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33 Abstract

34

35 The management of water resources system and energy system belongs to different 

36 decision-making departments, and there is a certain hierarchical relationship between them. 

37 Optimizing the configuration of regional-scale water and energy systems from a global 

38 perspective, and considering the correlations between water resources shortage risk and energy 

39 shortage risk as well as their joint-risk interaction, can improve the accuracy and efficiency of 

40 management decisions. This study aims to propose a copula-based interval two-level 

41 programming (CITP) method by integrating a copula-based interval stochastic programming 

42 (CISP) method and two-level programming (TP) method. CITP can not only balance the goals and 

43 preferences among different decision-making levels but also analyze the risk interactions between 

44 water resources availability and electricity demand. The CITP method is then applied to planning 

45 the energy-water nexus system (EWNS) of Henan Province (China), where various 

46 decision-making levels and diverse risk-interaction scenarios are analyzed. Results reveal that: 

47 during the planning horizon, a) the total electricity-generation amounts can change by 7.31 × 103 

48 GWh from S1 to S5; b) the future electricity-supply structure will toward a more sustainable 

49 aspect, and the electricity generated from gas-fired, hydro and wind power can increase by 6.2 × 

50 103 GWh, 3.7 × 103 GWh and 5.8 × 103 GWh, respectively. Results can provide decision 

51 supports for the coordinated development of regional-scale EWNS management among water, 

52 energy, economy and society as well as environment.

53

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

55 programming, uncertainty

56
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57 1. Introduction

58

59 1.1 Significance

60

61 Energy and water are closely linked and restrict each other, which has become increasingly 

62 indispensable for maintaining the world’s sustainable development [1]. With the increase of 

63 population and the acceleration of urbanization, resources and environment have become the 

64 main problems constraining regional sociometric development. To some extent, the growing 

65 demands of water and energy put many cities at a risk of water and energy shortages [2]. 

66 Moreover, the world’s energy and water resources demands will respectively increase by 80% 

67 and 55% in 2050 compared to 2015 [3]. This has become an important bottleneck for the world's 

68 sustainable development, presenting a series of realistic problems and administrative difficulties 

69 to local decision makers [4]. Thus, it is of great importance to efficaciously solve the trade-off 

70 between water shortage and energy security, and jointly plan the future energy system 

71 management by low-carbon energy consumption and high-efficiency water utilization. Nexus is 

72 an instructive approach to settle multifarious complicated problems which combine water and 

73 energy collectively, therefore it could be diffusely applied to the regional-scale energy system 

74 research [5, 6]. However, there are many complex interrelationships in the real-world 

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

76

77 1.2 Complexity and uncertainty

78

79 The complexity and uncertainty of EWNS include: a) water is used for cleaning, cooling and 
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80 conducting whole process of energy production from mineral exploitation to electricity 

81 generation, while energy is used for water supply, transportation and treatment [10]; besides, 

82 energy and water act upon each other, resulting in the synergic risk in EWNS [2, 11]. b) in 

83 EWNS management, varying energy and water-resources utilization processes associated with 

84 changed energy and water resources availabilities, dynamic energy and water resources 

85 demands, estimated economic data, as well as subjective decisions for environmental impacts 

86 control need to be addressed jointly [12]. c) the exsiting energy and water resources managers 

87 are independent of each other, leading to the management of EWNS to be fragmented not in a 

88 synergic way [13]. d) EWNS management includes various decision makers, and each decision 

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

90

91 1.3 Literature review

92

93 Previously, numerous studies such as life cycle assessment (LCA), input-output (IO) model, 

94 ecological network analysis (ENA), system dynamic modelling (SDM), agent-based modelling 

95 (ABM) and integrated water resources or energy system model were proposed for quantitatively 

96 analyzing ENWS [15-19]. Moreover, many researchers have conducted for handling associated 

97 complexities and uncertainties related to stochastics variables (e.g., rdandom water-resources 

98 availability, electricity demand and their complex interactions), interval system coefficients (e.g., 

99 water-consumption parameters, pollutant-emission coefficients and technical parameters) and the 

100 hierarchically conflicting objectives (e.g., the objectives of minimum system cost and minimum 

101 water consumption) in the EWNS [2, 9, 12, 14, 20-23]. For example, Cai et al. [2] used an 

102 integrated approach (IA) for assessing interactive risk in water and energy resources. Lv et al. 
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103 [12] proposed an integrated optimization method to plan the EWNS, in which uncertainties of 

104 interval- and random information were solved. Zhang and Vesselinov [14] proposed a two-level 

105 model (TLM) for addressing the tradeoffs between upper-level and lower-level managers (i.e. 

106 energy-development manager and whole-system manager) in EWN management. Li et al. [23] 

107 proposed a coalescent multi-objective programming (MOP) method which could be used to 

108 manage the energy-water-food nexus (EWFN) in agriculture, as well as deal with the 

109 contradictions in water, energy, food and land.

