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Abstract 16 

Sustainable water management is key to achieving sustainable development goals. 17 

Increasing water consumption prompts industrial plants to implement water 18 

conservation projects (WCPs) and improve the utilization efficiency of water resources. 19 

In this paper, we develop an integrated graphical method for the implementation of 20 

water conservation projects by considering both water-saving targets and investment 21 

costs with or without government subsidies. First, cost-benefit analysis for different 22 

projects is carried out. The unit water savings cost diagram is employed to rank the 23 

priority of implementation of each project. Then, the project combination that meets the 24 

expected water-saving goal is determined via water-saving pinch analysis. Finally, the 25 

water conservation potential and cost-benefit of the optimal project combination are 26 

estimated using the marginal cost curve diagram. Two scenarios are considered for the 27 

proposed graphical approach: with and without government subsidies. A 28 

chlor-alkali/polyvinyl chloride complex is used as an illustrative case study. The results 29 

indicate the proposed method can be used to screen out the feasible project under the 30 

constraints of water-saving target and financial fund. 31 
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1. Introduction 35 

Water resources play an important role in population, economy, and social 36 

development (Sun et al., 2016; Liu et al., 2017). Water is a resource that is essential to 37 

a wide range of human activity, and is critical for achieving nearly all sustainable 38 

development goals (World Bank, 2016). However, water is in short supply in many 39 

countries due to the increasing demand and uneven temporal and spatial distribution 40 

of water resources. Furthermore, global water demand has increased nearly eight 41 

times from 1900 to 2010 (Wada et al., 2016). Over two billion people live in 42 

water-stressed areas (Oki and Kanae, 2006). 43 

China is one of the countries experiencing water scarcity as the per capita 44 

available water resources are only a quarter of the world average (Sun et al., 2017). 45 

The shortage of water has severely limited sustainable development in many areas in 46 

China, especially in northern regions (Cai et al., 2017). The uneven spatial 47 

distribution and inadequate water quality, rapid economic development and 48 

urbanization, and growing population, have combined to aggravate the scarcity of 49 

water resources in China (Liu and Yang, 2012; Ma et al., 2020). Medium and high 50 

scenario forecasts of non-agricultural water demand project an increasing global 51 

withdrawal (1930–2876 km3/y) and consumption (537–694 km3/y) by 2100 with 52 

especially dramatic increases in developing regions (Bijl et al., 2016). The shortage of 53 

water resources is one of the biggest challenges to China's sustainable development 54 

(Jiang, 2015). 55 

The growing regional and sectoral water shortage has led the Chinese 56 

government to invest heavily in the construction of hydraulic engineering facilities to 57 

relieve water pressure in water-scarce areas (Zhao et al., 2015). These projects include 58 

the world's largest hydropower project (i.e., the Three Gorges Project) and the largest 59 

water transport project (i.e., the South–North Water Transfer Project). As seawater 60 

desalination is an important supplement to water resources and strategic reserves, the 61 

Chinese government is also actively promoting desalination in the coastal cities. 62 

According to the National 13th Five-Year Plan for Seawater Utilization, the total scale 63 

of seawater desalination is expected to reach 2.2 Mt/d by 2020. However, the high 64 

cost of seawater desalination technology leads to a prohibitively high price of 65 

desalinated water. Therefore, the government must establish a subsidy scheme to 66 

promote seawater desalination. The optimal amount of government subsidies can be 67 
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determined by pinch analysis (PA) (Jia et al., 2019a). 68 

In addition to water transfer and seawater desalination to increase external water 69 

sources, the Chinese government, companies, and scholars are actively exploring 70 

sustainable water demand management interventions to reduce internal water use. 71 

Water management strategies play an important role in water shortage alleviation 72 

(Xiong et al, 2020). An operational definition of water demand management 73 

comprises five components: (1) reducing the quantity or quality of water required to 74 

accomplish a specific task; (2) adjusting the nature of the task so it can be 75 

accomplished with less or lower quality water; (3) reducing usage losses from the 76 

source to disposal; (4) shifting usage time to off-peak periods; and (5) increasing the 77 

ability of the system to operate during droughts (Brooks, 2006). Based on water 78 

pollution data collected for 51 cities in China from 2011 and 2013, 73.4 kt of 79 

industrial wastewater is discharged per billion gross domestic product (Wang and 80 

Yang, 2016). Water pollution exacerbates China's water scarcity.  The North China 81 

suffers water scarcity throughout the year, whereas South China, experiences seasonal 82 

water scarcity due to inadequate quality. (Ma et al., 2020). Therefore, water 83 

conservation and wastewater reuse are two important aspects of industrial policies to 84 

ensure the water supply (Wang et al., 2015). The objective of water conservation and 85 

wastewater reuse in the industrial plant is to implement water conservation projects 86 

(WCPs) which prevent pollution at the source and reduce the freshwater consumption 87 

while at the same time contributing to economic goals. 88 

In China, water intensity dropped to 6.68 L/CNY in 2018, attaining a reduction 89 

of 18.9 % compared with that in 2015 (NDRC, 2019). However, there is still a big 90 

difference compared with the average water intensity level in developed countries 91 

(Mao, 2019). This has prompted industrial sectors to select and implement WCPs for 92 

water intensive industries. As water demand is expected to increase in the future due 93 

to increased freshwater consumption, sustainable water management requires an 94 

integrated approach, which will consider not only the end-of-pipe treatment of 95 

effluents but also water conservation, reuse, regeneration, and recycling. In many 96 

cases, the potential problems are magnified by the prospect of water resource 97 

reduction due to climate change (Tan and Foo, 2018).  98 

Cleaner production (CP) is one of the important environmental tools and policies 99 

used to address sustainable consumption and production for the industries. The 100 
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increase in water demand and wastewater discharge, the economic benefit of 101 

wastewater reuse, and the related wastewater reuse policy promulgated by the 102 

government have promoted the development and implementation of CP technology 103 

(Lyu et al., 2016). However, the CP technology employed in the plants are considered 104 

separately, not in a systematic manner. Jia et al. (2015) extended pinch analysis 105 

technique to water management of chemical processes from life cycle perspective 106 

through the decomposition of total water footprint into external and internal footprint 107 

components. Different WCP strategies were considered to meet the water saving 108 

target. Zhang and Guo (2016) evaluated water savings potential under water 109 

integrated optimal management for agriculture and the economic effects of agriculture 110 

water savings. Basupi (2019) proposed a multi-objective optimization method for the 111 

design of sanitary sewer by implementing different WCPs with the objective of 112 

minimization of total cost of sewers and WCPs and maximizing cost benefits of 113 

employing WCPs. Wang et al. (2020) used adaptive water management plans for the 114 

evaluation of water saving potential from both supply and demand side. The proposed 115 

method facilitates developing effective policy for different groups of water users. 116 

