints are normally and
independently distributed [30, 31], and they can merely reflect linear dependence of various
random variables while incapable of reflecting nonlinear dependence [32]. As an improvement
of JPP, the copula-based interval stochastic programming (CISP) can solve the above problems
with a complex relationship (including nonlinear dependence) [32]. A general CISP method is

[30, 31, 33]:
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Min E* = ZC%X% (2a)

J=1

subject to:
iajxf Sbl.(p’)i,i=l, 2,..k (2b)
1
Cl-p,l1-p,,..1=-p)=1-p (2¢)
iajxjiSbf,i=k+1,k+2,...,m (2d)
=
x'>0,j=1,2,..,n (2e)

I Ly mxn Lymxl L) Ixn n Lynxl - .
where a; e{R*} ,b” e{R*} ,C; E{R*} , X, e{R*} ; R™ means interval numbers; C

is the determinate copula; p, (i =1, 2, ..., k) are probability-violation levels of the chance

constraints (2b); b” =F'(p,).

Through integrating CISP into TP, a TCIP method is developed as:

Min F* (xli , xzi ) :z c%xi (3a)
X, = Joy
Min f*(x",x5)=)_ d*x. (3b)
X, = J J
subject to:
atxt <BP* =12,k (3¢)
= gy
Cl-p,1-p,,..1=-p)=1-p (3d)
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Zafxf <b L i=k+Lk+2,...,m (3e)
=1

xi,xi >0,j=12,...,n (31)

G = {(xli,xzi)‘gi (xli, xzi) <0,i=1,2,...m, x*,x," > O} (32)

The solution theory of TCIP method is based on Sakawa et al. [34], Pramanik and Roy [35] and
Huang et al. [36], by seeking the maximum overall satisfactory degree in a computation-effective

way.
3. Case Study
3.1 Problem statement

Henan province is located in the middle and lower reaches of the Yellow River (China),
occupying an area of 167 x 103 km?. There are 17 prefectural-level cities and 1 provincial capital
under the jurisdiction of Henan province with the total population of 108.5 million and an annual
growth rate of 7.8% of the gross domestic production (GDP) by year of 2017.As the rapid
growth of population and the sustainable development in economy, the electricity demand for
social production and people's life has been increasing persistently. The main goals listed in the
13t Five-year (i.e. years 2016-2020) Energy Development Plan of Henan Province are as
follows: the total energy consumption should be controlled within 267 million tonnes of standard
coal, the total electricity consumption of the whole society should be about 376 billion KWh, and

the total installed power capacity should reach 87 million KW by the year of 2020 [37].
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Meanwhile, the water consumption situation is not optimistic. According to Water Resources
Bulletin of Henan province in 2017, the total amount of water resources was 42.31 billion m?
while the total water consumption amount reached 23.38 billion m3, which indicated that a
shortage of water resources occurred in recent years to some extent [38]. In addition, there was
an increasing demand of environment protection due to public attention to environmental issues
and implementation of national environmental protection policies. According to the 13t
Five-year Plan of Henan Province for Ecological and Environmental Protection, the reduced
sulfur dioxide (SO,) and nitrogen oxides (NOy) emissions should be 205 and 158 thousand

tonnes by 2020, respectively [39].

3.2 TCIP-EWNS modeling formulation

For a provincial TCIP-EWNS model, various elements were considered in relation to some
uncertainties, as detailed in Figure 1. For instance, some technical and economic parameters
were expressed as interval values, while water resources availability and electricity demand were
represented by probability distributions. The TCIP-EWNS model is then applied to Henan
Province, China. The TCIP-EWNS model aims at minimizing the system cost while at the same
time initially addressing the water-consumption target, which mainly includes cost of water
resources for electricity generation, cost for purchasing energy resources, costs for electricity
generation, electricity import and electricity transmission, as well as contamination controlling.

The constraints consist of water- and energy-resources availability, electricity demand-supply

10
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security, power plant output limitation, environmental emission control, 0-1 variables and

nonnegative constraints.

Place Figure 1 here

The objective function of upper decision-making level is:

2 6
MinW* =% EGA;, x(CW., + BW,', + DW;,)+ Y EGA;,x OW,, (4)

=1 =3
The constraints are:

(1) System joint-risk constraint between water resources availability and electricity demand:
C(l—pl,l—p2)=1—p (5)

(2) Water resources availability constraint:

2 6
Pe| 3B (O BV, + DI, )+ 3B X O, STAW 21 ©

k=1 k=3

(3) Constraint for electricity demand-supply security:
6
Pr (Z EGA;, x(1-ZL; ) TE, +PEfj>< (1-7")= EDB; } 21-p, (7)
k=1
(4) Power plant output limitation constraint:

t-1
EGA4;, < ERCkﬁ,_O +ZEC§J><ST; (8)

t=0

(5) Nonnegative constraints:

11
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The objective function of the lower decision-making level is:
Min F* =)+ 2)+B)+ (@) +(5)+(6)+(7)+(8)

(1) Cost of water resources for electricity generation:

2 6
> EGA;, x(CCW;, x CW;, + CBW,, x BW;, + CDW,’, x DWV;.,)

k=1 t=1

3N EGA?, x COW,, x OW,

(2) Cost for purchasing energy resources:

