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ABSTRACT 

 

India has become water stressed nation since 2011. In the sanitation sector, treatment 

capacities exist for not more than even half of the wastewater generated from class I and 

class II cities, and untreated wastewater is being discharged to water bodies without 

treatment. If properly treated sewage is considered for safe reuse in industry, residential 

area, and agriculture, it can save precious freshwater resources, but this reuse should be 

optimally sustainable. Weragala & Neelanga (2010) used several criteria to compare forms 

of water allocation such as (i) Flexibility in the allocation of supplies; (ii) Security of 

tenure for established users; (iii) Real opportunity cost of providing the resource is paid by 

the users; (iv) Predictability of the outcome of the allocation process; (v) Equity of the 

allocation process; and (vi) Political and public acceptability. Out of these six criteria in 

the present study, the criterion of the real opportunity cost of providing the resource is paid 

by the users is considered. For developing and implementing the most appropriate 

approach to water pricing, and subsequently, to sustainable water management, Frone 

(2012) emphasized on efficient water pricing. He analyzed the basic economics in some 

important theoretical insights into water pricing and discussed four inter-correlated 

principles of sustainable water pricing (full-cost recovery, economic efficiency, equity, and 

administrative feasibility). Full-cost recovery and economic efficiency are considered by 

determining optimal sustainability for urban wastewater management in the present study.  

The Vadodara Urban Development Authority Area was considered as a case study to 

evaluate the feasibility of urban wastewater reuse. Based on the requirement of different 

quality criteria, two main reuse options were identified. The first option was to reuse in 

industry & residential area, and the second option was to reuse for irrigation purposes.  

In the water reuse scheme, the main cost is for the distribution network. To reduce the cost 

of distribution network actual and exact friction factors to be used in the Darcy-Weisbach 

equation were determined from direct surface roughness measurement (Shah & Shete, 

2015). Using QGIS software and Ghydrualics plugin, reclaimed water distribution 

networks were prepared and imported in EPANET software. After preparing files for 

successful run by updating all parameters like demands, elevation, surface roughness, 

supply from each sewage treatment plant, etc. the files were imported in WaterNetGen for 

design of network. Various combinations of sewage treatment plants distribution networks 



xi 
 

like all plants connected network, group of three and two plants connected networks, and 

each plant separate networks were studied for the optimal cost of reclaimed water 

distribution. For solving this reclaimed water allocation problem, Vogel’s approximation 

method was used, and problems were solved using AMPL software. After getting the 

optimum solution, the networks were formed again with allocated distribution from 

various plants, and for these networks, piping costs were calculated by WaterNetGen. The 

selling prices of reclaimed water for different five scenarios were considered as follows: 

Scenario 1 : Considering all costs 

Scenario 2 : Considering only Elevated Service Reservoir, Pump and Piping cost 

Scenario 3 : Considering only O, M & R cost 

Scenario 4 : Considering selling prices as per Sardar Sarovar Narmada Nigam Limited 

prices 

Scenario 5 : Considering saved freshwater cost as per selling prices 

The Internal Rate of Return (IRR) was calculated considering with and without the 

negative price of water for different scenarios. The sensitivity analysis and risk & 

uncertainty analysis were carried out. The IRR value greater than 11% (Asian 

Development Bank Criteria) was obtained for scenarios 1 & 5. IRR values for scenario 1, 

with and without considering the negative price of water are 19.82% and 13.44% 

respectively. IRR values for scenario 5, with and without considering the negative price of 

water are 32.27% and 26.02% respectively. 

Scenario 5 is the most profitable option; therefore, the selling price of reclaimed water for 

industrial & residential purposes should be Rs. 40 /KL and for irrigation purposes 

Rs.10/KL. The selling price as obtained by scenario 5 for industrial and residential 

purposes Rs.40/KL is much lower than the price for desalinated water that is Rs. 57 / KL. 

Thus considering full-cost recovery and economic efficiency in the real opportunity cost of 

providing the treated wastewater paid by the users of the Vadodara Urban Development 

Authority Area, is optimally sustainable. 
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CHAPTER 1 

Introduction 

1.0      General  

An understanding of the potential for reuse of wastewater to overcome the shortage of 

freshwater existed in the Minoan civilization in ancient Greece, where indications for 

utilization of wastewater for agricultural irrigation date back to 5000 years. Sewage farm 

practices have been recorded in Germany and the UK since the 16th and 18th centuries, 

respectively. Irrigation with sewage and other wastewaters has a long history also in China 

and India. (Vigneswaran and Sundaravadivel, 2004). 

1.1      Water Reuse: The Need of the Hour 

Water reuse is a growing practice in many regions of the world, even in countries that are 

not typically considered to have problems with water scarcity (Miller, 2006). For more 

than half a century, a recurring thesis in environmental and water resources engineering 

has been that municipal wastewater can and should be recovered as a water resource. In 

light of increasing concerns about water supply availability, it is no longer appropriate to 

consider treated municipal wastewater as a “waste” that requires “disposal,” but rather as a 

resource that can be put to beneficial use. This conviction in linking responsible 

engineering and water sustainability has gained practical experience in many parts of the 

world (Levine et al., 2011).  

The best way adopted for disposal of drainage water in ancient times perhaps consisted of 

disposal to river or sea. Unluckily, due to the exponential growth of population, the organic 

waste quantity has increased to such an extent that inland water bodies can no longer 

sustain this load. Wastewater treatment plants remove this organic matter. The only 

grievance is; a lot of energy input is being used to remove the nutrient value of this 

wastewater instead of directly returning it to the natural cycle for beneficial use. An 

engineer’s intervention is required to redefine the treatment criteria and to find out safe 

way of handling wastewater for utilization in beneficial uses such as irrigation, peri-urban 
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irrigation, watering of lawns, gardens, golf courses, green belts, etc. where the nutrient 

value of wastewater can be properly addressed, and load on treatment facilities can be 

reduced. Today numbers of disinfection facilities like chlorination, ozonization, Ultraviolet 

rays, etc. are practiced at sewerage treatment plants where wastewater is intended for 

reuse. This disinfection of treated wastewater will take care of harmful bacteria like fecal 

bacteria. Industries have large ecological footprints, and they have resources to bear the 

treatment cost. Selling wastewater to industries will reduce the load on freshwater 

resources and generate much-required funds for the development of sanitation facilities in 

India.  

Some of the crucial issues faced by the water sector in India include- 

 (a) erratic distribution of rainfall, often leading to floods and droughts in various areas; 

 (b) water use inefficiency;  

(c) unregulated groundwater extraction;  

(d) water pollution; and 

 (e) decreasing water quality due to poor waste management laws, inter-state river disputes, 

growing financial crunch for development of resources and scarce safe drinking water. 

Improper institutional reforms and inefficient implementation of existing regulations also 

affect the performance level for water service delivery. Severe water shortages have led to 

a growing number of conflicts between users in the agricultural and industrial sectors, as 

also in the domestic sector (UNICEF, FAO, 2013). In this scenario, if water reuse can be 

implemented safely with economic feasibility, it will serve as a great help in reducing 

stress on freshwater resources. PricewaterhouseCoopers (2016) and the World Bank’s 

Water and Sanitation Program (2016a) had discussed in detail the prospects and challenges 

of water reuse in India. 

1.2      Economic Feasibility 

A study conducted under the World Bank’s Water and Sanitation Program’s (WSP) 

Economics of Sanitation Initiative (ESI) revealed that the global annual cost of inadequate 

sanitation is approximately US $260 billion (Hutton, 2012). The first study completed in 

Southeast Asia under ESI initiative found that the economic costs of poor sanitation and 
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hygiene amounted to over US$9.2 billion a year (Water and Sanitation Program, 2016b). 

The study also revealed that the total economic impacts of inadequate sanitation in India 

amount to a loss of US$53.8 billion annually. ESI work continued at the global level 

through a WHO publication, “Global costs and benefits of drinking-water supply and 

sanitation interventions to reach the MDG target and universal coverage, which found that 

the global economic return on sanitation spending is US$5.5 for every one dollar invested. 

Though the fact that poor sanitation causes severe environmental, economic, and social 

losses to the country and its people, the investment required to provide proper sanitation is 

not being made by the governments. The returns shown by World Bank study are a 

guarantee that every penny spent in sanitation sector is going to draw multifold returns in 

the form of good health of people, improved quality of natural water bodies and overall 

environmental benefits. However, as these returns are not direct monetary gain, the 

governments are more or less negligent in giving priority required for improved sanitation 

facilities. One may argue that in India government has spent lacs of crores of rupees in 

improving the sanitation facilities and generating adequate infrastructure, but the following 

facts reveal the grave scenario. As per Central Pollution Control Board (2016) during 

2015, the estimated sewage generation in the country was 61754 MLD as against the 

developed sewage treatment capacity of 22963 MLD. Thus due to lack of infrastructure for 

treating the sewage, 38791 MLD sewage was discharged untreated to the nearby natural 

water bodies. This untreated sewage is the chief cause of pollution of natural water bodies.  

 

FIGURE 1.1 

Sewage Generation and Treatment Capacities in India during 2015. 
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Table 1.1 gves the statewide summary of sewage generation and installed treatment 

capacities as of May 2018.  

TABLE 1.1 

State-Wise Details of Sewage Generation in 

Urban Areas and Treatment Capacity Available 

Sl. No. State/UnionTerritory Sewage Generation in 

Urban Areas, MLD 

Installed Treatment 

Capacity, MLD 

1. Andaman & Nicobar Islands 22 --- 

2. Andhra Pradesh 2871 247 .27 

3. Arunachal Pradesh 50 --- 

4. Assam 703 0.21 

5. Bihar 1879 124.55 

6. Chandigarh 164 314 .5 

7. Chhattisgarh 951 --- 

8. Dadra & Nagar Haveli 26 --- 

9. Daman & Diu 29 --- 

10. Goa 145 74.58 

11. Gujarat 4119 3062.92 

12. Haryana 1413 852.7 

13. Himachal Pradesh 110 114.72 

14. Jammu & Kashmir 547 264.74 

15. Jharkhand 1270 117.24 

16. Karnataka 3777 1304.16 

17. Kerala 2552 152.97 

18. Lakshadweep 8 --- 

19. Madhya Pradesh 3214 482.23 

20. Maharashtra 8143 5160.36 

21. Manipur 132 --- 

22. Meghalaya 95 1 

23. Mizoram 90 10 

24. Nagaland 92 --- 

25. Delhi 4155 2693.7 

26. Odisha 1121 385.54 

27. Puducherry 136 68.5 

28. Punjab 1664 1245.45 

29. Rajasthan 2736 865.92 

30. Sikkim 24 31.88 

31. Tamil Nadu 5599 1799.72 

32. Telangana 1671 685.8 

33. Tripura 154 0.05 

34. Uttar Pradesh 7124 2646.84 

35. Uttarakhand 495 152.9 

36. West Bengal 4667 416.9 

 Total 61948 23277 

Source: (ENVIS Centre on Hygiene, Sanitation, 2018) 

 

From Table 1.1, it is very clear that India is lacking in infrastructure for sanitation due to 

acute shortage of funds. To overcome this limitation, the possibility of revenue generation 
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from treated wastewater reuse is evaluated in the present study. If the treated wastewater 

reuse proves to be economically feasible, it will bring not only funds for much-needed 

infrastructure for sanitation but would also be helpful in maintaining a healthy 

environment. A renowned expert in the water resources field, Daigger (2012) emphasized 

to evolve approaches and to enable technologies to allow integrated 21st-century urban 

water management systems to achieve energy neutrality and provide significant nutrient 

recovery. These approaches incorporate increased efficiency, use of local water resources, 

and much greater recovery and recycling. Thus, from the environmental point of view, the 

economics of water reuse is very important to be evaluated. Prakash (2006) have studied 

the feasibility of recycling and reusing municipal and industrial wastewater for farming in 

India. Hingorani (2011) have discussed the basic economics of municipal sewage water 

recycling and reuse in India. The excellent summary of the various schemes implemented 

by Govt. of India and the need for financial sustainability in the sanitation sector in India is 

highlighted by Dinesh  (2014). No other studies are reportedly published to check the 

economic feasibility of municipal wastewater reuse in India. Several studies related to 

cost-benefit analysis of water reuse projects had been carried out worldwide by Haruvy 

(1997), Hernandez et al. (2006),  Hernández-Sancho et al. (2010) and Molinos-Senante et 

al. (2011) to find out economic feasibility. There is an urgent need to bridge this research 

gap and undertake the study of the economic feasibility of the water reuse project in India.  

With this in view, the goal, aim, and objective of the present study are set as follows: 

1.3      Goal  

To attain sustainable water reuse management by (i) Flexibility in the allocation of 

supplies; (ii) Security of tenure for established users; (iii) Real opportunity cost of 

providing the resource is paid by the users; (iv) Predictability of the outcome of the 

allocation process; (v) Equity of the allocation process; and (vi) Political and public 

acceptability. 

1.4      Aim 

To attain sustainable water reuse management by full-cost recovery, economic efficiency 

and economic optimization considering an idea of ‘‘negative pricing.’’ 
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1.5      Objectives  

The objectives of the study are:  

1. To develop an optimal and sustainable plan for urban wastewater management for 

the Vadodara Urban Development Authority (VUDA) Area. 

2. To attain optimal design of the reclaimed water distribution network for water 

reuse in the VUDA area considering residential, industrial and agricultural reuse. 

3. To determine accurate friction factor for cement mortar lined DI pipes by using 

profilometer and establish regression models concerning mean peak to valley 

height/ Diameter of pipe (Rz/D) and Reynolds Number Re. 

4. To determine the selling price of reclaimed water for each type of reuse.  

5. To determine the Internal Rate of Return for the water reclamation project 

considering all scenarios and negative pricing. 

1.6     Criteria for Evaluating the Objectives 

The criteria for evaluating these objectives are: 

1. Economic returns & profitability 

2. Reliability of water supply 

To check the attainment of criteria: 

Specific (measurable) Indicators are: 

a) Amount of water being reused 

b) Cost of distribution network 

c) The selling price of reclaimed water 

d) Internal Rate of Return 

1.7      Specific (Measurable) Indicators 

a) Amount of water being reused 

The amount of water being reused depends on demands for industrial and residential reuse 

and irrigational reuse. The quality of reclaimed water required for industrial and residential 

reuse and irrigational reuse is different. 
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Industrial and residential reuse 

For industrial and residential reuse, the tertiary treatment is required to be given to sewage. 

The final quality required by industry may vary from industry to industry, but that 

additional treatment can be given by industry itself at industry premises. So, tertiary treated 

water is considered fit for industrial and residential reuse. 

Irrigational reuse 

For irrigational reuse, only secondary treatment with chlorination is sufficient. The criteria 

are given by CPCB (Central Pollution Control Board) for disposal of effluent on land for 

irrigation, and in inland water, bodies permit BOD value of 100 mg/lit and 30 mg/lit 

respectively.  

Two different quality of reclaimed water is to be distributed. Therefore two different 

reclaimed water distribution networks are required.  

b) Cost of distribution network 

To achieve the goal, as stated earlier, the reclaimed water distribution network is prepared 

using QGIS and EPANET. 

The major part of the cost of the distribution network depends on the diameter of the pipe. 

Diameter depends on the loss of head due to friction. Loss of head due to friction depends 

on the friction factor. 

 i) Friction factor 

Since Moody published his world-famous friction factor charts based on Colebrook-White 

formula, engineering fraternity seems to be following it so religiously that the research gap 

highlighted by Colebrook and Moody themselves way back in the last century, as an 

absence of direct method for determination of roughness values for commercially available 

pipes, is mostly forgotten with advent of time.  

This issue was addressed, and the improved methodology for determining friction factor by 

direct measurement of surface roughness for different diameter cement mortar lined DI 
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pipes are used. The regression models had been developed to determine friction factor f for 

different Reynolds numbers of the flow and surface roughness values of cement mortar 

lined DI pipes. 

c) The selling price of reclaimed water 

The return on equity shall be calculated at the base rate of 15.5% as suggested by Pradhan 

and Singhal (2015) in the matter of National Thermal Power Corporation (NTPC) Ltd. 

related to the Revision of tariff of Talcher Super Thermal Power Station Stage-I. Shankar 

(2017) has also indicated that the profit ratio of power companies lies in the range of 11-

16%, including NTPC. National Pharmaceutical Pricing Authority (2019) states that while 

fixing the price of scheduled drugs in India, the margin of the retailer is considered as 

16%. The profit of the retailer is 15% in the selling of mobile phones, as explained by the 

example of Oppo phones by Siddarth (2017). The contractor’s profit is also considered 10 

to 15% while estimating construction project costs (Dutta, 2016). 

Considering these facts, a 15% profit margin over the cost of a reclaimed water supply 

project, was considered. The Selling price of reclaimed water is finalized considering 

various pricing scenarios. 

d) Internal Rate of Return 

IRR is the interest rate at which the net present value of all the cash flows both positive 

and negative over the period from a project equals to zero. 

Based on cost analysis Internal Rate of Return is calculated for various prices derived 

considering various pricing methods.  

1.8      Assumptions and Limitations 

The assumptions and limitation considered in the present study are as follows: 

Assumptions: 

1) Growth of industries & population, cost of materials, cost of services, etc. will 

follow the recent trend up to the end of the design period, i.e. 2050. 

2) The chlorination of treated sewage is considered as the last step of secondary 

treatment.
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3) The availability and quality of material and services will remain the same 

throughout the design period.  

4) For simplicity, it is assumed that farmers will grow the Banana crop on drip 

irrigation systems only. 

5) The proposed land use map by VUDA for 2031 AD will be followed up to 2050 

AD. 

6) The interest rate of Bank for a savings account as well as for loan, the amortization 

period for the loan and other baking rules and regulations remain the same 

throughout the design period. 

7) Criteria of Asian Development Bank for credit rating remains the same throughout 

the period. 

Limitations : 

1) The end node of the respective pipe is taken at the center of the respective area 

block identified on Google Earth View using QGIS while designing the 

reclaimed water distribution network. Thus, instead of going for micro detailing, 

which is not practical, one node is assigned to every area block. 

1.9      Overview 

The subsequent text of the thesis has been organized in the following chapters. 

Chapter 2 deals with the literature review about the objectives of the present study. To 

achieve the objectives above, various literature has been reviewed and presented here. 

Nine hundred seventy-five research papers and reference materials have been reviewed 

from various international and national journals, proceedings of 

conferences/seminars/symposium/workshops, reports, thesis and IS codes. 

The literature review is carried out in thrust areas like water stress, water allocation, 

wastewater management, sustainable development, water reuse practices etc. 

Chapter 3 is data collection. In this Chapter, the overall study of VUDA is presented. Data 

on population, types of industries and their water demand, source of freshwater, type-size-

location of STPs, Capital and O, M & R costs of various STPs, etc. have been collected 

and analyzed for further work. 
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Chapter 4 describes the methodology developed for research work. First of all, the required 

software for the work had been identified. Then identification of irrigational, industrial and 

residential areas and projection of demands for respective purposes had been done. The 

friction factor plays a vital role in the optimization of pipe diameters, so modified 

methodology for finding exact friction factor has been developed. To minimize the cost of 

transportation of reclaimed water, Vogel’s Approximation Method was selected. To check 

economic feasibility, Internal rate of return was considered. 

Chapter 5 presents the results and analysis obtained using the above-mentioned 

methodology. A detailed analysis of the research, the explanation and findings were 

discussed. 

Chapter 6 concludes the thesis by summarizing the results and contribution of the research 

in the context of related work in the area. It also presents recommendations for further 

research and development work. 

1.9      Closure 

Water reuse is gained considerable acceptance worldwide. Huge economic loss is 

inevitable due to poor sanitation. The infrastructure required for the proper handling and 

treatment of sewage is lacking due to limited funds. If water reuse with proper pricing can 

be implemented it will solve not only problems related to health and environment but also 

produce much-needed funds to create sanitation infrastructure. The economic feasibility of 

such water reuse scheme has not been reportedly studied at municipal scale in India. To 

bridge this research gap and to determine the prices leading to sustainability present study 

has been carried out. 
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CHAPTER 2 

Literature Review 

2.0      General 

Significant research has been carried out in the area of urban wastewater management from 

1980 to till date. The awareness regarding sustainable development has its roots 

somewhere in the 1960s, and it had picked up momentum in 1987 with the publication of 

the report by The World Commission on Environment and Development - “Our Common 

Future” (Brundtland, 1987) popularizing the word ‘sustainable development.’ The report 

defined sustainable development as ‘paths of progress which meet the needs and 

aspirations of the present generation without compromising the ability of future 

generations to meet their needs.’ To know the status quo of the research outcomes 

regarding sustainable reuse of municipal wastewater across the world, an extensive 

literature review has been carried out and presented in this chapter. 

2.1      Literature Review 

Numerous research papers and reference materials have been read from various 

international and national journals, proceedings of conferences / seminars /symposium / 

workshops, reports, thesis and IS codes. The details are given in Table 2.1. 

TABLE 2.1 

Details of Material Read 

Sr. 

No. 
Description Numbers  

Sr. 

No. 
Description Numbers  

1 International Journal Papers  772 8 Books 21 

2 National Journal Papers  10 9 Book sections 16 

3 Working Papers 20 10  Web Pages 22 

4 
Papers in Conference 

Proceedings 
35 11 Statutes 5 

5 Encyclopedia Articles 3 12 IS Codes 11 

6 Reports 41 13 Magazine Articles 4 

7 Thesises 10 14 Newspaper Articles 5 

Total items consulted 975 
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To learn the lessons from the status quo ante and to develop ideas beyond that for water 

reuse, the literature review is carried out in the following thrust areas. 

 Water Stress 

 Water allocation 

 Sustainable Development 

 Wastewater Management 

 Wastewater Reuse 

 Wastewater reuse-Global Scenario 

 Sanitation Sector in India 

 Wastewater Reuse Perspective in India 

 Public Health Concerns 

 Policy framework 

 Technology available 

 Attainment of Economic Viability 

 Reduction in Cost of Distribution System 

 QGIS for preparation of reclaimed water distribution network 

 EPANET for modeling reclaimed water distribution network 

 WaterNetGen 

 Transportation problem and its solution by Vogel’s approximation method 

 Internal Rate of Return 

2.2      Water Stress 

After thousands of years of human development, in which water had been a plentiful 

resource in most areas, amounting virtually to a free good, the situation is now changing 

abruptly to the point where, particularly in the more arid regions of the world, water 

scarcity has become the single largest threat to food security, human health, and natural 

ecosystems.  

Seckler et al.  (1998)  estimated that nearly 1.4 billion people, amounting to a quarter of 

the world’s population or a third of the population in developing countries, live in regions 

that will experience severe water scarcity within the first quarter of the 21st century. The 

report was divided into three parts. Part I discussed water balance analysis, and Part II 

discussed the simulation model, which was applied to 118 countries containing 93 percent 
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of the world’s population. Part III presented the rationale and methodology for grouping 

countries into five groups based on degrees of water scarcity and discussed the 

implications of the analysis for national and global food security.  

It is important to note that the population of 1990 and the UN 1994 “medium” growth 

projection to 2025 were considered for the above analysis while the UN “low” projection 

was identified as the best projection of future population growth by the authors in previous 

publications. 

Rijsberman (2006) stated that there was much talk about the water crisis, of which the most 

obvious fact was that 1.2 billion people lack access to safe and affordable water for their domestic 

use. The less well-documented fact was that a large part of the 900 million people in rural areas 

that live below the poverty line lack access to water for their livelihoods. There exists definite 

water scarcity in densely populated arid areas, Central and West Asia, and North Africa, with 

projected water availabilities of less than 1000 m3/capita/year. Accounting for water w.r.t 

environmental requirements showed that extraction of water for domestic, food and industrial uses 

already has a major impact on ecosystems in many parts of the world, even those not considered 

‘‘water-scarce’’.  

Though the paper presented an in-depth study of the facts and figures, the use of GIS-based 

approach would have improved the results. 

Mehta (2007) had studied the real cause of water scarcity by considering the case study of Kutch, 

western India. It was mentioned that water scarcity has emerged as one of the most pressing 

problems in the 21st century.  It was estimated that 2.7 billion people would face water scarcity by 

2025. To counter the threat of  ‘water wars,’ several global agencies, national governments, and 

NGOs were concerned with emerging water ‘crises’ and potential water conflicts. The paper 

covered a wide range of conceptual approaches such as political ecology, common property 

resource theory, and post-institutional approaches to highlight that scarcity was not a natural 

condition. Rather, it was usually socially mediated and the result of socio-political and institutional 

processes.  

The increasing scarcity in the future is inevitable, but the awareness amongst societies and 

improved institutional policies can end scarcity in most of the water-scarce regions. 

Postel (2010) stated that the growing scarcity of fresh water-related to human demands is now 

evident in many parts of the world.  Globally, there are now numerous indications that human 

water use is beyond sustainable levels. Low or non-existent river flow, groundwater depletion, and 

increasing pollution levels are among the most obvious indicators of water stress. In many areas, 

extracting excess water for human uses harms the wellbeing of vital aquatic ecosystems. Catering 
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the increased demands for food, water, and material goods of a growing global population and at 

the same time protecting the ecological contributions provided by natural water ecosystems 

requires new approaches for using and managing freshwater.  

The suggestion to maintain the balance between ecosystem and human needs was good, but 

paper lacks the well demonstrated real-life case study to achieve this. 

According to The United States Agency for International Development - USAID (2013), two-

thirds of the world’s population could be living in severe water stress conditions by 2025. Water 

stress adversely affects individuals, communities, economies, and ecosystems across the globe, 

especially in developing countries. According to the report, guaranteeing enough quantity of safe 

water to sustain natural systems and human life is integral to the success of the development 

objectives, foreign policy goals, and national security interests of the United States.  

The availability of fresh water can be an issue of armed conflicts between nations by 2025  

(Pryor, 2014). A 1995 statement of a former World Bank vice president, Ismail Serageldin: “If the 

wars of this century were fought over oil, the wars of the next century would be fought over water” 

is referred to be cited by many authors. The paper discussed international issues and explained the 

possible areas of conflict over water. It explained the importance of water as a vital resource and 

kind of competition the world has to face for securing the same in the required quantity over time. 

Mekonnen and Hoekstra (2016) found that freshwater scarcity was increasingly perceived as a 

global systemic risk. The previous global water scarcity assessments, measuring water scarcity 

annually had underestimated experienced water scarcity due to the improper judgment of the 

seasonal fluctuations in water consumption and availability. The authors had globally assessed blue 

water scarcity at a high spatial resolution every month. They found that two-thirds of the global 

population (4.0 billion people) lived under conditions of severe water scarcity at least for a month 

every year. Nearly half of these people lived in India and China. Half a billion people in the world 

face severe water scarcity all year round.  

The results provided in the paper are alarming, even though the effect of future climate change 

is not considered. The same kind of study for green water and grey water footprints will throw 

more light on the water scarcity scenario in the future. 

Some 3 in 10 people worldwide, or 2.1 billion, lack access to safe, readily available 

water at home, and 6 in 10, or 4.5 billion, lack safely managed sanitation (WHO and 

UNICEF, 2017). The United Nations (UN) recommends all countries to maintain 

sustainable production and consumption through resource & energy efficiency and 

sustainable infrastructure by 2030. This is stated in the sustainable development goal No. 
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12 of the UN. Closely related to this goal is goal No. 13, which addresses the control of 

climate change through sustainable production and consumption.  

The most crucial product is safe water because it is inevitable for the survival of 

humankind. However, many countries are water-stressed and lack access to sufficient 

natural freshwater sources. A country is said to be “water-stressed” when the country’s 

annual freshwater supply is less than 1700 m3 per capita. A country is said to experience 

“water scarcity” when the country’s annual freshwater supply is less than 1000 m3 per 

capita (Giwa and Dindi, 2017). 

Gao et al. (2018) depicted that the adequacy of freshwater resources remains a critical 

challenge for a sustainable and growing society. A self-consistent risk-based assessment of 

water availability and use under future climate change and socioeconomic growth by mid-

century across southern and eastern Asia (SEA) was presented in the paper. They 

employed large ensemble scenarios from an integrated modeling framework that is 

consistent across the spectrum of regional climate, population, and economic projections. 

They found that socioeconomic growth contributes to the rise in water scarcity across the 

entire ensemble. However, climate change drives the ensemble central tendency toward an 

increase in water stress in China but a reduction in India, with a considerable spread across 

the ensemble. In these outcomes, annual withdrawals will routinely exceed water-storage 

capacity. Over SEA they estimate an additional 200 million people under risk of 

confronting high water stress conditions from climate change and socioeconomic growth. 

However, there remains a 1-in-2 chance that 100 million people across SEA experience a 

50% increase in water stress and a 1-in-10 chance they experience a doubling of water 

stress. Therefore, widespread adaptive steps may be required over the coming decades to 

meet these unavoidable risks in water shortfalls.  

The analysis carried out in paper regarding climate change is only from one integrated 

modeling framework; there are numerous models available for the same and analysis can 

be carried out using some of them to make it more reliable. 

Map 2.1 gives details of water-stressed countries. 
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MAP 2.1 

The Average Exposure of Water Users in each Country to Water Stress, the Ratio of Total Withdrawals to  

Total Renewable Supply in Given Area. Source: WRI Aqueduct (Gassert et al., 2013) 
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Lack of strict state regulations on groundwater development in India has caused stress on 

the amount of freshwater available. Indifference from bureaucratic powers and constant 

negligence has magnified the problem. The amount of untreated water entering the water 

sources such as rivers and lakes is 90 percent of the total produced and only worsens the 

problem (Lal, 2018). Table 2.2 gives the per capita availability of water in India. 

TABLE 2.2 

Per Capita Availability of Water in India 

 
Year Population 

(Million) 

Per Capita Water 

Availability (m3/year) 

Remarks 

1951 361 5178  

1955 395 4732  

1991 846 2210  

2001 1027 1820  

2011 1211 1544 Water stressed# 

2015 1326* 1441$ Water stressed# 

2021 1345a 1421$ Water stressed# 

2031 1463a 1306$ Water stressed# 

2041 1560a 1225$ Water stressed# 

2051 1628a 1174$ Water stressed# 
 

a Population figures for 2021 to 2051 are taken from the projected population by Planning Commission 

available at htt://planningcommission.nic.in/abouts/committee/strgrp/stg_fmlywel/sgfwch2.pdf 

$ The per capita availability from 2015 onwards has been calculated from 2017 WRA estimate. 

# According to the Falkenmark Water Stress Indicator, a per capita availability of less than 1700 cubic 

meters (m3) is termed as a water-stressed condition, while if per capita availability falls below 1000 m3, it is 

termed as a water scarcity condition. 

Source: (Central Water Commission, 2017) 

2.3      Water Allocation 

Weragala and Neelanga (2010) used several criteria to compare forms of water allocation 

such as (i) Equity of the allocation process; (ii) Security of tenure for established users; 

(iii) Real opportunity cost of providing the resource is paid by the users;  (iv) Predictability 

of the outcome of the allocation process; (v) Flexibility in the allocation of supplies, and 

(vi) Political and public acceptability. The study revealed that priority-based water 

allocation is useful for taking into account the environmental and social concerns in water 

allocation. In the study, computer-based simulation and optimization models had been 

successfully used for evaluating the socio-economic impacts of water allocation policies. 

The judicious use of water evaluation and planning (WEAP) model had been done by the 

authors to accomplish priority based on water allocation.  
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The other heuristics methods for water allocation could also have been used, and results 

should have been compared with the WEAP model to find out the best option. 

2.3.1      Equity of the Allocation Process 

In water resource management, the issue of the equity-efficiency trade-off had been 

addressed in several different contexts by  Ward and Velázquez (2008); Cochran and  Ray 

(2009); and D’Exelle et al. (2012). 

Ward and Velázquez (2008) developed a basin-scale framework to understand hydrologic 

and economic impacts of alternative water pricing schemes that comply with 

environmental regulations for maintaining water quality. Key issues were examined that 

confront integrated hydro-economic basin models: linking water and economics, spatial 

and temporal scale integration, and quantity-quality relationships. Economic efficiency 

was defined and measured for urban water pricing arrangements that complied with urban 

water quality protection regulations. Alternative measures of equity were analyzed in both 

spatial and temporal dimensions.  

The GIS integrated approach for working out spatial and temporal details would have 

served a better purpose. 

Cochran and Ray (2009) had studied the equity concept for two communities in Rajasthan. 

They had found out that a continuing sense of community despite heterogeneity is itself a 

form of symbolic capital. Community-based valuations of equity thus enable a more 

catholic approach to costs and benefits that broaden our knowledge both of equity and 

development.  

The authors had studied a typical community from a particular location. The study should 

be extended to several such cases to establish the reliability of the results. 

D’Exelle et al. (2012) studied how users of scarce common water resources deal with 

equity-efficiency trade-offs. To understand this, they had conducted a field lab experiment 

in Tanzania that simulates the distribution of irrigation water between upstream and 

downstream users. They found a strong preference for equal sharing even if this comes 

with large foregone efficiency gains. (Selfish) Deviations from equal sharing were more 

likely implemented when they are efficiency-enhancing. Finally, they detected a tendency 
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to alternate between altruistic and selfish sharing, which reconciles equity and efficiency 

considerations. 

2.3.2      Security of Tenure for Established Users 

Sangkapitux and Neef (2006) assessed water tenure security in a highland watershed of 

northern Thailand by means of a Water Security Index (WSI) developed along three 

criteria, namely (1) diversity of available water sources, (2) access to those sources 

expressed as a percentage of land irrigated and (3) risks of conflicts and water scarcity. 

Results suggested that the water security of upstream people was significantly lower than 

that of the downstream people, with negative implications on the sustainability of their 

livelihoods.  

The general perception that upstream communities enjoy more water security compared to 

downstream communities were proved wrong by the authors, and change in perception 

was suggested. The reliability of such a conclusion based on a single case study is 

questionable. Several such studies should verify the fact. 