Wang et al. (2021) investigated water consumption for the main units in 117 

coal-to-synthetic natural gas process. Water-saving potential is evaluated for the key 118 

operation units. The results indicate if all the water-saving measures are employed, 119 

about 60% of water consumption in recirculating cooling water system can be 120 

achieved. The limitation of this work is that it did not consider the economic 121 

feasibility of these WCPs. 122 

Water is a basic public resource, which makes it important for government to 123 

ensure its equitable use. Financial assistance has been identified as an important 124 

policy tool by governments for promoting water conservation in the plants. 125 

Government financial support thus seeks to stimulate investment of limited funds to 126 

obtain a good return on the investment, i.e., rapid deployment of cleaner technologies. 127 

The government is one of the key stakeholders in sustainable water management and 128 

may use calibrated subsidies to influence decisions of targeted companies (Aviso et al., 129 

2010). In practice, not all the WCPs are feasible, or economically viable. Detailed 130 

feasible analysis is needed to assess the applicability of each of WCPs. Therefore, the 131 

management and continuous optimization of industrial water use are essential climate 132 

change adaptation strategies to achieve sustainable growth (Jia et al, 2019b). The 133 
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biggest challenge for developing countries is managing to retrofit the industrial 134 

processes, which are sometimes based on obsolete technologies, despite financial, 135 

institutional, and legal constraints (Gumbo et al, 2003). 136 

The chlor-alkali/polyvinyl chloride (PVC) industry is a major basic chemical 137 

industry. China now accounts for approximately one-third of the global PVC output 138 

and consumption. This sector is also a very water-intensive industry (Wang et al., 139 

2019). In 2017, the capacity and output of the PVC industry in China ranked in the 140 

first place globally. This inevitably leads to large water consumption (China 141 

Chlor-Alkali Industry Association, 2017). Furthermore, most PVC plants are located 142 

in water-scarce areas, thus leading to water stress both for the companies themselves 143 

and the neighboring communities (Wang et al., 2019). Deploying WCPs to alleviate 144 

water shortage in the installation regions of PVC industries is critical. The present 145 

work focuses on an integrated graphical approach to determine the optimal WCP mix 146 

that considers water-saving targets and limited investment funds with/without 147 

subsidies from local governments. It provides a systematic method for the manager to 148 

screen out the feasible water-saving options under the constraint of funding and water 149 

target. 150 

2. Methods 151 

The proposed methodology addresses the selection problem of water-saving 152 

projects in the plants. The problem statement can be stated as follow. A set of N 153 

independent projects is given. Each project has an initial investment with an expected 154 

water-saving. A set of M funds is given. The fund is associated with a given budget 155 

and an expected water-saving target. The objective of the problem is to screen out the 156 

feasible combination of water-saving projects, subject to financial constraints and 157 

water-saving targets. This is a crucial process for the decision makers because the 158 

utilization of limited economic resources needs to be optimized and the amount of 159 

water-saving for all the projects should be satisfied. Net present value (NPV) is 160 

chosen to check the economic feasibility of the projects, since it considers the time 161 

value of money and the incremental wealth from undertaking a project. 162 

2.1. The general framework of the method 163 

This work presents an integrated framework of screening WCPs considering 164 

simultaneously the benefits, cost, and waster saving potentials, as shown in Fig. 1. 165 

This framework contains system boundary definition, feasible analysis, targeting 166 
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process, and potential analysis for WCPs. First, the water system boundary is defined, 167 

and candidate water-saving options are determined based on water consumption data. 168 

Next, the benefit and cost of the candidate options are analyzed according to the 169 

obtained information. The NPV per unit water-saving diagram and marginal 170 

water-saving curve diagram are plotted. Some water-savings projects with negative 171 

values in these two diagrams are removed from the alternative options. The remaining 172 

projects flow into the targeting process. Finally, a water-saving pinch analysis is 173 

performed to screen out the optimal project options. The best water conservation path 174 

is determined based on the financial constraints and water-saving targets. During the 175 

targeting process, if the cumulative investment of all the alternative options is more 176 

than the fund, the optimal projects are determined from the project options obtained 177 

by the NPV analysis. Otherwise, the options removed in the NPV analysis should be 178 

readded into the water-saving project pool in order to fully utilize the fund. The 179 

priority of the projects adding to the project pool is determined by the NPV per unit 180 

water-saving.  181 

 182 
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Fig.1. The framework of water conservation path  193 

2.2. Techno-economic model 194 

When implementing water conservation projects, plant managers often seek to 195 

maximize the project revenue while minimizing investment risks. The main risk 196 

factors are changes in government policies and fluctuations in water prices. In 197 

addition, the choice of WCPs is limited by the investment availability of the company, 198 

and the water-saving affordability is affected by the income and expenditure of the 199 

company. Based on the investigation and analysis of investment subjects, such as the 200 

government, companies or individuals, the policy makers decide on the 201 
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implementation of possible investment project plans. 202 

In this study, net present value (NPV) is chosen to measure the economic activities 203 

of the projects and evaluate their benefits. NPV is considered a reliable standard for 204 

measuring economic benefits (Marchioni and Magni, 2018). Within the project 205 

lifetime, the sum of the present value of the net cash flow per year is calculated at the 206 

industry benchmark discount rate. The net present value refers to the difference 207 

between the discounted net cash flow generated by the investment plan and the 208 

discounted value of the original investment. NPV > 0 means the project is profitable. 209 