110

111 Although LCA, IO, ENA, SDM and ABM were effective for quantitatively analyzing ENWS, 

112 while most of them focused on deterministic analyses, which could encounter difficulties in 

113 reflecting complexities and uncertainties existed in EWNS. Furthermore, the TLM proposed by 

114 Zhang and Vesselinov [14] and MOP proposed by Li et al. [23] are effective for dealing with the 

115 tradeoffs in two-level decision makers or different objectives, while they are incapable of 

116 handling the random water-resources availability and electricity demand as well as the system 

117 joint risk caused by their complex interactions. The IFCCP proposed by Lv et al. [12] and IA 

118 proposed by Cai et al. [2] can effectively deal with stochastic variables and interval values as 

119 well as the stochastic variables’ joint interactions employed to the EWNS; however, the IFCCP 

120 are based on assumptions that all of random variables employed to probabilistic constraints are 

121 normally and independently distributed, and the relationship among random variables are linear, 

122 leading to a narrower feasible region than the actual interval solutions. Moreover, IFCCP and IA 

123 both can hardly coordinate the tradeoffs among different decision makers or policies. Thus, it is 

124 of indispensability to exploit more robust optimization techiques that integrate the advantages of 

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

127

128 1.4 Innovation

129

130 This study aims to formulate a two-level based copula interval-stochastic programming (TCIP) 

131 approach to manage the regional-scale EWNS issues. TCIP integrates the superiority of TLM, 

132 MOP, IFCCP and IA into a framework, which can not only balance the goals and preferences 

133 among different decision-making levels but also analyze the risk interactions between water 

134 resources availability and electricity demand through using copula functions even having 

135 different probability distributions and previously unknown correlations.Then, the TCIP is applied 

136 to Henan Province, China. Two-level managers (i.e. the upper-levlel manager for the water 

137 resources-development and the lower-level manager for the whole-system) and five scenarios 

138 with different groups of water resources availability and electricity consumption are considered. 

139 Results will provide supports for: a) identifying the desired electricity- supply patterns under the 

140 conflicts among economic objective, water resources shortage, electricity demand, as well as 

141 environmental requirement, b) balancing the conflicts toward the two-level managers’ own 

142 attitudes; c) analyzing interactions between water resources availability and electricity 

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

144

145 2. Methodology

146

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

148 (1a) 
1

1 2,Min F x x
x
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149 where  is obtained by:2x

150 (1b)
2

1 2( , )Min f x x
x

151 subject to: 

152 (1c)    1 2 1 2 1 2, , 0, 1, 2,..., , , 0iG x x g x x i m x x   

153

154 where  (upper-level variables) and  (lower-level variables); 1
1

nx R 2
2

nx R

155 ,  are the corresponding objective functions.  is the 1 2: n nF R R R  1 2: n nf R R R  G

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

157 Stackelberg game by using the fuzzy approach [25].

158

159 Although TP can effectively deal with conflicts by diverse decision-making levels while it can 

160 hardly handle uncertain parameters presented as interval values owing to the observation error 

161 and subjective estimation [26]. It is also incapable of tackling multiple random variables as well 

162 as analyzing their associated interactions [27]. Actually, there are many other approaches to 

163 reflect the co-effect among different random variables such as the joint-probabilistic 

164 programming (JPP) methods [28, 29]. However, the conventional JPP methods are based on the 

165 assumptions that all of random variables existing in chance-constraints are normally and 

166 independently distributed [30, 31], and they can merely reflect linear dependence of various 

167 random variables while incapable of reflecting nonlinear dependence [32]. As an improvement 

168 of JPP, the copula-based interval stochastic programming (CISP) can solve the above problems 

169 with a complex relationship (including nonlinear dependence) [32]. A general CISP method is 

170 [30, 31, 33]:
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171 (2a)
1

Min
j j

n

j
E c x  



 

172 subject to:

173 (2b) 

1
, 1, 2, ...,i

ij j

n
p

i
j

a x b i k  



 

174 (2c)1 2(1 , 1 , ..., 1 ) 1kC p p p p    

175 (2d)
1

, 1, 2, ...,
ij j

n

i
j

a x b i k k m  



   

176 (2e)0, 1, 2, ...,
j

x j n  

177

178 where , , , ;  means interval numbers;   m n

ija R
    1m

ib R
   1 n

jc R
    1n

jx R
  R C

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

180 constraints (2b); .1 ( )ip
i i ib F p

181

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

183 (3a) 1 2 1
1 1

, =
j j

n

j
Min F x x c x
x

    




184 (3b)
1 2 2

2 1
( , )=

j j

n

j
Min f x x d x
x

    