2 6
> > PEC;,xEGA;,xFE;,

k=1 t=1

(3) Cost for importing electricity:

6
> PEJ} xPE;

i=1

(4) Electricity generation cost:

26: 26: (EGA;, xVGC;, ) + 26: FGC?, x (RC,Z_O + Zﬁl EC,jt]
k=1

k=1 t=1 t=1

(5) Capacity expansion cost:
6
> > (FEC;, xYC;, +VEC;, x EC},)

6
k=1 t=1

(6) Cost for electricity transmission:

12

)

(10a)

(10b)

(10c)

(10d)

(10e)

(10f)
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6

26: Y EGA;, xCU;,

k=1 t=1

(7) Cost for pollutant reduction:

M-

=~
1l

1 =1 g=1

(8) Cost for CO, mitigation:

6 6
> N EGA;, xS, % i,

k=1 t=1

The constraints are:

iiEGA,it x(3.6xCP% + CE;, / ST;, -3.6x SU;")

(10g)

(10h)

(10i)

(1) System joint-risk constraint between water resources availability and electricity demand:

C(l—pl,l—p2)=1—p

(2) Water resources availability constraint:

k=1

(3) Constraint for electricity demand-supply balance:
6
Pr{(z EGA;, x(1-ZL; )< TE;, + PEfjx (1-77)= EDBf} >1-p,
k=1

(4) Energy resource availability constraint:

EGA;, x FE;, < AR?,

(5) Power plant output limitation constraint:

-1
EG4;, < [Rc; o0+ Y EC;, j x ST,

t=0

Pr{iEGA,i, x(Cw, +BW,, +DW,ft)+Z6:EGA,it x OW,', < TAW;’

(11)

(12)

(13)

(14)

(15)
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(6) Constraint for water demand-supply balance:

2 6
> EGA;, x(CW, +BW,, + DW;,)+ Y EGA;,x OW;, > WDB;
k=1

k=3

(7) Constraint for pollutant emissions:

6
> EGA;,x AMR;, < ES;,

k=1
(8) Constraint for CO, emission:
t

ZélEGA,fJ x5, % (1-CC4; )< ESC;
k=1

(9) 0-1 variables and maximum capacity-expansion limitation:

. |=1; if capacity expasion is undertaken
YC,, ) i
*|=0; if otherwise

0<EC,, < MCkiJ xYC;,
(10) Nonnegative constraints:

EGA,, PE?, ECE, >0

3.3 Data acquisition

(16)

(17)

(18)

(19a)

(19b)

(20)

In this study, nomenclatures for parameters and variables are depicted in Appendix A. Relevant

technical and economic parameters were obtained from the Statistical Yearbook of Henan

Province, the 13™ Five-year Energy Development Plan of Henan Province, and other parameters

were obtained from the government work report of Henan province and related published articles

[7, 12, 14, 37-41]. For instance, the correlative water-consumption parameters (e.g., water

consumption for cooling system, steam system, desulfurization system and other systems) that

14



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

are presented as interval values were obtained from published papers by Liu et al. [7], Lv et al.
[12], Zhang and Vesselinov [14]. The electricity-generation costs which are closely related to the
volatility of interest rates, inflation rates and other factors (i.e., energy price, labor fee, and
operation condition) were collected from the related papers by Yu et al. [30, 42]. Water resources
availability and electricity demand which are affected by meteorologic, hydrologic and
sociometric conditions were presented as random variables [7, 12, 43-46]. Table 1 illustrates the
historical amounts of electricity consumption and annual growth rate of electricity consumption
in Henan Province, which were obtained by Statistical Yearbook of Henan Province [40]. Since
the P values of marginal distribution functions of water resources availability and electricity
consumption were both larger than 0.05, indicating Normal distribution could fit well for the
marginal distributions of them by using Kolmogorov-Smirnov test [47]. Pearson’s linear
correlation tests were used for confirming the random variables if they were mutually correlated.
The R? between water resources availability and electricity consumption in industry during years
of 2013-2024 was 0.699, which indicated that water resources availability and electricity
consumption have high correlation. In this study, Frank copula was selected to model the joint
distribution of water resources availability and electricity consumption owing to its smallest

RMSE and MSE values [48].

Place Table 1 here
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Besides, five scenarios with different groups of water resources-availability violation level ( p,)
and electricity-consumption violation levels ( p, ) were considered for analyzing interactions

between water resources availability and electricity consumption, and disclosing their joint risk

( p) on EWNS under different scenarios. The selected five scenarios for joint and individual
constraint-violation levels (p, p;,p,) were (0.1, 0.02,0.2), (0.1, 0.1, 0.3188), (0.1, 0.1063,

0.1063), (0.1, 0.15, 0.1001) and (0.1, 0.2, 0.1) from scenario 1 to scenario 5 (abbreviated as S1,
S2, S3, S4 and S5), respectively (as shown in Table 2). In addition, three levels of decision
makers were considered. In detail, the upper level model (ULM) mainly focuses on the minimum
water consumption in the electricity generation; the lower level model (LLM) aims at achieving
the maximum economic benefit under series of water resources availability, energy resource
availability and other constraints; the two-level model (TLM) focuses on obtaining the maximum

economic benefit while the water-consumption target initially be addressed.