The greater the net present value, the more profitable the project option. After 210 

considering the benefits and costs, the investment decision objective function is 211 

established as follows. 212 

 213 

𝑁𝑃𝑉=𝑃(𝐵)−𝑃(𝐶)             (1)             214 

𝑃(𝐵) = ∑
𝑊𝑆𝑡×𝑊𝑃𝑡+𝑉𝑃𝑡×𝑃𝑃𝑡

(1+𝑟)𝑡−1

𝑡𝑜𝑝𝑡𝑖𝑜𝑛
𝑡=1          (2)  215 

𝑃(𝐶) = 𝐼𝑁𝑉 + ∑
𝐸𝐶𝑡×𝐸𝑃𝑡+𝑀𝐶𝑡×𝑀𝑃𝑡

(1+𝑟)𝑡−1

𝑡𝑜𝑝𝑡𝑖𝑜𝑛
𝑡=1        (3)  216 

 217 

P(B) represents the total revenue generated during the project's life cycle, including 218 

the water-saving revenue and recycled product revenue. P(C) represents the total cost 219 

consumed during the project cycle, including the initial transformation and operating 220 

costs (i.e., electricity costs, chemical consumption costs). Because the NPV model 221 

considers the time value of money, the remaining costs may change every year, but 222 

the initial investment costs will remain the same. Table 1 shows the evaluation process 223 

of the price of each category involved in water conservation processes. 224 

  225 

Table 1 The parameter variables for each year (tth = t_project) 226 

Year 𝟎 1st y … tth y 
Investment  INV 𝐼𝑁𝑉 - … - 
Water saving  𝑾𝑺𝒕 − 𝑉𝑆 … 𝑉𝑆 
Water price 𝑾𝑷𝒕 − 𝑊𝑃1 … 𝑊𝑃1 ×（1 + 𝑟1）

𝑡−1
 

Recycled product 𝑽𝑷𝒕 − 𝑉𝑃 … 𝑉𝑃 
Recycled product price 𝑷𝑷𝒕 − 𝑃𝑃1 … 𝑃𝑃1 ×（1 + 𝑟2）

𝑡−1
 

Electricity consumption 𝑬𝑪𝒕 − 𝐸𝐶 … 𝐸𝐶 
Electricity price 𝑬𝑷𝒕 − 𝐸𝑃1 … 𝐸𝑃1 ×（1 + 𝑟3）

𝑡−1
 

Material consumption 𝑴𝑪𝒕 − 𝑀𝐶 … 𝑀𝐶 
Material price 𝑴𝑷𝒕 − 𝑀𝑃1 … 𝑀𝑃1 ×（1 + 𝑟4）

𝑡−1
 

 227 
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2.2.1. Quantification of the water savings potential and marginal water savings 228 

cost of each project 229 

The quantitative formulas of water savings potential and unit water savings cost of 230 

each project are shown in Eqs. (4-5). The input parameters of the project options 231 

include the project lifetime (t_project), annual water savings (WS), water price (WP), 232 

annual increase in water price (r1), annual recovered product amount (VP), unit price 233 

of recovered product (PP), annual price increase of recycled products (r2), annual 234 

electricity consumption (EC), electricity price (EP), annual increase in electricity 235 

price (r3), annual raw material consumption (MC), material price (MP), and annual 236 

increase in chemical price (r4). The amount of recovered product (VP) in this work is 237 

estimated by the production of the concentration of the product being recovered 238 

calculated and the flowrate of the recovered wastewater.  239 

 240 

 𝑊𝑆𝑃 = ∑ 𝑊S𝑡
𝑡𝑝𝑟𝑜𝑗𝑒𝑐𝑡
𝑡=1             (4) 241 

 𝑀𝐶 = 𝑁𝑃𝑉/𝑊𝑃                (5) 242 

 243 

2.2.2. Unit water savings cost and marginal water savings cost curve diagrams 244 

The NPV per unit water-saving (in units of CNY/t) can be calculated from Eq. (5), 245 

and the NPV per unit water-saving diagram is plotted. The X and Y axes correspond 246 

to the project sequence number and unit water savings cost, respectively. Then, the 247 

total water saving potential (in units of kt) and unit water saving cost (in units of 248 

CNY/t) of each project during its life cycle can be calculated according to Eqs. (4-5), 249 

respectively. The marginal NPV curve diagram is plotted. According to the NPV per 250 

unit water-saving, the marginal NPV curve is ranked. The projects with the lowest and 251 

highest cost effectiveness are located on the far left and far right, respectively. The 252 

project's cost effectiveness gradually increases from left to right. A negative value of 253 

the unit water-saving cost indicates that the benefit is less than the cost, which means 254 

that the company will save water at the expense of money (i.e., unprofitable project). 255 

A positive value indicates that the benefit is greater than the cost, which means that 256 

there is a net profit (i.e., cost-effective project). The width of the column in the 257 

diagram corresponds to the total water savings potential over the life of the project, 258 

and the area of the column corresponds to the net present value. 259 

2.3. Water-saving pinch diagram 260 
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Pinch Analysis is an insight-based methodology for process integration problems. 261 

It was originally developed to optimize heat recovery in process plants, but over four 262 

decades of development, applications have diversified to address different 263 

sustainability issues (Klemeš et al., 2018). Water pinch technology has been further 264 

developed and widely applied to minimize water targets using the water cascade 265 

analysis methodology (Manan et al,2004). 266 

In this work, PA for WCPs is extended for selecting water conservation projects in 267 

the chemical plant. This method solves a specific type of problem in project valuation, 268 

subject to financial constraints. It focuses on the limited economic resources whose 269 

utilization requires optimization (Roychaudhuri et al., 2017). For the detailed 270 

mathematical formulation, the reader can refer to Tan et al. (2016).  The procedure for 271 

plotting the water-saving pinch diagram is shown in Fig. 2  272 

 273 

Collect the investment and water saving data

Plot the project composite curve (PCC)

Plot the fund composite curve (FCC)

Move the FCC along and by one 

segment of the PCC

    Is the FCC crossing the 

PCC?