Hodgson (2016) pleaded that tenure arrangements determine how people, communities, 

and organizations gain access to the use of natural resources. Inadequate and insecure 

tenure arrangements increase vulnerability, hunger and poverty and the risk of conflict 

while also constraining economic growth. Water tenure is conceptualized as the 

relationship, whether legally or customarily defined between people, as individuals or 

groups, w.r.t. Water resources. It is true that ‘water tenure’ is not a term that has been 

commonly used. It is also true that water tenure in itself does not provide a ‘solution’ to the 

world’s water challenges. However, in a world where the demand for water resources is 

constantly increasing, the need to ensure that people, as individuals or groups, can benefit 

from secure and equitable water tenure and at the same time guarantee the sustainability 

and efficiency of water use could not be more acute. The question is not, “should we take 

water tenure seriously?” but rather, “can we afford not to?” 

The author had explored the field of water tenure with vigor and provided a very important 

direction for policymakers to start acting. The relationship between categories of water 

use and tenure type was also established. The report indicated a path-breaking approach 

required to be considered in the coming days. 
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2.3.3      Real Opportunity Cost of Providing the Resource is Paid by the Users 

In the absence of proper pricing of water, it is very difficult to arrive at the proper 

opportunity cost of water resources. Therefore, Pulido-Velazquez et al. (2008) had 

proposed to use shadow prices, reflecting the value of water. The shadow prices of water at 

a given demand location are the prices at which the users would just be willing to sell or 

buy an additional unit of water there. The unit groundwater supply cost was found to be 

0.24 €/m3, and the surface supply cost was found to be 0.22 €/m3 in Spain. The results 

provided important information to water managers about economic inefficiencies of 

current water allocation policy or infrastructure design, and about the resource opportunity 

costs to be considered in the design of efficient pricing policies in Spain with water 

scarcity issues.  

Gilmont et al., (2012) suggested that blue water (irrigation water) can be used at a higher 

opportunity cost in industrial and civic use so that it will fetch greater value per liter of 

water. This paper had argued the need to avoid repeating past blue-water led agricultural 

development that has historically required re-development and reinvestment to redress 

over-abstraction of water resources. Pursuing a new multi-faceted water resource 

development trajectory opens avenues to optimize long-term sustainability of investment 

as well as minimizing long term social and environmental costs. This change will also 

impact the characteristics of virtual water that is traded in global food exports. 

Frone (2012) emphasized on efficient water pricing. The paper analyzed the basic 

economics in some important theoretical insights into water pricing and discussed four 

inter-correlated principles of sustainable water pricing (full-cost recovery, economic 

efficiency, equity, and administrative feasibility). The full cost recovery was depicted as 

one of the most important principles of Sustainable Water Management. A sustainable, 

efficient water pricing should be an incentive for optimality, reflecting the least-cost means 

of investing in capital facilities, operating the water infrastructure, and complying with 

environmental standards. To develop sustainable water supply and sanitation utilities, the 

water industry should be able to earn a profit, or at least cover capital and operating costs. 

The paper ended with a review of opinions, personal conclusions, and recommendations on 

the actual opportunity, effectiveness, and role of efficient water pricing in fulfilling the 

goals of sustainability. The data used for the study was of Romania and other EU 

countries. A cost-benefit analysis carried out by the Romanian Water Association about 
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water pricing affordability in Romania revealed that there was little chance for 

implementing the much-vaunted full-cost recovery principle, at least in the short run. 

The study and its outcomes can be compared with several such studies carried out in other 

regions of the world to derive common applicable results. 

Pulido-Velazquez et al. (2013) presented a tool for the simulation of water pricing policies 

related to water availability and the design of efficient pricing policies that incorporate the 

basin wise marginal value of water. Two approaches were used: priority-based simulation 

and economic optimization. The various strategies to decide the final pricing for 

consumers were depicted in detail. They concluded that further research was needed on 

issues such as the contribution of pricing policies to the good status of water bodies and the 

integration of the financial, resource, and environmental components of the cost of water 

services. 

The ‘‘negative pricing’’ represents payment to high-volume consumers for accepting 

excess power off the grid, thus relieving overload. The existence of negative pricing has 

been observed since the wholesale electricity markets have been operating, and happen 

during periods of low demand, while generators are being kept in reserve for rapid 

engagement when demand increases. In such situations power production may temporarily 

exceed demand, potentially overloading the system (Kevin, 2014).  

Griffin (2016)  pointed out that better pricing is probably the most underutilized tool to be 

used for solving water scarcity problems. Economics brings powerful insights into water 

management, but most water professionals receive limited training in it. The book offers a 

comprehensive understanding of water resource economics that is available to engineers 

and natural scientists as well as to economists. It helps to build a practical platform for 

understanding and performing economic analysis using both theoretical and empirical 

tools. Familiarity with microeconomics or natural resource economics is useful for 

deriving the correct judgment for the water supply projects.  

2.3.4     Flexibility in the Allocation of Supplies  

Dogaru and Lavric  (2011) proposed a procedure for optimization of the Water Network 

topology with an objective of freshwater minimization. A water network (WN) for a batch 

process can be seen as a dynamic structure that alters its topology at definite time intervals 

demarcated by events. During each time interval, the WN could be considered as an 
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oriented graph, using a secondary ranking criterion, apart from the schedule. The 

optimization strategy applies to order the batch units twofold: by time, as per the 

predefined task schedule of each water-using unit (WU), and by maximum permissible 

outlet limit of contaminants, the latter being steady with the principle of driving force 

equipartition across the process. This paper concentrated upon two aspects: (a) the 

optimization of the WN topology relative to each period, w.r.t. to the storage tank behavior 

and (b) the dynamics of this optimized topology. The goal was to minimize the freshwater 

requirement by increasing the internal wastewater reuse between water-using units or from 

the storage tank (ST).  

The concept of priority is basic to the prior appropriation doctrine. Since 1855, courts in 

the western states of the US have used the principle of first-in-time, first-in-right to 

determine the respective rights of competing appropriators from the same source of water. 

Priority gives an objective basis for allocating a limited resource (MacDonnell, 2015). 

According to Chaturvedi et al. (2016), the utilization of multiple water resources 

significantly reduces the operating cost of a water network. The efficient use of water can 

reduce the water usage cost and minimize the impact of wastewater discharge on the 

environment. The findings in this paper have provided a simplified conceptual approach to 

deal with scheduling problems with multiple water resources. In a batch process, 

scheduling plays a vital role in resource conservation. The paper analyzes the effect of 

multiple water sources on a batch water network scheduling. It is proven that, in 

minimizing the operating cost of a batch water network, the exact schedule that results in 

the minimum operating cost for multiple water resources also applies to systems involving 

a single water resource. This leads to a vital theorem that, once the optimum schedule for a 

single resource leading to the minimum operating cost is obtained, the same schedule can 

be applied for problems involving multiple resources.  

The findings in this paper have provided a simplified conceptual approach to deal with 

scheduling problems with multiple water resources. 

Out of all the criteria discussed, considering the Indian context, full-cost recovery, and 

economic efficiency criteria are considered by attaining optimal sustainability for urban 

wastewater management in the present study. 
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2.4      Sustainable Development 

Continued population growth and increased standards of living increase resource demand 

beyond the ability of the planet to meet these demands using currently available methods 

and technology. Such a scenario brings in the concept of sustainable development as an 

operating principle to evaluate enhanced water supply and wastewater management 

approaches. 

Many definitions of sustainable development exist, but a useful one is a balance between 

economic, environmental, and social considerations in the selection and implementation of 

an approach to any issue—the so-called triple bottom line (Daigger, 2007).  

The water available on earth today is no different in quantity from what was available 

thousands of years ago. The world’s water resources will remain the same, but the human 

population and its demands on supply are growing rapidly. Fulfilling these demands will 

require wise investment in how to use and reuse water. The water resource must be utilized 

sustainably ( UN-Water Statistics, 2010).  

Wallbaum et al. (2011) stated that the concept of sustainable development had become 

broadly accepted.  Since the starting of the sustainability debate approximately 20 years 

ago, all stakeholders involved in the urban planning process had been expected to frame 

sustainable solutions to meet the challenges of the 21st century. Potential to include 

sustainability criteria were available in the strategic planning stage and during the primary 

studies of a project. However, instruments available for these early stages were rare and 

showed several weaknesses. The effort had been made to develop an instrument for the 

prioritization of sustainability in this study. Nineteen criteria w.r.t. construction project had 

been identified addressed for the case study of Reykjavík city, capital of Iceland.  

Though an effort had been made to address sustainability criteria in the process of 

urban planning, the much-needed consideration was not given for the water supply and 

wastewater management process. 

A review of wastewater management techniques for advancement on the appropriate 

wastewater treatment principles for sustainability was presented by Donde (2017). 

Attaining sustainability in wastewater management is top in the  “Sustainable 

Development Goals” Agenda.  The paper discussed some of the known and emerging 
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wastewater management techniques that were considered essential in attaining 

sustainability in water resource management.  

Though several techniques were discussed, a definitive suggestion towards a preferable 

technique is lacking. 

2.4.1     Water Pricing as a Tool Towards the Sustainability of Water Resources 

 Rogers et al. (2002) identified water as an economic good. Their study focused on the role 

of prices in the water sector and how they can be used to promote equity, efficiency, and 

sustainability. Based on several case studies from all over the world, it was concluded that 

unless there is integrated pricing of the resource supplied from all sources, the use of 

pricing will not necessarily lead to the desired outcomes. The study also depicted that 

pricing policy was successful and had improved the distributional equity for the poor in 

many regions. The authors found out several cases where appropriate pricing has led to 

improved sustainability of the water resource. 

The findings in this paper are very important and indicates that unless the price of 

freshwater being supplied for residential, industrial or agricultural use is sufficiently high 

to recover full cost and ensure efficient usage, nobody will pay for an alternate resource 

like reclaimed water which will be having higher price than prevalent subsidized price of 

freshwater supplies. Thus to achieve sustainability integrated pricing with full cost 

recovery is a must. 

Liu (2002) studied the effect of water pricing on the sustainability of water supply of 

Beijing. The study showed that artificial low water prices in Beijing led to water over-

consumption and a large quantity of wastewater discharge, which resulted in high pressure 

on the water environment. To develop and utilize water resources sustainably, justifying 

water pricing in Beijing was necessary and pressing. 

The analysis of affordability of residential water use showed that there was a potentially 

large room to raise the water price, which did not affect the welfare of people. The 

assessment of impacts on water resources by increasing water prices showed that water 

pricing could be an effective tool for more sustainable water consumption. Treating water 

as an economic good and adopting pricing considering full-cost recovery can play an 

effective role in enhancing the sustainability of water resources in Beijing. 
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The author had taken much pain to collect and analyze all historical data of water pricing 

for various uses in Beijing and considered all factors affecting the pricing of water in an 

integrated manner to arrive at the correct conclusion. The study had established that for 

the water supply of metro cities like Beijing, the prices ensuring full cost recovery 

increases sustainability. It should be noted that such a rise in price to an extent will not 

affect the welfare of people. 

Massarutto (2003) studied the effect of water pricing on irrigation water demand in 

Europe.  The study concluded that water pricing was potentially a very important and 

useful instrument of agricultural policy. To subsidize agriculture through free provision of 

water was a costly and inefficient way of sustaining farmers’ incomes. It promoted 

wasteful use of water and inefficient farming choices, with limited gains for farmers and 

high costs for society as a whole.  

Thus it was proved that instead of free/subsidized provision of water, appropriate pricing 

of water would lead to the betterment of the society. 

Kompas and Grafton (2006) studied the scenario for the Sydney water supply. The study concluded 

that without a fundamental change in water policy, i.e., pricing and supply, Sydney would face the 

possibility of critical water shortages. The expected decrease in water yields would aggravate this 

problem due to climate change. In contrast to existing policies, steps like increased price and 

desalination would solve the problem of Sydney water supply and make it sustainable. 

In the present study, it was suggested that instead of existing low prices, which does not recover the 

cost of provision, the increased price would result in water use efficiency and sustainability of 

water resources. 

Massarutto (2007) quoted that full-cost recovery (FCR) of water services through charges 

paid by users of water was commonly regarded as a cornerstone of sustainable water 

management and had been adopted by the European Union as one of the key principles of 

the Water Framework Directive (Dir. 2000/60). The author also mentioned that most 

countries in the world were engaging in water pricing reforms, whose main feature is the 

shift of economic burden from the public budget to users. International institutions strongly 

supported FCR as a way to guarantee revenues of water service operators and allow private 

sector involvement and market finance. It was studied whether the tool of water pricing 

and full cost recovery was efficient for promoting efficiency? The study concluded that 

water pricing seems to be more important as an instrument of public finance than as an 

economic instrument aimed at promoting efficiency.  
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Thus it can be deduced from this study that water pricing and full cost recovery is an 

important instrument of public finance. These are the cornerstone of sustainable water 

management.  

Bithas (2008) studied the operational conditions governing the sustainable residential use 

of water in cities of Europe. The author advocated that certain egalitarian pricing systems 

mostly prevailing in all cities, had failed to achieve equity; and hence, in the long run, 

produce negative effects on the welfare of low-income group peoples. As a result, full-cost 

prices were recognized as an important instrument for the sustainable use of water. The 

assumptions of the study were examined in a comparative analysis of representative 

European pricing systems and urban management modes.  

The study proposed that the concept of prices recovering full cost is widely accepted in 

Europe as a tool to enhance sustainability. 

Shiferaw et al. (2008) studied watershed externalities, shifting cropping patterns, and groundwater 

depletion in semi-arid Indian villages and pointed out that the pricing policy is responsible for the 

damage. They found that groundwater was a free common property resource, and land users hold 

de-facto use rights. This had accelerated private irrigation investments and depletion of aquifers 

resulting in the iniquitous distribution of irrigation water. Power subsidies and negligible pumping 

costs aggravated the problem. These policy failures and low irrigation costs to farmers were 

displacing water-efficient crops in favor of water-intensive crops in water-scarce areas. The paper 

reviewed the village-level externalities that aggravate groundwater depletion and evaluates 

potential policy options to enhance local collective action in water management. The results 

indicated that different types of water user charges could be introduced with minimum effect on 

farm incomes. If properly implemented, such pro-poor policies could bring considerable 

sustainability benefits and also ensure enhanced equity in access to the resource. 

The study proved that even in a developing country like India where poverty prevails in the 

villages, it is worth to implement water charges for water supply to farmers. The charges will bring 

sustainability and enhanced equity if applied appropriately. There is an urgent requirement to 

identify what will be the appropriate price to be implemented in a particular region. 

Beecher and Shanaghan (2011) stated that the concept of sustainability was intrinsically relevant to 

water pricing, but the connection was not always achieved. They mentioned that sustainable water 

future depended on appropriate price signals.  As per them, basic economic principles provided 

necessary but, not always sufficient input to the process of designing water rates. They observed 

that economists have argued for prices that reflect costs and against subsidies that distort price 

signals. It was suggested that prices for water also should reflect cost escalation due to scarcity. 
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The study suggested that prices for water reflecting cost escalation due to scarcity is necessary to 

promote sustainability. 

Duan et al. (2016) studied the environmental water price with a case study of Hefei city of China. 

They observed that the basic goal of the reform of water prices in China was to establish the water 

price mechanism, which can reflect the shortage of water resources, improve water efficiency and 

promote sustainable utilization of water resources. Besides these, the water price should gradually 

reflect the total cost of water, promote the water company to achieve real business operation, and 

promote the whole society to save water, use water efficiently. They also mentioned that in the 

evaluation and reform of water price policy, the total cost was generally considered to achieve 

sustainable use of water resources. 

This study revealed that the total cost of providing water should be considered to attain sustainable 

use of water resources. 

Sjödin et al. (2016) studied the pricing instruments for sustainable water management with the case 

studies of Australia and South Africa. They studied several aspects of the role of pricing for water 

management. They mentioned, both the costs of supplying water services and the costs of 

managing water resources could be recovered through administrative prices, usually tariffs. 

Achieving equitable and universal access to the basic water supply will not be possible without 

sustainable cost recovery. Ensuring sufficient funds for water resources management was also an 

issue of equity since the costs of pollution and other unsustainable management was often 

disproportionately born by poorer groups in society. The introduction and use of water pricing 

instruments were inevitably and strongly influenced by the political and economic interests in 

society, as well as the prevailing water governance situation. Low levels of transparency, 

accountability, and participation were identified factors likely to limit the effective contribution of 

water pricing instruments to sustainable water management. 

It can be inferred that the implementation of pricing leading to sustainability is influenced by the 

prevalent water rates along with the political and economic interests of society.  

Rios et al. (2018) analyzed how water pricing can be used as a tool to enact the water security 

agenda. They conducted a detailed study of water pricing from conceptualization to the latest 

pricing structures. After a thorough study of literature and several case studies, they concluded that 

water pricing strategies and goals had the potential to tackle both physical and economic water 

scarcity if they were intelligently planned and implemented. They also stated that water pricing had 

the potential to positively trigger the water security agenda as managed water extraction, supply, 

and strata-based management, and better investments in infrastructure could help ensure a 

sustainable water future. They warned that the result of not considering water pricing as a tool for 

improved management on future water policies would leave us in a situation where agricultural and 
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urban water demands will continually increase without sustainable structures regulating efficient 

use, conservation, maintenance, the utility for expansion, and revenue. They identified water 

pricing as complex and case-specific to consider the ability of a system to respond to changes in 

prices.  Therefore, instead of a specific pricing system, they suggested that a water pricing policy 

based on current and future events was needed that considers seasonal variability, household 

income, and reality of each sector and ideally the vision of water security that the nations and the 

communities are planning to adopt. 

The study had established that water pricing could ensure water security to ensure a sustainable 

water future. 

Kumar (2018) mentioned that water demand management required efficient pricing of water in 

irrigation and other sectors and rationing of or fixing volumetric entitlements in water usage. These 

are long overdue measures that could bring about improvements in water-use efficiency, through 

optimal use of irrigation water for the crops, allocation of the available water to more efficient 

crops, or saving water in the existing uses and selling it to alternative uses at a high price.  

The study indicated that water demand management could be achieved by efficient water pricing. 

Thus from all the outcomes summarized, it is clear that efficient pricing leading to full cost 

recovery is an unavoidable tool to achieve long term sustainability of water supply. It will not only 

ensure the optimal use of water resources but also enhance equity if appropriately applied. There is 

an urgent need to identify appropriate prices and implementation of the same in place of 

inefficient/subsidized prices for different uses like residential, industrial, and agricultural 

applications in different regions to safeguard sustainability.  

2.5      Wastewater Management 

As per the United Nations Environment Programme (2006) in cities and regions of 

developed countries, wastewater reuse is practiced with proper consideration of sanitation, 

public health, and environmental protection. The scenario was different in many 

developing countries owing to the lack of appropriate infrastructure and resources to 

implement strict wastewater treatment standards for its reuse. Wastewater reuse for 

irrigation was very common in many places; therefore, the poor quality of wastewater may 

pose significant health risks for the farmers as well as consumers of those agricultural 

products. 
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The report highlights the lack of infrastructure to attain satisfactory wastewater treatment and 

points towards possible health hazards arising from uncontrolled reuse of untreated or partially 

treated wastewater for irrigation. 

The World Health Organization (WHO) is working to draw up and update the guidelines 

for wastewater reuse in agriculture. The efforts were also being made to popularize 

localized treatment and reuse of wastewater at source (World Health Organization, 2006) 

where centralized treatment is not possible. The report stated that economic analysis and 

financial considerations were crucial for encouraging the safe use of wastewater. The 

whole volume discussed the possibility of safe wastewater use in agriculture by 

appropriate policies, legislation, institutional framework, and regulations at international, 

national, and local levels. 

Publication of the report is a pioneer effort to implement safe wastewater reuse in developing 

countries. The need to develop proper economic policy was identified as a basic need to attain safe 

reuse of wastewater. 

Mekala et al. (2008) highlighted the need to develop a framework for the efficient 

treatment and reuse of wastewater in developing and developed countries. The emphasis 

had been put on proper treatment level achievement for developing countries and better 

recycling achievement for the developed countries. Pricing of the recycled water was 

indicated as a research gap, and it was established that proper pricing was a key factor in 

promoting wastewater reuse. It was suggested that only the agriculture sector was unlikely 

to support the generation of funds for supporting large scale recycling projects. The need to 

identify and project the potential economic advantages in the recycling of wastewater was 

highlighted. It was stated that costs and pricing mechanisms for wastewater were not 

transparent, as the true cost of irrigation, portable, and recycled water was not reflected in 

the existing prices. The authors mentioned that pricing wastewater was challenging and 

may vary from region to region depending on the regional variability. This was proved by 

quoting the example of the 2004 prices for potable, surface and sub-surface water in the 

Werribee Plains region of Australia. These prices were ranging from AUD 134 to AUD 

1,300 per Million Liter (ML).  The true cost of reclaimed water production was studied and 

documented as ranging from AUD 1,450 to AUD 3,000 per ML. Based on these 

observations, it was suggested to research what should be the structure of cost for recycled 

water schemes, including treatment and distribution to promote its uptake. 
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The study gives a new direction and impetus to wastewater reuse and emphasizes to 

conduct further research on the pricing of recycled water as it holds the key to promote it 

as an alternative resource. 

The focus on drinking-water and sanitation without paying due attention to the end 

products of water and wastewater may have exacerbated some of the water quality 

problems seen globally (Gomes and Ebrary, 2009).  The current situation, possible 

wastewater management, considering wastewater as a resource and challenges in 

implementing effective wastewater management, was summarized. The report pressed 

upon the proper importance of financial aspect as one of the essentially required criteria for 

effective wastewater management. The authors highlighted an emerging consensus on the 

need for a committed water goal, which includes recognition of good wastewater 

management and its contribution to maintain water quality. 

The report had highlighted the link between good wastewater management and water 

quality of natural water bodies. The importance of self-sustainable financial management 

of wastewater projects was considered as one of the fundamental needs for successful 

wastewater management. 

It was increasingly recognized that the issues of wastewater management and water quality 

have cross-linkages with a range of other water and non-water issues. It had also been 

acknowledged that wastewater management plays a role in achieving future water security 

in a world where water stress would increase ( Organisation for Economic Co-operation 

and Development-DAC, 2010).  

The role of proper wastewater management to ensure future water security is recognized.  

Amoatey and Bani (2011) gave complete details of wastewater management in recent 

times. They stated that wastewater was and would always be with the living beings 

because they cannot survive without water. As per them, wastewater could and must be 

treated to ensure a safe environment and foster public health. Effluent, which met set 

discharge standards, could be appropriately used for aquaculture and also irrigation. They 

added that though there were a few challenges in wastewater management, they could have 

been surmounted if attention and the necessary financial support was provided. 
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The study identified the permanent availability of wastewater and the requirement to 

properly treat it in order to ensure the public health and safe environment. The authors 

stated that financial support could be a tool to resolve challenges inappropriate 

wastewater management.  

In the current age of immense water and power crisis, the treatment of wastewater is not 

only important from ecological consideration but also on the economic front (Al-saadi et 

al., 2012). The review of wastewater treatment techniques was presented from an ecologic 

and economic viewpoint. The best result of removing organic loads was obtained in 

combining systems such as an up-flow anaerobic sludge blanket reactor followed by an 

activated sludge process.  

The importance of wastewater treatment from not only the ecological aspect but from the 

economic aspect is also recognized in the above study. 

 Alvarez et al. (2015) introduced Stackelberg techniques to the environmental problem 

related to the determination of the optimal location and the optimal purification profile 

when a new wastewater treatment plant is introduced. Authors had analyzed the control 

problem, introduced a numerical algorithm and shown the possibilities of their approach by 

solving a real problem posed in the Estuary of Vigo (Spain).  

Several numerical algorithms to solve the problem under consideration were required to 

be developed to attain the optimal one. 

Lu et al. (2017) provided commentary about the economic and environmental implications 

of wastewater management in China. In this paper, a general framework for the analysis of 

Waste Water Treatment Plants’ behavior and the resulted economic and environmental 

consequences were presented, and the impacts of discharge standard, charge rate, and 

penalty rate were analyzed. The tradeoffs between the operational cost, environmental 

impact, and pollutant emissions were identified. It was concluded that more stringent 

discharge standards, increased rates, and elevated penalty factors were not always more 

eco-friendly, and these policy instruments should be implemented in harmony to protect 

the local receiving watercourses. 
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This study provided some insightful management implications for concerned policymakers 

and indicated that synchronization is required amongst policy instruments before 

implementing the same. 

Juan-Garcïa et al., (2017) worked on resilience theory incorporated in urban wastewater 

management. Government bodies, utilities, practitioners, and researchers have a growing 

interest in the achievement of resilience in wastewater management. The authors stated 

that since resilience was a multidisciplinary term, it was important to review what has been 

achieved in the wastewater sector and to describe future research directions. The authors 

found no framework for resilience assessment was complete, comprehensive, or directly 

applicable to practitioners. Furthermore, resilience was seen as an additional cost or extra 

effort, instead of an opportunity to overcome project uncertainty that could open new 

horizons for investment. 

To make wastewater projects financially viable resilience should be considered as a tool to 

overcome project uncertainty and invariably recognized as a part of the project report. 

2.3 billion people worldwide still do not have basic sanitation facilities such as toilets or 

latrines. Out of these, 892 million defecate in the open, for example in street gutters, 

behind bushes or into open bodies of water. At least 10% of the world’s population 

consumes food irrigated by wastewater (Department of Agriculture and Water Resources, 

2018).  

Starkl et al. (2018) discussed flexibility in interpreting the best available technologies in 

India and other developing countries for wastewater management. The study suggested 

that to ease the identification of flexible best available technologies, a national 

environmental information system with data from the regular monitoring of existing plants 

would be needed.  

Though this suggestion by the authors could be considered for long term goals, it is 

necessary to focus on providing the basic infrastructure needs for sanitation in India in the 

near future. 

 Salgot et al. (2018) summarized details of wastewater treatment and several of the aspects 

of reclamation and reuse. In the future, water resources distribution, conventional and non-

conventional, including wastewater, would be planned through centralized management. 
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Sanitation, treatment, economy, and socio-politic considerations were gaining momentum 

and become subjects of research in the wastewater field. 

The authors have established centralized treatment as the future of wastewater 

management and indicated the need for research in economic and socio-politic aspects. 

The referred and other published literature indicates the prevailing state of wastewater 

management and also points towards the gradual increase in water reuse acceptance as an 

alternative source of water supply for agricultural, residential, and industrial uses.  

2.6      Wastewater Reuse 

Védry et al. (2001) had studied the effect of sewage irrigation on the soil and vegetables grown 

in Paris sewage farms, irrigated with sewage for more than the last 100 years. Initially, the only 

option available for treatment was sewage farms so directly raw sewage was being applied for 

irrigation. With the development of technologies, clariflocculated sewage was being used for 

irrigation. In the research, it was found that heavy metals available in the vegetables cultivated with 

this sewage in Pierrelaye fields were having a potential health hazard. Keeping this in view, they 

started using treated wastewater, which was having low heavy metals content for irrigation, and no 

harmful concentration was detected in the produce.  

The results of the study indicated that treated wastewater with low contaminant contents should be 

used for farming. 

Vigneswaran and Sundaravadivel (2004) stated that for the last three decades or so, the 

advantages of promoting wastewater reuse as a tool to supplement water resources and 

avoidance of environmental degradation had been recognized by national governments. 

They mentioned that the value of wastewater was duly recognized in arid and semi-arid 

countries, and many countries were positive about implementing ways of improving and 

expanding wastewater reuse practices.  As per the author, research scientists, aware of both 

benefits and hazards, were evaluating it as one of the options to satisfy future water 

demands.  

The authors have established the importance of wastewater reuse and indicated the 

ongoing research to accept it as a potential alternative resource of water. 

A brief scenario regarding increasing water demand and the development of acceptance for 

wastewater reuse as a resource globally is depicted in the next section. 
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2.7      Wastewater Reuse-Global Scenario 

Rosegrant et al. (2002) pointed out that irrigation development cost was increasing day by 

day. Further, they added that the construction of large dams had negative impacts on the 

ecosystem. It was required to find out the alternate source of water which was readily 

available at economical prices. They suggested that that treated municipal wastewater 

reuse could cater to this demand. They also found out that water prices for agriculture, 

industry, and connected households were assumed to increase gradually during 2000–25. 

By 2025, water prices will be 1.75–2.25 times higher for industrial water use, 1.5–2.0 

times higher for domestic water use, and 2–3 times higher for agricultural water use than 

under business as usual scenario. 

The study revealed the potential of municipal wastewater as an option for catering future 

water demand. The projection of prices by 2025 indicates the possibility of a reduction in 

the gap between the cost of freshwater and reclaimed water and water reuse being widely 

accepted. 

Miller (2006) listed several well-known examples of indirect potable reuse around the 

world, including facilities in Orange County, California, the NEWater facility in 

Singapore, and  Windhoek, Namibia.  The author stated that reuse was gaining importance 

in the US, Australia, Europe, and other regions. Its potential was mostly underutilized, due 

to several impediments, including lack of support from governments and the lack of full 

acceptance from the public to planned indirect potable reuse.  

The author accomplished the presentation of facts and the developed argument in favor of 

water reuse by quoting case studies from all over the world. It was also pointed out that 

planned indirect potable reuse has not gained wide acceptance. 

Daigger (2007) stated that less than 0.5 billion people lived in countries with water stress 

in 2006, but by 2050 this was expected to increase to about 4 billion, with over 2 billion in 

areas of water scarcity (worst-case estimates are 7 billion living in areas of water stress and 

5 billion in areas of water scarcity).
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The water consumption is increasing continuously. In Fig 2.1, the grey band represents the 

difference between the amount of water extracted and consumed. It is clear from Fig. 2.1 

that day by day, the demand is going to increase, and the maximum consumption will be in 

the agricultural sector.   

 

FIGURE 2.2 

Trends in Global Water Use by Sector (UNEP 2009) 

 

The pace of urbanization in the world today was unprecedented, with a near quintupling of 

the urban population between 1950 and 2011. The urban population of the world will 

increase from 3.5 billion to 4.9 billion in 2020, and maximum growth will take place in 

developing countries (UN-Habitat, 2011).  
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The global demand for water is expected to grow significantly for all major water use 

sectors, with the largest proportion of this growth occurring in countries with developing 

or emerging economies (UN World Water Assessment Programme, 2014).  

Naturally being a developing country with an emerging economy, India is going to face the 

major increase in water demand. 

UN-World Water Assessment Programme (2017) had published “The United Nations 

World Water Development Report 2017. Wastewater: The Untapped Resource” and 

identified the due importance required to be given to wastewater reuse. The report stated 

that on average, high-income countries ensure the treatment of about 70% of the municipal 

and industrial wastewater generated there. That ratio drops to 38% in upper-middle-income 

countries and 28% in lower-middle-income countries. In low-income countries, only 8% of 

wastewater of any kind is treated. These estimates support the approximation that, 

globally, over 80% of all wastewater is discharged without treatment due to lack of 

infrastructure, technical and institutional capacity, and financing.  

Building on the experience of the Millenium Development Goals, the 2030 Agenda for 

Sustainable Development has a more comprehensive goal for water, going beyond the 

issues of water supply and sanitation. Sustainable Development Goal Target 6.3 states: By 

2030, improve water quality by reducing pollution, eliminating dumping and minimizing 

the release of hazardous chemicals and materials, halving the proportion of untreated 

wastewater and substantially increasing recycling and safe reuse globally. As per the report 

for every US$1 spent on sanitation, the estimated return to society is US$5.5.  

The report indicated that it is high time to put water reuse in practice with proper pricing 

to generate revenue. These funds can be used for creating the infrastructure required for 

building capacity for the treatment of all the wastewater generated in developing 

countries. It will not only reduce the pollution and health hazard but also creates the 

opportunity to tap the recovery of nutrient value from wastewater. Further reuse of 

wastewater for water-demanding activities, can be used to imitate the natural water cycle 

through engineered processes and the stress on the natural hydrologic cycle can be 

relieved. 

The brief review of wastewater reuse practices across the world is presented in the next 

sub-section. 
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2.7.1      Wastewater Reuse in the US  

Based on the history of wastewater management and especially existing trends, Burian et 

al. (2000) found out that future urban wastewater management options in the US would 

need to be an integrated combination of centralized and decentralized management 

technologies with a focus on reuse and wet weather flow management.  

Though paper summaries past, present, and future of wastewater management in the US 

and recognizes the importance of water reuse, it lacks the specific direction showing the 

future course of action in the US regarding water reuse. 

Draper et al. (2003) developed an economic-engineering optimization model of 

California’s major water supply system. The model’s development, calibration, limitations, 

and results were reviewed. The major methodological conclusions were that large-scale 

water resources optimization models driven by economic objective functions were both 

possible and practical. All sources of water and storage were considered, including surface 

water, groundwater, and incidental and intentional reuse.  

The results of the study showed that the optimization of large-scale water resources by 

economic consideration is possible & feasible, and water reuse had gained its place as an 

alternative resource in the US. 

U.S. Environmental Protection Agency (2004)  published systematic guidelines at the 

federal level to guide stakeholders involved in the planning, design, execution, operation, 

and maintenance of water reuse facilities. It included many case studies, coverage of 

indirect potable reuse and industrial reuse issues, information on treatment and disinfection 

technologies, new chemicals and pathogens of concern, economics, user rates, and funding 

alternatives, public involvement and acceptance, research activities and sources of further 

information.  

The publication of this guideline marked the successful implementation of water reuse 

practices in many parts of the US. 

As per Miller (2006), the practice of recycling/reuse of wastewater was a large and 

growing industry in the US. Recycled water use was increasing at an estimated 15% per 

year in the US. Applications were ranging from the irrigation of golf courses and 

individual lawns to edible crop irrigation, various types of industrial reuse, and indirect 

potable reuse, such as groundwater recharge. It was suggested that water recycling would 
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play an expanded role in water management in the 21st century, not only in the semi-arid 

western, states and “sunbelt” states but probably in all 50 states of the US.  