185 subject to:

186 (3c) 
1

1
, 1, 2, ...,i

ij j

n
p

i
j

a x b i k  



 

187 (3d)1 2(1 , 1 , ..., 1 ) 1kC p p p p    
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188 (3e)
1

1
, 1, 2, ...,

ij j

n

i
j

a x b i k k m  



   

189 (3f)
1 2

, 0, 1, 2, ...,
j j

x x j n   

190 (3g)    1 2 1 2 1 2, , 0, 1, 2,..., , , 0iG x x g x x i m x x         

191

192 The solution theory of TCIP method is based on Sakawa et al. [34], Pramanik and Roy [35] and 

193 Huang et al. [36], by seeking the maximum overall satisfactory degree in a computation-effective 

194 way.

195

196 3. Case Study

197

198 3.1 Problem statement 

199

200 Henan province is located in the middle and lower reaches of the Yellow River (China), 

201 occupying an area of 167 × 103 km2. There are 17 prefectural-level cities and 1 provincial capital 

202 under the jurisdiction of Henan province with the total population of 108.5 million and an annual 

203 growth rate of 7.8% of the gross domestic production (GDP) by year of 2017.As the rapid 

204 growth of population and the sustainable development in economy, the electricity demand for 

205 social production and people's life has been increasing persistently. The main goals listed in the 

206 13th Five-year (i.e. years 2016-2020) Energy Development Plan of Henan Province are as 

207 follows: the total energy consumption should be controlled within 267 million tonnes of standard 

208 coal, the total electricity consumption of the whole society should be about 376 billion KWh, and 

209 the total installed power capacity should reach 87 million KW by the year of 2020 [37].

javascript:;
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210

211 Meanwhile, the water consumption situation is not optimistic. According to Water Resources 

212 Bulletin of Henan province in 2017, the total amount of water resources was 42.31 billion m3 

213 while the total water consumption amount reached 23.38 billion m3, which indicated that a 

214 shortage of water resources occurred in recent years to some extent [38]. In addition, there was 

215 an increasing demand of environment protection due to public attention to environmental issues 

216 and implementation of national environmental protection policies. According to the 13th 

217 Five-year Plan of Henan Province for Ecological and Environmental Protection, the reduced 

218 sulfur dioxide (SO2) and nitrogen oxides (NOx) emissions should be 205 and 158 thousand 

219 tonnes by 2020, respectively [39].

220

221 3.2 TCIP-EWNS modeling formulation

222

223 For a provincial TCIP-EWNS model, various elements were considered in relation to some 

224 uncertainties, as detailed in Figure 1. For instance, some technical and economic parameters 

225 were expressed as interval values, while water resources availability and electricity demand were 

226 represented by probability distributions. The TCIP-EWNS model is then applied to Henan 

227 Province, China. The TCIP-EWNS model aims at minimizing the system cost while at the same 

228 time initially addressing the water-consumption target, which mainly includes cost of water 

229 resources for electricity generation, cost for purchasing energy resources, costs for electricity 

230 generation, electricity import and electricity transmission, as well as contamination controlling. 

231 The constraints consist of water- and energy-resources availability, electricity demand-supply 
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232 security, power plant output limitation, environmental emission control, 0-1 variables and 

233 nonnegative constraints.

234 -----------------------------

235 Place Figure 1 here

236 -----------------------------

237

238 The objective function of upper decision-making level is:

239 (4) 
2 6

, , , , , ,
1 3

M in k t k t k t k t k t k t
k k

EGA CW BW DW EGA OWW      

 

      

240

241 The constraints are:

242

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

244 (5) 1 21 , 1 1C p p p   

245 (2) Water resources availability constraint:

246 (6) 
2 6

, , , , , , 1
1 3

Pr 1k t k t k t k t k t k t t
k k

EGA CW BW DW EGA OW TAW p      

 

         
 
 

247 (3) Constraint for electricity demand-supply security:

248 (7)   
6

, , , 2
1

Pr 1 1 1k t k t k t t t t
k

EGA ZL TE PE EDB p     



            
  


249 (4) Power plant output limitation constraint:

250  (8)
1

, , 0 , ,
0

t

k t k t k t k t
t

EGA RC EC ST


   




    
 



251 (5) Nonnegative constraints:
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252 (9), ,, , 0k t t k tEGA PE EC   

253

254 The objective function of the lower decision-making level is:

255

256 (10a)Min (1) (2) (3) (4) (5) (6) (7) (8)F         

257

258 (1) Cost of water resources for electricity generation:

259 (10b)
 

2 6

, , , , , , ,
1 1
6 6

, , ,
3 1

k t k t k t k t k t k t k t
k t

k t k t k t
k t

EGA CCW CW CBW BW CDW DW

EGA COW OW

      

 

  

 

     