Place Table 2 here

4. Result Analysis

4.1 Electricity generation and water consumption

Henan province has achieved a GDP of 4,805.59 billion RMB ¥ by 2018, and the rapid progress
in economy brings a greater demand of electricity generation. Figure 2 presents the

electricity-generation pattern in different scenarios under TL. Generally, different scenarios

16



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

would generate diverse electricity-generation schemes. For example, the total
electricity-generation amounts under TL would change from 190.3x10° GWh (S1) to 197.9x103
GWh (S5) in year 1. This is because lower available water resources would force decision
makers to select more renewable energies having lower water requirement; conversely, at a
higher water resources-availability level, more fossil energies would be firstly chosen owing to
the lower investment. Besides, the total supplied electricity would go ascend with time
corresponding to the increasing electricity demand and local government development plans. In
detail, during the whole planning horizon, the coal-fired power generation would decrease by 0.9
x 103 GWh; while the electricity generated from gas-fired, hydro and wind power during the
planning horizon would increase by 6.2 x 10> GWh, 3.7 x 10> GWh and 5.8 x 103 GWh,
respectively. Results implied that the future electricity supply structure would toward a more
sustainable aspect that balanced the conflicts of water availability, electricity supply security,
environmental requirement and economic cost, as well as hierarchical concerns of different

decision makers.

Place Figure 2 here

Increasing electricity generation results in growing demand of water resources. Figure 3 presents
the scheme of water consumption in diverse scenarios under TL. For example, coal-fired power
in TL consumed 95.06% (S1) and 94.93% (S2) of the water consumption, respectively. This is
because different groups of water resources availability and electricity demand scenarios were

considered, and the interactions between water resources availability and electricity demand

17
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397

could influence the water consumption’s structure. As the joint and individual
constraint-violation levels of S1 and S2 were (0.1, 0.02, 0.2) and (0.1, 0.1, 0.3188), respectively,
the electricity demand of S1 was higher than that in S2 although the decision-maker of S1 could
obtain less water resources availability. All these factors forced the decision-maker of SI to
choose fossil energy with higher water consumption but lower electricity generation cost.
Meanwhile, for every electricity-conversion technology, coal-fired power consumed the most of
water, followed by gas-fired power, hydro power and others, among which wind power
consumed no water resources. And water consumption by various electricity conversion
technology showed disparate tendency with time. In detail, water consumption by coal-fired was
decreasing while the others (including gas-fired, hydro, solar and biomass) were increasing.
Therefore, in the long time, water consumption in the power sector could be reduced, and the
proportion of clean energy in power industry would be increasing corresponding to the whole

society's energy saving and pollution reduction.

Place Figure 3 here

4.2 Electricity supply

With the rapid economic and social development of Henan province, the electricity demand is
increasing at the same time, leading to the increment of capacity expansion. Figure 4 presents the
results of expanded capacities from different electricity conversion technologies under various

decision-making levels. Generally, the expanded capacities of each conversion technology would
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be disparate under various decision-making levels. For hydro power, the expanded capacities
would be 0.39 GW under TL and 0.44 GW under LL, respectively. This is because there were
more water resources availability constraints under TL compared to LL, resulting in fewer local
electricity generation and more capacity expansions. Besides, the expanded capacity of various
electricity conversion technology would change with time corresponding to the increasing
electricity demand and local government development plans. In addition, there was no expansion
plans in coal-fired power while wind power had the highest expansion scheme over changing
periods. This is because decision makers would incline to choose local electricity generation
having lower water-consumption and pollutant-discharge. Results indicated that energy
managers would tend to enlarge local renewable energies to ensure the security of local power

industry and promote the sustainable development of district in the long run.

Place Figure 4 here

It is indispensable to import electricity when the electricity generation cannot satisfy the
electricity demand of Henan Province. At the present situation, the imported electricity took
nearly 40% of the entire power structure, which was a pretty big part of power industry.
Generally, the imported electricity would be disparate under different decision-making levels (as
shown in Figure 5). For example, the imported electricity under LL and UL would be
respectively [176.4, 192.7] x 103 GWh and [190.5, 202.5] x 10°* GWh in year 1 under S1; while
the imported electricity under TL would be [188.6, 201.6] x 103 GWh. This is because the UL

decision makers would tend to import more electricity in order to reduce water resources
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consumption while the LL decisions makers would incline to purchase less electricity for
reducing the system cost. Therefore, the TL model could provide compromised optimization
solutions between economic cost and water resources consumption. In addition, the imported
electricity would decrease with time with the consideration of power security and system

reliability.