In this study, the increasing water reuse over the years was observed, and the crucial role 

of water reuse in water management was identified. 

Liner and DeMonsabert (2011) introduced an optimization framework for the integrated 

water supply planning process to accommodate the triple bottom line in water supply 

planning for utilities. The methodology explicitly detailed the societal and environmental 

aspects for each water management alternative, including water reuse, desalination, dam, 

water rights exchanges, and drilling of new wells.  

This research again indicated that water reuse was gaining wide acceptance in the US. 

Kandiah et al. (2016) developed a dynamic modeling framework using a cellular automata 

(CA) approach to simulate consumer adoption of reclaimed water using the Town of Cary, 

North Carolina as a case study. The CA parameters and rules were developed and validated 

using data for the period 2001–2012. Projected water reuse adoption was simulated in Cary 

for the period 2012–2030, and its effects on the existing drinking water infrastructure and 

planned reclaimed water infrastructure were evaluated. The framework developed by this 

study could be applied to assess recently developed plans leading to an improved 

understanding of the adoption of reclaimed water services, which could help direct 

expansion planning. 

These types of studies indicate the wide acceptance of water reuse as an option to augment 

the water supply. 

Scruggs and Thomson ( 2017) had mentioned hot spots of likely conflict over water in the 

western United States by 2025 and pressed upon the need to identify unexploited sources 

of water to reduce these stress. They researched direct potable reuse (DPR) as a supply-

side approach that can improve the sustainability and reliability of water supplies by 

producing drinking water from wastewater.  

The authors had stated DPR as a feasible option and identified, public acceptance and 

perceptions of potable reuse and willingness to pay for reuse options as topics to be 

researched further. They had also emphasized the requirement of research on concentrate 

management.   



Wastewater Reuse-Global Scnario 

39 

 

The study indicates the high level of water stress conditions leading to the identification of 

untapped resources. The wastewater could serve as such resource, and direct potable 

reuse was found to be a feasible option. The authors mentioned the need for further 

research regarding public acceptance and willingness to pay for wastewater reuse. 

The literature referred to in this section shows the systematic growth of water reuse as a 

well-established practice in the US. 

2.7.2      Wastewater Reuse in Australia 

Increasing interest in the reuse of effluent from sewage treatment plants in Australia has 

been observed in recent years, and the practice had been established as a solution to water 

shortage by various studies. 

Hamilton et al. (2005) studied the position of the Australian horticultural industry 

concerning the use of reclaimed water. They had addressed issues related to policy, 

economics, market access, state and federal guidelines, environmental impact, agronomic 

sustainability, and public health. From this study, they identified the impediments to 

reclaimed water reuse and also impressed upon the importance of reclaimed water as an 

alternative resource for horticulture in water-scarce Australia.  

The authors summarized, insufficient knowledge of impacts on market access; 

commitment to provide continuity of quality and supply to markets and implications of 

substitution of alternative water as major impediments to the use of reclaimed water.  

Though it was a good initiative to study the possibility of wastewater reuse in the 

horticulture industry and factors affecting that, the authors had failed to give due 

importance to the economics of reclaimed water reuse. 

The Australian guidelines for water recycling: managing health and environmental risks (Phase 1) 

had been published in 2006 and it clearly stated that through recycling, various water sources 

that have traditionally been wasted, such as stormwater, sewage effluent and greywater can 

become a valuable resource (NRMMC/EPHC/AHMC, 2006). The document guided how 

much recycling can be safely and sustainably achieved. The major uses identified were in 

agriculture, fire control, municipal, residential and commercial property, and in industry.  
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The publication of such guidelines marks the acceptance of the importance of water reuse 

by the government as an established practice in Australia. 

Hurlimann and McKay (2007) had evaluated the attributes price, saltiness, color, and odor 

using conjoint analysis for urban Australians using recycled water for domestic non-

potable use. The documented real cost of reclaimed water production and distribution in 

Springfield, Queensland was found as A$1.45 per m3 (i.e., Rs. 50.60 per m3) and  A$3.00 to 

A$4.00 (i.e., Rs. 104.75 to Rs. 139.70 per m3) in Rouse Hill, New South Wales for toilet flushing 

and gardening purpose. The maximum price of drinking water in these regions was found to be 

A$1.03 per m3 (i.e., Rs. 36.00 per m3). The authors stated that recycled water use in urban 

areas was viewed as one part of the solution to Australia’s water shortage.   The results of 

this study provided crucial information for recycled water retailers and water 

policymakers, helping them to attain greater economic feasibility for future recycled water 

projects, to the satisfaction of the stakeholders.  

The study indicated that though the cost of reclaimed water is higher than freshwater, it 

can reduce water shortage in Australia. 

Mekala et al. (2008) observed that wastewater irrigation was a common practice in 

developing countries of Asia and Africa and also in the water-scarce regions of the 

developed world like Australia. Recycling is promoted to complement existing water 

resources and reduce nutrient disposal into natural water bodies in Australia. 

The authors had presented a thorough literature survey and identified a lack of guidelines 

to test commercial feasibility for wastewater treatment and recycling and unavailability of 

pricing and supply mechanisms as major constraints preventing reuse from complementing 

existing water resources for urban areas. 

Hurlimann (2009) reviewed the water cartage industry and willingness to pay for recycled 

water w.r.t. water supply in regional Victoria Australia. The contingent valuation method 

was used to obtain the maximum willingness to pay for recycled water. The survey 

revealed that 61% of respondents from the Coliban Water Central District were willing to 

pay >A$1.33 (Rs. 44.21) per KL as the price of reclaimed water which is higher than 

drinking water price in the region.  
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The results of the study revealed that individuals facing prolonged restrictions on the use 

of water might be willing to pay a higher price for recycled water than policymakers may 

anticipate. 

Barker et al. (2011) had summarized the history of wastewater irrigation in Melbourne, 

Australia. As per the study, the reclamation of wastewater for irrigation had an important 

role to play in Melbourne’s quest to manage water resources effectively. The authors stated 

several third-pipe schemes, where treated wastewater was reticulated to households, had 

been commissioned with plans for many more and treated stormwater was growing in 

popularity, particularly for irrigation of public open spaces.  

Though, the study presented the detailed history of reuse for treated wastewater in 

Melbourne; it lacks the information on the pricing part and economics of reuse. 

Apostolidis et al. (2011) studied water recycling in Australia and found that previously it 

was believed that it was difficult to implement large scale water recycling schemes due to 

the awkward location of almost all treatment plants near coastal areas which increases the 

cost of piping, infrastructure, and pumping required to bring the recycled water to 

communities. However, due to a decade of record low rainfall, the water utilities were 

forced to increase the volume of water recycled.  

This paper explores the evolution of thinking and how attitudes towards wastewater reuse 

had changed over the past 40 years from an effluent disposal issue to recognizing 

wastewater as a legitimate and valuable resource. Despite recycled water was a popular 

choice; the concept of indirect potable reuse had not gained community and political 

support across Australia.  

Radcliffe (2015) studied water recycling in Australia – during and after the drought. It was 

found that insufficient attention was paid earlier to the continuing role, economics, on-

going technological resilience and in some cases a public acceptance of the water recycling 

and desalination after the drought abated. After the end of the drought in eastern Australia, 

national policy priorities had turned elsewhere. The author forecasted that droughts would 

return and Australia had to develop full-fledged infrastructure to establish water recycling 

as a reliable and permanent augmenting option to the freshwater supply. 
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The outcome of the study established water reuse as permanent practice and not something 

to be considered as a draught abatement tool. 

Khan and Anderson (2018) had summarized the experiences in Australia over potable 

reuse. They concluded that during the last decade, potable reuse grew to become an 

important water supply strategy in several Australian cities. They stated that as the first 

county to produce guidelines, specifically to address challenges associated with potable 

reuse, Australia had played a leading role in process assessment, risk management, and 

regulation development for reuse. 

The outcome of this paper shows that day by day reuse of treated wastewater is gaining 

importance in Australia. The indirect potable reuse was not well accepted in Australia 

until 2011 (Apostolidis et al., 2011), but by 2018, potable reuse grew in several Australian 

cities.  

The details presented from the paper referred to in this section makes it clear that water 

reuse is an established and inevitable practice in Australia. 

2.7.3     Wastewater Reuse in Europe 

According to Tsagarakis (2005) article, 12 of the European Wastewater Directive 

(91/271/EEC) states: ‘‘Treated wastewater shall be reused whenever appropriate’’. The 

economic analysis of recycled water can be considered as a major derivative of this 

directive, which would lead to the award of a price on recycled water. A price would, in 

turn, lead to an effective and fair allocation of recycled water. The author concluded that 

wastewater was considered as a resource and not as something to get disposed of in those 

days. The principles of the Water Framework Directive 2000/60/EC gave impetus to the 

discussion on recycled water use and management and its economic analysis, which would 

give recycled water the status of an economic good. 

The paper depicts the beginning of the acceptance for water reuse by the government in 

Europe and discusses the importance of the economic aspect as a key to successful 

implementation. The author depicted that proper pricing of recycled water will result in 

the proper allocation and efficient utilization of the same.  
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Development and validation of design principles for water reuse schemes were rigorously 

carried out under AQUAREC Project, and remarkable progress had been achieved in 

European Union countries regarding water reuse. (RWTH Aachen University, 2006). 

Joksimovic et al. (2006) observed the need to develop simulation and optimization 

software for integrated water reuse systems; when water reuse systems were gaining wide 

acceptance in Europe. They developed software which included a computational module 

for wastewater treatment trains, a computational/optimization module for the reclaimed 

water distribution system, and a knowledge base. The rules for the generation of treatment 

trains, design, cost, and evaluation criteria were included in the knowledge base. 

In the software, the authors had developed a hydraulic simulation model to be used with 

an integrated optimization engine. Instead of developing it, they could have used any 

proved hydraulic simulation model like EPANET to increase reliability. 

Joksimovic et al. (2008) marked the development of decision support software (DSS) 

under the AQUAREC project. The development and validation of system design principles 

for water reuse systems were carried out.  A case study was then undertaken, in which the 

hydraulic simulation model WTRNet had been applied to develop least-cost design 

alternatives.  

The study has indicated that for arriving at least-cost, the complete analysis of the 

distribution network is also essential. 

Hochstrat et al. (2008) stated that for more sustainable water management, water 

reclamation, and reuse appeared to be an alternative dependable water resource. This 

paper, which was worked out in the frame of the AQUAREC project, aimed to develop a 

water reuse strategy based on the major factors affecting reuse. 

Iglesias et al. (2010) mentioned that in 2005–2007, the volume of reclaimed water was 

368.2 Ham3 per year, which was about 10.6% of the total treated wastewater volume 

generated in Spain. The volume of reclaimed water increased in 2008, and it became 

447.34 Ham3. They also stated that non-potable urban water requirements and industrial 

uses were increasing quickly and treated wastewater is gaining acceptance to cater to this 

need. 
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The study ensured the growth of water reuse in Spain and stated that it would continue to 

grow due to increasing demands in urban and industrial sectors. 

Jeffrey et al. (2018) stated that in 2006, the potential wastewater reuse volume in Europe 

was projected to be 3,222 million m3/year by 2025, with Spain showing the greatest reuse 

potential (over 1,200 million m3/year). In 2015 the volume of reused water in the European 

Union was estimated at 1,100 million m3/year, accounting for about 2.4% of treated urban 

waste-water and <0.5% of annual European Union freshwater withdrawals. This 

assessment put the potential at 6,000 million m3/year from the roughly 71,000 wastewater 

treatment plants operational in the 28 European Union member states by 2025.  

Existing water stress and frequent droughts increase the need for water reuse. With 

appropriate investment in people, knowledge, and technology, Europe could be a global 

leader in this rapidly developing market. 

2.7.4     Wastewater Reuse in the Mediterranean Region 

Mediterranean region had also practiced water reuse, and rapid developments were 

observed regarding criteria and guidelines. 

Bahri and Brissaud (2004) stated that water reuse was a widespread practice in most 

Mediterranean countries. The authors proposed guidelines that were designed to protect 

individuals against realistic maximum exposures and to provide minimum and affordable 

requirements for water reuse regulations in every country of the region. The limit for Fecal 

Coliform or E. coli was considered to be ≤ 200 cfu/100 mL and Suspended Solids ≤ 10 

mg/L for residential reuse. The limit for Fecal Coliform or E. coli was considered to be ≤ 

1,000 cfu/100 mL and Suspended Solids ≤ 20 mg/L for irrigation of vegetables (surface or 

sprinkler irrigated), green fodder and pasture for direct grazing, sprinkler-irrigated fruit 

trees. The authors suggested no limits for irrigation in the absence of contact between 

reclaimed water and edible part of vegetables. The authors stated that inadequacies of the 

actual knowledge did not allow definitive guideline limits; other scientific and technical 

inputs were still required.  

Though authors had stated that water reuse guidelines could vary from country to country, 

the guideline values on this basis were not carried out. The effort of providing guidelines 

supports the fact that water reuse is a well-adopted practice in Mediterranean countries. 
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Kellis et al. (2013) reviewed the wastewater reuse regulations and practices of countries 

around the Mediterranean Region. The authors observed an increasing trend in wastewater 

treatment plant construction and planning in almost all the countries of the Mediterranean 

region.  

It was mentioned that wastewater reuse for municipal and industrial applications in 

Mediterranean countries was gaining acceptance, and the potential for improvement was 

open. 

2.7.5     Wastewater Reuse in Japan 

Ogoshi et al. (2001) summarized the existing status of water reuse in Japan and discussed 

the main uses of reclaimed water, namely non-potable urban applications such as toilet 

flushing, industrial reuse, and environmental water. The earliest planned wastewater 

reclamation and reuse started in 1951 as an experimental work for supplying industrial 

water for a paper-manufacturing mill in Tokyo from the nearby wastewater treatment 

plant. 

Gaulke et al. (2006) documented that in response to water shortages, on-site “johkasou” 

treatment including water reclamation was promoted by the government in urban locations, 

even if sewers had entirely served them. In Fukuoka City, new construction with floor 

space greater than 3000–5000m2 and in Tokyo greater than 30,000m2 is required to 

incorporate on-site water recycling facilities. In Tokyo, 61% of non-potable water use was 

met by reclaimed sources. The authors noticed that in Japan, the most common uses of 

reclaimed water were urban non-potable (e.g., toilet flushing), in contrast to many other 

countries where reclaimed water was primarily used for agriculture. 

Japan Sewage Works Association (2016) mentioned that wastewater service was shifting 

from the disposal of unwanted material to the production of useful things. Clean water, 

organic and inorganic fertilizer, energy in the forms of heat, fuel, and electricity were 

produced and recovered from the collection and treatment of wastewater. The study 

summarized that 301 plants were engaged in recycling/reclamation of 210.15 million m3 of 

wastewater per year. 2.48 million metric tones of sludge were also being reused from 2,883 

plants.  
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Thus it is proved that water reuse had obtained considerable acceptance in Japan and 

looking to water scarcity and very high population density the trend will increase in the 

future. 

2.7.6     Wastewater Reuse in China 

Chu et al. (2004) mentioned that wastewater reuse served as an efficient and valuable way 

to cope with the scarcity of water resources and the severity of water pollution. An 

optimization model was developed to identify the wastewater reuse potential in China 

under physical and economic constraints. The total national reuse potential quantities were 

1.78 BCM, i.e., 6.3% of total urban wastewater produced. This was because of the 

relatively high costs of wastewater reuse projects, as well as low water prices or missing 

data of water prices.  

The results, provide impetus to conduct future research to make cost and price data more 

exact and reliable for water reuse projects. 

Yang and Abbaspour (2007) stated that increasing the scarcity of freshwater resources and 

growing environmental awareness initiated the use of reclaimed wastewater as an 

additional source of water supply. A linear programming model was used to analyze 

different reuse scenarios concerning alternative wastewater charges and reuse prices. In 

2003, the total quantity of wastewater reuse in Beijing was about 94 million m3 out of the 

517 million m3 of treated wastewater generated in 2003. The comparison of the cost of 

wastewater treatment to the opportunity value of the wastewater reuse shows considerable 

economic gains in wastewater reuse. Water reuse was only 0.18% in 2003, and one of the 

reasons could be the relatively low freshwater prices in comparison to the reuse prices of 

treated wastewater.  

The authors suggested that the government should take a proactive step to promote 

integrated wastewater management as increasing water scarcity and the environmental 

concerns in Beijing, will compel to increase the quantity of water reuse. 

The study highlighted the need to implement price reforms in the water sector to ensure 

proper returns from the wastewater reuse projects. 

Yi et al. (2011) presented an overview of reclaimed water reuse in China. According to the 

Ministry of Construction, 1.66 × 109 m3 reclaimed wastewater was used in 2008, 

amounting to 8% of the total treated municipal wastewater produced in China.  China was 

the largest user of reclaimed wastewater in the world. Creating an alternative water 
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resource and reducing pollution, water reuse had been identified as an integral part of 

water and wastewater management schemes in China. The authors stated that 

infrastructures for implementing water reuse were costly to build and maintain. The initial 

capital investments were enormous. When the government was unable to bear the entire 

financial burden, new and creative consideration was needed to engage the private sector. 

The authors suggested that new governmental policies should be developed to make water 

reuses an attractive business adventure for financial services and investors. 

The paper indicated that China is the largest consumer of wastewater in the world, and 

there is an urgent need to find out pricing structure which will ensure sufficient returns to 

attract investments from the private sector. 

Chen et al. (2017) discussed lessons from China’s experience in a centralized water reuse 

system with multiple applications in urban areas. They found that water reuse had been 

increasingly recognized as a sustainable water management strategy. Water reuse was 

among the fastest-growing utility sectors in China, and reclaimed water was being widely 

applied to satisfy a significant proportion of water demands. In 2013, there were 571 water 

reclamation plants (WRP) nationwide equipped to treat secondary effluents for planned 

reuse, and the reclaimed water pipeline length was 8300 km. The overall water reuse rate 

in urban cities of China was about 12%. 

Water reuse increased to 12% in 2017, from 8% in 2011 in China. Thus, there is a distinct 

rise of 4% in water reuse in China within seven years. This makes it clear that water reuse 

is developing as an alternative source to mitigate water stress and pollution. 

2.7.7     Wastewater Reuse in India 

The assessment of the utilizable freshwater resources of India carried out by the Central 

Water Commission (CWC) gave an estimate of 1123 km3 (Ministry of Water Resources, 

2011).  The estimate was said to be reliable and matching with previous assessment results 

by Planning Commission (2011). Earlier Gupta and Deshpande (2004), Planning 

Commission (2007)  and Water Planning and Project Wing  Central Water Commission 

(2010) had referred the same value of freshwater resources of India. 

The present and future water demands for various sectors provided by the Ministry of 

Water Resources and the National Commission for Integrated Water Resources and 

Development are provided in Table 2.3. 
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TABLE 2.3 

Water Requirements for Various Sectors in 2025 and 2050 

(Ministry of Water Resources, 2011) 

 
 Water Demand in Km3 (or BCM) 

 Standing Sub-Committee of MoWR* NCIWRD# 

Year 2010 2025 2050 2010 2025 2050 

Irrigation 688 910 1072 557 611 807 

Drinking Water 56 73 102 43 62 111 

Industry 12 23 63 37 67 81 

Energy 5 15 130 19 33 70 

Others 52 72 80 54 70 111 

Total 813 1093 1447 710 843 1180 

Source : * Assessed by MoWR’s “Standing Sub-Committee for Assessment of Availability & requirement of 

Water” (Year 2000) mentioned in the Report of the Working Group on Water Resources for XI FYP (2007-

2012) 

# National Commission for Integrated Water Resources and Development, MoWR 1999 

Garg and Hassan (2007) had raised doubts about the available water resources estimated as 

the same cannot be fully put to beneficial use because of topographical and other 

constraints.  They also stated that according to the National Commission on Integrated Water 

Resources Development (NCIRD), the population of India was expected to be 1333 

million and 1581 million in high growth scenarios by the year 2025 and 2050, respectively. 

This growth eventually would be a major cause of water crisis and water quality 

deterioration. 

The authors explained why India was approaching the fate of becoming water-scarce 

shortly and insisted on urgent action in this regard. The authors stated that the population 

of India would be 1.333 billion by 2025. But, unfortunately it is 1.350 billion in 2019 itself 

(www.indiapopulation2019.in). 

Samar et al. (2008) had shown the widening gap between irrigation potential created and 

utilized in India and suggested various remedial measures.  

If treated wastewater could be used for irrigation, this widening gap can be reduced. 

McKenzie and Ray (2009) studied the urban water supply in India and suggested the 

requirement to introduce reforms in the areas of full cost recovery,  encouragement to 

privates sector participation, regulation of private service providers, government policy 

regarding increasing transparency, etc. The authors had indicated the immediate need to 

introduce the pricing reforms but also expressed doubts about the success of the research, 

data collection, and policy reform in the Indian context. The authors admitted the 
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importance of sustainable pricing, but at the same time, the subsidies to the poor must not 

be neglected to ensure equity. The authors suggested geographical targeting of subsidies 

along with an emphasis on connection subsidies for lifeline water needs while increasing 

prices for non-poor users. The authors also stated that a lack of transparency over the true 

costs of underpriced and inefficient municipal systems was a major obstacle in 

implementing reforms. 

The study has highlighted the need to introduce reforms in the water sector and suggested 

to ensure the welfare of the poor while increasing prices.  

Bhave (2011) concluded that the estimates of available freshwater were inflated and if 

careful estimation, planning, and utilization of water resources not done, India may face a 

shortage of water earlier than anticipated. The author suggested various measures, 

including water reuse to mitigate water stress and practice judicious use of water resources. 

The statement given by the author requires serious consideration to prevent water scarcity 

in India earlier than anticipated. 

Aggarwal and Kumar (2011) studied challenges and implications for water pricing 

concerning industrial water demand in India. They found that industrial water demand in 

India was on the rise. Also, water use in the Indian industry was very high due to a 

combination of factors, including obsolete process technology, poor recycling, and reuse 

practices, and poor wastewater treatment. If proper treatment is given and treated 

wastewater recycling is practiced it will reduce the burden on freshwater. 

The study shows the possibility of introducing water reuse in the Industries to promote 

sustainable water use. Apart from wastewater produced by industry, the treated municipal 

wastewater with feasible pricing can also be supplied to Industries to reduce the burden on 

freshwater.  

Ministry of Water Resources (2012) stated that India has more than 18 % of the world’s 

population but has only 4% of the world’s renewable water resources, with 2.4% of the 

world’s land area. There exist limits on the usable amount of water due to uneven 

distribution over time and space. The report suggested that with increasing population and 

growing needs of a fast developing nation as well as the given symptoms of the effect of 
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climate change, utilizable water will be under further strain in the future with the chance of 

increasing water conflicts among various user groups.  

The stress on utilizable water was made clear, and the possibility of competition of water 

is indicated. There is a need to find an alternate water resource that is available nearby 

the localities. 

Spears et al. (2013) collected data from 112 districts of India and established the 

relationship between childhood stunting and open defecation. The authors mentioned an 

immediate need to stop open defecation to prevent negative impacts on child growth.  The 

authors stated there was already an urgent and compelling need for progress on sanitation 

in India. 

Improper sanitation is resulting from a lack of proper infrastructure and awareness. If 

treated wastewater with proper pricing can be used in industrial, residential, or 

agricultural reuse, it can generate the revenue needed for constructing sanitation 

infrastructure and childhood stunting and many other vices can be controlled.. 

Patel and Karmakar (2018) mentioned that water stress is amongst one of the largest 

potential threats that would take over the world shortly. Therefore, they performed an 

analysis to determine the potential zones of water stress in India. Results indicated that the 

western part of India is more vulnerable than the eastern part. Moreover, the western part 

of Madhya Pradesh, the central part of Maharashtra, eastern Karnataka and Tamil Nadu are 

in medium to high vulnerability zones.  

The treated wastewater reuse can be an effective measure to mitigate this inevitable water 

stress. 

2.8      Sanitation Sector in India  

Fletcher (2002) summarized major problems related to water supply and sanitation in 

India. The major problems summarized were lack of water and sanitation availability, both 

in rural and urban areas, poor water quality, lack of education, and hence awareness 

concerning sanitation and poverty trap compounding the problem. The author stated that 

while there were still vast social and economic disparities within India, there would be 

inequality in terms of water supply, sanitation, and hence, health throughout the country.
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The author indicated inequality and poverty as a major reason for poor water supply and 

sanitation in India. 

A study by Central Public Health and Environmental Engineering Organization (2005) 

depicted that in the 11 metro cities 26% of wastewater was recycled, out of which 25.75% 

was used for agriculture and horticulture, 0.37% for industrial cooling and 0.08% for toilet 

flushing. The study further indicated that in 25 class I, cities under consideration, 55% was 

recycled, and all wastewater was used for agriculture and horticulture, and in 8 class II, 

cities considered,  100% of the wastewater generated was reused for agriculture and 

horticulture. Thus as the size of the urban centers decreased, the greater was the recycling 

of wastewater (in percentage terms).  

These type of reuse pattern could be due to the proximity of agricultural fields, allowing 

the wastewater to be recycled and most importantly, due to the lack of funds to set up 

wastewater treatment plants. The direct disposal of wastewater was considered as reuse. 

The situation demands an urgent intervention and restriction of such uncontrolled reuse by 

developing the required infrastructure for safe and controlled reuse. 

World Bank-India Country Team (2006)  estimated that access to toilets ranged from 46% 

to 71% in Indian states, with Gujarat having the highest coverage (71%), followed by 

Maharashtra (49%) and Punjab (44%). In Orissa and Rajasthan, as much as 80% of toilets 

were connected to septic tanks. Despite a higher proportion of slum areas, mega-cities had 

good access rates to toilets, ranging from 52% in Delhi to 90% in Hyderabad. Access to 

sewerage was far lower than that of toilets; an average of 28% of the surveyed population 

had access to sewerage facilities.  

The report indicates the high need to develop infrastructure for the proper management of 

wastewater.  

Mekala et al. (2008) stated that the practice of using untreated or partially treated 

wastewater directly or indirectly is prevalent in India, mainly for irrigation. The authors 

further added that a policy framework covering the issues associated with this practice was 

lacking. It was mentioned that more than 80% of the wastewater generated was discharged 

into natural water bodies without any treatment due to a lack of infrastructure and 

resources for treatment. 
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The situation demands immediate intervention and development of infrastructure to 

control such hazards. If this kind of disposal and uncontrolled reuse prevails, it can cause 

health risks for the public. 

As per the study (Central Pollution Control Board, 2009), the total water supply of Class-I 

Cities and Class-II Towns was 48,093 MLD, and out of about 38,000 MLD of sewage 

generated, treatment capacity existed for only about 12,000 MLD. Thus, there was a large 

gap between the generation and treatment of wastewater in India. The report also pointed 

out that even the treatment capacity existing was also not effectively utilized due to O, M 

& R problems. Operation and maintenance of existing sewage treatment plants and sewage 

pumping stations were not satisfactory, as nearly 39% of plants were not conforming to the 

general standards prescribed under the Environmental (Protection) Rules regarding 

discharge into streams. Thus approximately 70% of the wastewater generated was 

discharged into natural water bodies without treatment due to lack of infrastructure and 

resources for treatment causing severe pollution.   

The study indicates the large requirement to develop treatment plants and sewer systems 

and poor maintenance status of infrastructure in the wastewater management sector. 

Wastewater management requires immediate attention and funds for revival. 

As per the data published by the Ministry of Environment, Forests and Climate Change 

(2019), 49.9% of households in rural and 12.5% of households in urban India were 

deprived of drainage connections till 2012. The households without drainage connections 

in Gujarat were 72.1% in the rural area and 9.7% in the urban area as per the study. 

The availability of drainage connections in urban India is better compared to rural areas.  

World Health Organization-Government of India (2018) stated that 100% rural and urban 

India would have access to toilets as an outcome of the Swacch Bharat Mission (SBM) by 

October 2019. It was estimated that SBM would result in averting more than 3,00,000 

deaths (diarrhea and protein-energy malnutrition) and in avoiding more than 14 million 

DALYs (Disability-Adjusted Life Years)  between 2014 and October 2019.  

The 100% access to toilets and consecutive reduction in mortality and DALYs in India 

resulted due to Swacch Bharat Mission. 
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Singh (2019), the World Health Organization’s(WHO) regional director for South-East 

Asia had publically lauded the efforts under Swacch Bharat Mission. WHO’s modeling 

study on the health impact of the Swachh Bharat Mission Gramin (SBM-G) indicated a 

substantial reduction in the cases of diarrheal disease and other detrimental health effects. 

The study also verified the facts published by the government of India under SBM 

regarding sanitation coverage. 

The results of Swaccha Bharat Mission were admired by the World Health Organization, 

highlighting reduced diarrheal disease in India. 

Sivaramakrishnan (2019) also acknowledged and praised the efforts of the government of 

India for launching SBM in 2014. The progress achieved regarding the construction of 

toilets all across India was considered to be remarkable. However, the author pointed out 

that only building toilets are not sufficient. To maintain sanitation, there has to be a 

focused effort on the key aspects like - containment, removal, transport, treatment, and 

disposal. There exists a large gap in generation and treatment of wastewater in India and 

existing sewage treatment plants(STP) are already much less than required.  Further, the 

author stated that as per the latest available data only 66% of the total capacity in each of 

the 816 STPs across India was being utilized, while 70% of the total STPs were out of 

order or not working at optimal efficiency. Without sufficient and well maintained STPs, 

the wastewater produced in cities is going to open water bodies, thereby polluting rivers, 

lakes, and oceans. 

Thus, the remarkable achievements of  SBM are making it possible to access the toilet for 

every Indian but at the same time create a bigger responsibility to handle the waste 

generated in those toilets. Proper collection, treatment, and disposal are essential to 

maintain the sanitation, and there exists a large gap between the quantity of sewage 

generated and treated in India due to lack of sewage treatment plants and other 

infrastructure. If water reuse with proper pricing is implemented, it can create the 

necessary revenue for the development of much-needed infrastructure for wastewater 

management. 
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2.9      Wastewater Reuse Perspective in India 

 

Raschid-Sally et al. (2005)  stated that deteriorating surface water quality due to poor 

sewage disposal and absence of alternative water sources have resulted in partially diluted 

and sometimes untreated wastewater being used for local irrigation in urban, peri-urban 

and even rural agriculture by the poor. Underemployment and demand for fresh perishable 

food products by city, dwellers are other drivers of this practice. 

In this scenario what is poorly understood by policymakers is that wastewater agriculture if 

managed properly may conceivably be a solution to improve downstream water quality, 

reduce urban poverty and minimize treatment costs under the appropriate conditions for 

such application. 

The wastewater agriculture can be used as a tool to reduce poverty and safeguard 

downstream water quality of natural water bodies. This can be a game-changer suggestion 

for wastewater management in India. 

Some major challenges cited in the 11th five-year plan were regaining agricultural 

dynamism, providing essential basic services to the poor, protecting the environment and 

bridge the divide between rich and poor leading to sustainable growth (Planning 

Commission, 2006). 

The attainment of sustainable growth was a major challenge considered in 11th five year plan. 

Considering the nutrient value of treated wastewater, study for coastal towns and cities had 

shown that wastewater worth Rs. 1091.20 million were discharged into the coastal waters 

(Central Pollution Control Board, 2009).  

The nutrient value of wastewater is being wasted in the coastal waters and must be 

recovered. 

Integrated wastewater management, in combination with sanitation and hygiene, is central 

to good health, food security, economic development, and jobs. With a view to public 

spending on health issues, investing in improved wastewater management and the supply 

of safe water provide particularly high returns (Corcoran et al., 2010). 
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The investment in wastewater management is worth not only from waste disposal needs, but it will 

bring better returns in terms of better health of the public, food security, and economic 

development.  

Though the proportion of the population using an improved drinking water source in the 

urban area was 96%, the challenges of availability, as well as quality in the distribution of 

drinking water, persisted throughout  the country, the proportion of the urban population 

using improved sanitation facilities was only 54% (Ministry of Environment and Forests, 

2011).  

Thus, a large portion of the population does not have access to improved sanitation facilities, and 

the creation of the infrastructure to provide services is highly needed. 

 It was suggested in the national water policy to implement recycling, and reuse of water, 

including the return, flows, as a general norm to increase water use efficiency. The recycle 

and reuse of water, after treatment to specified standards, should also be incentivized 

through a properly planned tariff system. Though the significance of wastewater reuse and 

recycling was accepted (Ministry of Water Resources, 2012), the full potential was not 

utilized. 

The policy indicated to start recycling and reuse of treated wastewater with pricing. 

The main theme of the 12th five-year plan was “faster, sustainable and more inclusive 

growth.” The plan stated, “Sanitation and clean drinking water are critical determinants of 

health and are complementary to each other.”  It was mentioned in the plan that the 

problem of sanitation in urban areas was very serious since almost all our cities, including 

even the State capitals and major metros lack infrastructure. Delhi had  45 percent of the 

population not connected to the sewer system (Planning Commission, 2013). 

Thus the need to create basic infrastructure for wastewater management was highlighted 

in the 12th five-year plan.  

There is a lack of funds to establish basic infrastructure for sanitation; which leads to 

pollution and informal reuse of untreated or partially treated wastewater. On the other side, 

there is a growing water demand for domestic as well as industrial use. The projected 

percentage increase in industrial water use over the level of the year 2000 will be 61.06 if 

India continues to follow the path of development followed by developed countries (Jia et 

al., 2006).  
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So, instead of using precious freshwater resources for industrial uses, wherever possible, 

marginal quality treated wastewater should be reused, which can reduce freshwater 

demand, availing more water for domestic use. By the proper establishment of facilities 

with the reliability of supply, revenue generation can be achieved from industries against 

supplied reclaimed wastewater.  

Thus proper wastewater management implied under the correct policy framework can 

generate revenues that can be used to build much-needed infrastructure for sanitation and 

to augment water supply facilities; by providing nutrient-rich wastewater for peri-urban 

agriculture and horticulture and reclaimed water for cooling or process water for industries 

and domestic uses.  