  





260 (2) Cost for purchasing energy resources:

261 (10c)
2 6

, , ,
1 1

k t k t k t
k t

PEC EGA FE  

 

 

262 (3) Cost for importing electricity:

263 (10d)
6

1
t t

i
PEJ PE 





264 (4) Electricity generation cost:

265 (10e) 
6 6 6 6

, , , , 0 ,
1 1 1 1

k t k t k t k t k t
k t k t

EGA VGC FGC RC EC    


   

     
 

  

266 (5) Capacity expansion cost:

267 (10f) 
6 6

, , , ,
1 1

k t k t k t k t
k t

FEC YC VEC EC   

 

  

268 (6) Cost for electricity transmission:
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269 (10g)
6 6

, ,
1 1

k t k t
k t

EGA CU 

 



270 (7) Cost for pollutant reduction:

271 (10h) 
6 6 3

, , , ,
1 1 1

3.6 / 3.6k t t q t q k t t
k t q

EGA CP CE ST SU    

  

    

272 (8) Cost for CO2 mitigation:

273  (10i)
6 6

, , ,
1 1

k t k t k t
k t

EGA    

 

 

274

275 The constraints are:

276

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

278 (11) 1 21 , 1 1C p p p   

279 (2) Water resources availability constraint:

280 (12) 
2 6

, , , , , , 1
1 3

Pr 1k t k t k t k t k t k t t
k k

EGA CW BW DW EGA OW TAW p      

 

         
 
 

281 (3) Constraint for electricity demand-supply balance:

282 (13)   
6

, , , 2
1

Pr 1 1 1k t k t k t t t t
k

EGA ZL TE PE EDB p     



            
  


283 (4) Energy resource availability constraint:

284 (14), , ,k t k t k tEGA FE AR   

285 (5) Power plant output limitation constraint:

286 (15)
1

, , 0 , ,
0

t

k t k t k t k t
t

EGA RC EC ST


   




    
 


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287 (6) Constraint for water demand-supply balance:

288 (16) 
2 6

, , , , , ,
1 3

k t k t k t k t k t k t t
k k

EGA CW BW DW EGA OW WDB      

 

      

289 (7) Constraint for pollutant emissions:

290 (17)
6

, , , ,
1

k t k t q t q
k

EGA AMR ES  



 

291 (8) Constraint for CO2 emission:

292 (18) 
6

, ,
1

1k t k t t t
k

EGA CCA ESC   



   

293 (9) 0-1 variables and maximum capacity-expansion limitation:

294 (19a),

1; if capacity expasion is undertaken
0; if otherwisek tYC  

  

295 (19b), , ,0 k t k t k tEC MC YC    

296 (10) Nonnegative constraints:

297 (20), ,, , 0k t t k tEGA PE EC   

298

299 3.3 Data acquisition

300

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

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

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

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

305 [7, 12, 14, 37-41]. For instance, the correlative water-consumption parameters (e.g., water 

306 consumption for cooling system, steam system, desulfurization system and other systems) that 
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307 are presented as interval values were obtained from published papers by Liu et al. [7], Lv et al. 

308 [12], Zhang and Vesselinov [14]. The electricity-generation costs which are closely related to the 

309 volatility of interest rates, inflation rates and other factors (i.e., energy price, labor fee, and 

310 operation condition) were collected from the related papers by Yu et al. [30, 42]. Water resources 

311 availability and electricity demand which are affected by meteorologic, hydrologic and 

312 sociometric conditions were presented as random variables [7, 12, 43-46]. Table 1 illustrates the 

313 historical amounts of electricity consumption and annual growth rate of electricity consumption 

314 in Henan Province, which were obtained by Statistical Yearbook of Henan Province [40]. Since 

315 the P values of marginal distribution functions of water resources availability and electricity 

316 consumption were both larger than 0.05, indicating Normal distribution could fit well for the 

317 marginal distributions of them by using Kolmogorov-Smirnov test [47]. Pearson’s linear 

318 correlation tests were used for confirming the random variables if they were mutually correlated. 

319 The R2 between water resources availability and electricity consumption in industry during years 

320 of 2013-2024 was 0.699, which indicated that water resources availability and electricity 

321 consumption have high correlation. In this study, Frank copula was selected to model the joint 

322 distribution of water resources availability and electricity consumption owing to its smallest 

323 RMSE and MSE values [48].

324

325 ------------------------------------

326 Place Table 1 here

327 ------------------------------------

328
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329 Besides, five scenarios with different groups of water resources-availability violation level ( ) 1p

330 and electricity-consumption violation levels ( ) were considered for analyzing interactions 2p

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

332 ( ) on EWNS under different scenarios. The selected five scenarios for joint and individual p