Place Figure 5 here

4.3 Emissions of CO; and pollutants

Results indicate that the amounts of carbon dioxide (CO;) emissions under TL was lower than
that in LL (Figure 6). For instance, the CO, emissions would be [188.6,189.8] x10° tonne under
LL and [178.6,184.8] x10° tonne under TL in year 1 under S1, respectively. This is because the
electricity generation from coal-fired power (i.e. the primary source of CO, emission) of LL was
less than that in TL. Besides, the emissions of pollutants would also be disparate in various
scenarios. As is shown in Figure 7, the amount of NOx emissions would increase from
296.7x10° tonne (S1) to 307.4x10° tonne (S5). This is because different scenarios would affect
the electricity-generation pattern and then lead to the variation of pollutant-emission pathway. In
addition, a downwards trend of pollutant emissions would be obtained over the planning horizon
because of the aspects from government participation, policy stimulation and technology

Innovation.
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Place Figures 6 and 7 here

4.4 System cost and satisfaction

Figure 8 shows the system cost and satisfaction under different decision-making levels in various
scenarios. Results showed that in S1, the system cost would be $ [3.07, 3.45] x 10'2 under TL
and $ [2.99, 3.39] x 10'? under LL, respectively. This is because the LL model aims at achieving
the minimum system cost while the TL model takes both economic factors and water
consumption into consideration. Results implied that the LL was more suitable for providing
decision-making reference for the economic managers while the TL model could integrate
objectives of different levels to provide a more reasonable optimization solution for decision
makers. Besides, the minimum system cost would be obtained in S2 owing to the interactions
between water resources availability and electricity demand. Therefore, desired schemes for
balancing the tradeoff among water-energy joint risk, environmental control and system cost

would be obtained.

Place Figure 8 here

5. Discussion

5.1 Comparison with single level programming approaches (i.e. UL and LL)
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Figure 9 illustrates the compared results of electricity generation, capacity expansion, imported
electricity and system cost among the UL, TL and LL. Results indicated that values obtained by
the TL would be in the range of UL and LL. For instance, as shown in Figure 9a, the electricity
generation in year 1 would be 190.3 x 103 GWh under TL, while the values would be 188.6 x
10> GWh under UL and 204.0 x 10> GWh under LL, respectively. Figure 9d shows that the
system cost in TL (i.e. $ [3.07, 3.45] x 10'?) would be higher than that in LLM (i.e. $ [2.99,
3.39] x 10'2). It is mainly because the single level of decision makers (i.e. UL and LL) only
consider one target in the system objective that looks for the minimum water consumption or
minimum system cost; while the minimize water consumption takes the priority in the TL, where
the conflicts between water consumption and economic cost corresponding to various
decision-making levels can be efficaciously solved. Besides, the LL aims at achieving the
minimum system cost while the TL takes both economic factors and water consumption into
consideration. Therefore, the LL is more suitable for providing decision-making reference for the
economic managers while the TL could integrate objectives of different levels to provide a more

reasonable optimization solution for decision makers.

Place Figure 9 here

5.2 Comparison with simple optimization methods (i.e. TP, CISP and IPP)

The study case could turn into a CISP issue when the two-level of decision makers were not
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considered. Although the system cost in CISP-EWNS model would be lower than that in
TCIP-EWNS model (as shown in Figure 10a). However, the CISP-EWNS model could only
consider the conflict of interest by economic managers, it neglected the hierarchical conflict of
interest from both water resources managers and economic managers. The problem for planning
the EWNS could also be handled through TP method by simplifying TCIP-EWNS model
without considering joint shortage risk between water resources availability and electricity
demand. The system cost would be $ 3.38 x 10!2 in TP (as shown in Figure 10a). A higher
system cost would be achieved from TP-EWNS than that from TCIP-EWNS. This is because the
objective of TP-EWNS is to minimize the system cost without considering the system violation
risk. Besides, TP-EWNS can only deal with hierarchical concerns of different decision makers; it
has difficulty in addressing the random water-resources availability and electricity demand as
well as their joint interactions. For instance, when the joint violation probability level (p) is 0.1,
the different groups of individual chance-constraint violation levels (i.e. scenarios 1-5) would
lead to changed system costs, and the minimum system cost would merely occur in S2 (p; = p»).
Summarily, some differences among system costs would be generated owing to different
marginal probability levels even if at a fixed joint probability level [32, 33]. In other words, there
exist a tradeoff between the system cost and marginal probability levels. Therefore, the TCIP
approach proposed in this study is superior to TP, CISP and IPP methods, and thereby can be

applied to a wider range of problems than the previous studies.

Place Figure 10 here
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6. Conclusions

In this study, a TCIP approach has been exploited by integrating the superiority of TLM, MOP,
IFCCP and IA into a framework. TCIP has the advantages of not only dealing with uncertainties
having interval, random and fuzzy information as well as the joint-risk interactions associated
with multiple correlated random variables, but also handling the compound conflicts existing in
the EWNS management in a synergic way by considering different goals and preferences of
various decision makers. Compared to single level programming approaches (i.e. UL and LL),
TCIP can effectively address the conflicts between water consumption and economic cost in
terms of different decision makers and then provide a more reasonable optimization solution for
diverse hierarchical decision-making levels. Compared to simple optimization methods (i.e. TP,
CISP and IPP), TCIP can not only deal with hierarchical concerns of different decision makers
but also address the random water-resources availability and electricity demand as well as their
joint-risk interactions, and thereby can be applied to a wider range of problems than the previous

studies.