Final water-saving pinch diagram

Yes No

 274 

Fig. 2 The procedure of water-saving pinch diagram 275 

 276 

The generation steps of the water-saving pinch diagram are as follows: 277 

✓ Step 1: All WCPs are arranged in ascending order of the actual water savings 278 

intensity. Water savings intensity refers to the ratio between the magnitude of 279 

water savings and financial investment for a given project. 280 

✓ Step 2: The magnitude of financial investment and water savings are used as the 281 

horizontal and vertical coordinates, respectively. Thus, a project composite curve 282 

is constructed based on the ascending order of the actual water savings intensity.  283 
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✓ Step 3: All financial resources are arranged in ascending order of the expected 284 

water savings intensity. Note that, in most cases, the company sets the expected 285 

water savings intensity of financial resources according to the expected 286 

water-saving goal. 287 

✓ Step 4: Based on the ascending order of the water savings intensity, the composite 288 

curve of financial resources and projects is plotted in the same coordinate system. 289 

The project composite curve should completely be located above and to the left of 290 

the fund composite curve, implying that the water savings of the projects would be 291 

able to cover the water requirements of the funds. If not, the fund composite curve 292 

is to be moved along the project composite curve, one segment at a time, until the 293 

fund composite curve is completely below the project composite curve.  294 

Regarding the water-saving pressure, priority is given to the project's water 295 

savings potential rather than economic benefits. Based on the expected water savings 296 

potential and maximum investment that the company can bear, a water-saving pinch 297 

analysis can be carried out to select the project portfolio that meets the expected 298 

water-saving target. 299 

 300 

2.4. Sensitivity analysis 301 

In the specific model calculation process, a large quantity of data is derived from 302 

existing data. The data that are closest to the actual situation are usually selected. In 303 

the case of uncertain data, a sensitivity analysis is required to test the sensitivity of the 304 

results to data changes. Sensitivity analysis is a method to study the sensitivity of a 305 

model's state or output to changes in the system parameters or surrounding conditions. 306 

It is often used to study the stability of the optimal solution when the original data are 307 

inaccurate or change. Sensitivity analysis can also determine which parameters have a 308 

greater impact on the system or model. By individually changing the values of related 309 

variables, we can explore the impact of changes of parameters on key indicators. 310 

In this work, the impacts of subsidies on the water savings and costs are explored. 311 

The procedure for the sensitivity analysis is described as follows. First, the percentage 312 

of subsidies is determined. For example, in Scenario 2, 40% of the investment of the 313 

water-saving project is subsidized by the government. Next, the actual investment of 314 

the project afforded by the company can be determined by subtracting the subsidies 315 

from the initial investment. Thus, the actual investment and the amount of 316 
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water-savings for all the water-saving projects can be identified. Finally, pinch 317 

analysis of water conservation projects is performed to screen out the feasible projects 318 

under the constraints of financial fund and water-saving targets. Based on the results 319 

of pinch analysis, the actual amount of water-savings for all the projects is determined. 320 

The same procedure is repeated for different percentage of subsidies. 321 

 322 

3. Case study 323 

A chlor-alkali/PVC complex is used in this work as an illustrative example. The 324 

system boundary of this case study is shown in Fig. 3. A detailed description of the 325 

production chain can be found in Wang et al. (2019).  326 

There are many industrial water-saving techniques available for PVC plants. For 327 

example, cooling water systems are the most important contributors to water 328 

consumption. The water is usually evaporated into the atmosphere, and the quality of 329 

the blowdown water is better than the discharge of other processes. If water 330 

conservation techniques are employed in cooling water systems, the water-saving 331 

effects will be obvious. Additionally, water reuse techniques can be used to reduce the 332 

freshwater consumption. For example, steam systems can be transformed to closed 333 

circulation systems to recycle the steam condensate. Smart water monitoring systems 334 

can be installed in the living area of the plant to reduce the use of domestic water. A 335 

total of 11 WCPs were identified for the case study presented by Dai et al. (2015). The 336 

water-saving process involves PVC, acetylene, vinyl chloride, polymerization, and 337 

caustic soda workshops as well as public work and staff residential areas. Assuming 338 

that the water supply system of the case study runs steadily, 11 WCPs (i.e., P1 to P11) 339 

are specified. The corresponding data are summarized in Table 2 and the details for 340 

each project are summarized in Appendix A. 341 
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 342 

Fig.3 Schematic diagram of water conservation projects in PVC plant 343 

If the local water resources are scarce, the chlor-alkali plant is required to save at 344 

least 2,500 kt/y of water, according to the industrial water-saving target set by the 345 

government. Currently, the largest water saving renovation project fund of the 346 

company is CNY 8 million, which is less than CNY 17.83 million needed to support 347 

all water saving project options. It is assumed that the life span of the water-saving 348 

projects is 10 years. According to the water-saving target and capital amount of the 349 

largest renovation project, the expected water saving intensity is I = 2500*10/8000 = 350 

3.125. With limited funding, it is necessary to exclude some projects and screen out 351 

project portfolios that meet the expected water-saving goals. In Section 4, the 352 

selection of project options with or without government subsidies is discussed. 353 
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Table 2.  Water conservation projects of chlor-alkali plant and input parameters 354 

a. water price is CNY2.7/t. 355 
b. recycled product price is CNY388/t. 356 
c. electricity price is CNY0.24/kWh. 357 
d. the price of steam used in P5 is CNY40/t;  358 
e. the price of chemical consumed in P6 is CNY3,000/t. 359 
 360 
 361 
 362 

Location No. Project name 
Transformation 

cost /kCNY 

Water saving  

/(kt/y) 

Recycled 

product 

/(kt/y) 

Electricity 

consumption 

/(MWh/y) 

Chemical 

consumption  

/(kt/y) 

Chlor-alkali 

workshop 

P1 Water recovery in the electrolysis process 40 100.4 a 0 44 c 0 

P2 wastewater reuse from the resin tower 1500 100 a 5.9561 b 200 c 0 

Acetylene 

workshop 

P3 
Wastewater reuse from concentration tank to acetylene 

generator 
100 144 a 0 56 c 0 

P4 sealing water and flushing water recovery 50 96 a 0 44 c 0 

Vinyl chloride 

workshop 
P5 Reuse of mercury-containing wastewater 3000 26.4 a 0 142.56 c 9.6 d 

Polymerization 

workshop 
P6 Biochemical treatment and reuse of mother liquor 5000 380 a 0 1800 c 0.228 e 

Caustic soda 

workshop 
P7 Evaporation and solid alkaline condensate water reuse 1000 640 a 0 216 c 0 

Utility area 

P8 Sealed water self-circulation in the whole plant. 1080 224 a 0 216 c 0 

P9 Acid-alkali wastewater reuse from pure water station 250 216 a 0 100 c 0 

P10 Water savings in circulating water system 5600 1800 a 0 738 c 0 

Staff living area P11 Water recovery in domestic water system 210 360 a 0 174.6 c 0 
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4. Results and discussion 363 