333 constraint-violation levels  were (0.1, 0.02, 0.2), (0.1, 0.1, 0.3188), (0.1, 0.1063,  1 2, ,p p p

334 0.1063), (0.1, 0.15, 0.1001) and (0.1, 0.2, 0.1) from scenario 1 to scenario 5 (abbreviated as S1, 

335 S2, S3, S4 and S5), respectively (as shown in Table 2). In addition, three levels of decision 

336 makers were considered. In detail, the upper level model (ULM) mainly focuses on the minimum 

337 water consumption in the electricity generation; the lower level model (LLM) aims at achieving 

338 the maximum economic benefit under series of water resources availability, energy resource 

339 availability and other constraints; the two-level model (TLM) focuses on obtaining the maximum 

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

341 ------------------------------------------

342 Place Table 2 here

343 ------------------------------------------

344

345 4. Result Analysis

346

347 4.1 Electricity generation and water consumption

348

349 Henan province has achieved a GDP of 4,805.59 billion RMB ¥ by 2018, and the rapid progress 

350 in economy brings a greater demand of electricity generation. Figure 2 presents the 

351 electricity-generation pattern in different scenarios under TL. Generally, different scenarios 
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352 would generate diverse electricity-generation schemes. For example, the total 

353 electricity-generation amounts under TL would change from 190.3×103 GWh (S1) to 197.9×103 

354 GWh (S5) in year 1. This is because lower available water resources would force decision 

355 makers to select more renewable energies having lower water requirement; conversely, at a 

356 higher water resources-availability level, more fossil energies would be firstly chosen owing to 

357 the lower investment. Besides, the total supplied electricity would go ascend with time 

358 corresponding to the increasing electricity demand and local government development plans. In 

359 detail, during the whole planning horizon, the coal-fired power generation would decrease by 0.9 

360 × 103 GWh; while the electricity generated from gas-fired, hydro and wind power during the 

361 planning horizon would increase by 6.2 × 103 GWh, 3.7 × 103 GWh and 5.8 × 103 GWh, 

362 respectively. Results implied that the future electricity supply structure would toward a more 

363 sustainable aspect that balanced the conflicts of water availability, electricity supply security, 

364 environmental requirement and economic cost, as well as hierarchical concerns of different 

365 decision makers.

366 -----------------------------

367 Place Figure 2 here

368 -----------------------------

369

370 Increasing electricity generation results in growing demand of water resources. Figure 3 presents 

371 the scheme of water consumption in diverse scenarios under TL. For example, coal-fired power 

372 in TL consumed 95.06% (S1) and 94.93% (S2) of the water consumption, respectively. This is 

373 because different groups of water resources availability and electricity demand scenarios were 

374 considered, and the interactions between water resources availability and electricity demand 
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375 could influence the water consumption’s structure. As the joint and individual 

376 constraint-violation levels of S1 and S2 were (0.1, 0.02, 0.2) and (0.1, 0.1, 0.3188), respectively, 

377 the electricity demand of S1 was higher than that in S2 although the decision-maker of S1 could 

378 obtain less water resources availability. All these factors forced the decision-maker of S1 to 

379 choose fossil energy with higher water consumption but lower electricity generation cost. 

380 Meanwhile, for every electricity-conversion technology, coal-fired power consumed the most of 

381 water, followed by gas-fired power, hydro power and others, among which wind power 

382 consumed no water resources. And water consumption by various electricity conversion 

383 technology showed disparate tendency with time. In detail, water consumption by coal-fired was 

384 decreasing while the others (including gas-fired, hydro, solar and biomass) were increasing. 

385 Therefore, in the long time, water consumption in the power sector could be reduced, and the 

386 proportion of clean energy in power industry would be increasing corresponding to the whole 

387 society's energy saving and pollution reduction.

388 ---------------------------

389 Place Figure 3 here

390 ----------------------------

391

392 4.2 Electricity supply

393

394 With the rapid economic and social development of Henan province, the electricity demand is 

395 increasing at the same time, leading to the increment of capacity expansion. Figure 4 presents the 

396 results of expanded capacities from different electricity conversion technologies under various 

397 decision-making levels. Generally, the expanded capacities of each conversion technology would 
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398 be disparate under various decision-making levels. For hydro power, the expanded capacities 

399 would be 0.39 GW under TL and 0.44 GW under LL, respectively. This is because there were 

400 more water resources availability constraints under TL compared to LL, resulting in fewer local 

401 electricity generation and more capacity expansions. Besides, the expanded capacity of various 

402 electricity conversion technology would change with time corresponding to the increasing 

403 electricity demand and local government development plans. In addition, there was no expansion 

404 plans in coal-fired power while wind power had the highest expansion scheme over changing 

405 periods. This is because decision makers would incline to choose local electricity generation 

406 having lower water-consumption and pollutant-discharge. Results indicated that energy 

407 managers would tend to enlarge local renewable energies to ensure the security of local power 

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

409 ---------------------------

410 Place Figure 4 here

411 ---------------------------

412

413 It is indispensable to import electricity when the electricity generation cannot satisfy the 

414 electricity demand of Henan Province. At the present situation, the imported electricity took 

415 nearly 40% of the entire power structure, which was a pretty big part of power industry. 