The TCIP has been applied to Henan Province, where solutions of two-level managers and five
scenarios are examined. Results reveal that lower available water resources (S1) can force
decision makers to select more renewable energies having lower water requirement, while in
comparison, at a higher water resources-availability level (S5), more fossil energies can be firstly
chosen owing to the lower investment. In detail, during the entire planning horizon, the total
electricity-generation amounts under TL can change by 7.31 x 10> GWh from S1 to S5. Results

also imply that the future electricity-supply structure will toward a more sustainable aspect that
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balances the conflicts of water resources availability, electricity supply security, environmental
requirement and economic cost, as well as hierarchical concerns of different decision makers.
The electricity generated from gas-fired, hydro and wind power under TL during the planning

horizon can increase by 6.2 x 10> GWh, 3.7 x 10> GWh and 5.8 x 10> GWh, respectively.

Although the TCIP-EWNS model can formulate effectively compromising strategies for
managing the EWNS problems from aspects of different modelling objectives, various
managers’ attitudes and varied system joint-risk interactions. However, the TCIP-EWNS model
can merely examine the nexus between water resources system and energy system, more
complex nexus systems such as water-energy-food nexus system or water-energy-food-carbon
nexus system should be further analyzed [49, 50]. Besides, the TCIP-EWNS model merely
employed small samples for examining the two random variables’ correlation and fitting their
marginal probability distributions, thus a large number of samples should be further collected in

future studies to improve the model’s robustness and validity [51, 52].

Acknowledgements

This research was supported by the National Natural Science Foundation of China (51909239),

the Key Research Project of Henan Higher Education Institution (20A570001) and the

Postdoctoral Foundation of Henan Province (1901008). The authors are grateful to the editors

and the anonymous reviewers for their insightful comments and suggestions.

25



558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

References

[1] Fan JL, Kong LS, Zhang X, Wang JD. Energy-water nexus embodied in the supply chain of
China: Direct and indirect perspectives. Energy Conversion and Management
2019;183:126-136.

[2] Cai YP, CaiJY, Xu LY, Tan Q, Xu Q. Integrated risk analysis of water-energy nexus systems
based on systems dynamics, orthogonal design and copula analysis. Renewable and
Sustainable Energy Reviews 2019;99:125-137.

[3] UNESCO. The United Nations world water development report. Water for a sustainable
world. Paris: United Nations Educational, Scientific and Cultural Organization; 2015.

[4] Kilkis S, Krajaci¢ G, Dui¢ N, Rosen MA, Al-Nimr MA. Advancements in sustainable
development of energy, water and environment systems. Energy Conversion and
Management 2018;176:164-183.

[5] Al-Saidi M, Elagib NA. Towards understanding the integrative approach of the water, energy
and food nexus. Science of The Total Environment 2017;574:1131-1139.

[6] Kurian M. The water-energy-food nexus: trade-offs, thresholds and transdisciplinary
approaches to sustainable development. Envionmental Science & Policy 2017;68:97-106.

[7] Liu J, Li YP, Huang GH, Suo C, Yin S. An interval fuzzy-stochastic chance-constrained
programming based energy-water nexus model for planning electric power systems. Energies
2017;10:1914.

[8] Li M, Fu Q, Singh VP, Liu D, Li TX. Stochastic multi-objective modeling for optimization of
water-food-energy nexus of irrigated agriculture. Advances in Water Resources

2019;127:209-224.

26



581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

[9] Zeng XT, Zhang JL, Yu L, Zhu JX, Li Z, Tang L. A sustainable water-food-energy plan to
confront climatic and socioeconomic changes using simulation-optimization approach.
Applied Energy 2019;236:743-759.

[10] Feng MY, Liu P, Li ZJ, Zhang JW, Liu DD, Xiong LH. Modeling the nexus across water
supply, power generation and environment systems using the system dynamics approach:
Hehuang Region, China. Journal of Hydrology 2016;543, Part B:342-359.

[11] Endo A, Tsurita I, Burnett K, Orencio PM. A review of the current state of research on the
water, energy, and food nexus. Journal of Hydrology: Regional Studies 2017;11:20-30.

[12] Lv J, Li YP, Shan BG, Jin SW, Suo C. Planning energy-water nexus system under multiple

uncertainties - A case study of Hebei province. Applied Energy 2018;229:389-403.

[13] Liu DD, Guo SL, Liu P, Xiong LH, Zou H, Tian J, Zeng YJ, Shen YJ, Zhang JY.
Optimisation of water-energy nexus based on its diagram in cascade reservoir system.
Journal of Hydrology 2019;569:347-358.

[14] Zhang XD, Vesselinov VV. Energy-water nexus: Balancing the tradeoffs between two-level
decision makers. Applied Energy 2016;183:77-87.

[15] Malik RPS. Water-energy nexus in resource-poor economies: the Indian experience. Water
Resources Development 2002;18:47-58.

[16] Al-Ansari T, Korre A, Nie ZG, Shah N. Development of a life cycle assessment tool for the
assessment of food production systems within the energy, water and food nexus.
Sustainable Production and Consumption 2015;2:52-66.

[17] Wang SG, Fath B, Chen B. Energy-water nexus under energy mix scenarios using
input-output and ecological network analyses. Applied Energy 2019;233-234:827-839.