4.1. Scenario 1: Without government subsidies 364 

In order to evaluate the costs of the project options, the following assumptions are 365 

made: (1) According to the percentage growth rate of China's price index, the annual 366 

growth rate for water price, recovered product price, steam price, electricity price, and 367 

chemical price are assumed to be constant in this work, i.e., 2%, 3%, 3%, 2%, and 3%, 368 

respectively. (2) The discount rate of all projects is 5%; the life span of all the projects 369 

is set to 10 years. (3) All projects are technically feasible and can achieve the water 370 

savings potential described by the original data. (4) All projects are independent; there 371 

are no inter-project dependencies. 372 

The techno-economic status of alternative projects without government subsidies is 373 

evaluated based on the water saving and the investment. First, the price of the relevant 374 

products consumed in the project for the specific year are evaluated according to the 375 

equations in Table 1. Based on the given growth rate in the above assumption and 376 

initial price in Table 2, the prices of water, electricity, recycled products, the steam 377 

and chemicals for each year during the lifetime can be obtained. Next, the benefits 378 

and costs of the water saving projects for each year are obtained according to during 379 

Eqs (1) – (3). The results are shown in the 2nd and 3rd column of Table 3. Noting that 380 

the benefit for each project are the summation of the discounted benefit of each year 381 

during the lifetime of the project. The costs are obtained in the same manner. Finally, 382 

the NPV results and marginal water-saving cost are calculated according to Eqs (4) – 383 

(5), as summarized in the 4th and 6th column of Table 3. In the 5th column of Table 3 384 

presents the total amount of water saving during the lifetime of the project. The 385 

water-saving potential for all the projects is presented in Fig.4 and marginal 386 

water-saving cost curve is presented in Fig. 5. 387 

Table 3 NPV results of the project options without subsidies 388 

No. 
Benefit  

/kCNY 

Cost  

/kCNY 

NPV 

 /kCNY 

Water saving  

/kt 

NPV per unit 

water-saving 

/(CNY/t) 

P1 2,387.54 133.01 2,254.53 1,004 2.2456 

P2 23,604.20 1,922.76 21,681.44 1,000 21.6814 

P3 3,424.36 218.37 3,205.99 1,440 2.2264 

P4 2,282.91 143.01 2,139.90 960 2.2290 

P5 627.80 6,828.38 -6,200.58 264 -23.4870 

P6 9,036.51 15,087.37 -6,050.86 3,800 -1.5923 

P7 15,219.38 1,456.58 13,762.80 6,400 2.1504 

P8 5,326.78 1,536.58 3,790.20 2,240 1.6921 

P9 5,136.54 461.38 4,675.16 2,160 2.1644 

P10 42,804.50 7,159.99 35,644.52 18,000 1.9803 

P11 8,560.90 579.07 7,981.83 3,600 2.2172 
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 389 

Fig.4 The NPV per unit water-saving diagram without subsidies 390 

 391 

Fig. 5 Marginal NPV curves diagram without subsidies 392 

As shown in Fig.4, P5 and P6 are located below the X axis, which indicates that 393 

sacrificing money for water conservation is unprofitable. The operation of plants 394 

consumes not only electricity but also high-priced steam and chemicals. The operating 395 

costs far exceed the benefits of water conservation. Therefore, these projects with high 396 

operating cost should be implemented at last. The remaining projects are located 397 

above the X axis, indicating that the benefits are greater than the costs. P2 is the 398 

highest in the bar chart, with a value of 21.68 CNY/t. Implementing acid-base 399 

waste-water recovery reduces the hydrochloric acid and liquid base consumption. In 400 

terms of the company's economic benefits, the funds should be allocated to P2 first. 401 

Besides P2, P5, and P6, the other projects do not involve the recovery and use of 402 

chemical substances, and the calculated unit cost of water saving is almost the same, 403 

which is also in line with the actual operating situation. 404 

 405 
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It can be deduced by Fig. 5 that the order of priority of funds flowing into 406 

alternative projects is P5, P6, P8, P10, P7, P9, P11, P3, P4, P1, P2. The total water 407 

saving potential of cost-effective projects over a 10-year period is 36,804 kt. The area 408 

of P10 is the largest. Although its unit water-saving cost-effectiveness is not the 409 

highest, the water-saving potential of circulating water in public works is huge. 410 

Furthermore, its NPV is the largest, meaning that the project not only saves a lot of 411 

water resources but also brings a net income of CNY 35.644 million to the company. 412 

In terms of the economic benefits of the company, this work evaluates and prioritizes 413 

WCPs according to the unit water savings cost. However, Fig. 5 shows that P2 has an 414 

excellent unit cost-effective, and its water-saving potential is not large. Thus, from the 415 

point of view of water savings potential, the project is not advantageous over other 416 

projects. Finally, to study the intensity of water saving under the condition of fund 417 

shortage and water-saving target, the water-saving pinch diagram without subsidies is 418 

used. The results are shown in Fig. 6. In Fig. 6a, water-saving pinch diagram is 419 

infeasible because the fund composite curve is located above the project composite 420 

curve. The projects covered by the fund cannot meet the water target. Therefore, the 421 

fund composite curve should be shift along the project composite curve until the fund 422 

composite curve is completely below project composite curve. The results of shifting 423 

fund composite curve are presented in Fig. 6b.  424 

  

(a) (b) 

Fig. 6 Water-saving pinch diagram for WCPs without subsidies 

The pinch point for WCPs without subsidies is (2580, 3240). Below the pinch point, 425 

the project options are not funded by the fund because of low water saving intensity. 426 

Above the pinch point, the projects in the project composite curve covered by the fund 427 

composite curve are chosen to implement in the plant. In this scenario, P10, P7, P9, 428 
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P3, P11, P4, and P1 on the right side of the pinch point are located above the fund 429 

composite curve F1, which has a higher water savings potential/investment ratio. 430 

These projects will receive funds for water conservation. An investment of CNY 7.25 431 

million can achieve cumulative annual water savings of 3,356.4 kt, which is the sum 432 

of the water-saving of the selected projects. Funding for F1 is greater than the cost of 433 

the selected portfolio projects, with the remaining CNY 0.75 million unutilized. The 434 

projects on the left of the pinch point are P2, P8. The total water savings potential is 435 