416 Generally, the imported electricity would be disparate under different decision-making levels (as 

417 shown in Figure 5). For example, the imported electricity under LL and UL would be 

418 respectively [176.4, 192.7] × 103 GWh and [190.5, 202.5] × 103 GWh in year 1 under S1; while 

419 the imported electricity under TL would be [188.6, 201.6] × 103 GWh. This is because the UL 

420 decision makers would tend to import more electricity in order to reduce water resources 
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421 consumption while the LL decisions makers would incline to purchase less electricity for 

422 reducing the system cost. Therefore, the TL model could provide compromised optimization 

423 solutions between economic cost and water resources consumption. In addition, the imported 

424 electricity would decrease with time with the consideration of power security and system 

425 reliability.

426 -----------------------------

427 Place Figure 5 here

428 -----------------------------

429

430 4.3 Emissions of CO2 and pollutants

431

432 Results indicate that the amounts of carbon dioxide (CO2) emissions under TL was lower than 

433 that in LL (Figure 6). For instance, the CO2 emissions would be [188.6,189.8] ×106 tonne under 

434 LL and [178.6,184.8] ×106 tonne under TL in year 1 under S1, respectively. This is because the 

435 electricity generation from coal-fired power (i.e. the primary source of CO2 emission) of LL was 

436 less than that in TL. Besides, the emissions of pollutants would also be disparate in various 

437 scenarios. As is shown in Figure 7, the amount of NOX emissions would increase from 

438 296.7×106 tonne (S1) to 307.4×106 tonne (S5). This is because different scenarios would affect 

439 the electricity-generation pattern and then lead to the variation of pollutant-emission pathway. In 

440 addition, a downwards trend of pollutant emissions would be obtained over the planning horizon 

441 because of the aspects from government participation, policy stimulation and technology 

442 innovation.

443 ------------------------------------
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444 Place Figures 6 and 7 here

445 ------------------------------------

446

447 4.4 System cost and satisfaction

448

449 Figure 8 shows the system cost and satisfaction under different decision-making levels in various 

450 scenarios. Results showed that in S1, the system cost would be $ [3.07, 3.45] × 1012 under TL 

451 and $ [2.99, 3.39] × 1012 under LL, respectively. This is because the LL model aims at achieving 

452 the minimum system cost while the TL model takes both economic factors and water 

453 consumption into consideration. Results implied that the LL was more suitable for providing 

454 decision-making reference for the economic managers while the TL model could integrate 

455 objectives of different levels to provide a more reasonable optimization solution for decision 

456 makers. Besides, the minimum system cost would be obtained in S2 owing to the interactions 

457 between water resources availability and electricity demand. Therefore, desired schemes for 

458 balancing the tradeoff among water-energy joint risk, environmental control and system cost 

459 would be obtained.

460 ---------------------------

461 Place Figure 8 here

462 ---------------------------

463

464 5. Discussion

465

466 5.1 Comparison with single level programming approaches (i.e. UL and LL)
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467

468 Figure 9 illustrates the compared results of electricity generation, capacity expansion, imported 

469 electricity and system cost among the UL, TL and LL. Results indicated that values obtained by 

470 the TL would be in the range of UL and LL. For instance, as shown in Figure 9a, the electricity 

471 generation in year 1 would be 190.3 × 103 GWh under TL, while the values would be 188.6 × 

472 103 GWh under UL and 204.0 × 103 GWh under LL, respectively. Figure 9d shows that the 

473 system cost in TL (i.e. $ [3.07, 3.45] × 1012) would be higher than that in LLM (i.e. $ [2.99, 

474 3.39] × 1012). It is mainly because the single level of decision makers (i.e. UL and LL) only 

475 consider one target in the system objective that looks for the minimum water consumption or 

476 minimum system cost; while the minimize water consumption takes the priority in the TL, where 

477 the conflicts between water consumption and economic cost corresponding to various 

478 decision-making levels can be efficaciously solved. Besides, the LL aims at achieving the 

479 minimum system cost while the TL takes both economic factors and water consumption into 

480 consideration. Therefore, the LL is more suitable for providing decision-making reference for the 

481 economic managers while the TL could integrate objectives of different levels to provide a more 

482 reasonable optimization solution for decision makers.