2.10      Public Health Concerns 

A series of studies had been conducted in this regard. Casani et al. (2005) studied the 

possibility of treated wastewater reuse in the food industry.  They mentioned that facing 

the numerous challenges to implementation of water reuse practices in food industries is 

unavoidable due to increasing demands on declining freshwater supplies, environmental 

and economic incentives resulting from reuse, and the great potential for water reuse in 

food industries. Their research showed that with tools like Hazard Analysis Critical 

Control Point (HACCP) based system and proper regulatory guidelines, hazards could be 

mitigated in such reuse. 

The water reuse in food industries have a great scope, and with proper tools, health 

hazards can be avoided. 

In India, where wastewater is mainly used in agriculture, a policy framework covering the 

issues associated with it is lacking. The new World Health Organization (WHO) guidelines 

for wastewater irrigation recognize infrastructure problems in developing countries and 

emphasize the potential of the post or non-treatment options (World Health Organization, 

2006). The volume described the state of knowledge regarding the impact of wastewater 

use in agriculture on the health of product consumers, workers, and their families and local 

communities. Health hazards were identified for each vulnerable group, and appropriate 

health protection measures to mitigate the risks were discussed. 
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These guidelines developed by WHO mainly keeping in view developing countries covers 

risks and protection measures for reuse of untreated or partially treated wastewater in 

agriculture. 

There are no detailed standards or guidelines available except Central Public Health and 

Environmental Engineering Organization and Central Pollution Control Board’s general 

standards in India regarding the quality of treated wastewater to be used for irrigation.  

These standards do not address the coliform count criteria, which is most crucial for 

prevention of health risks to consumers or farmers. 

A guideline balancing between utilization of maximum nutrient value of wastewater 

without compromising with the health of farmworkers or consumers should be prepared on 

a priority basis. 

Several social concerns like impaired quality of life, loss of property value, food safety, 

health and welfare, and sustainability of land use, groundwater contamination should be 

considered for the formation of guidelines. Controlling potential health risks will allow 

urban water managers to build on the benefits from the already existing (but largely 

informal) wastewater reuse, those being the contribution to food security and reduction of 

freshwater demands (Rooijen et al., 2009) 

Guidelines covering health risks along with pollution control, will make it possible to tap 

maximum benefit from wastewater reuse.  

Thus, there exists an urgent need to quantify the risk by framing proper guidelines for 

various designated reuses like agricultural, residential nonpotable, and industrial uses.  

2.11      Policy Framework 

Salgot et al. (2006) had compiled microbial and chemical limits for each category based on 

recent existing guidelines and risk estimations in wastewater reuse. Since economic 

calculations were very important, analytical costs were included, and measurement 

frequency was proposed. They stated that the list of chemical parameters in existing 

guidelines was either incomplete or excessive; therefore, it was necessary to find adequate 

indicators. This could be performed by quantitative chemical as well as quantitative 

microbial risk assessment. The authors stated that a large number of possible chemical 
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parameters about wastewater reclamation and reuse had to be adapted and minimized 

concerning the origin of the sewage, the extent of the treatment process and the intended 

use. 

The paper shows a very important aspect of risk assessment that only relevant and 

necessary parameters should be considered based on origin, level of treatment, and 

intended reuse of sewage. 

Central Pollution Control Board (2008) studied the performance of sewage treatment 

plants across India about coliform reduction and suggested that policy for wastewater reuse 

must be established before any development activity in this field. An obvious basis for 

such a policy should be to limit the use of treated effluent for purposes excluding potable 

uses, which would avoid or minimize the risk of human contact. The necessary legislation 

must be enacted to promote and control related activities and to create an institutional set-

up. The latter should be adequate to provide a framework for the allocation, use, quality 

and health, and safety aspects, and there should be continuous coordination and 

cooperation between the agencies concerned. A national database of fecal indicator 

bacteria for water/ treated sewage could lead to a better understanding of their distribution 

(seasonal trend and the impacts of rainfall events) and relevance in protecting public 

health. Additional data, such as time of sampling, state of receiving body, immediate use to 

which the water/ treated sewage is put to are also required along with financial resources to 

convert such data into useful information. Simultaneously, initiatives should be taken to 

gather epidemiological data by health departments and major pathology laboratories to 

identify likely water or fisheries exposure routes. Focused monitoring and quantitative risk 

assessment studies would help understand the role of the non-fecal pathogens. Until such a 

program is undertaken, little progress can be made on rationally setting national standards 

or using appropriate indicators/pathogens for environmental reporting. 

The study indicated the need to maintain a monitoring system for fecal bacteria in water 

and treated sewage to enhance understanding and setup proper standards for the same. 

The management of water has become a complex policy issue bringing into its fold state, 

market, and civil society. Attempts of commercialization of water are evident, and there 

appears to be some justification in the criticism. The study was started as an attempt to 

understand the politics of inter-relation between state and market in India for provisioning 
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for water to the people. It shows that water is fast becoming a tradable commodity, the 

consequences of which are seen and felt (Samanta, 2009). 

Commercialization of water has begun in India, and it is becoming a tradable commodity. 

For effective implementation, a requisite shift to sustainability requires active community 

participation processes, political will, and a commitment to political and administrative 

responsibility, and measurement (Ling et al., 2009).  

The implementation of the sustainability aspect requires active community involvement 

along with political will and commitment. 

A few examples of this type of political will demonstrated in Gujarat are; raising of finance 

for water supply and sewerage expansions through municipal bonds in 1998 by 

Ahmedabad Municipal Corporation (AMC) (becoming the first Indian municipality to use 

this mode of raising capital though it is not common in South Asia) (McKenzie and Ray, 

2009). 

This is a welcome step and can be implemented in other cities. 

Further, the formation of the Gujrat Green Revolution Company for the encouragement of 

the use of drip irrigation and appointment of an international consultant for deciding the 

pricing of water across the state for various purposes by Gujrat Government are examples 

of political will for implementing reforms leading to sustainability. (Govt. of Gujrat, 

2005). 

The efforts show a professional approach and commitment of the government to promote 

sustainability. 

The spending power of Indian citizens has increased as India’s economy has grown. The 

real average household income in India has roughly doubled over the past two decades. 

With a booming economy and increasing disposable income, there is an urgent need to 

introduce a new cost head in the urban water bills and introduce the “polluter pays” 

principle for urban water consumers. The new cost head will contribute to sewage 

treatment before it enters to inland water bodies and pollutes them and increase the chance 

of availing benefits of wastewater reuse also. The geographically targeted system would 

result in significant improvements in performance– for example, lifeline rates could be set 
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at lower levels in slum areas while increasing prices for non-poor users (McKenzie and 

Ray, 2009).  

For urban water consumers in India, the policy that charges capable consumers with high 

prices that cover the cost for pollution and relieving poor with lifeline rates is required to 

be introduced. 

Thus bringing pricing reform is the need of the hour and without prior pricing reform, 

private sector engagement will be difficult. Private sector engagement is a welcome step 

towards full privatization of water management under build-own-operate-transfer (BOOT) 

contracts reducing the economic burden on the government. Australia has already implied 

privatization in the water and wastewater sector since 1980, which had improved its 

economic returns and productivity; however, consumers had not substantially benefited 

from this process in terms of lower prices (Abbott et al., 2011). So, the “Service Provider” 

role of the government has to be gradually shifted to that of a regulator of services and 

facilitator for strengthening the institutions responsible for planning, implementation, and 

management of water resources. The water-related services should be transferred to the 

community and/or private sector with appropriate “Public-Private Partnership” model. 

The reforms in pricing will increase private sector participation and BOOT projects. This 

will reduce the economic burden of the government and slowly shift the role of government 

to the service regulator. 

Review of National water policy (MoWR, 2012) gave a pleasing experience as most of the 

relevant, renowned, and successful practices and criteria regarding water resource 

management are getting reflected. These includes consideration of increasing participation 

of all stakeholders, proper maintenance of existing infrastructure, proper identification of 

economic value of water and setting price to recover full cost, good governance, integrated 

water management, evolving an agricultural system which economizes on water use, 

generation of database and information management system based on modern techniques 

available and much more. However, it surely lacks the directive for the generation of 

framework guidelines for water reuse, and secondly, the approach for setting up pricing of 

water seems to be indecisive and soft; also it does not reflect the strategy to safeguard poor 

people lifeline water needs.   
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The policy recognizes the importance of pricing water, but the decisive approach required 

to develop relevant prices for different uses and implement them is lacking. 

Recently Government of Gujarat (2018) had published a policy for treated wastewater 

reuse to reduce the burden on freshwater resources. As per this policy Government has put 

stress on putting a price on treated wastewater and the cost recovery principle must be 

followed to ensure that the operation of Sewage Treatment Plant can be undertaken on a 

financially sustainable basis.  

Thus the need to implement treated wastewater reuse with economic sustainability is 

reflected from this policy. As there are no guidelines available for the pricing, it is high 

time to conduct research yielding datum values. 

2.12      Technology Available 

Drewes et al. (2003) compared micro-filtration-reverse osmosis (MF/RO) and soil-aquifer 

treatment (SAT) for indirect potable reuse of water. The study revealed that final Total 

Organic Carbon concentrations of MF/RO and SAT were 0.3 and 1.0 mg / l, respectively. 

Depending on the used characterization techniques, the character of bulk organics present 

in final SAT water resembles the character of natural organic matter present in drinking 

water. Ethylenediaminetetraacetic acid (EDTA) and alkylphenolpolyethoxycarboxylates 

(APECs) were removed by RO treatment but found to be present in SAT treated water. 

Based on the study, it can be stated that the RO technique emerged as a promising 

technology for indirect potable water reuse. 

Mara (2004) presented economic and natural, user-friendly technologies for domestic 

wastewater treatment in developing countries. The author also mentioned the state of 

wastewater generation, treatment, diseases associated with improper treatment, etc. in 

detail. The technologies suggested were waste stabilization ponds, anaerobic ponds, 

facultative ponds, maturation ponds, constructed wetlands, etc. The author also suggested 

the possible reuse of wastewater for irrigation with these low-cost technologies. 

The treatment by low-cost technologies, as stated above, can be a good option for rural 

wastewater treatment and reuse in India. 

The reuse of treated wastewater for irrigation and indirect potable water uses is rapidly 

growing as an alternative to seawater desalination. Cote et al. (2004) explored two 
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membrane-based options to treat sewage for water reuse namely tertiary filtration (TF) of 

the effluent of a conventional activated sludge (CAS) process and an integrated membrane 

bioreactor (MBR). These options were compared from technical, performance, and cost 

points of view using ZeeWeed® immersed membranes. The analysis showed that an 

integrated MBR was less expensive than the CAS-TF option for the same efficiency of 

treatment. 

Integrated membrane bioreactor (MBR) was proved to be a preferable technology for 

preparing reusable water from the treatment of sewage compared to the CAS-TF option.  

A membrane bioreactor and reverse osmosis (MBR–RO) system was developed to 

assess potential reuse applications of municipal wastewater by Comerton et al. (2005). The 

study aimed to check the water quality throughout the system with a focus on waterborne 

pathogens, disinfection by-products (DBPs) and nitrate. The authors discussed the 

presence of these contaminants in MBR effluent and focused on their subsequent removal 

by RO. This study had shown that high-quality reuse water could be produced from 

municipal wastewater through the use of an MBR–RO system. 

The study showed MBR-RO system could produce high-quality reuse water from municipal 

sewage. 

Algae grown on wastewater are a potential source of low-cost lipids which can be used 

for the production of liquid biofuels. Woertz et al. (2010) studied lipid productivity and 

nutrient removal by green algae grown during the treatment of municipal wastewater 

supplemented with CO2. The results suggested that CO2-supplemented algae cultures can 

simultaneously remove dissolved nitrogen and phosphorus to low levels while generating a 

feedstock potentially useful for liquid biofuels production.  

The use of algae for the treatment of municipal wastewater can reduce nutrients and 

produce feedstock useful for liquid biofuels production. 

The technology required for advanced wastewater treatment, capable of producing an 

effluent of sufficient quality that is suitable for potable reuse, has been a reality for more 

than 40 years. However, over the last decade, the ability to produce purified water reliably 

from tertiary and advanced effluent at the municipal scale has become technically and 

economically feasible (Leverenz et al., 2011).  

The technology to produce potable water from wastewater had become technologically 

and economically feasible since 2001 at the municipal scale 
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Angelakis and Snyder (2015) provided an overview of the Wastewater Treatment and 

Reuse: Past, Present, and Future. The paper included advanced wastewater treatment and 

monitoring technologies, such as membrane bioreactors, electrochemical systems; 

denitrifying biofilters, and disinfection technologies. It also contained articles related to 

best management practices of biosolids, the influence of organic matter on pathogen 

inactivation, and nutrient removal.  

The paper presents an evolution of technologies, from conventional through advanced, 

for reliable and sustainable wastewater treatment and reuse at the municipal scale. 

The various technologies for agricultural, industrial, and residential purpose reuse is well 

established for two decades, and the choice of proper treatment depends upon the type of 

reuse and economic constraints. 

2.13      Economic Viability 

Strictly speaking in the Indian context, greater emphasis must be placed in attaining 

economic viability for successful implementation with consideration to environmental 

impacts and public acceptance. 

Rogers et al. (2002) had promoted water as an economic good and explained how prices 

could promote equity, efficiency, and sustainability. They concluded that water was 

already viewed as an economic good in many, if not most, countries in the world.  

The authors stated that if integrated pricing of the resource supplied from all sources were 

not practiced, the use of pricing would not lead to the desired outcomes. The authors 

further mentioned that water pricing could improve distributional equity for the poor in 

many settings. It was concluded that appropriate pricing had led to improved sustainability 

of the water resource. 

Many countries of the world are considering water as an economic good. The integrated 

pricing of water can promote equity, efficiency, and sustainability. 

Geng (2005) had initiated a study to test how pricing policy can influence water reuse 

scenarios by doing a cost sensitivity analysis at an industrial park level. The results 

indicated that when properly framed, increased water charges could help reduce freshwater 

use and wastewater discharge and could also recover administrative costs related to 
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subsidizing the operation of the wastewater treatment plant and the maintenance of 

freshwater infrastructure. 

Thus increased water charges could provide water reuse incentives for water users within 

an industrial park. 

The properly framed pricing policy can reduce freshwater use and promote water reuse in 

an industrial park. 

As the present tariff for industrial users is higher compared to others, and as they can pay 

higher charges, maximum water reuse with proper price allocation should be targeted for 

this demand. To cite some examples- Chennai Metropolitan Water Supply and Sewerage 

Board sold 65 MLD of treated wastewater to various industries at 10.75 Rs./ KL and 

demands are going to be doubled in next five years (Ravikumar, 2009). 

Regarding fund availability in India, the scenario is gloomy. In India, water is a highly 

subsidized commodity leading to market inefficiencies and hence inefficient use of the 

already scarce resource. A majority of urban centers (79%) show revenue deficit on water 

management account, that is, the revenue receipts are not sufficient to meet the revenue 

expenditure on the service (Central Public Health and Environmental Engineering 

Organization, 2005). 

The scenario demands the establishment of water prices that reflect the full cost recovery 

principle.  

A survey to improve access to sanitation and water supply in India with the help of 

microfinance, conducted by Davis et al. (2008) had revealed that even if provided with 

market (not concessional) rates of financing, a substantial proportion of poor households 

would invest in water and sewer network connections. 

The result of the survey is an indication of positive willingness to pay for water supply and 

sanitation services in India.  

Sheikh (2008) stated that recycled water should be generally priced below potable water to 

provide a significant incentive to customers for easy adoption. The author also stated that 

the pricing schemes for potable water were generally below the actual cost of operation 

and maintenance without any consideration of the capital costs of constructing the 
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treatment and distribution systems. It was further mentioned that this resulted in a vicious 

cycle of poor service, dissatisfaction with the poor service and a greater lack of desire to 

pay for that poor service.  

In cities where water is served at highly subsidized rates because it is the basic commodity 

with a view of equity; time has come to prefer full cost recovery and break the vicious 

cycle of no money - poor maintenance and poor service. The benefit of low rates is not 

enjoyed by the poor, but it is rather enjoyed by the rich people having gardens, swimming 

pools or cars. The government has no money to subsidize this sector anymore. Water must 

be having a price that recovers the full cost, and reclaimed water can be sold at a lower 

rate for toilet flushing and other options. 

The other best option to supplement freshwater sources after reuse is desalination. 

(Karagiannis and Soldatos, 2009) have given a summary of the cost of desalination in 

various conditions. As per the article published in Divya Bhaskara, 26th April 2018, the 

cost of desalinated water was Rs. 57 / KL to Gujarat government.  

It can surely be mentioned that in Gujarat if the cost of treated water for reuse is coming 

below Rs. 57/KL, water reuse can straight away be considered as a better option 

compared to the desalination economically. 

In recent years, Chennai had experimented with desalination as a way to meet growth in 

water needs. Vedachalam (2012) found that desalination may provide a reliable supply of 

water, but it is far from being the most cost-effective solution. The author stated that 

desalination only addressed the supply side of the issue, creating a false feeling of water 

security. The author mentioned that reuse of treated wastewater could address the twin 

problems of water supply and waste discharge simultaneously.  

Desalination is not cost-effective, and water reuse can act as an alternate water source 

while solving the problem of wastewater disposal. 

The stalwart of the water and wastewater sector, Daigger (2012) stated during charting “A 

Vision for Urban Water and Wastewater Management in 2050”  that education and 

professional practice must be revolutionized to break down historical barriers between 

drinking water, stormwater, and wastewater. The author also stated that economic analysis 

requires careful consideration of marginal effects. 
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The integrated management of water and wastewater will be a future imperative. 

Dinesh (2014) had carried out a research project which was an exploratory study to bring 

out the financial sustainability-related issues in urban sanitation, from the perspectives of 

three main stakeholders: the ULB, the private sector investor and the consumers in the 

industrial sector, who could be the prospective buyers of the treated, wastewater. In this 

study, it was stressed that treated wastewater must be seen as a potential source with 

economic value to replace the freshwater. 

The potential of generating revenue by selling treated wastewater is highlighted. 

Thus in Indian scenario wastewater reuse is required to be implemented with modest 

prices which can recover the capital and O & M costs and remains within the affordable 

limit. To achieve that economic viability must be ensured by reducing the costs of the 

system as far as possible. 

2.14      Reduction in Cost of Distribution System 

US-Environment Protection Agency (2004) stated - “No single factor is likely to influence 

the cost of water reclamation more than the conveyance and distribution of the reclaimed 

water from its source to its point of use.” 

Urkiaga et al. (2008)  tried to develop analysis tools for the social, economic and 

ecological effects of the water reuse. The authors stated that the conveyance and 

distribution systems for reclaimed water represent the principal cost of most water reuse 

projects. 

Water reclamation and reuse is not a cheap option as the infrastructural requirements are 

usually high, in particular, because of the need to construct and/or retrofit the distribution 

system (Bixio et al., 2008). 

Leverenz et al. (2011) stated that a high cost for no potable water reuse in urban areas was 

due to the requirement of provision for separate piping and storage systems for reclaimed 

water. Most of the time, the cost of the reclaimed water distribution system has been 

prohibitive and thus, restricts wide adoption of water reuse programs.  
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Bhave (2011) stated that the cost of the distribution system could be up to 70% of the total 

project cost for any water supply project. 

Thus, to minimize the cost of a reclamation project and its successful implementation, it is 

very crucial to optimize the cost of the distribution network. 

Remarkable achievements have been obtained in the form of various analysis techniques 

and optimization models for water distribution networks. Nicklow et al. (2010) 

summarized the developments in optimization techniques related to water distribution 

systems.  

In all such techniques, the focus was to target the calculation algorithm and tool used for 

carrying out the calculations. A considerable amount of progress has been achieved in this 

regard, and efficient software are available in the public domain for optimization of water 

distribution network. The issue missed out by these researchers is the role of determining 

exact friction factor for efficient design of pipes. 

The cost of the distribution system depends on the diameter of pipes used in the network. 

The design of the pipe is dependent on headloss, which in turn depends on the friction 

factor. Therefore the exact determination of friction factor is very important to design an 

efficient distribution system. The study carried out in this regard is presented in the next 

section. 

2.14.1      Friction Factor 

The hydraulic design and analysis of flow in pipe networks depend on correct estimation 

of the friction factor f. Since the mid 1940s, practicing engineers, academicians, and 

students of engineering have made use of a diagram of friction factor for pipe flow 

published by Lewis Moody in the Transactions of  American Society of Mechanical 

Engineers (A.S.M.E.) (Moody, 1944).  It is very important to understand how internal-

surface, wall-roughness, texture, and its spatial distribution affects the flow of fluids in the 

pipeline for exact real-time estimation of head loss, combating the effects of pipe 

corrosion, establishing new piping materials and coatings, increasing the ease of fluid flow 

in pipes, and validating such improvements. In the present study, the experiment has been 

carried out to establish a method for physical determination of surface roughness for 

cement mortar lined Ductile Iron (DI) pipe and accurate determination of friction factor. 
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Central Public Health and Environmental Engineering Organization’s Manual on Water 

Supply & Treatment prepared by The expert committee (1999) on page 106 states, “In 

today’s economic climate it is essential that all water utilities ensure that their resources 

are invested judiciously and hence there is an urgent need to avoid overdesigning of the 

pipelines. Despite technological advancements, improved methods of manufacturing all 

types of pipes and advent of new pipe materials, the current practice of adopting 

conservative Coefficient of Roughness (C values) is resulting in underutilization of pipe 

materials.” On page 113 it is stated “...Continued usage of roughness coefficients estimated 

without recognition of these advances is bound to result in the conservative design of the 

water supply system......The extent of underutilization varies 13 to 40 percent for CI pipes, 

23 percent for RCC and AC pipes; and 8.4 percent for HDPE and PVC pipes.” 

Further, as mentioned in the same manual, the best method for friction factor determination 

is the Darcy-Weisbach equation followed by the modified Hazen-Williams formula. 

Bombardelli and Garci (2003) and Bennett and Glaser (2011) had shown that the use of the 

Hazen-Williams formula has a very limited range of applicability and may have a very 

detrimental effect on pipe design. So, the best alternative for all flow regimes and all types 

of pipes is dimensionally balanced Darcy-Weisbach equation. 

The determination of friction factor is normally done by universally adopted practice using 

Moody’s chart. The fact that the friction factor diagram in the form set out by Moody still 

endures is due to the use of dimensionless quantities and an effective consensus to 

continue to use the constants and underlying equations that were used by 

Moody(McGovern 2011). Moody and his contemporaries were under no illusions about 

the accuracy of the diagram provided by them. Moody (1944)  stated, “It must be 

recognized that any high degree of accuracy in determining f is not to be expected...But, in 

the transition and rough pipe regions, we lack the primary and obviously essential, a 

technique for measuring the roughness of a pipe mechanically. Until such a technique is 

developed, we have to get along with descriptive terms to specify the roughness; and 

naturally, this leaves much latitude.”  And this obviously essential fact has either been 

neglected or lost with passing years. The Moody’s charts are based on the Colebrook 

equation, which bridged the gap between uniform sand grain roughness curves (Nikuradse, 

1933) and nonuniform commercial pipe roughness. 
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Hence, while using either Nikuradse (1933) or Colebrook (1939) equations, it is very 

important to understand that the roughness parameter is either defined by the size of 

uniform sand grain particle used in pipes to develop artificial uniform surface roughness by 

Nikuradse or for commercial pipe back-calculated hydraulically using,  
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τ0 = Shear stress at wall, 

ρ  = Density of fluid 

U = Mean Velocity 

d  = Pipe diameter 

k  = Diameter of roughness grain 

 

alternatively, simply by comparing pressure drop data from fluid flow experiments to the 

Moody Chart and solving the Colebrook-White equation for obtained friction factor. 

Many researchers had tried to evaluate the validity of Nikuradse work and find 

shortcomings; nevertheless, Nikuradse sand-grain roughness experiments have been the 

main reference on flow in rough pipes for over 60 years (Sletfjerding and Gudmundsson, 

2003).  At the time of inception itself, the Colebrook-White equation was in error by 3-5%, 

when compared with actual experimental data (Bhave, 2006). Moreover, several 

researchers have found that the Colebrook–White equation is inadequate for pipes smaller 

than 2.5 mm. In recent years the use of the Colebrook–White equation for the computation 

of commercial pipe friction factors, particularly for small-diameter pipes was discouraged 

by several researchers (Yoo and Singh, 2005). Instead, they suggested using a power law 

with minor modifications. 

Nevertheless, still usage of the formula is well prevalent as standard practice, and 

recently McGovern (2011) had updated Moody’s chart in vector graphics version. 

However, a significant breakthrough in finding shortcomings of these standard works had 

been achieved by Bernuth and Wilson (1989) and Kandlikar (2005). Bernuth and Wilson 

showed that Blasius equation and not Colebrook-White equation is an accurate predictor of 

Darcy-Weisbach friction factor for small diameter plastic pipes for Reynolds numbers less 

than 1,00,000. Kandlikar (2005) highlighted a further need for research to establish a 

perfect understanding of the microscale flow geometries. Taylor et al. (2006) has 

summarized these developments in chronological order and predicted future path.  
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A whole gamut of new formulas had been proposed by Achanta et al. (2000), Yoo and 

Singh (2004), Yoo and Singh (2005), Sonnad and Goudar (2006), Winning and Coole 

(2009), Yang and Joseph (2009), Ghanbari et al.( 2011), Li et al. (2011), Dobrnjac (2012), 

Babajimopoulos and Terzidis (2013) and so on. These formulas have resulted from 

regression analysis of results available to date from published studies and minor 

modifications in patterns of the equation without major consideration to a fundamental 

change in parameter definition or relationship.  

There are several other approaches to solve pipe flow problems, e.g., Ahsan (2014) had 

used Computational Fluid Dynamics (CFD) modeling for numerical analysis of turbulent 

flow. However, a significantly new approach has been proposed by Farshad et al. (2005) 

and Afzal (2007a and 2007b).  Taylor et al. (2006) had also introduced six new terms to 

describe surface roughness to be used for higher relative roughness in microtubes and 

microchannels. 

The work of Sletfjerding and Gudmundsson (2003) was a pioneer to develop a method 

of estimating the friction factor in pipes directly from measured values of the wall 

roughness. They studied the correlation between various measured surface roughness 

parameters and measured friction factor. This was the research gap existing since times of 

Moody and Colebrook. Farshad et al. (2005) used mean-peak-to-valley- height Rz in place 

of equivalent surface roughness in the Colebrook-White equation to calculate the friction 

factor. He preferred Rz over Ra (average arithmetic roughness) because of a better 

representation of absolute roughness achieved by Rz in their other research work (Farshad 

and Pesacreta, 2003). The measured value of surface roughness is 0.033 mm for cement 

lining using direct surface roughness measurement technique, as demonstrated by Farshad 

et al. (2005). They had also measured and tabulated surface roughness for other latest 

piping materials and presented a new roughness chart. However, the exact mechanism 

behind the turbulence and the role of the distribution of protuberances were not discussed.  

The work of Afzal (2007a and 2007b) gave in-depth consideration of this problem, and a 

new alternate scale for better understanding and representation of surface roughness had 

been proposed. The relevancy of direct roughness measurement parameters with all major 

available datasets obtained from experiments had been evaluated and the correlations of 

the alternate roughness parameters like Ra, Rz, etc. and equivalent sand grain roughness 

were documented. The relationship between equivalent sand grain roughness e with Rz was 

obtained for Sletfjerding and Gudmundsson (2003) data of artificially roughened pipes 

with glass beads as e = 1.244 Rz (Afzal, 2007b). Adams et al. (2012) had developed a 
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simple algorithm with which various measured surface roughness parameters can be 

converted to equivalent sand-grain roughness. For equivalent sand grain roughness and 

measured Rz the relationship e = 0.978 Rz was obtained by conducting experiments on 

Copper, Aluminum, GI and Steel tubes. Thus, strong evidence had been observed 

supporting direct measurement of roughness in a commercial pipe to evaluate friction 

factor. Looking to these correlations, for drinking water supply pipes, the direct 

measurement of roughness without conversion seems convenient. In the future, with more 

sophistication and establishment of (Afzal, 2007b) theory, further microflow geometry can 

be studied.  

 

Despite its practical relevance, until now, little work had been published on the measured 

surface roughness of new material pipes and internally coated pipes. Different kinds of 

techniques and methods were used in the modeling and measurement of surface roughness. 

The most frequently used methods are Profilometry, Scanner type Profilometry, Digital 

photogrammetry, Scanning electron photographs, and Laser (Unal et al., 2000). 

In the present study, the cement mortar lined DI pipes are used for reclaimed water 

distribution network. The actual roughness of these pipes was determined, and 

corresponding friction factors were calculated for different diameters of DI pipes and 

limiting Reynolds numbers for these pipes.    

2.15      QGIS for Preparation of Reclaimed Water Distribution Network 

QGIS is an official project of the Open Source Geospatial Foundation (OSGeo). It can run 

on Linux, Unix, Mac OSX, Windows and Android and supports numerous vector, raster, 

and database formats and functionalities. QGIS (previously also known as Quantum GIS) 

is a free and open-source desktop geographic information system (GIS) application that 

supports viewing, editing, and analysis of geospatial data (Wikipedia, 2017).  

QGIS is open-source software that works as a geographic information system (GIS), 

allowing users to study and edit spatial information.  

Cavallini and Lami (2007) stated that QGIS integrated with other open-source GIS 

packages, including PostGIS, GRASS GIS, and MapServer.  The authors stated QGIS was, 

easy to use, and comparable to well-known closed source alternatives. The authors also 

https://en.wikipedia.org/wiki/Geographic_information_system
https://en.wikipedia.org/wiki/PostGIS
https://en.wikipedia.org/wiki/GRASS_GIS
https://en.wikipedia.org/wiki/MapServer
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stated that QGIS had a modular structure, which allowed to add new functionality for 

specific tasks. 

Thus, QGIS is userfriendly, compatible with other open-source packages and has 

capabilities like commercial alternatives. 

Gray (2008) described the QGIS as an advancement over GoogleEarth in providing access 

to geographical data. The author mentioned that not only such Geographical Information 

System(GIS) would make one feel like having the whole world in hands, but one will 

probably be able to do something extremely useful with it for own work or public life. The 

author described various aspects of GIS and stated that Quantum GIS, or QGIS as more 

advanced, comprehensive, user-friendly desktop GIS system in the open-source world.  

GIS is a tool with lots of possibilities, and QGIS is a preferable open-source GIS tool. 

Roy et al. (2015) studied the development of gravity wastewater network systems with 

different load patterns using software modeling. The author stated that Bentley 

SewerGEMS V8i was helpful in developing a network system with different load patterns. 

The map of the study area was prepared using QGIS for development of wastewater 

network for JoytSujan village, in Murshidabad district, West Bengal. The ground 

elevations for the area under consideration were found using the map for preparation of 

input model. 

QGIS is ready to use tool for developing location-specific maps that are useful to 

determine ground elevations. 

Sarra et al. (2016) evaluated joint environmental and cost performance in municipal waste 

management systems through data envelopment analysis for 289 municipalities located in 

the Italian region, Abruzzo. The authors displayed maps in the paper showing efficiency 

scores of the municipalities of Abruzzo determined by different models for different years. 

The maps showing the scale efficiency ratio (SER) of the municipalities of Abruzzo for 

different years were also displayed. These maps were prepared using QGIS. Different 

shades of colors were used to indicate the score of different ranges obtained by 

Municipalities on a geographical map of the Abruzzo region. 

The map showing the geographical location as well as the distribution of the desired 

parameter for different territories can be prepared using QGIS. 
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Carrier et al. (2016) explored options for the Treasure Valley Scout Reservation (TVSR) to 

develop a compliant and fully operational water distribution system while establishing a 

basis for expansion. The existing water network was detailed using GIS and assessed 

current and future needs. QGIS and ArcGIS were utilized to create a representation of the 

water distribution network of TVSR. After the creation of GIS maps, the pipes were given 

attributes based on their physical characteristics. Geospatial information included well 

location, well types, pipe size, pipe locations, pump types, water storage tank locations and 

sizes, and unused pipe locations. Once the creation of the model was completed, it was 

used to evaluate different options. 

QGIS and ArcGIS can be used to create a representative water distribution network for the 

existing one. 

Archer (2017) investigated recycled water production in Florida and California during 

2009 to detect gaps in distribution and identify areas for expansion using geospatial 

analysis as a way to increase the supply of freshwater and to assess change over time. This 

study compiled national (USEPA) and state data into two databases (2009 and 2015) for 

recycled water production. CrimeStat IV was used to generate hot spot spatial patterns. All 

data were displayed in the geographic information systems (GIS), ArcGIS 10.4.1, and 

QGIS “Essen” 2.14.0. The analysis identified underserved areas that indicate a potential 

need for expansion as well as located areas of growth from 2009 to 2015.  

The data displayed in QGIS “Essen” 2.14.0, ArcGIS 10.4.1 and GIS, can be analyzed to 

identify underserved areas that indicate a potential need for expansion as well as located 

areas of growth of recycled water distribution, 

Nicolas and Frederic (2018) provided a detailed introduction to QGIS, along with 

historical developments. The authors stated QGIS as an official project of the Open Source 

Geospatial Foundation (OSGeo, www.osgeo.org), whose mission was to help and promote 

the collaborative development of open-source geomatics software. Plugins written in 

Python or C++ extend QGIS's capabilities. Distributed under the GPL (General Public 

License) version 2, QGIS provides free access to a powerful and inexpensive GIS program 

that can be used on most platforms. 

QGIS was created to promote the development of open-source geomatics software and is a 

powerful GIS program available freely. 

https://en.wikipedia.org/wiki/Plug-in_(computing)
https://en.wikipedia.org/wiki/Python_(programming)
https://en.wikipedia.org/wiki/C%2B%2B
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For analysis of any water or reclaimed water distribution network, hydraulic modeling 

software is inevitable along with spatial and attribute details of the network prepared on a 

GIS platform. The results of the literature review carried out in this regard are presented in 

the next section. 