3,240 kt, which has not been supported by funds (i.e., CNY 2.58 million). Obviously, 436 

in terms of water savings potential/investment point, the projects above the pinch 437 

point is far better than the projects below the pinch point. The combination of WCPs 438 

selected by this standard includes P10, P7, P9, P3, P11, P4, P1. The investment of the 439 

company does not exceed the expected maximum amount of CNY 8 million, and the 440 

annual water savings potential exceeds the target of 2,500 kt. The water-saving per 441 

unit investment is 4.6295 t/CNY. The chosen projects can meet the financial 442 

requirement and water-saving target.  443 

4.2. Scenario 2: With government subsidies 444 

If local water resources are very limited and the government can provide financial 445 

support for water conservation, WCP subsidies can be set up. In this work, it is 446 

assumed that 40% of the initial costs are subsidized. Depending on the actual 447 

investment of individual projects, the subsidies amount is determined. At this point, 448 

the company bears 60% of the initial cost. The NPV for each project is calculated 449 

again according to the Eqs. (1) – (5). The parameters and procedures for the NPV 450 

analysis are the same as the Scenario 1. The results are shown in Table 4. The NPV 451 

per unit water-saving is analyzed and plotted in Fig. 7. The marginal NPV curve is 452 

shown in Fig. 8. 453 

Table 4 Results of the project options with 40% subsidies 454 

No. 
Benefit  

/kCNY 

Cost 

 /kCNY 

NPV  

/kCNY 

Water saving  

/kt 

Unit cost  

/(CNY/t) 

P1 2387.54 117.01 2270.53 1004 2.26149 

P2 23604.20 1322.76 22281.44 1000 22.28144 

P3 3424.36 178.37 3245.99 1440 2.25416 

P4 2282.91 123.01 2159.90 960 2.24990 

P5 627.80 5628.38 -5000.58 264 -18.94160 

P6 9036.51 13087.37 -4050.86 3800 -1.06602 

P7 15219.38 1056.58 14162.80 6400 2.21294 

P8 5326.78 1104.58 4222.20 2240 1.88491 

P9 5136.54 361.38 4775.16 2160 2.21072 

P10 42804.50 4919.98 37884.52 18000 2.10470 

P11 8560.90 495.07 8065.83 3600 2.24051 
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 455 
Fig.7. The NPV per unit water-saving diagram with 40% subsidies 456 

 457 
Fig.8. Marginal NPV curves diagram with 40% subsidies 458 

Compared to the results of scenario without subsidies, shown in Fig. 4, the NPV per 459 

unit water-saving for each project option in the scenario with subsidies increases (Fig. 460 

7).  However, P5 and P6 still remain below the X axis and are not cost-effective. 461 

This is because these two projects have high investment and less revenues. Therefore, 462 

P5 and P6 are removed from the project pool. As can be seen from Fig. 7, in terms of 463 

economic benefits, the order of priority of WCPs is P2, P1, P3, P4, P11, P9, P7, P10, 464 

and P8. Additionally, unlike Fig. 5, P3 has a higher priority than P4. This is because 465 

although the investment of these two projects are subsidized by 40%, the NPV per 466 

unit water saving of P3 is higher than P4. The water savings potential of the 467 

cost-effective project remains 3680.4 kt. 468 

The initial water-saving pinch diagram for the remaining WCPs with 40% subsidies 469 

is presented in Fig. 9a. The fund composite curve crosses the project composite curve. 470 

Therefore, the fund composite should be moved along project composite curve until it 471 

is completely located below project composite curve. The shifted results are shown in 472 



 

19 

 

Fig.9b. The pinch point is (1548, 3240). The unutilized fund is CNY4.682 million and 473 

the amount of water-saving is 33.564 Mt. The water-saving per unit investment is 474 

10.1157 t/CNY. The selected projects are P10, P7, P9, P3, P11, P4 and P1. From the 475 

Fig. 9a and 9b, it can be seen that the fund could cover the financial requirement of 476 

the project composite curve and the water-saving requirement is also satisfied. 477 

However, the fund has a low utilization efficiency because CNY4.682 million of the 478 

funds (CNY8 million) is not used. In order to increase the efficiency of the fund, the 479 

project removed by NPV analysis should reenter the project pool.  480 

  

(a) (b) 

Fig. 9 Initial water-saving pinch diagram for WCPs with 40% subsidies 

After adding P5 and P6 in the alternative options, the initial water-saving pinch 481 

analysis diagram is shown in Fig. 10a. In Fig.10a, the fund composite curve is 482 

completely located above the project composite curve, implying the water-saving 483 

pinch analysis diagram is infeasible. Thus, the fund composite curve is shifted along 484 

the project composite curve until it is below the project composite curve. The shifted 485 

diagram is shown in Fig. 10b. The pinch point is (5700, 5064). Below the pinch point, 486 

the project with low water-saving intensity is not funded. Above the pinch point, the 487 

project composite curve is fully covered by the fund composite curve. The segment 488 

beyond the project composite curve is the unutilized fund. The projects above the 489 

pinch point are P8, P10, P7, P9, P3, P11, P4 and P1.  490 

Compared with the results of Fig.9b, P8 has also been successfully selected into the 491 

project portfolio as it can achieve an annual cumulative water saving of 3,580.4 kt. 492 

The company funds CNY4.998 million for the water conservation project, and the 493 

remaining CNY 3.002 million are not used. The water saving per unit investment is 494 

7.1637 t/CNY. The selected WCPs are P8, P10, P7, P9, P3, P11, P4, and P1. The 495 

investment does not exceed the expected maximum amount of CNY8 million, and the 496 
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annual water-saving amount exceeds the target of 2,500 kt. Although the initial 497 

water-saving pinch diagram has a higher water saving intensity (10.1157 t/CNY), the 498 

fund has a low utilization efficiency. In the final water-saving pinch diagram, the 499 

utilization efficiency of the fund and water-saving has increased. However, the 500 

water-saving per unit investment is decreased. The decision maker can consider the 501 

tradeoff between the financial constraint and water scarcity. If the plant is located in 502 

the water scarcity region, the most important factor considered by the decision makers 503 

is the amount of water savings. The projects selected by the Fig. 10b will be 504 

implemented. If the plant is located in the region with less water scarcity, the main 505 

factors considered by the decision makers is the water-saving per unit investment. The 506 

incentive of water-saving projects is to achieve the standard set by the government, 507 

i.e., the recycling ratio of water in the plant. To this end, the solution obtained by Fig. 508 

9b will be deployed. 509 

 
 

(a) (b) 