483 -----------------------------

484 Place Figure 9 here

485 -----------------------------

486

487 5.2 Comparison with simple optimization methods (i.e. TP, CISP and IPP)

488

489 The study case could turn into a CISP issue when the two-level of decision makers were not 
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490 considered. Although the system cost in CISP-EWNS model would be lower than that in 

491 TCIP-EWNS model (as shown in Figure 10a). However, the CISP-EWNS model could only 

492 consider the conflict of interest by economic managers, it neglected the hierarchical conflict of 

493 interest from both water resources managers and economic managers. The problem for planning 

494 the EWNS could also be handled through TP method by simplifying TCIP-EWNS model 

495 without considering joint shortage risk between water resources availability and electricity 

496 demand. The system cost would be $ 3.38 × 1012 in TP (as shown in Figure 10a). A higher 

497 system cost would be achieved from TP-EWNS than that from TCIP-EWNS. This is because the 

498 objective of TP-EWNS is to minimize the system cost without considering the system violation 

499 risk. Besides, TP-EWNS can only deal with hierarchical concerns of different decision makers; it 

500 has difficulty in addressing the random water-resources availability and electricity demand as 

501 well as their joint interactions. For instance, when the joint violation probability level (p) is 0.1, 

502 the different groups of individual chance-constraint violation levels (i.e. scenarios 1-5) would 

503 lead to changed system costs, and the minimum system cost would merely occur in S2 (p1 = p2). 

504 Summarily, some differences among system costs would be generated owing to different 

505 marginal probability levels even if at a fixed joint probability level [32, 33]. In other words, there 

506 exist a tradeoff between the system cost and marginal probability levels. Therefore, the TCIP 

507 approach proposed in this study is superior to TP, CISP and IPP methods, and thereby can be 

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

509 -----------------------------

510 Place Figure 10 here

511 -----------------------------

512
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513 6. Conclusions

514

515 In this study, a TCIP approach has been exploited by integrating the superiority of TLM, MOP, 

516 IFCCP and IA into a framework. TCIP has the advantages of not only dealing with uncertainties 

517 having interval, random and fuzzy information as well as the joint-risk interactions associated 

518 with multiple correlated random variables, but also handling the compound conflicts existing in 

519 the EWNS management in a synergic way by considering different goals and preferences of 

520 various decision makers. Compared to single level programming approaches (i.e. UL and LL), 

521 TCIP can effectively address the conflicts between water consumption and economic cost in 

522 terms of different decision makers and then provide a more reasonable optimization solution for 

523 diverse hierarchical decision-making levels. Compared to simple optimization methods (i.e. TP, 

524 CISP and IPP), TCIP can not only deal with hierarchical concerns of different decision makers 

525 but also address the random water-resources availability and electricity demand as well as their 

526 joint-risk interactions, and thereby can be applied to a wider range of problems than the previous 

527 studies.

528

529 The TCIP has been applied to Henan Province, where solutions of two-level managers and five 

530 scenarios are examined. Results reveal that lower available water resources (S1) can force 

531 decision makers to select more renewable energies having lower water requirement, while in 

532 comparison, at a higher water resources-availability level (S5), more fossil energies can be firstly 

533 chosen owing to the lower investment. In detail, during the entire planning horizon, the total 

534 electricity-generation amounts under TL can change by 7.31 × 103 GWh from S1 to S5. Results 

535 also imply that the future electricity-supply structure will toward a more sustainable aspect that 
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536 balances the conflicts of water resources availability, electricity supply security, environmental 

537 requirement and economic cost, as well as hierarchical concerns of different decision makers. 

538 The electricity generated from gas-fired, hydro and wind power under TL during the planning 

539 horizon can increase by 6.2 × 103 GWh, 3.7 × 103 GWh and 5.8 × 103 GWh, respectively.

540

541 Although the TCIP-EWNS model can formulate effectively compromising strategies for 

542 managing the EWNS problems from aspects of different modelling objectives, various 

543 managers’ attitudes and varied system joint-risk interactions. However, the TCIP-EWNS model 

544 can merely examine the nexus between water resources system and energy system, more 

545 complex nexus systems such as water-energy-food nexus system or water-energy-food-carbon 

546 nexus system should be further analyzed [49, 50]. Besides, the TCIP-EWNS model merely 

547 employed small samples for examining the two random variables’ correlation and fitting their 

548 marginal probability distributions, thus a large number of samples should be further collected in 

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

550
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726 ►A copula-based interval two-level programming (CITP) method is developed.

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

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

729 ►Various decision-making levels and diverse risk-interaction scenarios are analyzed.