2.16      EPANET for Modeling of Reclaimed Water Distribution 

Network 

EPANET (Rossman, 2000) is a widely used public domain software package for 

simulating the hydraulic and water quality behavior of water distribution systems over an 

extended period. It consists of a stand-alone Windows desktop application that runs 

EPANET’s computational engine within a graphical user interface as well as a 

Programmer’s Toolkit API that allows the programmer to customize their use of the engine 

for specialized applications. The credit to develop EPANET goes to the United States 

Environmental Protection Agency's (EPA) Water Supply and Water Resources Division. 

EPANET is a free software for simulation of hydraulics of water distribution system developed in 

the US. It can also simulate changes in water quality with time. 

Rossman and Van Zyl  (2011) stated that the first public release of EPANET (version 1.1) 

was made in 1994 with a second major update completed in 2000 (version 2.0). The 

program continues to be used by many water utilities and engineers around the world, 

especially in settings where it is not practical to purchase commercial water distribution 

system software that provides additional features and user support. During March and 

April of 2010, there were almost 8,000 downloads of EPANET from its official web site 

(http://www.epa.gov/nrmrl/wswrd/dw/epanet.html).  

EPANET has wide acceptance all across the world and in use since 1994. 

The EPA network performs external period simulation of the water motility and quality 

behavior within the network that is pressurized. The pipe network includes valves, pumps, 

nodes, reservoirs, and pipes. EPANET detects the flow of the water in a pipe and also can 

calculate the pressure at each node. Further, it is used to know the height of the water in a 

reservoir and the concentration of chemicals in the water. It can also trace the chemical 

consumption of the water and the age of the water along with its source. EPANET is 

designed as a research tool to know the constituents of the drinking water and with which 

the safety confirmation is assured. The user-friendly program facilitates a conducible 

http://www.epa.gov/nrmrl/wswrd/dw/epanet.html
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environment to edit data in the computer. EPANET is a binary file format, where the data 

can be imported and exported. These include color-coded network maps, data tables, 

contour plots, and time-series graphs  (Rao, 2016). 

Uber et al. (2018) stated that water infrastructure simulation models, such as EPANET and 

Storm Water Management Module (SWMM), have played a vital role in the development 

of modeling technologies for water distribution, stormwater collection, and sanitary sewer 

systems. These software packages have supported varying functions for water 

infrastructure community. Urban local bodies, water utilities, and designers use these 

packages to ensure efficient water services and to protect public health. Commercial 

companies have integrated and enhanced the core software codes of EPANET within their 

products, enhanced their capabilities, and improved the end-user experience. Academicians 

and researchers have updated the source code algorithms for the betterment of the core 

modeling components and to develop new applications. A primary reason for the success 

of these packages (EPANET and SWMM have joint average downloads of approximately 

1,00,000 per year) is that the software and source code have been freely available and 

evolved to satisfy needs of a typical end-user (graphical user interface) as well as a 

researcher (robust algorithms and interfaces). 

Looking at these attributes, EPANET has been chosen for the hydraulic modeling of the 

reclaimed water distribution network in the present study. 

2.17      WaterNetGen 

Muranho et al.  (2011) developed WaterNetGen as an EPANET extension to automatically 

build Water Distribution Network (WDN) synthetic models, do pipe sizing, compute 

technical performance indicators, and to allow demand-driven and pressure-driven 

simulations. Previously the designing of pipes with available software was resulting in any 

decimal diameter which may not be available in the market. The purpose and accuracy of 

the design were lost when the obtained diameters were rounded to nearest commercial 

diameters. To overcome this limitation, the pipe catalog was provided which specified the 

commercially available diameters for pipes with unit costs. The diameters are specified in 

millimeters (for SI units) or inches (for US units). For each pipe type, the roughness values 

for Hazen-Williams, Darcy-Weisbach, or Chezy-Manning formulas can be specified. The 
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optimization can be done to minimize the cost of network considering demand and 

pressure constraints. 

The WaterNetGen is having the capability to optimize the network cost with commercially 

available user-defined pipes. 

Muranho et al. (2012) stated that designing a WDN involved selecting sizes for its 

components in terms of their technical viability, considering for this purpose various 

aspects such as hydraulic parameters, demand patterns, reliability, water quality, and costs. 

WaterNetGen maintains the original EPANET’s user interface to preserve the user 

experience, although some new work-oriented features have been introduced such as, for 

example, node split, pipe split, link type replacement, node type replacement, and editing 

of group properties of selected pipes. Compatibility to the previous EPANET projects is 

assured at ‘.inp.’ file level. The sizing capability of WaterNetGen allows the assignment of 

pipe diameters from the user-defined pipe catalog to satisfy some velocity and pressure 

constraints. A Pipe Catalogue furnishes a list of available commercial diameters and 

respective costs. The total network water demand is assigned to the network junctions 

demand categories through the use of the concepts of pipe water distribution coefficient 

and pipe demand pattern. 

Though the original user interface of EPANET is maintained, many new features have 

been added, which improves the performance of WaterNetGen in designing and analyzing 

networks. 

Muranho et al. (2014) explained the approach followed by WaterNetGen to simulate the 

water distribution system considering both normal pressure and pressure deficient 

scenarios. WaterNetGen models pressure deficient scenarios by incorporating a pressure-

demand relationship, which computes the available demand as a function of the current 

pressure and considering leakage at pipe level(background and bursts). This new capability 

is fully integrated into the original EPANET interface, so the same network model can be 

used to perform demand-driven analysis leading to faster and more accurate analysis of 

water distribution systems. 

WaterNetGen can successfully model normal pressure and deficient pressure conditions. 

Sousa et al. (2015) used a hydraulic simulation model WaterNetGen to solve the C-Town 

water distribution network problem from the battle of background leakage assessment for 
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water networks (BBLAWN). Water Net Gen uses a simulated annealing algorithm for 

analysis. The results obtained were good solutions in terms of operational and capital cost 

and a good compromise with the environmental and financial damage caused by water 

losses. 

The good results obtained by WaterNetGen while solving the C-Town water distribution 

network problem indicate good efficiency of the software. 

Muranho et al. ( 2015) pointed out that EPANET software assumes that the nodal outflows 

are constant regardless of the network pressures. This approach is known as the Demand-

Driven Approach (DDA). This approach is quite accurate when the system operates under 

adequate positive pressures. However, when pressures are not sufficient enough, this 

approach does not give accurate results. In scenarios of insufficient pressure, it is required 

to have an alternative approach to the DDA to compute the available demand as a function 

of nodal pressure, known as the Pressure-Driven Approach (PDA). However, the 

embedding of the pressure-demand relationship into the hydraulic solver can lead to 

convergence problems. The paper highlighted the measures taken in WaterNetGen to avoid 

the convergence issues, namely the use of relaxation coefficients and the use of a more 

stable linear system solver.  

The demand-driven Approach (DDA) does not give accurate results when pressure 

deficient conditions prevail. In such conditions, pressure-driven Approach (PDA) is 

required. However, it can lead to convergence problems, and the use of relaxation 

coefficients and the use of a more stable linear system solver is required in WaterNetGen. 

Wilkinson et al. (2018) conducted a review on network generator algorithms for water 

supply modeling and application studies and presented the same in World Environmental 

and Water Resources Congress 2016. The research database committee of the water 

distribution system analysis team aimed to establish a freely available research database of 

the efficient tools available as automatic generators to create numerous benchmark 

networks. The WaterNetGen was considered in the list of eight best network generator 

algorithms. 

WaterNetGen is a worldwide recognized tool to generate and model water distribution 

networks. 
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Looking to the capability of selecting locally available commercial diameter while 

optimizing the water distribution network WaterNetGen was chosen for the design of 

reclaimed water distribution networks in the present study. 

2.18      Transportation Problem and its Solution by Vogel’s 

Approximation Method (VAM) 

Dutton et al. (1974) had used this technique to find out the optimal location of nuclear 

power facilities in the Pacific Northwest. The optimal location of nuclear power plants in 

the Pacific Northwest concerning capital-construction, operating, and transmission costs 

had been found out. A mathematical formulation of this problem was solved using the 

simplex method in conjunction with a branch-and-bound process and indicates a check 

procedure using Vogel's approximation method in conjunction with an algorithm for 

solving the transportation problem. The stability of the optimal solution was also 

discussed. 

The method was successfully used to find out optimal location minimizing construction, 

operating, and transmission costs of Nuclear-power plant. 

Taha (2007) published a very popular book of operations- research.  Chapter 5 of the book 

states that the transportation model is a special class of linear programs that deals with 

transporting a commodity from sources to destinations. The objective is to determine the 

transportation schedule that minimizes the total transportation cost while satisfying supply 

and demand constraints. The steps of the transportation model are precisely the same as the 

simplex method. The special transportation tableau is useful in modeling a class of 

problems in a concise manner. The special structure of the transportation problem permits 

attainment of a nonartificial starting basic solution using one of the three following 

methods: 

1. Northwest-corner method 

2. Least-cost method 

3. Vogel approximation method (VAM) 
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The three methods vary in the "quality" of the starting basic solution produced by them, in 

the sense that a better starting solution produces a smaller objective value quickly. In 

general, though not always, the Vogel method yields the best starting basic solution.  

The model is useful to minimize the transportation cost for transporting commodities 

from several sources to several destinations, and generally, the best starting basic 

solutions are achieved by Vogel’s approximation method. 

Hasan (2012) studied the reliability of direct methods for finding the optimal solution to a 

transportation problem. Normally after obtaining an initial feasible solution by VAM, the 

Modified Distribution Method (MODI) is mostly used to check optimality. The 

transportation model is now accepted as one of the important analytical and planning tools 

in business and industry. Methods which directly attain  the optimal solution, namely Zero 

Suffix Method, ASM-Method, etc. have been introduced to improve efficiency. The author 

had studied the ability of these two new methods to find the optimal solution with the help 

of examples. The optimal results obtained by these new methods were compared with the 

VAM-MODI results. It was proved that one should not depend on the optimal solution 

found by Zero Suffix or ASM-Method. 

This study proved the reliability of the VAM-MODI technique in finding optimal solutions. 

Joshi (2014) stated that the transportation problem was considered a vitally important 

aspect that had been studied in a wide range of applications, including research domains. 

The author further added it had been used in the simulation of several real-life problems. It 

was mentioned that VAM usually produced an optimal or near-optimal initial solution. 

Several types of research in this field determined that Vogel produced an optimum solution 

in almost 80% of the problems under test.  

The study established the superiority of VAM for finding an initial basic feasible solution. 

Appati et al. (2015) written a MATLAB program that would aid in the computation of 

transportation problems with ease. The MATLAB tool will be, especially helpful when the 

problem under consideration has a larger cost matrix. The authors stated that in the field of 

operations research, the application of transportation problem is basic and vital in solving 

most real-life problems as far as optimization is concerned. VAM, among the class of 

algorithms provided to get the Initial Basic Feasible Solution (IBFS), proved to be best. 

Likewise, MODI technique is ideal in testing the optimality of the IBFS. 
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The superiority of VAM-MODI technique to yield the optimal solution methods the 

transportation problem is established. 

Maharana (2017) presented a new approach to attain optimal solution of transportation 

problem directly without finding an initial basic feasible solution. The solutions of a few 

examples were carried out to demonstrate the efficiency of the new approach. The results 

obtained by the new approach were compared with the solution obtained by VAM-MODI 

method. 

This study indicates the benchmark status of the VAM-MODI method as a standard 

technique to obtain the optimal solution of transportation problems. 

Sasikala et al. (2019) proposed two new methods to find an initial basic feasible solution of 

transportation problems. The methods were illustrated with examples. A comparative study 

was carried out with existing methods like VAM, which was used to find an initial basic 

feasible solution and MODI method, which was used to find the optimal solution. 

The reliability of the the VAM-MODI method in obtaining the optimal solution of the 

transportation problem and acceptance as a standard method is delineated. 

2.19      Internal Rate of Return 

Lesourd and Clark (2002) stated that investment appraisal was normally carried out by 

either the net present value (NPV) method or the internal rate of return (IRR) method. Both 

methods have a strong theoretical background, whether for certain or uncertain future cash 

flows. Böhm-Bawerk historically proposed the IRR in 1889 and later by Keynes in 1936. It 

depends on the fact that, for given cash flows, the NPV can be contemplated as a function 

of the discount rate i. The computation of the IRR thus depends on finding a positive root 

(i > 0) of the equation NPV = 0. This root is interpretable as a rate of profit and may be 

compared to the rate of profit r that prevails on capital markets for similar investments. 

The prevailing use of NPV and IRR methods for investment appraisal was indicated. 

Pogue (2004) addressed weakness inherent in the application of the NPV technique for 

investment appraisal. The author mentioned that despite the theoretical superiority of the 

NPV technique of investment appraisal over IRR) and payback methods, surveys both in 

the UK and in general revealed that the technique lags behind IRR in practical usage.  

The IRR technique has wide practical acceptance as a tool for investment appraisal. 
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Whittington et al. (2004) examined whether the benefits of the Melamchi water supply 

project in Nepal were likely to exceed its costs, assuming that high-quality municipal water 

services could be delivered to households and firms in the urbanized part of the 

Kathmandu valley. The authors studied variations in IRR calculations for a wide range of 

assumptions and input parameters. The Asian Development Bank was one of the donors 

for the project. 

IRR is successfully being used for public water supply projects where reputed institution 

like Asian Development Bank is supposed to involve for finance.  

US-Environmental Protection Agency (2004) presented the economic analysis of water 

reuse options in sustainable water resource planning with a case study of the West Coast 

Sewerage Project in the island nation of Barbados. IRR was used as one of the tools to 

select the optimal option for implementation of the sewage collection, treatment and reuse 

in the region. 

The use of IRR by the US-Environmental Protection Agency shows its reliability and wide 

acceptance as a tool to judge the economic performance of water reuse projects. 

Eatwell et al. (2006) stated that rational capital budgeting required a correct basis for 

measuring the investment worth of each capital expenditure proposal. The authors listed 

five quantitive methods for arriving at the correct decision in capital budgeting. The 

methods listed were the pay-back period, the average rate of profit, the discounted cash-

flow rate-of-return, net present value, and the required rate of return.  

It was mentioned that the discounted cash-flow rate-of-return measure (DCF), which 

relates the incremental cash inflows attributable to a project to the incremental cash outlays 

required by it, had gradually supplanted the average-rate accounting measure. In principle, 

the DCF rate of return (or internal rate of return) is identical to the long-used financial 

measure for the effective yield to maturity on a bond; that is, it is the rate at which the 

present value of all incremental cash or equivalent benefits expected from an investment is 

equal to the incremental outlays required by that investment. 

The internal rate of return method has gained better acceptance than average rate 

accounting measure. 

Dinesh (2014) examined the issues in the financial sustainability of the urban sanitation 

sector with a case study of Kalyan Dombivli Municipal Corporation. The author stated that 

since the private sector investor invests huge capital in building infrastructure projects, an 
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investor looks for the financial viability of any infrastructure project before embarking on 

it. In general, infrastructure projects face three issues while measuring their financial 

viability: high break-even point (BEP), poor debt-service coverage ratio (DSCR), and low 

internal rate of return (IRR). If the above three criteria are to be considered as measures for 

viability, then sanitation projects are deemed to be completely unviable since the above 

three criteria are supposedly based on cost recovery by levying user charges. Therefore, 

there is a need to suitably incentivize the private sector investor to partner with the 

government on infrastructure projects. 

The consideration of IRR as a measure of the economic viability of sanitation projects in 

urban India is mentioned. 

Bejbl et al. (2014) presented a new approach to brown coal pricing using IRR 

methodology. A new method for determining the base price, consisting of defining the 

reference fuel chain for electricity and heat production based on brown coal, was proposed. 

It builds on the notion that the degree of risk of the involved parties should be reflected in 

the modified amount of revenue per capital invested. The resulting price is then an 

economically justified price which encourages respect for the specific features of the 

market in question and sets the base price of the commodity in a way that is acceptable for 

both the extractive and the productive components of the fuel chain. 

IRR is used to arrive at a base price for brown coal, considering acceptable revenue 

generation from the viewpoint of capital invested. 

Trotter (2015) studied the financial viability of water and wastewater infrastructure 

projects using public-private partnerships. The authors proposed a financial model which 

can be used by practitioners, government agencies, and decision-makers to estimate key 

financial indicators that are essential to assess the feasibility of private investors’ 

involvement in a water and wastewater project. The output of the software is project 

financial indicators (e.g., project internal rate of return (IRR), return on equity (ROE), 

annual debt service cover ratio (ADSCR)) and the contribution amount from the public 

sector, if required to keep water consumption or wastewater discharge fees at affordable 

levels. This model was developed as an adaptation of the financial model for PPP projects 

included in the toolkit for PPP in Roads and Highways, developed by the World Bank 

Group (WBG). 
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The IRR is used to indicate the financial viability of water and wastewater infrastructure 

projects using a public-private partnership. The adaptation of the financial model from the 

toolkit developed for PPP projects in Roads and Highways by the World Bank Group 

(WBG) shows the universal acceptance of IRR as an economic feasibility measure adopted 

by the World Bank. 

Djukic (2016) carried out a cost-benefit analysis of an infrastructure project and 

determined a cost-reflective tariff with a case study for investment in a wastewater 

treatment plant in Serbia. The authors suggested that to ensure financial sustainability, a 

cost-reflective tariff should be introduced following the start of wastewater treatment plant 

operations. The economic net present value and the economic internal rate of return were 

calculated, which was greater than the social discount rate. Full cost recovery implies a 

significant tariff increase that should be taken into account by water authorities and 

companies. 

The use of IRR to determine financial sustainability by the identification of cost-reflective 

tariffs for investment in the wastewater treatment plant is demonstrated. 

2.20      Closure 

The literature review highlights inevitable water stress conditions and imposes for 

judicious use of water resources. It is a fact that the implementation of the price that is 

justifying costs of supply will lead to the sustainable use of water. Wastewater 

management is a major challenge in all developing countries and should be addressed as an 

integral part of water resource management. The lack of funds to develop infrastructure 

leads to health hazards related to improper handling of wastewater. Wastewater reuse can 

serve as an alternate water resource and have great applicability, especially in agriculture 

and other types of reuses. The studies all over the world indicate that reforms in the water 

sector are the need of the hour. If water reuse can be implemented with proper pricing, the 

much-needed revenue can be generated, and adequate infrastructure for sustainable 

wastewater management can be provided. Researchers have also indicated that water 

should be considered as an economic good and pricing can be used as a tool to promote 

sustainability. 

Considering these facts, full-cost recovery and economic efficiency criteria are considered 

by attaining optimal sustainability for urban wastewater management in the present study. 
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There exists a research gap regarding the appropriate pricing of reclaimed water for 

different applications. No such study to identify financial viability and to determine proper 

pricing has reportedly been conducted in India. To bridge this research gap, a methodology 

for evaluating the economic feasibility and for determining prices for urban wastewater 

reuse has been developed.  The methodology can be used for the successful 

implementation of water reuse projects in urban India, leading to the optimal sustainability 

of urban wastewater management. 
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CHAPTER 3 

Data Collection 

3.0      Introduction 

To attain optimal sustainability for the urban wastewater management of the Vadodara 

Urban Development Authority (VUDA) area, various data of VUDA area viz. Water 

supply, Population growth, Industrial growth, Sewage treatment plants, Agricultural area, 

Industrial area, Residential area,  Maps of VUDA, etc. and Surface roughness of various 

DI pipes,  were collected. 

3.1      Study Area 

The area around Vadodara city under the jurisdiction of the Vadodara Urban Development 

Authority is considered in the present study. The location of the study area is shown in 

Maps 3.1 and 3.2.  

 

MAP 3.1 

Study Area 

Source:(http://www.indmaps.com, www.slideshare.net/ourvibrantgujarat/vadodara-6077506)

http://www.slideshare.net/ourvibrantgujarat/vadodara-6077506
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Map 3.2 

Vadodara Urban Development Authority Area  

Source: (Vadodara Urban Development Authority, “VUDA BHAVAN,” L&T Circle, 

Karelibaug, Vadodara-18) 
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Vadodara is the third-largest city in the state of Gujarat, having an area of 159.95 sq km 

and a population of 17,59,156 as per the census of 2011. It is located in the fertile plains 

between the rivers Narmada and Mahi on the banks of River Vishwamitri, at 22°17’ 59” N 

Latitude and 73°15’18” E Longitude.  The modernization of the city began in 1882 with 

Sayajirao Gaikwad the III ascending the throne of the Baroda State. At the time of the 

country’s independence, Vadodara boasted of high-quality urban infrastructure viz. good 

water supply, drainage, and transport facilities. Vadodara was firmly entrenched as an 

educational and cultural center of Western India. Post-independence, the city witnessed 

quantum industrial and demographic growth with the city’s infrastructure supporting this 

growth. However, macroeconomic developments and the rapid growth of neighboring 

urban centers like Surat and Ahmedabad have resulted in the economic slowdown of the 

Vadodara city in the last two decades. Vadodara still measures well on various livability 

indices in comparison with other cities. However, today it stands a strong risk of falling 

into a low economy trap and of thus not being able to attract adequate investments to 

sustain it. 

The topography of the city is generally flat with a gentle slope from the Northeast to 

Southwest, following the basin of Vishwamitri. Vishwamitri bifurcates the city centrally in 

two halves. The general ground level of the city varies from 20 m to 40 m above mean sea 

level. The climate of the city is moderately dry and arid, with the maximum temperature 

range of 35-45 ºC during summer and 10-30 ºC during winter. It has an average annual 

rainfall of 900 mm which is spread over 3 to 4 months. The geographical facts related to 

the city are presented in Table 3.1. 

TABLE 3.1 

Geographical Facts 

Area 159.95 sq. km. (Approx.) 

Population 17,59,156 

Altitude 35.5 meters above sea level 

Climate Summer Max. 44.4 °C. Min. 20.4°C. Winter Max. 33.1°C Min. 9.8°C. Rainfall 931 mm. 

(Mid. June to Sept.) 

Clothing Cotton in Summer, Light woolen in winter 
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Languages Vadodara is cosmopolitan city in Gujarati speaking area. Beside Marathi, Hindi, Urdu & 

Sindhi  

Spoken English are spoken. Some groups use Tamil, Telugu, Kannada, Malayalam, Bengali and 

other languages. 

Rail Vadodara is on the Western Railway Mumbai Delhi and Mumbai Ahmedabad line. It is 100 

km. from Ahmedabad, its narrow-gauge line operates from Pratapnagar Railway Station and 

Vishwamitri Railway Station. 

Road Vadodara is connected by road on National Highway No. 8 with all the major cities of India. 

It is 436 km. from Mumbai and 956 km. from Delhi. 

Air The city has an airport connected with Mumbai and Delhi. 

Bus The Gujarat State Transport Corporation piles its buses between Vadodara and Ahmedabad 

and also on main towns and tourist centers of Gujarat. 

Taxi & Auto Charges are according to the meter as per revised rates. The revision could be examined on 

printed cards available with the driver. 

3.1.1      Vadodara Urban Development Authority (VUDA) Area 

The Vadodara city is having two urban local bodies, namely Vadodara Mahanagar Seva 

Sadan (VMSS) and Vadodara Urban Development Authority (VUDA). The developed city 

is under the jurisdiction of VMSS and developing area on the outskirts of the city is under 

VUDA jurisdiction. Thus VUDA limits are covering a larger area, and VMSS limits are 

included in the boundary of VUDA area. Vadodara Urban Development Authority has 

been established on 1st February 1978 in accordance with the provisions of the Gujarat 

Town Planning & Urban Development act 1976. The Authority is entrusted with the 

functions relating to the integrated and balanced development of the region. The 

jurisdiction under the Vadodara Urban Development Authority covers 724.51 sq. km. 

Including the area of Vadodara Mahanagar Seva Sadan and part of Vadodara, Padra and 

Waghodia talukas.  The area under the jurisdiction of VMSS is 159.95 sq. km. while Area 

of VUDA limits (Excluding VMSS) is 564.56 sq. km. The total population of VUDA, 

including VMSS area is 20,65,771 as per census 2011. For the present study area under 

VUDA limits excluding of Vadodara Mahanagar Seva Sadan, the area is considered. 

3.2      Infrastructure Status of Vadodara 

Vadodara Mahanagar Seva Sadan has undertaken an exhaustive exercise to identify the 

areas of Vadodara city that need to be taken up for infrastructure refurbishment and 
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augmentation. These are based on a detailed assessment of the current status of 

infrastructure in Water Supply, Sewerage, Storm Water Drainage, Roads, Street Lighting, 

Solid Waste Management, Environmental Management of Water Bodies and Slum 

Upgradation, etc. The current level of services needs to be bridged in terms of area and 

population coverage. The status of service-wise details is elucidated in Fig. 3.1. 

 

FIGURE 3.1 

Present Level of Services 

3.2.1      Water Supply 

The city gets water from Sayaji reservoir, radial and tube wells in the river Mahi, Vadodara 

branch canal of SSNNL and also from tube wells scattered across the city. At present 

(2016), the city receives water supply of 347.7 MLD (183 lpcd). Of this, only 70% reaches 

the consumers (30-35% losses). The surface water sources account for almost 89 % of the 

water supply. The city has two treatment plants, which treat water only from the Sayaji 

Reservoir and one treatment plant at Khanpur which treats water from Narmada canal. 

Water from underground sources is not treated, but the supplies are chlorinated. The city 

has a water distribution network of 700 km, which covers 75% of its total area and 90% of 

the population. 
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3.2.2      Sewerage   

The sewerage system consists of an underground piped network, five sewage-pumping 

stations, 35 auxiliary pumping stations, seven sewage treatment plants (STP)s   and 

disposal facilities for the treated sewage. There are two more STPs going to be established. 

The city is divided into three zones with a total length of 535 km of sewerage network; the 

total sewerage generated is about 276.5 MLD.  

3.2.3      Solid Waste Management  

Out of the 510 tonnes of waste generated every day, around 440 tonnes per day are 

handled. The door-to-door collection has been started in 90% of the area spread over all the 

wards. Of the total waste generated in the area, around 60% is generated from residential 

areas while 22.5% is generated by offices, markets, hotels, and commercial places. The 

remaining waste is construction and industrial waste. 

3.2.4      Storm Water Drainage 

Most of the stormwater is drained into the river either through natural drains or stormwater 

drains provided by VMSS. The city has five major natural kaans (drains) and five major 

tanks within the city limits. The stormwater drains in the city cover about 48 % of the total 

area (49 sq. km.) and about 48 % of the total population. The city has 199 km of 

stormwater drains of which 97 km is underground piped drainage. 

3.2.5      Roads, Public Transport System, and Parking  

The city has three flyovers and railways under bridges each. The river Vishwamitri has 11 

bridges interconnecting the city areas. The road network within the city is well developed 

in almost 70% of the area and caters to around 80% of the city’s total population. More 

than 80% of the roads are surfaced, of which most of them are blacktopped while 19% of 

the roads are earthen. However, the increased vehicular population has resulted in 

increased vehicular traffic on the roads. The major roads and intersections experience 

traffic congestion during peak hours. The present vehicle population of one million is 

expected to grow to 1.5 million by the year 2011 since the public/mass transportation 

system is inadequate and inefficient. An increase in vehicular population will further 
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enhance the problems of pollution and parking. Currently, basements of buildings are used 

for parking, resulting in traffic. Also, the absence of pedestrian facilities results in traffic 

congestion and inconvenience to the public. 

3.2.6      Lakes and Water Bodies  

The city of Vadodara was once recognized as a city of lakes. The city has around 30 lakes 

spread across the city. With the development of the city, the area of these lakes has 

depleted over the years. Many of these have also been encroached upon by slums. Also, 

these lakes see heavy silt formation, which affects the recharge of the groundwater table. 

Due to the low percolation of water during monsoons, the city witnesses heavy floods 

every year, which not only affects the property but also human life. 

3.2.7      Slum Development  

The city of Vadodara has 336 slum pockets with a population of around 2.57 lakhs, which 

approximately amounts to 20% of the total population. The slums lack facilities of proper 

drainage, roads, and sanitation. Though most of the slums may have water supply, they do 

not have proper drainage facilities. The sewage generated is discharged in the open 

lowland or in the nearby natural drain that ultimately pollutes the river. 

3.3      Data Collection 

The data related to the population according to the latest and previous census, population 

projection, water demand and supply gap, sewage treatment plants, and quality of treated 

effluent were collected and presented in this section. The surface roughness of various DI 

pipes, schedule of rates (SOR) of Gujarat Water Supply and Sewerage Board (GWSSB) for 

the labor cost of excavating, lowering, laying & joining, backfilling, etc., material cost and 

cost of Elevated Service Reservoir(ESR) are also presented here. 

3.3.1      Details of Population in Vadodara Urban Development Authority Area 

The details of the population in the VUDA area are collected and presented in Table 3.2. 
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TABLE 3.2 

Details of population in Vadodara Urban Agglomeration as per Census of 

1991, 2001 and 2011 

Name  Status District  

Population  Population  Population  

Census Census Census 

3/1/1991 3/1/2001 3/1/2011 

Alamgir Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 857 

Alikherva  Census Town Vadodara ... ... 8,951 

Bajwa  Census Town Vadodara 10,920 9,192 9,611 

Bapod Outgrowth Ward of 

Vadodara 

Vadodara 
... 12,910 159 

Bhayli Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 8,750 

Bil Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 5,204 

Bodeli Census Town Vadodara 15,269 10,490 12,184 

Chhota Udaipur  Municipality Vadodara 19,006 23,211 25,787 

Dabhoi Municipality Vadodara 50,641 54,952 51,240 

Dasharath Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 11,438 

Dumad Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 5,244 

Gorva Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 9,337 

GSFC Complex INA Industrial Notified 

Area 

Vadodara 
... 3,037 2,242 

Harni Outgrowth Ward of 

Vadodara 

Vadodara 
... 4,915 1,760 

Jarod Census Town Vadodara ... 6,438 7,200 

Jawaharnagar 

(Gujarat Refinery)  

Census Town Vadodara 
... 4,667 3,417 

Jetpur  Census Town Vadodara ... 7,310 7,864 

Karachiya  Census Town Vadodara 8,055 7,736 7,103 

Karjan Municipality Vadodara 18,432 26,358 30,405 

Karodiya Outgrowth Ward of 

Vadodara 

Vadodara 
... 11,532 9,256 

Kavant  Census Town Vadodara ... 7,071 9,553 

Koyli Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 10,691 

Nandesari  Census Town Vadodara 2,394 7,270 8,290 

Nandesari INA  Industrial Notified 

Area 

Vadodara 
... 2,814 3,679 

Nasvadi  Census Town Vadodara ... 7,065 8,076 

Padra Municipality Vadodara 33,823 35,923 43,366 

Padra Outgrowth Ward of 

Padra 

Vadodara 
... 3,282 3,294 
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Name  Status District  

Population  Population  Population  

Census Census Census 

3/1/1991 3/1/2001 3/1/2011 

Petro-Chemical 

Complex INA  

Industrial Notified 

Area 

Vadodara 
... 7,338 1,951 

Por-Ramangamdi Industrial Notified 

Area 

Vadodara 
... ... 311 

Ranoli  Census Town Vadodara 9,007 11,057 11,726 

Sama Outgrowth Ward of 

Vadodara 

Vadodara 
... 20,524 2,402 

Savli  Municipality Vadodara ... 17,937 18,467 

Sayajipura  Outgrowth Ward of 

Vadodara 

Vadodara 
... 8,604 3,817 

Sevasi Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 8,403 

Tarsali Census Town Vadodara 13,986 26,706 4,929 

Undera Census Town Vadodara ... 12,392 16,902 

Vadodara Municipal 

Corporation 

Vadodara 
1,031,346 1,306,227 1,670,806 

Vaghodia (Waghodia)  Census Town Vadodara 
... 13,480 16,604 

Vaghodia INA  Industrial Notified 

Area 

Vadodara 
... 961 248 

Vemali Outgrowth Ward of 

Vadodara 

Vadodara 
... ... 4,247 

Total Population………………. 1212879 1671399 2065771 

 

(Source: Office of the Registrar General and Census Commissioner (web), Delimitation Commission of India 

(web), Rand McNally International Atlas 1994, School of Planning & Architecture (web). Vadodara Urban 

Development Authority (web) Downloaded from: http://www.citypopulation.de/php/india-

gujarat.php?adm2id=2419) 

Population Projection : Table 3.3 represents the data collected regarding the forecasted 

population from VMSS. 

TABLE 3.3 

Data Collected Regarding Forecasted Population from VMSS for VUDA Area 

Year 2013 2015 2018 2021 2030 2036 2038 2045 

Population 18,41,788 19,26,406 20,57,059 21,92,184 26,24,380 29,34,864 30,42,333 34,34,121 

 

(Source: Detailed Project Report for 24 X 7 Water Supply in GIDC and Vasna in Vadodara City for the 

Development of Infrastructure Services Under JNNURM Program Volume-I, Vadodara Municipal 

Corporation, August 2013)
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The details of population projection and gap in the demand and supply of water in VUDA 

area as projected by VMSS is presented in Table 3.4. 

TABLE 3.4 

Data Collected Regarding Forecasted Population and Water Demand and 

Supply Gap from VMSS for VUDA Area 

Year 
Population 

in Lac 

Demand @ 180 

lpcd with 15% 

UFW* MLD 

Demand @ 

212 lpcd with 

30% UFW* 

MLD 

Source 

Available 

MLD 

Gap in 

Demand MLD 

2012 18 324 381 420 - 

2022 24.6 442.8 522 495 - 

2031 30 540 636 495 141 

2040 36.2 651 768 495 273 

*UFW-Unaccounted for water 

(Source: Description of Waterworks department downloaded from VMSS Official Website: 

https://vmc.gov.in/pdf/waterworks.pdf on 06/07/2016) 

3.3.2      Water Supply 

The city gets water from Sayaji reservoir, radial and tube wells in the river Mahi, Vadodara 

branch canal of SSNNL and also from tube wells scattered across the city. At 

present(2018) the water supply of the city is 457 MLD.   