Fig. 10 The final water-saving pinch diagram for WCPs with 40% subsidies 

Figure 11 shows the relationship between the cost, subsidy percentage, and water 510 

saving. When the subsidies ratio is below 33.6%, the water savings potential in this 511 

range is 3,356.4 kt. When the subsidies ratio is between 33.6% and 75.7%, P8 is 512 

selected, and 224 kt of water savings potential is added annually. When the subsidies 513 

ratio is between 75.7% and 78.7%, P6 is selected, and 380 kt of water savings 514 

potential is added annually. When the subsidy rate is between 78.7% and 97.2%, P2 is 515 

selected, and 100 kt of water savings potential is added annually. When the subsidy 516 

rate exceeds 97.2%, P5 is selected, and 26.4 kt of water savings potential is added 517 

annually.  518 

When the government subsidies increase, the company’s financial burden is greatly 519 
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reduced. Whenever a new project is selected, the input costs of both the government 520 

and business rise. When the subsidy rate exceeds 75.7%, the government subsidies 521 

rise sharply, but the potential of water savings does not increase much. This would 522 

greatly increase the financial burden on the government; therefore, subsidies should 523 

not exceed 75.7%. When the subsidy rate is less than 33.6%, the investment decrease 524 

with the increase of subsidy rate and the water savings are constant. For the subsidy 525 

rate between 33.6% and 75.7%, although the investment decrease, the total subsidy 526 

increases, and the water savings are the same as the 33.6% subsidy rate. The water 527 

savings at 33.6% subsidy rate have satisfied the water-saving requirement. Therefore, 528 

in order to reduce the burden on the government, the optimal government subsidy rate 529 

is determined as 33.6%.  530 

 531 

Fig.11. Relationship among investment, subsidies, water savings and subsidy rate 532 

Table 5 Comparison the parameters with and without government subsidies 533 

Scenarios Without subsidies With 33.6% subsidies 

Project portfolio P10、P7、P9、P3、P11、P4、P1 P8、P10、P7、P9、P3、P11、P4、P1 

Investment/kCNY 7250 5531.12 

Subsidies/kCNY 0 2798.88 

Water savings/(kt/y) 3356.4 3580.4 

NPV /kCNY(10y) 69664.73 76253.81 

Total unit cost /(CNY/t) 2.08 2.13 

Table 5 compares the output parameters for the scenarios with and without 534 

government subsidies. In the subsidized model, the subsidies ratio is 33.6%, and the 535 

initial investment of the company decreases by CNY1.719 million compared to that of 536 

the unsubsidized model; this corresponds to a decline of approximately 23.7%. 537 

Subsequently, the government subsidies increase by CNY.2.799 million. The annual 538 

water savings of the selected project portfolio increase by 224 kt, up to approximately 539 



 

22 

 

6.7%. The NPV increases by CNY3.79 million, up to approximately 5.4%. The total 540 

unit cost increases by 0.054 CNY/t, up to approximately 2.6%. 541 

In this work, a 50% subsidy rate was selected as the practical limit for studying 542 

the relationship between the subsidy rate and unit water savings cost. Figure 12 shows 543 

the unit water savings cost of each project as a function of the subsidy rate. As the 544 

subsidy rate increases, the unit water savings cost presents an upward trend; P5 545 

exhibits the sharpest increase. For every 10% increase in the subsidy rate, the unit 546 

water savings cost of P5 increases by 1.136 CNY/t. However, independent of the ratio 547 

of the total subsidies to the initial investment of the project, the unit water savings 548 

cost can be positive. This occurs because the annual operating costs of P5 exceed its 549 

operating income. From the local magnification graph, we observe that P8 and P10 550 

increase rapidly. P1, P4, P3, P11, P9, and P7 increase at almost the same rate. 551 

Additionally, the location of concurrency of curves (P1, P4, P7, P9 and P3) and of 552 

curves (P7 and P9) changes depending on the subsidy rates. This is consistent with the 553 

fact that the unit water savings cost of P4 exceeds that of P3 without subsidies, and 554 

the unit water savings cost of P3 exceeds that of P4 with a 40% subsidy rate.  555 

 556 

Fig.12. Unit water savings cost under different subsidy rates 557 

 558 

4.3 Sensitivity analysis 559 

Sensitivity analysis was performed to determine the impact of an input parameter 560 

on the unit water savings cost of an alternative project. Before performing the 561 

sensitivity analysis, a representative project was selected. P2 corresponds to the 562 

production of the recovered product, P10 has the greatest water savings potential, and 563 

P5 and P6 require the consumption of chemical substances. These projects all have a 564 

certain representativeness. P5 and P6 were not selected for the water conservation 565 

portfolio, neither in projects of economic benefit nor in projects of water conservation 566 
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potential. Therefore, only P2 and P10 were selected for the sensitivity analysis, as 567 

shown in Fig. 13. 568 

The sensitivity analysis diagram shows the range of output results for all input 569 

parameters varying by ± 50%. The analysis shows that the unit water savings cost is 570 

more sensitive to the life of the project, the price of the recovered products, and the 571 

price of water. For example, in the course of operation, which only involves the 572 

electricity expense and water-saving income of ordinary process P10, the higher the 573 

price of water is, the higher the unit water savings cost is, and the sensitivity of water 574 

price is much higher than the initial investment. It is also found that ordinary WCPs 575 

are more sensitive to water prices, i.e., they can increase water prices and further 576 

promote the water conservation ability. 577 

 578 

Fig.13 Sensitivity diagrams for P2 and P10（fluctuation of input parameters ± 50%） 579 

4.4. General implications 580 

As discussed in the previous section, water conservation technologies become the 581 

necessary foundation of CP technologies. WCPs provide the opportunity to alleviate 582 

water stress by decreasing freshwater demand. The decision to WCPs, particularly the 583 

extent of the implementation of WCPs, is dictated largely by economic factor (i.e., 584 

feasibility and affordability) and specific water saving targets (e.g., allocated by the 585 

company's decision-makers or the local government according to water management 586 

strategies).  587 

One of the disadvantages is substantial investment in WCPs program. Furthermore, 588 

the incremental costs involved in every capital project might be offset by freshwater 589 

and regulatory compliance costs. Byers et al. (2003) reported financial incentives (e.g., 590 

pollution control tax credit, rebate, etc.) offered by local governments could largely 591 

stimulate investment in environmentally beneficial projects. In China, NDRC (2019) 592 

released national action plan to vigorously promote water conservation in the whole 593 

society to improve the utilization efficiency of water resources. NDRC (2019) pointed 594 
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out expand investment and financing channels to provide services for water-saving 595 

management. According to these issues, financing incentives became useful means, 596 

even though these incentives vary from province to province and even within 597 

industrial sectors. For example, the company receives a subsidy of part of the capital 598 

cost for a project directly from local government in Zhejiang province, China. The 599 

total subsidy received can be up to 30 percent of equipment cost, and the maximum 600 

amount of subsidy for a single project shall not exceed CNY 1 million (Hanzhou 601 