[18] Deepagoda TKKC, Lopez JCC, Meldrup P, de Jonge LW, Tuller M. Integral parameters for

27



604 characterizing water, energy, and aeration properties of soilless plant growth media. Journal
605 of Hydrology 2013;502:120-127.

606  [19] Franz M, Schlitz N, Schumacher KP. Globalization and the water-energy-food nexus -

607 Using the global production networks approach to analyze society-environment relations.
608 Environmental Science & Policy 2018;90:201-212.

609  [20] Kaddoura S, Khatib SE. Review of water-energy-food Nexus tools to improve the Nexus
610 modelling approach for integrated policy making. Environmental Science & Policy

611 2017;77:114-121.

612  [21] Bieber N, Ker JH, Wang XN, Triantafyllidis C, van Dam KH, Koppelaar RHEM, Shah N.
613 Sustainable planning of the energy-water-food nexus using decision making tools. Energy
614 Policy 2018;113:584-607.

615  [22] Amjath-Babu TS, Sharma B, Brouwer R, Rasul G, Wahid SM, Neupane N, Bhattarai U,

616 Sieber S. Integrated modelling of the impacts of hydropower projects on the
617 water-food-energy nexus in a transboundary Himalayan river basin. Applied Energy
618 2019;239:494-503.

619  [23] Li M, Fu Q, Singh VP, Liu D. An interval multi-objective programming model for irrigation
620 water allocation under uncertainty. Agricultural Water Management 2018;196:24-36.

621  [24] Roghanian E, Sadjadi SJ, Aryanezhad MB. A probabilistic bi-level linear multi-objective
622 programming problem to supply chain planning. Applied Mathematics and Computation
623 2007;188:786-800.

624  [25] Simaan M, Cruz JB.On the stackelberg strategy in non-zero games. Journal of Optimization
625 Theory and Applications 1973;11:533-555.

626  [26] Jin SW, Li YP, Nie S. An integrated bi-level optimization model for air quality management

28



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

of Beijing’s energy system under uncertainty. Journal of Hazardous Materials
2018;350:27-37.

[27] Jin SW, Li YP, Xu LP. Development of an integrated model for energy systems planning
and carbon dioxide mitigation under uncertainty — Tradeoffs between two-level decision
makers. Environmental Research 2018;164:367-378.

[28] Sun W, Huang GH, Lv Y, Li GC. Inexact joint-probabilistic chance-constrained
programming with left-hand-side randomness: an application to solid waste management.
European Journal of Operational Research 2013;228(1):217-225.

[29] Excoffier M, Gicquel C, Jouini O. A joint chance-constrained programming approach for
call center workforce scheduling under uncertain call arrival forecasts. Computers &
Industrial Engineering 2016;96:16-30.

[30] Yu L, Li YP, Huang GH, Fan YR, Nie S. A copula-based flexible-stochastic programming
method for planning regional energy system under multiple uncertainties: A case study of the
urban agglomeration of Beijing and Tianjin. Applied Energy 2018;210:60-74.

[31] Yu L, Li YP, Huang GH, Fan YR, Yin S. Planning regional-scale electric power systems
under uncertainty: A case study of Jing-Jin-Ji region, China. Applied energy
2018;212:834-849.

[32] Kong XM, Huang GH, Li YP, Fan YR, Zeng XT, Zhu Y. Inexact copula-based stoochastic
programming method for water resources management under multiple uncertainties. Journal
of Water Resources Planning and Management 2018;144(11):04018069.

[33] Nelsen RB. An introduction to copulas. 2nd ed New York: Springer; 2006.

[34] Sakawa M, Nishizaki I, Uemura Y. Interactive fuzzy programming for two-level linear and

linear fractional production and assignment problems: A case study. European Journal of

29



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

Opearational Reasearch 2001;135:142-157.

[35] Pramanik S, Roy TK. Fuzzy goal programming approach to multilevel programming
problems. European Journal of Opearational Reasearch 2007;176:1151-1166.

[36] Huang GH, Baetz BW, Patry GG. A grey linear programming approach for municipal solid
waste management planning under uncertainty. Civil Engineering Systems
1992;9(4):319-335.

[37] The 13th Five-year Energy Development Plan of Henan Province. The people's Government
of Henan Province; 2017. Available at: <

https://www.henan.gov.cn/2017/05-24/270780.html >.

[38] Henan Provincial Water Resources Bulletin. Henan Provincial Department of Water
Resources; 2017. Available at: <

http://www.hnsl.gov.cn/gallery/8aa98d9267305a9a0167e45¢76825bf5.html >.

[39] The 13th Five-year Plan of Henan Province for Ecological and Environmental Protection.
The people's Government of Henan Province; 2017. Available at: <

http://www.henan.gov.cn/2017/07-13/249021.html >.

[40] Henan Statistical Yearbook. Henan Provincial Bureau of Statistics; 2018. Available at: <

http://www ha.stats.gov.cn/hntj/lib/tinj/2018/indexch.htm >.

[41] Statistical Bulletin of Henan Province on National Economic and Social Development.
Henan Provincial Bureau of Statistics; 2017. Available at: <

http://www.ha.stats.gov.cn/sitesources/hntj/page pc/tifw/tjgb/qstjgb/articlead6el7{f1d804b

d4ad2859d99f02d284.html >.