Present (2018) Scenario of Water Supply Scheme of Vadodara City: The details of the 

present water supply to Vadodara city have been collected and presented in Table 3.5. 

TABLE 3.5 

Present Scenario of Water Supply to Vadodara City 

Ajwa / Nimeta 145 MLD 

Radial Collector Wells 250 MLD 

Tube wells 25 MLD 

Khanpur 37 MLD 

Total 457 MLD 

Water Tanks OHT – Booster 23 + 3 boosters 

Under construction OHT  

(A) Under JnNURM 4 

(B) Under other Budget 1 

The capacity of Nimeta Water Treatment plants 3 Nos (145 MLD) 

Distribution Line Lengths 1100 KMs 

Per capita supply without loss, Lpcd 210 lpcd 

 

https://vmc.gov.in/pdf/waterworks.pdf
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Issues Pertaining to Water Supply System: Considering the gross supply of 180 lpcd 

(both domestic and non-domestic), the requirement of water for the future would increase 

and is estimated to be 651 MLD (gap of 156 MLD) by 2040. The demand projection has 

been based on the population projection done by the technical consultants – Montgomery 

Watson Pvt. Ltd. Appointed by VMSS. The most common complaints received by the 

water supply department of VMSS are inadequate water supply/pressure and quality of 

supply. At present, water is supplied once a day for 30 minutes. The supply is inadequate 

in cases when there is a change in either one or more features, such as: 

 Less water made available, even though it may be adequate for daily use 

 Change/reduction in frequency/timing of water supply 

 Water with less pressure, even if it reaches the consumer taps at less pressure 

 Drought-like situations or technical problems 

Areas with inadequate water supply are generally influenced by a combination of the 

following factors -- high population density, higher supply rate, inadequate pressure, 

inadequate supply timing, the discrepancy in service connections, and poor operations. The 

factors are the function of zoning, supply duration, OHT tank elevation, and distribution 

pipe sizes. 

None of the overhead tanks and the booster stations has a standby power supply. When 

there is a power failure, the pumps for the overhead tanks cannot run, and the tanks cannot 

be filled. Hence during such time, no water can be supplied to the area. 

The cost of water recovered from the consumers is so low that it does not recover even 20 

% of the operating expenses of VMSS. 

3.3.3      Determination of Industrial Water Demand 

Regional/national industrial water demands are driven by the growth of the industry, which 

in turn is linked with the growth of per capita Gross Domestic Product. The requirement of 

water for industries varies from industry to industry and on production and water use 

technology. On account of these complexities and lack of data, it is a challenging task to 

make accurate assessments of future industrial water demand. Projected water demand for 

various industries is presented in Table 3.6. The details of the average daily production of 

various industries are presented in Table 3.7. To find out industrial demand, data of water 
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consumption published in the year by the Ministry of Water Resources, Government of 

India is considered and presented in Table 3.6. This table also contains data for unit water 

requirement as per the water (prevention and control of pollution) cess rules, 1978, G.S.R. 

378(e). As this data is for the gross production of industrial goods in the country, for 

VUDA area fine-tuning calculation is to be carried out. For this purpose the data for annual 

production by different types of industries have been collected from the “Annual Survey of 

Industries Volume I & II” published (2012) by Ministry of Statistics and Program 

Implementation, Central Statistics Office, Government of India. This data is presented in 

Table 3.7. To calculate the industrial water demand of different industrial areas, the 

Makarpura GIDC is considered as a case study. The details of Makarpura GIDC industrial 

area and satellite view of the same are presented in Fig. 3.2. The Makarpura GIDC area 

houses a number of micro, small and medium (MSME) industries. The details of MSME 

industries in Vadodara district is obtained from “Brief Industrial Profile of Vadodara 

District, MSME- Development Institute, Government of India” and presented in Table 4.1. 

The details of investment in plant and machinery are available for MSME as well as for big 

industries mentioned in ASI Table 3.7. 
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TABLE 3.6 

Projected Water Requirements of Various Sectors of Indian Industries 

 

Source:Draft-COMPREHENSIVE MISSION DOCUMENT, Volume - II,NATIONAL WATER MISSION under 

National Action Plan on Climate Change,MINISTRY OF WATER RESOURCES,GOVERNMENT OF INDIA 
Water requirement per unit 

THE WATER (PREVENTION AND 

CONTROL OF POLLUTION) CESS 

RULES, 1978,G.S.R. 378(E). 
Sr. 

No. 

Category of 

industry 

Water 

requirement 

per unit 

Year 2000 Year 2010 Year 2025 Year 2050 

(m3) 
Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/ 

year 
(m3) Unit 

1 2 3 4 5 6 7 8 9 10 11 3 

 
1 

Integrated iron 

& steel 
22 174050 3829.1 265350 5837.7 273300 6012.6 547050 12035.1 20 

Cubic metres per tonne of finished 

steel 

2 Smelters 82.5 203.6 16.76 292.6 24.14 391.6 32.31 537.6 44.35 
 

 

 
Copper 

         
100 

Cubic meters per tonne of finished 

steel 

 
Zinc 

         
50 

Cubic meters per tonne of Zinc 

metal produced  

3 
Petrochemicals 

& Refinery 
17 1381 23.47 1800.59 30.6 2221 37.76 3271 55.61 

 

 
4 

Chemicals-

Caustic Soda 
5.5 1600 8.65 1854.55 10.2 2303.5 12.67 3467.7 19.07 5 

Cubic metres per tonne of caustic 

soda including cooling water  

5 Textile & Jute 200 51193 8153.72 95093.9 19018.78 183507 36701.4 234617.5 46923.5 200 
Cubic metre per tone of fibre 

produced   

 
Jute 

         
1.5 

cubic metre per tonne of jute 

produced 

6 Cement 4.5 120000 600 219000 986 395000 1778 749000 3371 
 

 
7 Fertilizer 16.7 17300 220.11 37782 630.96 66173.33 1105.09 88351.7 1192.75 15 

Cubic metre per tonne of urea or 

equivalent produced 

8 
Leather 

Products 
30 1277.5 1244.65 2191.25 65.74 3102.5 93.08 4927.5 147.83 30 

cubic metre per tonne of raw hides  

9 Rubber 6.6 479.96 3.04 651.5 4.3 971.45 6.41 1444.96 9.54 6 cubic metre per tonne of rubber  

10 
Food 

Processing 
6.8 124223 992 506150 3442 1386.73 9443 1808.576 12298 
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Source:Draft-COMPREHENSIVE MISSION DOCUMENT, Volume - II,NATIONAL WATER MISSION under 

National Action Plan on Climate Change,MINISTRY OF WATER RESOURCES,GOVERNMENT OF INDIA 
Water requirement per unit 

THE WATER (PREVENTION AND 

CONTROL OF POLLUTION) CESS 

RULES, 1978,G.S.R. 378(E). Sr. 

No. 

Category of 

industry 

Water 

requirement 

per unit 

Year 2000 Year 2010 Year 2025 Year 2050 

(m3) 
Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/

year 

Production 

1000 tonnes 

Water 

req.Mm³/ 

year 
(m3) Unit 

1 2 3 4 5 6 7 8 9 10 11 3 

 
11 

Inorganic 

chemicals 
200 3730 165 8000 1600 16730 3346 30076 615 

 

 
12 Sugar 2.2 19500 46 32330 71 152000 334 289500 637 2 

cubic metre per tonne of cane 

crushed 

13 Pharmaceuticals 25 4960 124 8370 209.25 11046 276.15 17170 429.15 
 

 
14 

Distillery(Req.p

er 1000Liters) 
22 1790.8 6357.2 3059.59 66.31 4454.6 318 6020 5203.92 15 

cubic metre per kilo litre of alcohol 

produced.  

15 Pesticides 6.5 195.3 6.67 306.15 1.99 742.05 4.82 1288.8 8.38 
 

 16 Paper & Pulp 200 4950 1260 10350 2070 51200 10240 97450 19490 250 Cubic metre per tonne of paper  

 

Agro residue 

based          
200 

Cubic metre per tonne of paper  

 

Waste paper 

based          
75 

Cubic metre per tonne of paper  

17 
General 

Engineering 
2.2 6515 1433 10754 24 12644 28 25287 56 

 

 
 

Total……….. 
  

24483.37 
 

34092.97 
 

69769.29 
 

102536.20 
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TABLE 3.7 

Average Daily Production 

Sr. 

No. 

Category of 

industry 

YEAR 2012 

Production 

1000 tonnes 

Industry 

Code NIC- 

2008 4 digit 

Description 

No. of 

Industries 

4 DIGIT 

No. of 

Industries 

3 DIGIT 

Gross Value of 

Plant & 

Machinary Rs. 

in Lakh 

Unit investment 

in Plant & 

Machinary Rs. 

in Lakh 

Unit 

Production in 

tonnes 

1 2 3 4 5 6 7 8 9 10 

1 
Integrated iron & 

steel 
266344 2410 

Manufacture of basic iron and 

steel 
5747 5747 

  
46345 

2 Smelters 305 2420 
Manufacture of basic precious 

and other non-ferrous metals 
1860 1860 

  
164 

 
Copper 

        

 
Zinc 

        

3 
Chemicals-Caustic 

Soda 
1911 2011 

Manufacture of basic 

chemicals 
3308 3308 5490231 1659.683 1681 

   
2013 

Manufacture of plastics and 

synthetic rubber in primary 

forms 

453 453 
  

230 

4 Cement 241000 2394 
Manufacture of cement, lime 

and plaster 
1414 1414 

  
170438 

5 Rubber 691 2219 
Manufacture of other rubber 

products 
2066 2066 469342 227.174 335 

6 Food Processing 443055 1050 Manufacture of dairy product 1653 1653 
  

19169 

   
1061 

Manufacture of grain mill 

products 
18244 18244 

   

   
1062 

Manufacture of starches and 

starch products, 
766 766 

   

   
1071 

Manufacture of bakery 

products, 
1399 1399 

   

   
1073 

Manufacture of cocoa, 

chocolate and sugar 

confectionery, 

560 560 
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Sr. 

No. 

Category of 

industry 

YEAR 2012 

Production 

1000 tonnes 

Industry 

Code NIC- 

2008 4 digit 

Description 

No. of 

Industries 

4 DIGIT 

No. of 

Industries 

3 DIGIT 

Gross Value of 

Plant & 

Machinary Rs. 

in Lakh 

Unit investment 

in Plant & 

Machinary Rs. 

in Lakh 

Unit 

Production in 

tonnes 

1 2 3 4 5 6 7 8 9 10 

   
1074 

Manufacture of macaroni, 

noodles, couscous and similar 

farinaceous products, 

75 75 
   

   
1075 

Manufacture of prepared 

meals and dishes 
416 416 

   

7 
Inorganic 

chemicals 
9091 2022 

Manufacture of paints, 

varnishes and similar 

coatings, printing ink and 

mastics 

1273 1273 415712 326.561 1931 

   
2023 

Manufacture of soap and 

detergents, cleaning and 

polishing preparations, 

perfumes and toilet 

preparations 

1715 1715 673031 392.438 2601 

   
2029 

Manufacture of other 

chemical products n.e.c. 
3006 3006 1055835 351.243 4559 

8 Pharmaceuticals 8705 2100 

Manufacture of 

pharmaceuticals, medicinal 

chemical and botanical 

products 

4839 4839 5671374 1172.014 1799 

9 Paper & Pulp 15456 1701 
Manufacture of, paper and 

paperboard 
1126 1126 2140726 1901.178 2399 

   
1702 

Manufacture of corrugated 

paper and paperboard and 

containers of paper and 

paperboard 

4016 4016 496214 123.559 
 

   
1709 

Manufacture of other articles 

of paper and paperboard 
1300 1300 1378760 1060.585 

 

10 
General 

Engineering 
10990 1391 
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Sr. 

No. 

Category of 

industry 

YEAR 2012 

Production 

1000 tonnes 

Industry 

Code NIC- 

2008 4 digit 

Description 

No. of 

Industries 

4 DIGIT 

No. of 

Industries 

3 DIGIT 

Gross Value of 

Plant & 

Machinary Rs. 

in Lakh 

Unit investment 

in Plant & 

Machinary Rs. 

in Lakh 

Unit 

Production in 

tonnes 

1 2 3 4 5 6 7 8 9 10 

  
265 1392 

Manufacture of made-up 

textile articles, except apparel 
1084 1084 

  
244 

  
1553 1410 

Manufacture of wearing 

apparel, except fur apparel 
6363 6363 

  
244 

  
349 1610 

Saw milling and planing of 

wood 
1429 1429 5517 3.861 244 

  
452 1621 

Manufacture of veneer sheets 

manufacture of plywood, 

laminboard, particle board 

and other panels and board 

1853 1853 252860 136.460 244 

  
139 1812 

Service activities related to 

printing 
570 570 56151 98.511 244 

  
2371 2220 

Manufacture of plastics 

products 
9715 9715 3492267 359.472 244 

  
720 2511 

Manufacture of structural 

metal products 
2950 2950 1077207 365.155 244 

  
367 2512 

Manufacture of tanks, 

reservoirs and containers of 

metal 

1504 1504 367708 244.487 244 

  
91 2513 

Manufacture of steam 

generators, except central 

heating hot water boilers 

373 373 44061 118.1260054 244 

  
297 2591 

Forging, pressing, stamping 

and roll-forming of metal 

powder metallurgy 

1215 1215 573263 471.821 244 

  
421 2592 

Machining treatment and 

coating of metals 
1727 1727 143836 83.287 244 

  
449 2593 

Manufacture of cutlery, hand 

tools and general hardware 
1840 1840 206529 112.244 244 
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Sr. 

No. 

Category of 

industry 

YEAR 2012 

Production 

1000 tonnes 

Industry 

Code NIC- 

2008 4 digit 

Description 

No. of 

Industries 

4 DIGIT 

No. of 

Industries 

3 DIGIT 

Gross Value of 

Plant & 

Machinary Rs. 

in Lakh 

Unit investment 

in Plant & 

Machinary Rs. 

in Lakh 

Unit 

Production in 

tonnes 

1 2 3 4 5 6 7 8 9 10 

  
1447 2599 

Manufacture of other 

fabricated metal products 

n.e.c. 

5931 5931 617591 104.129 244 

  
275 2610 

Manufacture of electronic 

components 
1128 1128 560132 496.570922 244 

  
658 2710 

Manufacture of electric 

motors, generators, 

transformers and electricity 

distribution, and control 

apparatus 

2698 2698 1460975 541.5029652 244 

  
276 2790 

Manufacture of other 

electrical equipment 
1130 1130 229038 202.6884956 244 

  
261 2813 

Manufacture of other pumps, 

compressors, taps and valves 
1070 1070 333791 311.9542056 244 

  
266 2399 

Manufacture of other non-

metallic mineral products 

n.e.c. 

1090 1090 317296 291.09725 244 

  
29 3311 

Repair of fabricated metal 

products 
117 117 20826 178.00000 244 

  
54 3312 Repair of machinery 220 220 35677 162.1681818 244 

  
15 3313 

Repair of electronic and 

optical equipment 
61 61 805 13.19672131 244 

  
31 3314 Repair of electrical equipment 128 128 3553 27.7578125 244 

  
15 3315 

Repair of transport 

equipment, except motor 

vehicles 

61 61 24596 403.2131148 244 

  
12 3319 Repair of other equipment 51 51 2657 52.09803922 244 

  
177 3319 

Repair of fabricated metal 

products, machinery, and 

equipment 

726 726 2657 
 

244 

 
Total……….. 

   
97816 

   
251651 
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FIGURE 3.2 

Satellite View and Land Use Map for Makarpura GIDC Area 
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The details including the area of non obnoxious Makarpura GIDC industrial zone, are 

shown in Fig. 3.2 using satellite view and land use map. The area calculation is given in 

Table 3.8. 

TABLE 3.8 

Area Details for Makarpura GIDC 

Sr. 

No. 
Type of Area 

Area Perimeter 

(m2) hectare (km) 

A Non Obnoxius Industrial Zone-NOZ 2854874 285.4874 6.89 

 
 

1332154 133.2154 5.85 

 
 

12657 1.2657 0.54 

 
 

149174 14.9174 1.69 

 
 

25912 2.5912 0.83 

 
 

4374771 437.4771 15.8 

C Residential Zone - RI 1192751 
  

 

Total sq.m. 5567522 
 

 

 

Total hectares 556.752 
 

 
The details of registered units of micro, small, and medium enterprises in Vadodara district 

are shown in Table 3.9.  

TABLE 3.9 

Yearwise Trend of MSME Units Registered in Vadodara District 

Year Number of Registered Units Number of Years 

1984-85 396 0 

1985-86 32 1 

1986-87 341 2 

1987-88 361 3 

1988-89 385 4 

1989-90 381 5 

1990-91 528 6 

1991-92 606 7 

1992-93 701 8 

1993-94 702 9 

1994-95 728 10 

1995-96 731 11 

1996-97 751 12 

1997-98 821 13 

1998-99 800 14 

1999-2000 809 15 

2000-01 808 16 

2001-02 583 17 

2002-03 806 18 

2003-04 777 19 

2004-05 786 20 

2005-06 751 21 

2006-07 616 22 

2007-08 916 23 

2008-09 1158 24 

2009-10 906 25 

2010-11 887 26 
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3.3.4      Rates of Industrial and Irrigational Purpose Water Supply 

Rate of industrial-grade water by Sardar Sarovar Narmada Nigam Limited as per its 

resolution number SSNNL/1103/15/VOMACEL/Part-2 Dt. 05.05.2007 are used in the 

study. The resolution is given in Annexure-3.1. 

Rate of irrigational grade water by Sardar Sarovar Narmada Nigam Limited as per its 

resolution number CAD-2005-53-80-Part-1-Canals  Dt. 02.05.2007 are used in the study. 

The resolution is given in Annexure-3.2. 

3.3.5      Drainage Works 

The Drainage Department of the VMSS provides the necessary infrastructures to carry the 

sewerage from domestics and industrial establishments of the city to the treatment plants, 

treating it and then disposing of it appropriately. 

VMSS has prepared a Master Plan for a comprehensive sewerage system (more than 1425 

K.M. of sewers and 9 Sewage Treatment Plants) to serve the commercial, residential and 

industrial developments for the year 2021. Wastewater generated is collected by 

underground drainage network and Sewage Pumping Stations (APSs) and conveyed to 

Sewage Treatment Plants (STPs) for the physical and biological treatment to meet the 

parameters prescribed by the Gujarat Pollution Control Board before discharge into the 

nearest watercourse.  

Details of Sewage Treatment Plants: Vadodara City is one of the privileged cities in India 

that has an underground drainage system built in the year 1894. The sewage is collected 

through a system comprising underground drainage network, APSs & STPs, pressure 

mains, and disposal into the natural nullahs and rivers after treatment. VMSS has three 

drainage zones for sewerage system based on the natural topography of the city. Each of 

the drainage zones has at least one STP. The sewage from drainage zones-I and II is 

disposed into the Ruparel Kaans, which meets the Jambuva River and ultimately joins the 

river Vishwamitri. The sewage from drainage Zone-III is disposed into river Vishwamitri. 

Various sewage treatment plants have been provided, as shown in Table 3.10 for treating 

sewage generated from these zones. 
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TABLE 3.10 

Drainage Zones and Relevant Sewage Treatment Plants in Vadodara 

Sr.No. Drainage 

Zones 

Collection Area Sewage 

Treatment Plant 

Sewage 

Treatment 

Capacity in 

(MLD) 

1 Zone – I Ward 

(4,12) 

All the area to the south of 

meter-gauge railway line and 

east of river Vishwamitri 

Tarsali 52 

2 Zone – II Ward 

(1,2,3,5,8,9) 

All the area to the north of 

meter-gauge railway line and 

east of river Vishwamitri 

Gajarawadi &   

Kapurai, 

Rajivnagar 

66+27* + 43 +78  

= 214 

3 Zone - III  Ward  

(6,7,10,11) 

All the area to the west of 

river Vishwamitri 

Atladra & Sayaji 

Garden & Chhani  

43 + 43 + 27* + 

8.5 + 21 = 142.5 

   TOTAL 408.5 MLD 

*At Atladara and Gajarawadi, both 27 MLD plants are based on oldest ‘Trickling Filter’ Technique for 

treatment which is outdated, and it could not meet the present GPCB norms of treated water. So, both of 

these plants are under up-gradation with new treatment technology and higher capacity. 

Source: (https://vmc.gov.in/pdf/Ele%20Mech%20Sewage.pdf (downloaded in 2013)) 

The sewage treatment plants, as mentioned in Table 3.10, are scattered all over Vadodara 

covering sewage generated from different zones. Their locations are provided on google 

map, and the link is provided below and their details like year of commissioning, capital 

cost, O & M cost, treatment method, etc. are presented in Table 3.11. The proposed sewage 

treatment plants are shown in Table 3.12. 

The locations of all the sewage treatment plants and auxiliary and main sewage pumping 

stations have been accurately traced and marked on google maps. The link to access these 

maps are provided below: 

Link to access locations of sewage treatment plants in Vadodara: 

https://drive.google.com/open?id=1vOPx2EXBssLNeAkmoOC5VoGHWqY&usp=sharing 

Link to access locations of sewage pumping stations in Vadodara : 

https://drive.google.com/open?id=1y85bmQvcnKnS-YhsxXaA-7GJ12rwZFwe&usp=sharing 

 

 

 

 

 

https://vmc.gov.in/pdf/Ele%20Mech%20Sewage.pdf
https://drive.google.com/open?id=1vOPx2EXBssLNeAkmoOC5VoGHWqY&usp=sharing
https://drive.google.com/open?id=1y85bmQvcnKnS-YhsxXaA-7GJ12rwZFwe&usp=sharing
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TABLE 3.11 

Details of Existing Sewage Treatment Plants in Vadodara 

Sr. 

No. 

Location Year of 

Commission 

Capacity (In 

MLD) 

Running Cost per Annum Capital Cost 

(Crores) 

Treatment 

Method 

 O & M  

(Lacs) 

Electric Bill 

(Lacs) 

 

1 Ataladara Sewage 

Treatmetn Plants 

2001 

(OLD) 

43 70 60 10 UASB 

2009 

( NEW) 

43 103 60 15 UASB 

2 Chhani Sewage 

Treatment Plant 

2014 21 - - 17 Extended 

Aeration 

3 Gajarawadi Sewage 

Tretament Plant 

2003 66 54 130 11 Activated 

Sludge 

4 Kapurai Sewage 

Tretament Plant 

2010 43 48 60 15 UASB 

5 Sayaji - Garden 

Sewage Treatment 

Plant 

2010 8.5 16 24 5 Extended 

Aeration 

6 Tarasali Sewage 

Treatment Plant 

2001 52 67 80 9 Activated 

Sludge 

  TOTAL 276.50 MLD     

 

TABLE 3.12 

Details of Proposed Sewage Treatment Plants in Vadodara 

Sr.No. Location Capacity (In MLD) 

1 Rajivnagar Sewage Treatment Plant 78 

2 Kapurai Sewage Treatment Plant-New 60 

 

Quality of Treated Effluent: The data regarding the quality of treated effluent from all the 

existing sewage treatment plants were collected and studied. After studying the data from various 

existing sewage treatment plant, it was found that parameters are in the range, as mentioned in 

Table 3.13. 

TABLE 3.13 

Range of Treated Sewage Parameters 

pH SS BOD COD O&G TDS CI 

 

mg/L mg/L mg/L mg/L mg/L mg/L 

6.5-7.8 <30 <20 <100 <10 <2100 <1000 
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TABLE 3. 14 

Comparison of Treated Sewage Parameters with CPHEEO* standards 

*(Central Public Health and Environmental Engineering Organization, 2013) 

Description pH SS BOD COD O&G TDS CI 

 

 

mg/L mg/L mg/L mg/L mg/L mg/L 

Observed 

Range 
6.5-7.8 <30 <20 <100 <10 <2100 <1000 

CPHEEO 

standard for 

discharge in 

inland surface 

water 

5.5-9.0 <100 <30 <250 <10 - - 

CPHEEO 

standard for 

discharge on 

Land for 

irrigation 

5.5-9.0 <200 <100 No limit <10 - - 

 

Thus, it can be established from these results that the treated sewage can be directly reused 

for irrigational purposes as per CPCB and CPHEEO criteria.  

3.3.6      Cement Mortar Lined DI Pipes 

At least five samples each from inlet and outlet of different diameter DI pipes concrete 

linings were collected. Out of these ten samples of each diameter DI pipe, four samples 

were randomly selected. The samples of lining materials are rubbed clean to remove dust 

and surface roughness was measured with the help of TR100 Surface Roughness Tester at 

Mechanical Engineering Department Laboratories at Parul Institute of Engineering and 

Technology. The detail results are presented in Table 3.14. 

 

 



Data Collection 

109 

 

TABLE 3.15 

Values of Average Arithmetic Surface Roughness Ra and Average Mean Peak to Valley Height Rz Derived from Individual 

Measurement of Samples for Different Samples of Cement Mortar Linings in DI Pipes 

Sr. 

No. 

Date of 

Sampling 

Date of 

Testing 

Nominal 

Dia. of 

Pipe 

Location of 

Sampling on 

Pipe 

Thickness 

of Lining 

Observed 

at Site 

Thickness of 

Pipe Material 

Observed at 

Site 

Make 

Value of  

Arithmetic 

Roughness, 

Ra 

Average Value 

of  Arithmetic 

Roughness, Ra 

Mean Peak 

to Valley 

Height, Rz 

Average 

Mean Peak 

to Valley 

Height, Rz 

Rz/D 

   mm  mm mm  mm mm mm mm  

1 24/06/2013 30/06/2013 200 
1.0 M FROM 

A & B FACE 
4 5 Jindal 

0.0013 

0.0008 

0.0079 

0.0049 0.0000245000 
0.0008 0.0061 

0.0007 0.0047 

0.0009 0.0039 

2 24/06/2013 30/06/2013 250 
1.0 M FROM 

A & B FACE 
4 4 Jindal 

0.0055 

0.0055 

0.0234 

0.0347 0.0001386667 
0.0058 0.0455 

0.0053 0.0351 

0.0030 0.0189 

3 24/06/2013 30/06/2013 300 
1.0 M FROM 

A & B FACE 
4 5 Jindal 

0.0044 

0.0050 

0.0340 

0.0378 0.0001260000 0.0047 0.0370 

0.0059 0.0424 

4 24/06/2013 30/06/2013 350 
1.0 M FROM 

A & B FACE 
4 5 Jindal 

0.0032 

0.0048 

0.0147* 

0.0188 0.0000537143 
0.0047 0.0200 

0.0055 0.0190 

0.0043 0.0174 

5 24/06/2013 30/06/2013 400 
1.0 M FROM 

A & B FACE 
4 5 Jindal 

0.0011 

0.0012 

0.0056 

0.0064 0.0000159167 0.0011 0.0062 

0.0013 0.0073 

6 24/06/2013 30/06/2013 450 
1.0 M FROM 

A & B FACE 
5 6.5 Jindal 

0.0008 

0.0008 

0.0038 

0.0037 0.0000082963 0.0008 0.0028 

0.0009 0.0046 

7 24/06/2013 30/06/2013 500 
1.0 M FROM 

A & B FACE 
5 7 Jindal 

0.0029 

0.0029 

0.0165 

0.0187 0.0000374000 0.0028 0.0191 

0.0030 0.0205 

8 24/06/2013 30/06/2013 550 
1.0 M FROM 

A & B FACE 
5 7 Jindal 

0.0016 

0.0022 

0.0062* 

0.0085 0.0000155152 0.0025 0.0098 

0.0021 0.0071 
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Sr. 

No. 

Date of 

Sampling 

Date of 

Testing 

Nominal 

Dia. of 

Pipe 

Location of 

Sampling on 

Pipe 

Thickness 

of Lining 

Observed 

at Site 

Thickness of 

Pipe Material 

Observed at 

Site 

Make 

Value of  

Arithmetic 

Roughness, 

Ra 

Average Value 

of  Arithmetic 

Roughness, Ra 

Mean Peak 

to Valley 

Height, Rz 

Average 

Mean Peak 

to Valley 

Height, Rz 

Rz/D 

   mm  mm mm  mm mm mm mm  

0.0022 0.0087 

9 24/06/2013 30/06/2013 600 
1.0 M FROM 

A & B FACE 
5 7 Jindal 

0.0008 

0.0008 

0.0048 

0.0040 0.0000066667 0.0009 0.0038 

0.0008 0.0036 

*Results not considered for counting average values 

 

 

 

  

 

 

 

A B 
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3.3.7      Schedule of Rates – GWSSB 

The labor cost of excavating, lowering, laying & joining, backfilling, etc., material cost 

and cost of Elevated Service Reservoir (ESR) as per the schedule of rates, SOR (2014-15) 

of Gujarat Water Supply and Sewerage Board (GWSSB) are collected. Whenever the rates 

are used in various calculations, their item numbers and page numbers are referred to in the 

concerned Excel sheets.  

3.4      Closure 

The prime motive of the study was to evaluate economic feasibility leading to 

sustainability with a case study of the VUDA area. The success and reliability of such 

analysis are directly relying on the authenticity and relevance of data. The data for 

parameters like – 

 the population in Vadodara Urban Development Authority Area,  

 water availability,  

 future demand, 

 industrial demand,  

 rates of freshwater supply for different uses,  

 the  status of the infrastructure for wastewater management,  

 prevailing rates of pipes, fittings, and other materials to be used for the 

implementation of the project, etc.  

have been collected from relevant authorities as presented in the chapter and used for 

further design and analysis of the water reuse system.  
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Annexure 3.1 

Rate of industrial-grade water by Sardar Sarovar Narmada Nigam Limited 

The letter of resolution by Sardar Sarovar Narmada Nigam Limited(SSNNL) regarding the 

rate of water to be supplied for the industrial purpose was downloaded from  SSNNL 

website and presented here. It states that the rates will be Rs. 10/KL for the period of 

01/01/2007 to 31/03/2009. Then onwards 10% increase in the rates should be implemented 

per each financial year. 
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Annexure 3.2 

Rate of irrigation grade water by Sardar Sarovar Narmada Nigam Limit 

The letter of resolution by Sardar Sarovar Narmada Nigam Limited(SSNNL) regarding the 

rate of water to be supplied for irrigation purpose was downloaded from  SSNNL website 

and presented here. It stated that the rate was Rs. 328/watering/hectare and should be 

maintained until the year 2012-13. 
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CHAPTER 4 

Methodology 

4.0      Introduction 

As discussed in Ch. 2, there exists an acute scarcity of water in India. If reuse of treated 

water is feasible economically, it will not only solve the problem of scarcity of water but 

can also generate funds to create adequate infrastructure for proper treatment and disposal 

of sewage. Mainly two types of feasibilities are required to be checked, namely technical 

feasibility and economic feasibility. It is a proven fact that technological capability exists, 

as discussed in Ch. 2, for proper treatment and reuse of sewage. The economic feasibility 

is required to be checked in Indian context and goal of this study is to attain sustainable 

water reuse management by full-cost recovery, economic efficiency & economic 

optimization considering an idea of ‘‘negative pricing’’ with the case study of Vadodara 

Urban Development Authority Area. 

To achieve this goal, the methodology adopted is explained in this chapter. The major 

reuse alternatives were identified, and the optimum networks were prepared for the 

distribution of reclaimed water, and the total cost of the project was computed. The 

internal rate of return was calculated to find out the sustainability of the project. In doing 

so, QGIS, EPANET, WATERNETGEN, and AMPL software were generously used.  

4.1      Software 

A brief introduction to this software is presented in forthcoming sections. 

4.1.1      QGIS Software 

QGIS is a free and open-source geographic information system and can be downloaded 

from http://www.qgis.org/en/site/.  QGIS is a good tool for drawing the pipe network. It is 

very easy to draw real-life pipe networks using QGIS GHydraulics plugin. The drawing 

with GHydrualics plugin enables determination of pipe length, elevations of nodes, etc. 

http://www.qgis.org/en/site/
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directly without physically going to the site. The elevation of any node was obtained using 

QGIS elevation plugin. 

4.1.2      EPANET Software 

EPANET is software that models the hydraulic and water quality behavior of water distribution 

piping systems and can be downloaded from https://www.epa.gov/WATER-RESEARCH/EPANET  

EPANET is a computer program that performs extended period simulation of hydraulic 

and water quality behavior within pressurized pipe networks. A network consists of pipes, 

nodes (pipe junctions), pumps, valves, and storage tanks or reservoirs. EPANET tracks the 

flow of water in each pipe, the pressure at each node, the elevation of water in each tank, 

and the concentration of chemical species throughout the network during a simulation 

period comprised of multiple time steps. In addition to chemical species, water age and 

source tracing can also be simulated. EPANET is designed to be a research tool for 

improving our understanding of the movement and fate of drinking water constituents 

within distribution systems. It can be used for many different kinds of applications in 

distribution systems analysis. 

Running under Windows, EPANET provides an integrated environment for editing 

network input data, running hydraulic and water quality simulations, and viewing the 

results in a variety of formats. These include color-coded network maps, data tables, time-

series graphs, and contour plots. 

4.1.3      WaterNetGen Software 

EPANET can model pipe networks but cannot design pipe networks. Further, to use 

commercial diameters, it is necessary to design pipe networks in WaterNetGen. 

WaterNetGen is an EPANET extension for automatically build Water Distribution 

Network (WDN) synthetic models, do pipe sizing, compute technical performance 

indicators, and allow demand-driven and pressure-driven simulations. 