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

731

732 Appendix A. Nomenclatures for parameters and variables

electricity-conversion technology, including coal, gas, hydro, wind, solar and k
biomass power
the joint risk between water resource availability and electricity demandp
violation level of water resource availability 1p
violation level of electricity demand2p
pollutant type, including SO2, NOx and PM10q
planning periods (1-6)t

,k t  CO2 emission coefficient (103 tonne/GWh)

,k t  CO2 emission cost ($ 106/ 103 tonne)

t  transmission loss in period t (%)
pollutant-emission coefficients (tonne/GWh), ,k t qAMR 

,k tA R  available energy resource (TJ)
boiler water for electricity-conversion technology (103 m3/GWh),k tBW 

C the determinate copula function between water resource availability and electricity 
demand 

,t qC E  cost for pollutant emission ($ 103/GW)

,t qCP cost for pollutant control ($ 103/TJ)

,k tCU  cost for electricity transmission ($ 103/GWh)

,k tCW  cooling water for electricity-conversion technology (103 m3/GWh)

,k tCBW  cost for boiler water ($ /103 m3)

tCCA emission reduction rate of CO2 (%)
cost for cooling water ($ /103 m3),k tCCW 

cost for desulfurization water ($ /103 m3),k tCDW 

cost for other water ($ /103 m3),k tCOW 

,k tDW  desulfurization water for electricity-conversion technology (103 m3/GWh)

,k tEC  expanded capacity for electricity-conversion technology (GW)

tED B  electricity demand (GWh)

,k tEGA electricity generation amounts (GWh)
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,t qE S  allowed amounts of pollutant emission (103 tonne)

tESC allowed amounts of CO2 emission (103 tonne)
system cost under lower decision-making level ($ 1012)F 

,k tF E  energy consumption rate (TJ/GWh)

,k tFEC  fixed cost for expanded capacity ($ 103/GW)

,k tFGC  fixed maintenance cost for electricity generation ($ 103/GW)

,k tMC  maximum expanded capacity for electricity-conversion technology (GW)

,k tOW  other water for electricity-conversion technology (103 m3/GWh)

tPE  imported electricity (GWh)

,k tPEC  cost for purchasing energy resource ($ 103/TJ)

tPEJ  cost for imported electricity ($ 103/GWh)

,k tRC  residual capacity for electricity-conversion technology (GW)

,k tST  service time of electricity-conversion technology (h)

,k tSU  financial subsidy ($ 103/TJ)

tTAW  amounts of water resource availability (106 m3)

,k tTE  power-facilities conversion efficiency (%)

,k tVEC  variable cost for expanded capacity ($ 103/GW)

,k tVGC  variable cost for electricity generation ($ 103/GWh)

water consumption under upper decision-making level (106 m3)W 

tWDB  water demand (106 m3)

,k tY C  0-1 variables for capacity expansion

,k tZL 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

Year
Electricity consumption 

(103 GWh)

Annual growth rate of electricity 

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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2012 298.0 3.7

2013 316.8 6.3

2014 323.2 2.0

2015 315.8 -2.3

2016 321.6 1.8

2017 342.9 6.6

738
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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 
probability

Marginal probability of water 
resources availability

Marginal probability of 
electricity consumption

Water resources 
availability (106 
m3)

Electricity 
consumption (103 
GWh)

1 2( , , )p p p

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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Electricity conversion technologies

Coal-fired power
Gas-fired power

Hydro power
Solar power
Wind power

Biomass power

Access, transport, 

      dispose

Mine, refine,

   process

Water supply

Energy supply

Water resources

Surface water

Ground water

Recycled water

Complexity of energy-water nexus system (EWNS)

Two-level based copula interval-stochastic programming (TCIP)

Interval-parameter programming (IPP) Two-level programming (TP) Copula-based stochastic programming (CSP)

Decision
 analysis 

TCIP-EWNS model of Henan province

Upper level

Objective:
  Minimum water consumption
Decision variable:
  Electricity generation

 Constraints
  Water resources availability 

  Water demand-supply balance

  Energy resources availability

  Electricity demand-supply balance 

  Capacity expansion limitation

  Environmental control

  Carbon mitigation

  Nonnegative constrains

Water demand-supply 
analysis

Electricity demand-supply  
analysis

Energy economic analysis

Pollutant mitigation 
analysis

Comprehensive EWNS  
analysis

Climatic, economic, social and environmental factors

Energy resources

Coal
Natural gas
Water
Solar
Wind
Biomass

Non-renewable 
energy

Renewable 
energy

Application Application

Lower level
Objective:
  Minimum system cost
Decision variable:
  Electricity generation
  Energy consumption
  Imported electricity
  Capacity expansion

Influence

Influence Uncertainties

Parameters

Technical and economic parameters
Water resources availability

Pollutant emission coefficient
Electricity demand-supply

Capacity expansion
Others

Expression

Probability distribution

Interval parameter

Joint shortage risk

Uncertainty sources

Pollutant-emission permission
Market fluctuation

Inaccurate observation
Dynamic change

Subjective experience
Others

Figure 1. The framework of TCIP-EWNS model
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