[42] Yu L, Li YP, Huang GH. A fuzzy-stochastic simulation-optimization model for planning

electric power systems with considering peak-electricity demand: A case study of Qingdao,

30


https://www.henan.gov.cn/2017/05-24/270780.html
http://www.hnsl.gov.cn/gallery/8aa98d9267305a9a0167e45e76825bf5.html
http://www.henan.gov.cn/2017/07-13/249021.html
http://www.ha.stats.gov.cn/hntj/lib/tjnj/2018/indexch.htm
http://www.ha.stats.gov.cn/sitesources/hntj/page_pc/tjfw/tjgb/qstjgb/articlead6e17ff1d804bd4ad2859d99f02d284.html
http://www.ha.stats.gov.cn/sitesources/hntj/page_pc/tjfw/tjgb/qstjgb/articlead6e17ff1d804bd4ad2859d99f02d284.html

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

China. Energy 2016;98:190-203.

[43] Saab S, Badr E, Nasr G. Univariate modeling and forecasting of energy consumption: the
case of electricity in Lebanon. Energy 2001;26:1-14.

[44] Gutiérrez R, Gutiérrez-Sanchez R, Nafidi A. Electricity consumption in Morocco:
Stochastic Gompertz diffusion analysis with exogenous factors. Applied Energy
2006;83:1139-1151.

[45] Hafiz F, de Queiroz AR, Fajri P, Husain I. Energy management and optimal storage sizing
for a shared community: A multi-stage stochastic programming approach. Applied Energy
2019;236:42-54.

[46] Nafidi A, Gutiérrez R, Gutiérrez-Sanchez R, Ramos-Abalos E, El Hachimi S. Modelling
and predicting electricity consumption in Spain using the stochastic Gamma diffusion
process with exogenous factors. Energy 2016;113:309-318.

[47] Chen F, Huang GH, Fan YR, Wang S. A copula-based chance-constrained waste
management planning method: An application to the city of Regina, Saskatchewan, Canada.
Journal of The Air & Waste Management Association 2016;66:307-328.

[48] Yu L, Xiao Y, Jiang S, Li YP, Fan YR, Huang GH, Lv J, Zuo QT, Wang FQ. A
copula-based fuzzy interval-random programming approach for planning water-energy
nexus system under uncertainty. Energy 2020;196,117063.

[49] SiY, Li X, Yin DQ, Li TJ, Cai XM, Wei JH, Wang GQ. Revealing the water-energy-food
nexus in the Upper Yellow River Basin through multi-objective optimization for reservoir
system. Science of The Total Environment 2019;682:1-18.

[50] Stein C, Pahl-Wostl C, Barron J. Towards a relational understanding of the

water-energy-food nexus: an analysis of embeddedness and governance in the Upper Blue

31



696

697

698

699

700

701

702

703

704
705
706
707
708
709
710
711
712
713
714
715
716
717

718

719

720

721

722
723
724

725

Nile region of Ethiopia. Environmental Science & Policy 2018;90:173-182.

[51] Guo Y, Huang SZ, Huang Q, Leng GY, Fang W, Wang L, Wang H. Propagation thresholds
of meteorological drought for triggering hydrological drought at various levels. Science of
The Total Environment 2020;712,136502.

[52] Fan YR, Huang K, Huang GH, Li YP. A factorial Bayesian copula framework for
partitioning uncertainties in multivariate risk inference. Environmental Research

2020;183,109215.

Author Contributions Section

L. Yu: Conceptualization, Methodology, Validation, Investigation, Writing-Review and Editing,
Supervision, Project Administration, Funding Acquisition.

Q.W. Li: Software, Formal Analysis, Investigation, Data Curation, Writing-Original Draft,
Visualization.

S.W. Jin: Methodology, Validation, Writing-Original Draft, Writing-Review & Editing,
Supervision.

C. Chen: Methodology, Validation, Writing-Original Draft.

Y.P. Li: Grammars Correction, Article Embellishment, Writing-Review & Editing.

Y.R. Fan: Results Verification, Grammars Correction, Writing-Review & Editing.

Q.T. Zuo: Conceptualization, Supervision, Results Verification.

All of the authors have read and approved the paper and it has not been published previously nor

is it being considered by any other peer-reviewed journal.

No conflict of interest.

Highlights:

32



726
727
728
729
730
731

732

P A copula-based interval two-level programming (CITP) method is developed.

» CITP is applied to the energy-water nexus system (EWNS) of Henan Province, China.

P It can balance conflicts by diverse levels and reflect the risk interactions.

P various decision-making levels and diverse risk-interaction scenarios are analyzed.

» Findings can provide decision supports for the coordinated development of EWNS.