4.1.4      AMPL Software 

Mathematical Programming Language (AMPL) is an algebraic modeling language to 

describe and solve high-complexity problems for large-scale mathematical computing (i.e., 

https://www.epa.gov/WATER-RESEARCH/EPANET
https://en.wikipedia.org/wiki/Algebraic_modeling_language
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large-scale optimization and scheduling-type problems). It was developed by Robert 

Fourer, David Gay, and Brian Kernighan at Bell Laboratories. AMPL supports dozens 

of solvers, both open source and commercial software, including CBC, CPLEX, FortMP, 

Gurobi, MINOS, IPOPT, SNOPT, KNITRO, and LGO. AMPL is used by more than 100 

corporate clients, and by government agencies and academic institutions. The AMPL 

system supports the entire optimization modeling lifecycle — formulation, testing, 

deployment, and maintenance — in an integrated way, promote rapid development and 

reliable results. Using a high-level algebraic representation that describes optimization 

models in the same ways that people think about them, AMPL can provide the head start 

one need to successfully implement large-scale optimization projects. In this study, AMPL 

is used to solve the transportation problem by Vogel’s approximation method. 

Díaz-Parra et al. (2014) had presented different types of transportation problems by 

conducting a survey of mathematical models and algorithms used to solve different types 

of transportation models. The pipeline transport of water was mentioned as one type of 

problem, but not a single published practical application of the technique was found in this 

domain. It can be stated that the use of a transportation model for the optimal distribution 

of treated sewage to users at the urban level, helping in the optimization of the network is 

novel. Not a single case study with such an application had been published all over the 

world. 

As the present study requires the determination of the optimal network to minimize the 

cost, the distribution of treated sewage from six STPs to more than 70 nodes in an optimal 

way was a challenging problem. The factors like all capital costs, all O & M costs, and cost 

of pumping were required to be considered for the analysis. There is numerous water 

allocation software like MIKE, Aquaris, WEAP, CaWAT, REALM available for efficient 

water allocation considering several factors. Unluckily none of these provided the 

framework and parameters needed for the present study.  

To consider the effect of all the costs in the design and optimization of network, it was 

finalized to use WaterNetGen along with transportation model after thorough consideration 

of existing options. Great care has been taken at every stage, starting from entering exact 

elevations of the nodes to minute consideration of all different costs in the optimization of 

networks.  

https://en.wikipedia.org/wiki/Robert_Fourer
https://en.wikipedia.org/wiki/Robert_Fourer
https://en.wikipedia.org/wiki/Brian_Kernighan
https://en.wikipedia.org/wiki/Bell_Labs
https://en.wikipedia.org/wiki/Solver
https://en.wikipedia.org/wiki/Open_source
https://en.wikipedia.org/wiki/Commercial_software
https://en.wikipedia.org/wiki/CPLEX
https://en.wikipedia.org/wiki/FortMP
https://en.wikipedia.org/wiki/Gurobi
https://en.wikipedia.org/wiki/MINOS_(optimization_software)
https://en.wikipedia.org/wiki/IPOPT
https://en.wikipedia.org/wiki/SNOPT
https://en.wikipedia.org/wiki/KNITRO
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The objective of the present study could not be achieved by merely entering available data 

into the selected software. It required great effort to determine which function of the 

software and dataset to be used to attain a particular sub-task of the study. The up-

gradation of software was not at all the objective of the study, but the innovative logical 

use of these tools resulting in the correct determination of sustainability of water reuse 

considering real-life data in the Indian context was the motto of the study. All the care had 

been taken to follow standard procedures and to use standard tools to ascertain 

repeatability of the methodology for evaluation of other projects across the nation.  

4.2      Identification of Industrial, Residential and Irrigational Areas 

The proposed land use map of  Vadodara was obtained and superimposed on the Google 

Earth view of VUDA area, as shown in Fig.4.1. The superimposition was carried out 

exactly by adjusting scale and matching landmark points. After superimposing proposed 

land use map, various areas had been identified for industrial, residential, and irrigational 

use as per land use zones are shown in the VUDA development plan for developing 

outskirt areas of Vadodara City. These areas were then marked with different layers in 

Quantum GIS (QGIS) software, as shown in Fig. 4.2 and 4.3. 

The areas were divided into small compartments to create one node for layout and analysis 

of proposed reclaimed water pipelines. The locations of sewage treatment plants, 

industrial, residential zones and irrigational zones, were identified and the reclaimed water 

distribution networks from various sewage treatment plants to these areas were prepared in 

QGIS using GHydraulics plug-in as shown in Figure 4.4 and 4.6. 
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FIGURE 4.1 

Proposed Landuse Map Superimposed to the Scale on VUDA Area in Google Earth
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FIGURE 4.2 

The Industrial and Residential Areas Marked in Light Majenta and Light Burgundy Colour Respectively Surrounding Vadodara City 

as per Proposed Land Use Map 2031 for VUDA Area 
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FIGURE 4.3 

The Irrigational Areas Marked in Light Green Colour Surrounding Vadodara City as per  

Proposed Land Use Map 2031 for VUDA area 
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FIGURE 4.4 

The Industrial and Residential Areas and Proposed Reclaimed Water Distribution Network from  

Various Sewage Treatment Plants in VUDA Area 
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FIGURE 4.5 

Proposed Reclaimed Water Distribution Network for the Industrial and Residential Areas from  

Various Sewage Treatment Plants in VUDA Area in Line Diagram 
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FIGURE 4.6 

The Irrigational Areas and Proposed Reclaimed Water Distribution Network from Various Sewage Treatment Plants in VUDA Area 
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FIGURE 4.7 

Proposed Reclaimed Water Distribution Network for the Irrigational Areas from  

Various Sewage Treatment Plants in VUDA Area in Line Diagram 
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The purpose of using GHydraulics plug-in was to facilitate the transfer of networks to 

EPANET and WATERNETGEN for further analysis.  

From QGIS sizes of areas for industrial & residential and irrigational zones were obtained, 

and the centroid of each area was taken to allocate nodes for pipe network. 

Elevation of all nodes and lengths of all pipes were obtained from QGIS for networks. 

Using the Ghydraulics plugin, the input file in the .inp format was prepared from QGIS 

and imported in EPANET for further analysis. To analyze the network, one of the basic 

requirements was nodal demands. To calculate the nodal demands following procedure 

was adopted. 

4.3      Demand for Industrial, Residential and Agricultural Areas 

4.3.1      Determination of Industrial Demand 

With reference to the Tables, 3.6 and 3.7 industrial demand was to be determined. The 

daily production of ASI industries obtained from Table 3.6 was multiplied by the ratio of 

investment in plant and machinery for MSME to the investment in plant and machinery for 

ASI to obtain daily production for the MSME. These calculations are explained in Table 

4.1. The water requirement for unit production obtained from Table 3.5 was multiplied by 

the production of MSME to get water requirements per factory for each type of industry. 

The Excel file for existing industries in Makarpura GIDC was obtained from Vadodara 

Chamber of Commerce & Industries. It was classified as per the industry type. The water 

requirement for each factory was introduced in the file to get the total water requirement. 

Due to the large size of the data, this file is presented in CD as Annexure 4.1.1. As 

mentioned in “Brief Industrial Profile of Vadodara District” by MSME- Development 

Institute, Government of India, there were 2346 MSME units at Makarpura GIDC in 2010-

11. This was considered as a baseline and using the area of Makarpura GIDC as shown in 

Table 3.8, the water requirement for industries was calculated as shown in Table 4.2. The 

list of classified industries available from VCCI was for 1409 industries only, but the total 

number of industries considered was 2346, so the number of each type of available 

industry from VCCI list (column 3 in Table 4.2) was multiplied with the ratio of 

2346/1409. Total water requirement for each type of industry was calculated by 
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multiplying the number of industries (column 4 in Table 4.2) with unit water requirement 

(column 6 of Table 4.2). 

After getting the water requirement for industries, the water requirement of the employees 

was found out.  Table 4.2 represents the water demand for the year 2016. To get the 

projected demand up to the year, 2050 trend line analysis was carried out for the data of 

registered units of MSME in the Vadodara district.  
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TABLE 4.1 

Details of Existing Micro, Small & Medium Enterprises and Artisan Units in Vadodara District (2010-11) 

 
Type of Industry 

No. of 

Units 

Investment in 

Plant & 

Machinery 

(Rs. inLakh) 

Unit 

Investiment 

in Plant & 

Machinery 

(Rs. 

inLakh) as 

per MSME* 

Unit 

Investment in 

Plant & 

Machinery 

(Rs. inLakh)                     

as per ASI* 

Column (5) / 

(6) 

Unit 

Production 

as Per ASI 

in Tonnes 

/day 

Unit 

Production 

for 

Vadodara 

MSME  

Tonnes/day 

(7) x (8) / 

365 

Unit Water 

Requirement 

m3/tone 

From 

Table 3.5 

Unit Water 

Requirement 

m3/factory/ 

day 

(9) x (10) 

Unit Water 

Require-

ment 

Lit/factory/ 

day 

(11) x 

1000 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

1 
Wood/wooden based 

furniture 
601 332.01 0.55243 140.3205367 0.00393691 488 0.0053 2.2 0.011581967 12 

2 Paper & Paper products 770 3677.02 4.77535 1901.17762 0.002511786 2399 0.0165 200.0 3.302198061 3302 

3 
Rubber, Plastic & Petro 

products 
1153 5758.37 4.99425 586.6458915 0.008513227 579 0.0135 6.0 0.080991594 81 

4 
Chemical & Chemical 

based 
1411 12268.97 8.69523 3901.937825 0.002228439 12801 0.0782 5.0 0.3907626 391 

5 Mineral based 885 3076.38 3.47614 291.0972477 0.011941492 244 0.0080 2.2 0.017565296 18 

6 
Metal based(Steel 

Fabrication) 
2173 8176.35 3.76270 713.7709379 0.005271581 732 0.0106 2.2 0.02326264 23 

7 

Engineering 

Units/General 

Engineering 

1481 10132.29 6.84152 667.3520451 0.010251739 976 0.0274 2.2 0.060319039 60 

8 
Electrical Machinery & 

Transport Equipment 
861 2342.35 2.72050 1552.716588 0.00175209 1220.2 0.0059 2.2 0.012886154 13 

9 Repairing & Others 5718 4895.12 0.85609 934.9443959 0.000915658 1708 0.0043 2.2 0.00942819 9 

*MSME-Micro, small and medium enterprises,*ASI- Annual survey of industries 
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TABLE 4.2 

Categorywise Water Requirement for Industries in Makarpura GIDC 

Sr.No. Classification of Industry 

Numbers 

of 

Industry 

as per 

VCCI 

 Numbers of 

Industry, as per 

the area of 

GIDC, 

considered   

Area occupied 

by each 

category of 

industry, 

Sqm. 

Unit Water 

Requirement 

lit/factory/day 

based on 

production 

Total Water 

Requirement 

lit/category/day 

based on 

production Column 

4 x column 6 

Number of 

Employees 

Engaged 

per Unit 

Total 

Number of 

Employees 

Engaged  

1 2 3 4 5 6 7 8 9 

1 Cement 1 2 3720 18 36 5 10 

2 
Chemicals-Basic 

chemicals,Caustic Soda 
18 30 55801 391 11730 9 270 

3 
Electrical Machinery & 

Transport Equipment 
144 240 446405 13 3120 9 2160 

4 Food Processing 14 24 44641 1045 25080 7 168 

5 General Engineering 569 948 1763301 60 56880 7 6636 

6 Inorganic chemicals 20 34 63241 391 13294 9 306 

7 Integrated iron & steel 54 90 167402 8174 735660 20 1800 

8 
Metal based(Steel 

Fabrication) 
367 612 1138333 23 14076 7 4284 

9 Mineral based 124 207 385024 18 3726 16 3312 

10 Paper & Pulp 2 4 7440 3302 13208 6 24 

11 Pharmaceuticals 8 14 26040 361 5054 9 126 

12 
Repairing, Servicing & 

Others 
4 7 13020 4000 28000 2 14 

13 Rubber 81 135 251103 81 10935 10 1350 

14 Smelters 3 5 9300 108 540 16 80 

  Total…………….. 1409 2352 4374771 17985 921339 

 

20549 

Water demand of employees (Considering 45 lit/capita/day) = 20549 x 45 / 10000000 = 0.92 MLD 
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The MSME data given in Table 3.9 had been plotted and trendline was developed. The numbers of 

industrial units in 2030 in Makarpura GIDC were projected as shown in Fig. 4.8. 

 

FIGURE 4.8 

Trendline Showing Rise in Number of Registered MSME Units in Vadodara District 

Number of industries going to be added in Vadodara in the year 2030 = 1400 

Number of industries going to be added in 

Makarpura GIDC in year 2030 = 1400 x 2346/5466 = 600.81 Say 600 units  

There were 2346 existing MSME units in Makarpura GIDC (2010-11), and 5466 were the total 

MSME units existing in the Vadodara district. As the study was extended up to 2050 the number of 

projected industries in 2050 was required to be found out. For this purpose equation of trend line 

was used and projected number of industries to be added in 2050 was found out as shown in Table 

4.3. 
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TABLE 4.3 

Proposed Number of Industries to be Added in Vadodara District in  

Year 2050 by Trend Line Equation 

Year 
Number of 

Registered Units 
Number of Years 

Value Obtained by 

Trend Line Equation 

1984-85 396 0 329.2 

1985-86 32 1 353.48 

1986-87 341 2 377.76 

1987-88 361 3 402.04 

1988-89 385 4 426.32 

1989-90 381 5 450.6 

1990-91 528 6 474.88 

1991-92 606 7 499.16 

1992-93 701 8 523.44 

1993-94 702 9 547.72 

1994-95 728 10 572 

1995-96 731 11 596.28 

1996-97 751 12 620.56 

1997-98 821 13 644.84 

1998-99 800 14 669.12 

1999-2000 809 15 693.4 

2000-01 808 16 717.68 

2001-02 583 17 741.96 

2002-03 806 18 766.24 

2003-04 777 19 790.52 

2004-05 786 20 814.8 

2005-06 751 21 839.08 

2006-07 616 22 863.36 

2007-08 916 23 887.64 

2008-09 1158 24 911.92 

2009-10 906 25 936.2 

2010-11 887 26 960.48 

2011-12 
 

27 984.76 

2012-13 
 

28 1009.04 

2013-14 
 

29 1033.32 

2014-15 
 

30 1057.6 

2015-16 
 

31 1081.88 

2016-17 
 

32 1106.16 

2017-18 
 

33 1130.44 

2018-19 
 

34 1154.72 

2019-20 
 

35 1179 

2020-21 
 

36 1203.28 

2021-22 
 

37 1227.56 

2022-23 
 

38 1251.84 

2023-24 
 

39 1276.12 

2024-25 
 

40 1300.4 

2025-26 
 

41 1324.68 

2026-27 
 

42 1348.96 

2027-28 
 

43 1373.24 

2028-29 
 

44 1397.52 

2029-30 
 

45 1421.8 

2030-31 
 

46 1446.08 

2031-32 
 

47 1470.36 

2032-33 
 

48 1494.64 

2033-34 
 

49 1518.92 

2034-35 
 

50 1543.2 
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Year 
Number of 

Registered Units 
Number of Years 

Value Obtained by 

Trend Line Equation 

2035-36 
 

51 1567.48 

2036-37 
 

52 1591.76 

2037-38 
 

53 1616.04 

2038-39 
 

54 1640.32 

2039-40 
 

55 1664.6 

2040-41 
 

56 1688.88 

2041-42 
 

57 1713.16 

2042-43 
 

58 1737.44 

2043-44 
 

59 1761.72 

2044-45 
 

60 1786 

2045-46 
 

61 1810.28 

2046-47 
 

62 1834.56 

2047-48 
 

63 1858.84 

2048-49 
 

64 1883.12 

2049-50 
 

65 1907.4 

 

Number of industries going to be added in Vadodara in the year 2050 = 1907 

Number of industries going to be added in 

Makarpura GIDC in year 2050 = 1907 x 2346/5466 = 818.48 Say 818 units  

Different scenarios like business as usual and business not as usual were considered for 

Makarpura GIDC. In business as usual scenario, the average demand of 500 lit/unit was 

considered with additional 818 units. In business not as usual scenario two scenarios were 

considered, i.e., Maximum water demand and minimum water demand. In maximum water 

demand case, it was assumed that the industries with maximum water consumption, i.e. 

paper and pulp with Unit Water Requirement (UWR) 3302 lit/factory/day and chemical 

industries with UWR 391 lit/factory/day were increased to the tune of 409 units each. In 

the case of minimum water demand, it was assumed that 409 units of chemical factory and 

409 units of the mineral-based industry with UWR of 17 lit/factory/day would increase by 

2050.  

Apart from the trend line study, the trend analysis was carried out with the help of “Data 

fit” software on the available data of the number of industries added, to find out the 

proposed number of industries to be added in 2050. This analysis is shown as Annexure 

4.1.2 in the CD.  

Number of industries going to be added in Vadodara in the year 2050 as per trend          

analysis = 943 

Number of industries going to be added in 
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Makarpura GIDC in year 2050 = 943 x 2346/5466 = 404.73 Say 405 units  

It was assumed that this increase in industries would be chemical industries with UWR 391 

lit/factory/day. The total water requirement for industries in Makarpura GIDC was coming 

to be 0.92MLD as per Table 4.2, and it was coming to be 0.93 MLD as per Annexure 4.1.1 

on CD. As micro calculations considering each type of industry was carried out based on 

actual data in Annexure 4.1.1, 0.93MLD was considered for calculating projected water 

demand. 

Considering the above, projected water demands for industries in Makarpura GIDC were 

forecasted, as shown in Table 4.4.  

TABLE 4.4 

Projected Water Demand for Industries in Makarpura GIDC 

Sr. 

No. 
Description 

Present 

demand 

Forecasted 

for business 

as usual 

scenario 

Forecasted for business 

not as usual scenario 

Forecasted 

for trend 

analysis 

scenario 

Water 

demand 

in 2016 

MLD  

Water 

demand in  

2050 

MLD 

Maximum 

Water 

demand in 

2050 MLD  

Minimum 

Water 

demand 

in 2050 

MLD  

Water 

demand in  

2050 MLD 

1 

As per unit water demand based on  

data from Annual Survey of Industries 

and Vadodara MSME details 

 

   

 

 
Industrial water demand 

 
   

 

 

Refer "vcci directory GENERAL 

ENGINEERING INCREASED.xlsx" 
0.93 1.34 2.44 1.10 1.09 

 

The demand for employees working 

in  factories      
 

 

From table 4.2 0.92 1.28 1.28 1.28 1.11 

 
Total water demand 1.85 2.62 3.72 2.38 2.20 

 

Water demand in 2050 forecasted for business as usual scenario = 0.93 MLD + ((818 units 

x 500 lit/unit) / 1000000) = 1.34 MLD 

Water demand in 2050 forecasted for business not as usual scenario, Maximum water 

demand = 0.93 MLD + (((409 units x 3302 lit/unit) + (409 x 391 lit/unit)) / 1000000) = 

2.44 MLD 

Water demand in 2050 forecasted for business not as usual scenario, minimum water 

demand = 0.93 MLD + (((409 units x 17 lit/unit) + (409 x 391 lit/unit) ) / 1000000) = 1.10 

MLD 
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Water demand in 2050 forecasted for trend analysis scenario = 0.93 MLD + ((405 units x 

391 lit/unit) / 1000000) = 1.09 MLD 

Water demand of employees (Considering 45 lit/capita/day) = 20549 x 45 / 10000000 = 

0.92 MLD 

Water demand of employees for business as usual and business not as usual scenarios, 

forecasted = (2346+818) units x 9 employee/unit x 45 lit/employee/day / 1000000 = 1.28 

MLD 

Water demand of employees by trend analysis scenario, forecasted = (2346+405) units x 9 

employee/unit x 45 lit/employee/day / 1000000 = 1.11 MLD 

The demand determinations from selected sample industries were carried out physically for 

verification.  Finally the maximum demand for Makarpura GIDC was considered as 1.35 

times the minimum demand 2.38 MLD for business not as usaual scenario looking to the 

restricted chances of addition of major industries and saturation concept after certain years. 

The final demand for Makarpura GIDC comes out to be 3.23 MLD in 2050 for business 

not as usual scenario. These data were used to find water demand per unit area of GIDC 

and nodal demands have been found out as shown in Table 4.5.  

TABLE 4.5 

Industrial Demand for Different Nodes 

Block id 

as per 

Fig. 4.4 

Area in 

Hectare 

Demand in MLD 

(2) x 0.005802 

MLD/Hectare 

Demand 

in LPS 

Node no. as 

per Fig. 4.5 

(1) (2) (3) (4) (5) 

97 472.3947 3.230496 37.39 T84 

98 19.6415 0.113950 1.32 T44 

99 45.4399 0.263620 3.05 T90 

100 22.3674 0.129765 1.50 T91 

101 381.0074 2.000000 23.15 T89 

102 217.7876 10.682000 123.63 T73 

103 539.7017 17.358000 200.90 T87 

104 428.4539 14.000000 162.04 T88 

105 107.9682 0.626378 7.25 T80 

106 28.0596 0.162788 1.88 T41 

  
48.567 562.118 

 

Water requirement of Makarpura GIDC= 

3.23  MLD 

in 2050 

Area of Makarpura GIDC= 556.7522 Hectares 

 

SO 0.005802 MLD/Hectare 
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4.3.2      Determination of Residential Demand 

Using QGIS, the area of each residential block was found. These blocks were situated in 

the area between Vadodara Urban Development Authority boundary and Vadodara 

Mahanagar Seva Sadan boundary, i.e. the study area. To calculate the nodal demands it 

was required to find out the population in residential blocks. So, projection of population 

was carried out. 

Design projected population was calculated using the most recent auto regression method. 

The projected population by auto regression method for VMSS area is presented in Table 

4.6. Table 4.7 represents the projected population for VUDA area by auto regression 

method and difference in population between VMSS and VUDA area. 

TABLE 4.6 

Projected Population of VMSS Area by Autoregression Method 

Year Decades Population Autoregression 
Projected 

Population VMSS 

Autoregression 

Multiplier 

1951 1 221977 

   1961 2 325202 221977 

  1971 3 490861 325202 

  1981 4 771197 490861 

 

1.32319722 

1991 5 1072138 771197 

  2001 6 1370823 1072138 

  2011 7 1759156 1370823 

  2021 9 

  

2327710 

 2031 11 

  

3080020 

 2041 13 

  

4075474 

 2051 14 

  

5392655 

  

TABLE 4.7 

Projected Population of VUDA and Difference Between VUDA and VMSS Area 

Population by Autoregression Method 

Year Decades Population Autoregression 

Projected 

Population 

of 

VUDA 

Projected 

Population 

0f 

VMSS 

Autoregre-

ssion 

Multiplier 

The 

difference in 

Projected 

Population of 

VUDA & 

VMSS 

1951 1 211400 

    

 

1961 2 295100 211400 

   

 

1971 3 467000 295100 

   

 

1981 4 744000 467000 

  

1.3409234  

1991 5 1212879 744000 

   

 

2001 6 1671399 1212879 

   

 

2011 7 2065771 1671399 

   

 

2021 9 

  

2770040 2327710 

 

442330 

2031 11 

  

3714412 3080019 

 

634392 

2041 13 

  

4980742 4075473 

 

905269 

2051 14 

  

6678795 5392655 

 

1286139 

       

Say 13 Lacs 
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The population difference in 2051 between the VUDA area and VMSS area comes to be 

13,00,000. The population density in residential blocks was found out by dividing this 

population by total area of residential blocks. The population density was coming to be 106 

persons / hectare. The population of each block is found out by multiplying population 

density with area of each block. The population was then multiplied by 100 lpcd to get 

nodal demands as shown in Table 4.8 for potable, and non-potable uses like flushing 

toilets, gardening, washing clothes, etc.  

TABLE 4.8 

Residential Demands at Various Nodes 

Block id as 

per Fig. 4.2 

Area for each 

block, Hectare 

Population,       

Nos. 

Node No. as 

per Fig 4.5 

Demand,  

MLD 

Demand, 

LPS 

1 78.3837 8258 T53 0.825778 9.56 

2 101.0894 10650 T49 1.064985 12.33 

3 121.5746 12808 T54 1.280798 14.82 

4 71.0780 7488 T57 0.748812 8.67 

5 134.8998 14212 T58 1.421180 16.45 

6 82.0710 8646 T56 0.864625 10.01 

7 62.7382 6610 T55 0.660952 7.65 

8 57.7988 6089 T48 0.608915 7.05 

9 75.4918 7953 T52 0.795312 9.21 

10 52.4233 5523 T51 0.552284 6.39 

11 86.9778 9163 T47 0.916319 10.61 

12 92.2157 9715 T46 0.971500 11.24 

13 39.6306 4175 T45 0.417512 4.83 

14 61.4818 6477 T12 0.647716 7.50 

15 61.7920 6510 T13 0.650985 7.53 

16 64.7966 6826 T15 0.682638 7.90 

17 70.4431 7421 T14 0.742124 8.59 

18 94.5267 9958 T16 0.995847 11.53 

19 93.7353 9875 T17 0.987510 11.43 

20 76.8121 8092 T18 0.809222 9.37 

21 103.9766 10954 T4 1.095402 12.68 

22 115.8071 12200 T3 1.220038 14.12 

23 178.5123 18806 T1 1.880641 21.77 

24 100.0380 10539 T11 1.053909 12.20 

25 125.8552 13259 T10 1.325894 15.35 

26 162.5357 17123 T2 1.712327 19.82 

27 124.7042 13138 T9 1.313769 15.21 

28 115.3830 12156 T7 1.215570 14.07 

29 179.7992 18942 T6 1.894199 21.92 

30 218.4870 23018 T5 2.301778 26.64 

31 443.9996 46776 T8 4.677571 54.14 

32 284.8656 30011 T39 3.001082 34.73 

33 402.7881 42434 T38 4.243404 49.11 

34 313.3143 33008 T24 3.300791 38.20 

35 343.5060 36189 T25 3.618863 41.88 

36 206.3183 21736 T23 2.173580 25.16 

37 138.3506 14575 T20 1.457535 16.87 

38 243.3821 25640 T36 2.564049 29.68 

39 320.6538 33781 T37 3.378113 39.10 
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Block id as 

per Fig. 4.2 

Area for each 

block, Hectare 

Population,       

Nos. 

Node No. as 

per Fig 4.5 

Demand,  

MLD 

Demand, 

LPS 

40 355.7013 37473 T40 3.747342 43.37 

41 76.5867 8068 T19 0.806847 9.34 

42 159.0653 16758 T21 1.675766 19.40 

43 332.8978 35071 T34 3.507105 40.59 

44 399.0408 42039 T35 4.203926 48.66 

45 418.9381 44135 T22 4.413546 51.08 

46 338.5643 35668 T33 3.566802 41.28 

47 312.3513 32906 T32 3.290646 38.09 

48 144.7454 15249 T26 1.524905 17.65 

49 167.1734 17612 T31 1.761186 20.38 

50 283.0422 29819 T27 2.981872 34.51 

51 191.3961 20164 T28 2.016373 23.34 

52 177.7740 18729 T29 1.872863 21.68 

53 183.9321 19377 T30 1.937740 22.43 

54 245.3664 25850 T74 2.584955 29.92 

55 136.8917 14422 T86 1.442165 16.69 

56 208.4189 21957 T97 2.195709 25.41 

57 228.2147 24043 T96 2.404260 27.83 

58 250.0989 26348 T100 2.634812 30.50 

59 154.1881 16244 T101 1.624384 18.80 

60 311.8487 32854 T99 3.285351 38.02 

61 339.6722 35785 T94 3.578474 41.42 

62 239.1007 25189 T102 2.518945 29.15 

63 95.4602 10057 T50 1.005681 11.64 

64 887.0194 93448 T98 9.344819 108.16 

4.3.3      Determination of Irrigational Demand 

The banana plantation with drip irrigation was considered for finding out irrigational 

demands. The present coverage of micro irrigation systems is higher than 15% (Gujarat 

Green Revolution Company Limited, 2011) in Banana farms of Vadodara. However, 

considering future water stress and sustainable use, all crops are considered to be irrigated 

by drip irrigation. 

As the disinfected water is considered for the irrigation, there exists no chance of any 

harmful changes in the produce or transport of microorganisms to Banana. The water 

requirement of Banana for drip irrigation was considered as 10670 m3/hectare/day 

(0.002923288 m3/m2/Day) given by Shete (2000). For the nodes shown in Fig. 4.5, nodal 

demands were worked out, as shown in Table 4.9.  
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TABLE 4.9 

Irrigational Demand at Various Nodes 

Block id 

as per 

Fig. 4.3 

Area, Hectare Area, m2 

Demand for 

irrigation by 

drip, MLD 

(2) x 

0.002923/1000 

Node No. as 

per Fig. 4.12 

Demand for 

irrigation by drip 

in LPS 

(3) x 
1000000/(60*60*24) 

(1)  (2) (3) (4) (5) 

65 59.6168 596168 1.74 J9 20.17 

66 96.3606 963606 2.82 J8 32.60 

67 127.3424 1273424 3.72 J18 43.09 

68 125.7053 1257053 3.67 J7 42.53 

69 114.4635 1144635 3.35 J17 38.73 

70 140.4195 1404195 4.10 J10 47.51 

71 134.0089 1340089 3.92 J16 45.34 

72 167.0352 1670352 4.88 J11 56.52 

73 132.9498 1329498 3.89 J15 44.98 

74 230.9164 2309164 6.75 J12 78.13 

75 192.4179 1924179 5.62 J14 65.10 

76 392.6397 3926397 11.48 J13 132.85 

77 332.6832 3326832 9.73 J33 112.56 

78 491.1565 4911565 14.36 J32 166.18 

79 276.6163 2766163 8.09 J36 93.59 

80 520.1302 5201302 15.20 J35 175.98 

81 507.0548 5070548 14.82 J34 171.56 

82 461.1072 4611072 13.48 J40 156.01 

83 533.8609 5338609 15.61 J41 180.63 

84 57.3339 573339 1.68 J87 19.40 

85 241.3903 2413903 7.06 J89 81.67 

86 231.8257 2318257 6.78 J90 78.44 

87 202.4653 2024653 5.92 J91 68.50 

88 111.2914 1112914 3.25 J88 37.65 

89 514.8114 5148114 15.05 J23 174.18 

90 382.9548 3829548 11.19 J22 129.57 

91 208.2864 2082864 6.09 J2 70.47 

92 288.6761 2886761 8.44 J3 97.67 

93 428.4406 4284406 12.52 J4 144.96 

94 224.3733 2243733 6.56 J5 75.92 

95 243.1091 2431091 7.11 J44 82.25 

96 42.7516 427516 1.25 J42 14.46 

The demand for providing water to the trees planted on both sides of the highway at a 

spacing of 7.5m center to center from VMSS boundary up to the VUDA limits was also 

considered.  While calculating the demands, the layout of roads considered for growing 

trees is shown in Fig. 4.9. 
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FIGURE 4.9 

Roads Layout Considered for Growing Trees upto VUDA Boundary with Reclaimed Water 
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It was planned to provide trees on both the sides of the roads at 7.5 m distance. The demand of 200 lit per day was considered for each tree. The 

calculations of water demand for trees are shown in Table 4.10 and Table 4.11. 