Daily, 2018). 602 

The purpose of this integrated work is to provide technical support for the design 603 

of qualification requirements for the subsidy from the local government. This type of 604 

financial incentive should be clearly investigated to guide and standardize the 605 

selection of WCPs combination. CBA is to estimate the overall cost and value 606 

implications of a project. Water-saving pinch analysis is to determine the expected 607 

water-saving goal. Then, we might determine the optimal subsidy based on the 608 

relationships among investment, subsidies, water savings and subsidy rates.  609 

5. Conclusions 610 

In this work, an integrated framework of screening WCPs is proposed to select 611 

WCPs subject to financial constraints. First, the benefit and cost of the water saving 612 

project options are estimated based on the expected price and utility consumption. The 613 

NPV for each project is calculated. The NPV per unit water-saving and marginal NPV 614 

diagram is selected to screen out the alternative projects for further analysis. Next, 615 

water-saving pinch analysis is used to determine the optimal water projects under the 616 

constraint of the fund and water-saving target. Finally, the water-saving roadmap for 617 

water conservation is obtained. The integrated framework can be used as a 618 

decision-making tool for selecting and ranking WCPs. The proposed approach can 619 

account for government subsidies for WCPs that can effectively promote water-saving 620 

project implementation. In the absence of water-saving incentive, the integrated 621 

framework can assist policy makers in selecting profitable water conservation projects 622 

and maximizing financial gains. Thus, the same investment can result in greater 623 

economic benefits. Although the method is used here to screen WCPs in 624 

chlor-alkali/PVC plants, the framework of the marginal cost curve and pinch analysis 625 

for WCPs decision-making can be extended to various industrial sectors as well as to 626 

urban water management. 627 
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In future work, chemicals recovery in WCPs needs to be considered. Co-benefit 628 

analysis should urge industrial managers to examine every possible means of 629 

conserving both water and chemicals. Sensitivity analysis should also be performed to 630 

examine the effect of techno-economic uncertainties on our findings. 631 
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Appendix 741 

Table A1 The description of the project options in the case study 742 
Processes No. Description 

Chlor-alkali 

process 

P1 

The project collects the drainage of the electrolysis device and reuses 

it to primary brine process in the salt preparation system. The reuse 

water can replace fresh industrial water as salt water. In the project, a 

pump with 5.5 kW is deployed. The reuse water flowrate is about 

8.1~17.0 m3/h. Therefore, in this work, an average flowrate of 9.1 

m3/h is chosen. 

P2 

This project collects the wastewater from the secondary brine 

chelating tower and sends the wastewater to regeneration process for 

the recovery of hydrochloric acid and liquid alkali. The recovered 

acid and alkali can be used in the neutralization process before and 

after dechlorination process. In the acid wastewater, the flowrate of 

acid wastewater is 160 m3/d and the mass faction of hydrochloric 

acid in the wastewater is 3%. The pump installed is 12.5 kW. The 

hydrochloric acid solution purchased from other plants has a mass 

faction of 31%. 

Acetylene 

process 

P3 

In the project, the supernatant wastewater from the concentration 

tank is sent to the acetylene generator for reaction and reuse. It can 

replace fresh industrial water as supplement water for the acetylene 

generator. The pump for transferring the water has a power of 7 kW. 

The amount of recovered wastewater is 18 m3/h. 

P4 

The sealing water of the acetylene slurry pump and the washing 

water of plate-and-frame filter press are collected to be recycled to 

the thickening tank in order to replace the fresh industrial water as 

the supplementary water of the acetylene system. The power of the 

pump for the wastewater transfer is 5.5 kW. The amount of 

wastewater recovered is 18 m3/h. 

Vinyl chloride 

process 
P5 

The project collects an average flowrate of 3.3 m3/h of 

mercury-containing wastewater in the vinyl chloride process. The 

wastewater is treated by the newly installed mercury-containing 

wastewater treatment device and reaches the standard of the water 

for alkali washing tower and makeup water for preparation of alkali 

solution. The regenerated water can be used as the makeup for the 

alkali washing tower system instead of freshwater. The energy 

consumption of the regeneration process is 5.4 kWh/m3. The 

consumption of1.0 MPa steam is 1.2 t/h. 

Polymerization 

process 
P6 

The mother liquor water of the polymerization unit is collected and 

treated to reach the reuse standard after biochemical treatment. The 

treated water can be used as the makeup water for the circulating 

water system. The energy consumption of the device is 225 kWh. 

The chemical consumption for the regeneration process is 0.15 kg 

per ton wastewater. The flowrate of the water is 47.5 t/h. 

Caustic soda 

process 
P7 

The project collects the evaporation and solid alkali condensate from 

the caustic soda process. The collected water is reused to the 

ion-exchange membrane electrolysis system and the pure water 

station system to replace desalinated water and industrial water. The 

power of the pump for transferring the condensate is 27 kW. The 

flowrate of the wastewater is 80 m3/h. 

Utility area 
P8 

In this project, the machine-sealed water in the 6 processes is 

recovered separately for self-circulation transformation. It is used to 

replace the demineralized water as supplementary water for the 

machine-sealing. The flowrate of the wastewater is 28 m3/h and the 

power of the pump is 4.5 kW. 

P9 The reclaimed wastewater from the water purification station is used 
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in the neutralization pool of the water purification station to reach 

neutrality. The neutralized water is then transported to the primary 

saltwater tank to partially replace the industrial water in salt 

dissolving process. The power of the installed pump is 12. 5kW. The 

average amount of recycled wastewater is 27 m3/h. 

P10 

The backwash drainage from circulating water system and water 

purification station is collected and purified to reach the water reuse 

requirement in the circulating water system. The power of the 

installed pump is 12. 5kW. The average amount of recycled 

wastewater is 12.5 m3/h. 

Staff living 

area 
P11 

The wastewater for the residence area is 55 t/h. This wastewater has 

simple contaminants and is easy to be treated. It is estimated that 

about 45 t/h of wastewater from residence area can be recovered as 

the water for the plants in the plant. 
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