Appendix A. Nomenclatures for parameters and variables

5.,

e,
+

7,

electricity-conversion technology, including coal, gas, hydro, wind, solar and
biomass power
the joint risk between water resource availability and electricity demand

violation level of water resource availability
violation level of electricity demand
pollutant type, including SO,, NO, and PM;,
planning periods (1-6)

CO; emission coefficient (103 tonne/GWh)
CO, emission cost ($ 105/ 103 tonne)

transmission loss in period t (%)

AMR;,  pollutant-emission coefficients (tonne/GWh)

AR,
BW.,

CBW,
cCA?

cew;
cow;,
cow;,
DW
ECE,

EDB
EGAL,

available energy resource (TJ)
boiler water for electricity-conversion technology (10° m3/GWh)

the determinate copula function between water resource availability and electricity
demand
cost for pollutant emission ($ 103/GW)

cost for pollutant control ($ 103/TJ)

cost for electricity transmission ($ 10>/GWh)

cooling water for electricity-conversion technology (10° m3/GWh)

cost for boiler water ($ /103 m?)

emission reduction rate of CO, (%)

cost for cooling water ($ /103 m?)

cost for desulfurization water ($ /10° m?)

cost for other water ($ /103 m?)

desulfurization water for electricity-conversion technology (103 m3*/GWh)
expanded capacity for electricity-conversion technology (GW)

electricity demand (GWh)
electricity generation amounts (GWh)
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ES;, allowed amounts of pollutant emission (103 tonne)
ESC* allowed amounts of CO, emission (103 tonne)
F* system cost under lower decision-making level ($ 10'?)
FE/, energy consumption rate (TJ/GWh)
FEC;, fixed cost for expanded capacity ($ 103/GW)
FGC;, fixed maintenance cost for electricity generation ($ 103/GW)
MC;, maximum expanded capacity for electricity-conversion technology (GW)
ow,, other water for electricity-conversion technology (10° m3/GWh)
PE? imported electricity (GWh)
PEC;, cost for purchasing energy resource ($ 103/TJ)
PEJ? cost for imported electricity ($ 103/GWh)
RC;, residual capacity for electricity-conversion technology (GW)
ST;, service time of electricity-conversion technology (h)
N financial subsidy ($ 10%/TJ)
TAW} amounts of water resource availability (10° m?)
TE;, power-facilities conversion efficiency (%)
VEC,, variable cost for expanded capacity ($ 103/GW)
VGCy, variable cost for electricity generation ($ 103/GWh)
w* water consumption under upper decision-making level (10° m?)
WDB;’ water demand (10° m?)
YC,, 0-1 variables for capacity expansion
ZL, power consumption rate (%)
733
734
735

736  Table 1. The historical amounts of electricity consumption and annual growth rate of electricity

737  consumption in Henan Province

Electricity consumption  Annual growth rate of electricity

Year
(10° GWh) consumption (%)
2007 195.7 —
2008 214.0 9.3
2009 224.5 4.9
2010 254.6 13.4
2011 287.3 12.8
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738

2012

2013

2014

2015

2016
2017

298.0

316.8

3232

315.8

321.6
3429

3.7

6.3

2.0

1.8
6.6
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Table 2. Selected values of joint cumulative probability and marginal probability levels as well as corresponding values of random

variables
Scenarios Joint cumulative Marginal probability of water Marginal probability of =~ Water resources  Electricity (p, P> D)
probability resources availability electricity consumption availability (10  consumption (103
m?) GWh)
S1 0.900 0.980 0.800 317.05 322.92 (0.1, 0.02, 0.2)
S2 0.900 0.900 0.6812 349.19 315.46 (0.1, 0.1,0.3188)
S3 0.900 0.8937 0.8937 350.65 331.06 (0.1, 0.1063, 0.1063)
S4 0.900 0.850 0.8999 359.39 331.75 (0.1, 0.15, 0.1001)
S5 0.900 0.800 0.900 367.50 331.76 (0.1,0.2,0.1)
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Figure 1. The framework of TCIP-EWNS model



Electricity generation (1 0® GWh)
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Figure 2. Electricity generation pattern under TL (103 GWh)
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Expanded capacity (GW)
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Imported electricity (103 GWh)

205

TL LL

190
175 . . * * * !
Year1 Year2 Year3 Year4 Year5 Year6
—e—Lower bound —e— Upper bound
.09
160 180 200
uL TL
LL [ UL
195 r 205 r
175 190
155 L L L L L ) 175 L L L L L )
Year1 Year2 Year3 Year4 Year5 Year6 Year1 Year2 Year3 Year4 Year5 Year6
—o— Lower bound —e— Upper bound —eo—Lower bound —e—Upper bound
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CO2 emission (10" tonne)
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Figure 9. Compared results among UL, TL and LL
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Electricity generation of TCIP (103 GWh)
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Figure 10. Compared results among TCIP, TP, CISP and IPP



745
746

747

Journal Pre-proofs

- Y .
: R
“egional hydrologic% ’
[ ]
aff J
‘ Jele e

Influence Influence

Water supply

L o . o
Water resource Electricity conversion Energy resource \
= technology
Surface water LL 1 xr j Coal }
. ¥ a el Non-renewable energy
| \ )Imu-m‘ié ?! EE Natural gas
Ground watﬁ.q'-_ Access. transport ‘ Fd A, ! Mine. refine. | water
_'II' dispose 3 process Solar

Renewable energy

| Recycled water Wind
L

B ks

w/

Biomass

Energy supply

Graphical Abstract

47