TABLE 4.10 

Water Demand for Trees to be Grown on Both the Sides of Roads up to VUDA Limits 

Trees Length of Road 

in km 

Number of Trees 

= Column (2) x 1000 x 

2 / 7.5 

Water Demand in MLD 

Column (3) x 

200/1000000 

Water 

Demand in 

LPS 

(1) (2) (3) (4) (5) 

Road length between Waghodia road and Kapurai road on NH8(Tarsali) 2.732 729 0.1458 1.69 

Road length between  Kapurai road and VUDA boundary on NH8(Tarsali) 14.967 3991 0.7982 9.24 

Road length on Tarsaili road(Tarsali) 9.183 2449 0.4898 5.67 

Road length on Padra road(Atladara) 8.54 2277 0.4554 5.27 

Road length Gotri Road(Atladara) 8.808 2349 0.4698 5.44 

Road length Gorwa Road(Chhani) 9.457 2522 0.5044 5.84 

Road length Gujarat Refinery Road(Chhani) 10.478 2794 0.5588 6.47 

Road length NH8 Chani side(Chhani) 15.728 4194 0.8388 9.71 

Road length Expressway(Chhani) 16.647 4439 0.8878 10.28 

Road length Sama Savli roadSH158(Chhani) 6.088 1623 0.3246 3.76 

Road length Halol road SH87(Rajivnagar) 8.43 2248 0.4496 5.20 

Road length Ajwa road(Rajivnagar) 8.295 2212 0.4424 5.12 

Road length Waghodia road(Kapurai) 7.785 2076 0.4152 4.81 

Road length Kapurai road(Kapurai) 6.334 1689 0.3378 3.91 

Road length from Waghodia chowkdi to Halol Chowkdi on NH8(Rajivnagar) 7.72 2059 0.4118 4.77 

Road length from Halol Chowkdi to Starting of the expressway on 

NH8(Rajivnagar) 

4.662 1243 0.2486 2.88 

   7.7788 90.03 
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TABLE 4.11 

Water Demand for Trees to be Grown on Noth the Sides of Roads up to VUDA Limits Added to the Nodal Demands 

Trees 

 

Length 

of Road 
Unit Number of Trees 

Water Demand 

in MLD 

Water Demand 

in LPS 

Demand per 

Node 
Node Id 

Nodal Demand 

in LPS 

Road length between Waghodia 

road and Kapurai road on NH8 
2.732 Km 729 0.1458 1.69 0.56 J50 0.6 

         
J66 0.6 

         
J67 0.6 

Road length between  Kapurai 

road and VUDA boundary on 

NH8 

14.967 Km 3991 0.7982 9.24 0.77 J50 0.8 

         
J49 0.8 

         
J48 0.8 

         
J51 0.8 

         
J52 0.8 

         
J147 0.8 

         
J148 0.8 

         
J149 0.8 

         
J150 0.8 

         
J151 0.8 

         
J152 0.8 

         
J153 0.8 

Road length on Tarsaili road 9.183 Km 2449 0.4898 5.67 0.81 J51 0.9 

         
J53 0.9 

         
J54 0.9 

         
J55 0.9 

         
J45 0.9 

         
J46 0.9 

         
J47 0.9 

Road length on Padra road 8.54 Km 2277 0.4554 5.27 1.054 J30 1.1 

         
J143 1.1 

         
J144 1.1 

         
J145 1.1 

         
J146 1.1 
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Trees 

 

Length 

of Road 
Unit Number of Trees 

Water Demand 

in MLD 

Water Demand 

in LPS 

Demand per 

Node 
Node Id 

Nodal Demand 

in LPS 

Road length Gotri Road 8.808 Km 2349 0.4698 5.44 0.777 J38 0.8 

         
J138 0.8 

         
J139 0.8 

         
J140 0.8 

         
J141 0.8 

         
J142 0.8 

         
J137 0.8 

Road length Gorwa Road 9.457 Km 2522 0.5044 5.84 0.531 J112 0.6 

         
J113 0.6 

         
J114 0.6 

         
J115 0.6 

         
J116 0.6 

         
J117 0.6 

         
J133 0.6 

         
J134 0.6 

         
J135 0.6 

         
J136 0.6 

         
J137 0.6 

Road length Gujarat Refinery 

Road 
10.478 Km 2794 0.5588 6.47 0.404 J117 0.5 

         
J118 0.5 

         
J119 0.5 

         
J120 0.5 

         
J121 0.5 

         
J122 0.5 

         
J123 0.5 

         
J124 0.5 

         
J125 0.5 

         
J126 0.5 

         
J127 0.5 

         
J128 0.5 

         
J129 0.5 

         
J130 0.5 
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Trees 

 

Length 

of Road 
Unit Number of Trees 

Water Demand 

in MLD 

Water Demand 

in LPS 

Demand per 

Node 
Node Id 

Nodal Demand 

in LPS 

         
J131 0.5 

         
J110 0.5 

Road length NH8 Chani side 15.728 Km 4194 0.8388 9.71 0.809 J81 0.9 

         
J100 0.9 

         
J101 0.9 

         
J102 0.9 

         
J111 0.9 

         
J106 0.9 

         
J105 0.9 

         
J107 0.9 

         
J108 0.9 

         
J109 0.9 

         
J110 0.9 

         
J132 0.9 

Road length Expressway 16.647 Km 4439 0.8878 10.28 0.856 J81 0.9 

         
J25 0.9 

         
J26 0.9 

         
J92 0.9 

         
J27 0.9 

         
J93 0.9 

         
J94 0.9 

         
J95 0.9 

         
J96 0.9 

         
J97 0.9 

         
J98 0.9 

         
J99 0.9 

Road length Sama Savli 

roadSH158 
6.088 Km 1623 0.3246 3.76 0.626 J81 0.7 

         
J82 0.7 

         
J83 0.7 

         
J84 0.7 

         
J85 0.7 

         
J86 0.7 
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Trees 

 

Length 

of Road 
Unit Number of Trees 

Water Demand 

in MLD 

Water Demand 

in LPS 

Demand per 

Node 
Node Id 

Nodal Demand 

in LPS 

Road length between Samasavli 

road and Halol road on NH8 
4.549 Km 1213 0.2426 2.81 0.936 J81 1 

         
J24 1 

         
J21 1 

Road length Halol road SH87 8.43 Km 2248 0.4496 5.20 1.041 J21 1.1 

         
J77 1.1 

         
J78 1.1 

         
J79 1.1 

         
J80 1.1 

Road length Ajwa 

road(Rajivnagar) 
8.295 Km 2212 0.4424 5.12 1.024 J72 1.1 

         
J74 1.1 

         
J75 1.1 

         
J76 1.1 

Road length between Halol road 

and Ajawa road on NH8 
3.968 Km 1058 0.2116 2.45 0.816 J21 0.9 

         
J20 0.9 

         
J72 0.9 

Road length Waghodia road 7.785 Km 2076 0.4152 4.81 0.961 J67 1 

         
J68 1 

         
J69 1 

         
J70 1 

         
J71 1 

Road length between Ajwa 

chowkdi to Waghodia Chowkdi 

on NH8 

2.939 Km 784 0.1568 1.81 0.605 J72 0.7 

         
J73 0.7 

         
J67 0.7 

Road length Kapurai road 6.334 Km 1689 0.3378 3.91 0.355 J50 0.4 

         
J56 0.4 

         
J57 0.4 

         
J58 0.4 

         
J59 0.4 
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Trees 

 

Length 

of Road 
Unit Number of Trees 

Water Demand 

in MLD 

Water Demand 

in LPS 

Demand per 

Node 
Node Id 

Nodal Demand 

in LPS 

         
J60 0.4 

         
J61 0.4 

         
J62 0.4 

         
J63 0.4 

         
J64 0.4 

         
J65 0.4 

      
7.7294 89.46064815 

   

In Table 4.11, numbers of the same nodes are repeated on different roads, and hence their demands calculated for various roads have to be 

summarized. These summarized data are given in Table 4.12. The tables from 4.10 to 4.12 are required to explain how final demands at every 

node have been achieved. The nodal demands play a vital role in the optimization of the network. 
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TABALE 4.12 

Final Demands for Trees to be Added in Nodal Demands for Irrigational Purpose 

Node Id 
Demand in 

LPS 
Node Id 

Demand in 

LPS 
Node Id 

Demand in 

LPS 

J99 0.9 J59 0.4 J141 0.8 

J98 0.9 J58 0.4 J140 0.8 

J97 0.9 J57 0.4 J139 0.8 

J96 0.9 J56 0.4 J138 0.8 

J95 0.9 J55 0.9 J137 1.4 

J94 0.9 J54 0.9 J136 0.6 

J93 0.9 J53 0.9 J135 0.6 

J92 0.9 J52 1.6 J134 0.6 

J86 0.7 J51 2.5 J133 0.6 

J85 0.7 J50 1.8 J132 0.9 

J84 0.7 J49 0.8 J131 0.5 

J83 0.7 J48 0.8 J130 0.5 

J82 0.7 J47 0.9 J129 0.5 

J81 3.5 J46 0.9 J128 0.5 

J80 1.1 J45 0.9 J127 0.5 

J79 1.1 J38 0.8 J126 0.5 

J78 1.1 J30 1.1 J125 0.5 

J77 1.1 J27 0.9 J124 0.5 

J76 1.1 J26 0.9 J123 0.5 

J75 1.1 J25 0.9 J122 0.5 

J74 1.1 J24 1 J121 0.5 

J73 0.7 J21 3 J120 0.5 

J72 2.7 J20 0.9 J119 0.5 

J71 1 J153 0.8 J118 0.5 

J70 1 J152 0.8 J117 1.1 

J69 1 J151 0.8 J116 0.6 

J68 1 J150 0.8 J115 0.6 

J67 2.3 J149 0.8 J114 0.6 

J66 0.6 J148 0.8 J113 0.6 

J65 0.4 J147 0.8 J112 0.6 

J64 0.4 J146 1.1 J111 0.9 

J63 0.4 J145 1.1 J110 1.4 

J62 0.4 J144 1.1 J109 0.9 

J61 0.4 J143 1.1 J108 0.9 

J60 0.4 J142 0.8 J107 0.9 

  
  J106 0.9 

  
  J105 0.9 

  
  J102 0.9 

  
  J101 0.9 

  
  J100 0.9 

  
  TOTAL 97.9  

  
   8.46 MLD 

 

4.4      Optimization of Reclaimed Water Distribution Network 

After importing .inp file from QGIS Ghydrualics plug into EPANET, the .net file was 

prepared to run in WaternetGen. The pipe network cost is a significant portion of the total 
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cost of the project. Cost of pipe network depends on the diameter and length of the pipe. 

To design the pipe, discharge and headloss are required. Discharge is determined by nodal 

demand. The headloss is determined on friction factor, which in turn depends on surface 

roughness, length of the pipe, discharge of the pipe and diameter of the pipe. 

The calculations were carried out for various scenarios like- 

 considering all STPs combined network catering to all demands,  

 considering all sewage treatment plants (STP) separately catering to the demand to 

their nearby nodes 

 the group of Tarsali, Kapurai, Gajarawadi, and Rajivnagar STPs catering to the 

demands of their nearby nodes and rest of STPs as separate plants,  

 the group of Tarsali, Kapurai, and Gajarawadi STPs catering to the demands of 

their nearby nodes and rest of STPs as separate plants 

 the group of Kapurai, Gajarawadi, and Rajivnagar STPs catering to the demands of 

their nearby nodes and rest STPs as separate plants, 

 the group of Kapurai and Gajarawadi STPs catering to the demands of their nearby 

nodes and rest STPs as separate plants, and  

  the group of Atladara and Chani STPs catering to the demands of their nearby 

nodes and rest STPs as separate plants, 

The first step in optimizing the reclaimed water distribution network was to determine the 

diameter and length of the individual pipe in the network. To achieve this, first of all 

accurate measurement of friction factor was needed. 

4.4.1      Friction Factor 

The hydraulic design and analysis of flow conditions in pipe networks depend upon 

estimating the friction factor, f. Since the mid 1940s, practicing engineers, engineering 

academics and students of engineering have made use of a diagram of friction factor for 

pipe flow of the type that was published by Lewis Moody in the Transactions of A.S.M.E. 

in 1944 (Moody, 1944). It is very important to understand how internal-surface, wall-

roughness texture affects the flow of fluids in the pipeline for combating the effects of pipe 

corrosion, establishing new piping materials and coatings, increasing the ease of fluid flow 
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in pipes, and validating such improvements. The present study was carried out for physical 

determination of surface roughness, which could be used for accurate determination of 

friction factor.  

4.4.2      Methodology for Determining Friction Factor 

Stochastic evaluations were performed on the profile data of samples obtained from 

cement mortar lined DI pipes to develop relative-roughness charts and equations. 

Arithmetic roughness, Ra, is defined as the arithmetic average value of the roughness 

profile determined from the deviations about the centreline within the evaluation length, lm. 

The mean peak-to-valley height, Rz, is the arithmetic average of the maximum peak-to-

valley height of roughness values within five consecutive sampling lengths, le, over the 

assessment length of the roughness profile as shown in Fig. 4.10. 

 

FIGURE 4.10 

       Arithmetic Roughness, Ra  Mean Peak-to-Valley Height, Rz  

Graphical representation of surface roughness parameters Arithmetic roughness, Ra, and Mean 

peak-to-valley height, Rz 

At least five samples each from inlet and outlet of different diameter DI pipes concrete 

linings were collected. Out of these ten samples of each diameter DI pipe, four samples 

were randomly selected (Kindly refer to section 3.3.6). These samples were tested at 

Mechanical Engineering Department Laboratories at Parul Institute of Engineering and 

Technology, as shown in Fig. 4.11. 

 

 



Optimization of Reclaimed Water Distribution Network 

149 

 

 

FIGURE 4.11 

3A Sample Roughness being Measured by TR100 Surface Roughness Tester at 

Mechanical Engineering Department Laboratories at Parul Institute of Engineering 

and Technology 

The outliers from the measurement data were omitted for getting the final average value of 

surface roughness for concrete lining samples. (Kindly refer section 3.3.6). The samples 

were arranged and held in position on thermocol sheet, as shown in Fig. 4.11 by pushing 

the sample in thermocol and then inserting pins around it. This was required to hold the 

samples in position without any shift during the movement of the stylus on sample between 

the two white arrows marked on the instrument. 

Farshad and Rieke  (2005) acknowledged the work of the Southwest Research Institute 

(SRI) regarding friction factor measurement and validation. Results of their measured 

friction-factor/surface-roughness values are in good agreement with Rz values from 

profilometer measurements. Again, their research indicated that Rz values better represent 

absolute roughness than Ra values. The fact was also endorsed by Adams and Watson  

(2012). 

That is why Rz values have been considered in place of equivalent roughness e in the 

calculation of friction factor by Churchill’s equation. As Churchill’s equation covers all the 

flow regimes with an average accuracy of ±0.45%, it was decided to be used in the present 

study. The superiority of this equation is discussed by Shete (2000) to determine the Darcy 

friction factor. 
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𝑓 =  8 [(
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𝑅𝑒
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+
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𝑅𝑒
)

16

 

(1) 

Reynold’s number Re is calculated using limiting flow obtained from limiting velocity 

considered for that particular diameter. Thus 402000 ≤  Re  ≤ 1901000 for different 

diameter of pipes.  Friction factor f is calculated using these values of Re and Rz / D. 

The maximum and minimum values of Rz / D are determined considering extreme 

combinations of Rz and pipe diameter D, i.e., to get maximum value of Rz / D, maximum 

Rz (0.0378 mm) is considered with minimum diameter (200 mm) and to get minimum 

value of Rz / D, minimum value of Rz (0.0037 mm) is considered with maximum diameter 

(600 mm). The maximum and minimum values of Rz / D obtained are 0.0001890 and 

0.0000062, respectively, which covers all possible values for the present study. The 

rounded off minimum and maximum Rz / D values are 0.000005 and 0.00025. The values 

of friction factors obtained for each Rz / D values starting from 0.000005 up to 0.00025 are 

plotted against Reynolds number from 4000 to 1.901 x 106. The initial two increments of 

Rz / D were kept at 0.000015, and all remaining increments were 0.000025 till the value of 

0.00025 was reached. 

The friction factor calculated from Churchill’s equation for all of these Rz / D is taken as 

the dependent variable, and Reynold’s number was taken as the independent variable, and 

regression equations were found out using “Datafit 9.1.32” software. The MS-Excel file 

showing these calculations is provided in Annexure-5.1.1 on CD.  The regression 

equations obtained for Rz / D = 0.000225 and 400 ≤  Re  ≤ 1901000 are presented in Table 

4.13. The regression equations were tested against R2, d1’ and U and found to be most 

accurate. The equations for other Rz / D are in Annexure-5.1.1 on CD. 
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TABLE 4.13 

Regression Equations for Rz /D= 0.000225 

(Such equations have been obtained for all values of Rz /D considered) 

Rz/D 
Re Range Model for Determination of 

Head Loss 

Coefficient 

of Determi-

nation 

A Refined 

Index of 

Agreement 

Theil's U 

Index of 

Inequality 

From To R2 d1’ U 

0.000225 

400 2200 

f   = -1.02415E-

32*(Re)^10+1.28378E-

28*(Re)^9+-6.85584E-25*(Re)^8+ 

2.00387E-21*(Re)^7+-3.34433E-

18*(Re)^6 +2.69189E-

15*(Re)^5+5.96200E-13 

*(Re)^4+-3.77068 E-09*(Re)^3 

+3.99801E-6*(Re)^2+-2.12207E-

03*(Re)^1 +0.578533715 

1 0.999993 6.85E-09 

2201 3900 

f   = -8.08942E-

29*(Re)^9+2.16713E-24*(Re)^8+-

2.56499E-20*(Re)^7 + 1.76030E-

16*(Re)^6 +-7.71914E-

13*(Re)^5+2.24302E-09*(Re)^4 

+-4.31932E-06*(Re)^3+5.31600 

E-03*(Re)^2 +-

3.795248093*(Re)^1+ 

1197.882157 

1 0.999993 6.85E-09 

3901 18000 

f   = 3.55368E-44*(Re)^10+-

6.13006E-39*(Re)^9+-4.41688E-

34*(Re)^8+-1.79878E-

29*(Re)^7+4.66039E-25*(Re)^6 

+-8.12937E-21*(Re)^5+9.80034E-

17*(Re)^4 +-8.21931 E-

13*(Re)^3+4.75768E-09*(Re)^2 

+-1.88363E-5*(Re)^1+7.42195E-

02 

0.99 0.999991 6.85E-09 

18001 62000 

f   = 0.23804+-9.94842/LN(Re) + 

170.33820/LN(Re)^2+ -

1437.28083/LN(Re)^3+ 

6228.55437/LN(Re)^4 +-

10635.95317/LN(Re)^5 

0.99 0.999991 6.85E-09 

62001 133000 

f   = -0.11517+9.66290/LN(Re) + -

265.35480/LN(Re)^2+ -

3404.10308/LN(Re)^3+           -

20675.86582/LN(Re)^4 

+49201.95323/LN(Re)^5 

1 0.999993 6.85E-09 

 
133001 500000 

f  = -

0.59959+38.31512/LN((Re))+-

943.43556/LN((Re))^2 + 

11430.15941/ LN((Re))^3 + -

68192.78475/LN((Re))^4  

+161747.29668/LN((Re))^5 

1 0.999993 6.85E-09 

 500000 1901000 

f  = -2.02754E-02+5.93050E-

02*LN((Re))+-1.33303E-02 

*LN((Re))^2 + 1.20177E-

03*LN((Re))^3+-4.92676E-

05*LN((Re))^4+7.67252E-

07*LN((Re))^5 

1 0.999991 7.68E-09 
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Coefficient of determination, R2 

The coefficient of determination is the square of Pearson’s product-moment coefficient of 

correlation (R2 =  r2) and describes the proportion of the total variance in the observed data 

that can be explained by the model. It ranges from 0.0(poor model) to 1.0 (perfect model) 

and is given by 

𝑅2 =  
∑ (𝑜𝑖 − 𝑝𝑖)(𝑝𝑖 −  �̅�)𝑛

𝑖=1

[∑ (𝑜𝑖 − �̅�)2𝑛
𝑖=1 ]0.5[∑ (𝑝𝑖 − �̅�)2𝑛

𝑖=1 ]0.5
 

Where 𝑜𝑖and 𝑝𝑖 are observed and predicted data points and �̅� and �̅� are the mean of the 

observed and predicted data points. 

A refined index of agreement, d1’ 

Refined index of agreement can be expressed as 

𝑑′1 = 1 − 
∑ |𝑃𝑖 − 𝑂𝑖|

𝑛
𝑖=1

2 ∑ |𝑂𝑖 − �̅�|𝑛
𝑖=1

  

Where, 𝑂𝑖 and 𝑃𝑖 are observed and predicted data points and �̅� is the mean of the 

observed data points. If 𝑑′1  is, 1 there is perfect agreement, and if it is 0, there is poor 

agreement. 

Theil's U index of inequality: 

 Theil (1967) had introduced Theil’s  index of inequality as a measure of the degree to 

which one time series (Xi) differs from another (Yi). The index is computed as 

 

( 

 

The score returned by the THEIL this test is 1-U for consistency;  varies from 0 to 1 

with 1 meaning maximum disagreement. 

The maximum value of mean peak to valley height Rz obtained from the measurement as 

0.0378 mm was used as input to WateNnetGen along with pipe catalog and pipe networks 

have been designed for different options mentioned in section 4.4.  
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With seven sources available for reclaimed water, and more than 80 destinations available 

for consumption of reclaimed water, the question of what should be the optimal allocation 

of reclaimed water distribution from various sources to different destination arose. 

To solve this problem, VAM (Vogel Approximation Method) as a special case of 

transportation problem with optimality checks was utilized. 

4.5      Vogel’s Approximation Method 

The Vogel’s Approximation Method or VAM is an iterative procedure calculated to find 

out the initial feasible solution of the transportation problem. The following is the flow 

chart showing the steps involved in solving the transportation problem using Vogel’s 

Approximation Method: 

 

FIGURE 4.12 

Flowchart of Vogel’s Approximation Method

http://businessjargons.com/wp-content/uploads/2015/12/VAM-1.jpg
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Before doing distribution by VAM, primary distribution by visual observation based on 

vicinity was carried out, and various networks were prepared for various options, as 

mentioned in section 4.4. 

Then considering the spatial distribution of industrial and residential zones, the integrated 

model was prepared. The cost of networks was worked out considering material cost, the 

cost for excavation, cost of lowering, laying and joining, refilling the trenches, accessories, 

etc. complete using the GWSSB schedule of rates (2014-15). As there were several sources 

and destinations with supply and demand constraints, the distribution of treated wastewater 

from different sewage treatment plants formed an excellent transportation problem. 

VAM is considered to be the best method for the solution of a transportation problem, 

which is a special case for linear programming. To form a transportation problem, 

transportation tableau was required to be prepared and for that from each source cost/unit 

of transportation to each destination was required to be found out. 

To do this, first networks with individual sources were prepared and then optimized using 

WaterNetGen software. After designing each of these networks, the cost of transportation 

from source to each destination, from all sources to all destinations was required to be 

found out.  

For this purpose, Elevated Service Reservoirs were required to be designed. 

Using mass curve method ESRs were designed, and the costs of pump and ESR were 

found out. For calculating the cost of piping from each source to each destination, the links 

involved in each route were calculated and accordingly piping cost arrived for each route. 

Similarly, pumping cost was calculated for each route considering the head loss in each 

pipe and elevation difference between concerned nodes. Calculation of O, M & R cost was 

carried out using the Modified Accelerated Cost Recovery System (MACRS) established 

in 1986, and updated from time to time. The Modified Accelerated Cost Recovery System 

(MACRS) is the current tax depreciation system in the United States. Under this system, 

the capitalized cost of tangible property can be recovered over a specified life-time through 

annual tax deductions for value depreciation. MACRS allows taking a larger tax deduction 

in the early years of an asset and less in later years. Considering this aspect of the MACRS 

system, it was considered for the present study to depreciate the assets of the reclaimed 
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water supply system, which is public property. The depreciation was considered as fixed 

O, M & R cost as referred in the U.S. Energy Information Administration, (2015). 

As O, M & R cost was annual cost, the capital cost was also required to be brought in 

annual cost format.  Therefore, the total capital cost of sewage treatment plants, tertiary 

treatment plants, piping, ESRs, and pumps was multiplied with capital recovery factor 

using interest rate at 7%  and then O, M & R cost and annual capital cost were added. 

Knowing the total supply from each source, the final demand for each node, and 

transportation cost for each node, the transportation model was prepared. 

In the VAM method, after getting initial basic feasible solution optimality tests are 

required to be conducted. The tableau formed in the present study is in the order of 80 x 7 

matrix, and the optimality test with any of these methods was not possible manually. To 

solve this problem AMPL solver (Taha, 2007) was selected for the task of solving the 

tableau by VAM method and optimal allocation was achieved. 

Using this final allocation network was prepared, and the cost of all components was 

determined.  

4.6      Internal Rate of Return 

For testing economic feasibility, various methods are used like simple rate of return 

method,  Payback  Analysis, Net present value method, etc. However, in this study, the 

internal rate of return method is chosen. 

The internal rate of return is a discount rate that makes the Net present value of all cash 

flow (both positive and negative) of a particular project equals to zero.  Advantages of 

using Internal rate of return method is as follows:   

1) It considers the time value of money. 

2) It is simple to represent and compare it with other options. 

3) It is independent of the required rate of return but comparable to it. 

4) It is useful to compare two projects even if having different length of life. 

For calculation of the Internal rate of return, all the cash inflows and outflows during the 

life cycle of 30 years are considered. The following are some important clues of it.
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1) It is assumed that 75% of capital  is a loan taken from Bank and repayment is made 

of amortization @7% 

2) Depreciation is calculated on the MACRS method half-yearly and transferred to the 

sinking fund for future requirements. 

3) Interest obtainable on sinking fund is@4% half-yearly(assuming saving account) 

4) Interest lost on owned capital, which is 25%of total capital is calculated as 4% 

(savings account rate of the bank) annually, which we may earn otherwise. 

5) The insurance amount is 0.75%o capital cost annually. 

6) For the cost of operation, maintenance and repair cost refer annexure 

7) For pumping, cost refer annexure 

8) Operators salary is calculated for 8 operators @15000 monthly 

9) Other charges are assumed @0.5% of capital cost annually. 

10) Negative pricing customer is assumed @15%of total demand in agriculture as well 

as industrial and residential purpose. 

11) The selling price is Rs. 40/KL for residential and industrial purposes and Rs. 10/KL 

for agriculture and irrigation purposes. And for negative pricing customer, it is Rs. 

30/KL and Rs.7/KL, respectively. 

12) Saved freshwater cost is calculated @ 26Rs/KL for industrial and residential 

purposes and @ 0.5Rs./KL for agriculture and irrigation purposes which are based 

on the rate charged by Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

Table 4.14 

IRR table 

Sr. 

No. 
PARTICULARS 

0TH 

YEAR 

1ST 

YEAR 

2ND 

YEAR 

3RD 

YEAR 

. 28th 

YEAR 

29th 

YEAR 

30th 

YEAR 

1 CAPITAL COST, Rs. 
    

. 

   
1.1 

LOAN RECEIVED 

FROM BANK, Rs.  

   

. 

   2 FIXED COST 
    

. 

   

2.1 

Rate of depreciation for 

first half-year as per 

MACRS, % 
    

. 

   

2.2 

Rate of depreciation for 

second half-year as per 

MACRS, % 
    

. 

   

2.3 
Depreciation for 1st half-

year, Rs.     
. 

   

2.4 
Depreciation for 2nd half-

year, Rs.     
. 

   

2.5 Total Depreciation, Rs. 
    

. 
   

2.6 
Cumulative depreciation, 

Rs.     
. 

   

2.7 Amount of Repayment of 
    

. 
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Sr. 

No. 
PARTICULARS 

0TH 

YEAR 

1ST 

YEAR 

2ND 

YEAR 

3RD 

YEAR 

. 28th 

YEAR 

29th 

YEAR 

30th 

YEAR 

Loan, Rs. 

2.8 
Interest obtainable in 1st 

half-year, Rs.     
. 

   

2.9 
Interest obtainable in 2nd 

half-year, Rs.     
. 

   

2.10 

Total Interest to be 

received on depreciation 

money, Rs. 
    

. 

   

2.11 
Interest lost on 25% capital 

cost as seed money, Rs.     
. 

   

3 Insurance, Rs. 
    

. 
   

4 

Cost of O, M & R for 

Primary and secondary 

plant, Rs. 
    

. 

   

5 
Cost of O, M & R for the 

tertiary plant, Rs.     
. 

   

6 

Maintenance & Repairs of 

ESR, Pump, and Piping, 

Rs. 
    

. 

   

7 Pumping cost, Rs. 
    

. 
   

8 Operator's salary, Rs. 
    

. 
   

9 Other charges, Rs. 
    

. 
   

10 CASH OUTFLOW, Rs. 
    

. 
   

11 
NET CASH OUTFLOW, 

Rs.     

. 

   

12 INCOME 
    

. 
   

12.1 

The selling price of treated 

water for industrial and 

residential purpose Rs./KL  
    

. 

   

12.2 

Total treated water to be 

sold for industrial and 

residential purpose, KL 
    

. 

   

12.3 

Income from selling treated 

water for industrial and 

residential purposes, Rs. 
    

. 

   

12.4 

Total saved freshwater 

income as per SSNNL rates 

for industrial and 

residential purposes, Rs. 

    

. 

   

12.5 

The selling price of treated 

water for irrigation 

purpose, Rs./KL  
    

. 

   

12.6 

Total treated water to be 

sold for irrigation purpose, 

KL 
    

. 

   

12.7 
Income from Selling water 

for irrigation purposes, Rs.     
. 

   

12.8 

Total saved freshwater 

income as per SSNNL rate 

for irrigation purpose 
    

. 

   

13 CASH INFLOW 
    

. 
   

14 NET CASH FLOW, Rs. 
    

. 
   

15 
INTERNAL RATE OF 

RETURN   

 

 
. 

   

     
1ST 

YEAR 

2ND 

YEAR 

3RD 

YEAR 

. 28th 

YEAR 

29th 

YEAR 

30th 

YEAR 
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4.6.1      Negative Pricing 

Negative pricing is a new economic phenomenon in which not the seller but the buyer is 

paid to purchase. In some case it may happen that the existing buyer is not ready to 

purchase the treated wastewater because of some reason like no or less need of water, 

reservation to buy treated water, having any other source of water, etc.. In this case buyer 

is paid to buy the treated wastewater means he is forced to buy the water at a discounted 

rate. It is called negative pricing. 

In the present study considering a 15% volume of reclaimed water will not be demanded 

residential & industrial purpose and irrigation purposes, it should be sold at a negative 

price to the consumers. Assuming a negative price is 15% less than the cost of the 

reclaimed water price, the negative price was found out. 

4.7       Decision Making in case of Risk and Uncertainty 

In risk and uncertainty, probable uncertainties and their results are known, but the 

probability of their occurrence is unknown. In that case, a few decision criteria are 

available, which may help for decision making. 

1) Optimistic criterion - Maximax criterion 

It provides hope for the best happening. In this criterion, the maximum payoff for each 

possible alternative is selected to compare, and the highest of them should be chosen. 

2) Pessimistic criterion – Maxmin criterion 

In this criterion minimum, the possible payoff should be maximized. First, the minimum 

payoff for each possible alternative is selected to compare, and the highest of them should 

be chosen. 

3) Criterion of rationality 

As discussed earlier, probabilities are unknown for the occurrence of events; being 

rational; it should be assumed that the probability of occurrence of each event is equal. On 

the base of that assumption, the expected payoff for each alternative should be calculated, 

and a maximum of them should be chosen. 
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4) Minimax regret criterion 

This criterion is based on the assumption that decision-maker may feel regret for decision 

making on the occurrence of the event. So this regret should be minimized. For decision 

making under this criterion, first, regret corresponding to each event for every alternative is 

found (maximum payoff – ith payoff). 

Then, maximum regret for each alternative is selected for comparison, and finally 

minimum of them is chosen. 

4.8       Closure 

In order to evaluate sustainability by ensuring economic efficiency, a complete analysis of 

the costs involved was required. To determine the project cost, the optimized costs of the 

components to be added, and the capital costs of the existing components are required. The 

distribution network consumes a major part (up to 70%) of the cost of the project and 

hence requires due attention.  

Based on the quality of reclaimed water, two types of layouts were prepared — one for the 

irrigational purpose and second for the residential and industrial purpose. In order to design 

these networks, demands have been decided for each type of reuse after finding out the 

probable areas for each type of reuse. As accurate friction factor plays a major role in the 

effective design of pipelines accurate determination of friction factor has been carried out 

with help of the measurement of actual roughness by profilometer. The optimal 

distribution of flow from six sewage treatment plants in networks was a mathematical 

challenge. VAM was used to optimize the distribution considering plant, ESR, and pipeline 

cost along with O & M cost. Finally, after arriving at all costs involved, internal rate of 

return for different scenarios was worked out. Negative pricing was also considered in the 

analysis to take care of unwilling customers. The sensitivity of the derived prices was 

checked, and the consideration of uncertainties was accomplished.  

 

 



 

160 

CHAPTER 5 

Results and Analysis 

5.0      Introduction 

To attain sustainable water reuse management by full-cost recovery and considering an 

idea of ‘‘negative pricing’’ two types of reuse options -were identified, namely residential 

& industrial reuse and irrigational reuse. Accordingly, two types of reclaimed water 

distribution networks were prepared, optimized, and cost analysis was done with the help 

of the internal rate of return. The results of this study are presented here. 

5.1      Identification of Industrial, Residential and Irrigational Areas 

The proposed land use map of Vadodara was obtained and superimposed on the Google 

Earth view of the VUDA area, as shown in Fig.4.1. After superimposing proposed land use 

map, various areas had been identified for industrial, residential, and irrigational use as per 

land use zones are shown in the VUDA development plan for developing outskirt areas of 

Vadodara City. These areas were then marked with different layers in Quantum GIS 

(QGIS) software, as shown in Fig. 4.2 and 4.3. 

The areas were divided into small compartments to create one node for layout and design 

of proposed reclaimed water pipelines by importing it to EPANET software. The locations 

of sewage treatment plants, industrial, residential zones and irrigational zones, were 

identified and the reclaimed water distribution networks from various sewage treatment 

plants to these areas were prepared in QGIS using GHydraulics plug-in as shown in Figure 

4.4 and 4.6. 

W.r.t.  Figures 4.2 and 4.3 it was observed that proposed irrigational areas are at a 

considerable distance from the VMSS boundary compared to proposed residential and 

industrial areas. Further, it was observed that irrigation areas were in clusters and 

comparatively less scattered across the periphery of VMSS area. So, it is easier to identify 
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the source of reclaimed water for the irrigational area compared to Industrial and 

residential areas. Industrial and residential areas were observed to be scattered all across 

the boundary of VMSS area and near the VMSS boundary. The proposed land use map 

was available only up to 2031 AD while the present study was up to 2050 AD.  Looking at 

the importance of green belts in the planning of a city and locations of irrigational areas, it 

was assumed that these areas would remain as it is even if the city continues to develop. 

For residential areas, there were chances of increase in population, but it was considered 

while working out demands.  

5.2      Demand for Industrial, Residential and Irrigational Areas 

The customers, trend of water consumption, and basic data considered for calculation of 

demand for industrial, residential, and irrigational areas were different, so they were 

treated separately as mentioned in section 4.3. 

5.2.1      Industrial Demand 

To calculate the water requirement of different industrial areas, the Makarpura GIDC was 

considered as a case study and the average consumption per unit area for the industrial 

purpose was found out as given in Table 4.4 (Various industries and their water 

requirement were considered and reduced to water requirement in Industrial area per unit 

area).  Based on this average consumption per unit area and area of different GIDCs, the 

water demand for different GIDCs was calculated, and nodal demands were worked out as 

given in Table 4.5. 

As explained in section 4.3.1, the trendline method was used to calculate the number of 

industries to be added up to the year 2050. The trendline is shown in Figure 4.8, and the 

equation of trendline is, 

y = 24.29 x + 329.2 

To validate the equation of trendline, a refined index of agreement d1’ was found out along 

with Theil’s index of inequality U. The calculations are shown in Annexure 5.1.3 on CD. 

The value of d1’ was found to be 0.7, and U was found to be 0.072. As d1’ is 0.7 but not 1.0 

and U=0.072 but not 0 as required, it can be concluded that the equation for projection is 

very good. 
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5.2.2      Residential Demand 

Residential demand is basically based on the population of the area. The data of the 

population was taken from the census record, and autoregression method was used to 

project the population in 2050. CPHEEO manual states water requirement as 135 lpcd in 

towns where sewerage connections are available. In Vadodara at present 210 lpcd is being 

supplied for domestic consumption considering non revenue water. Looking at the 

consumption pattern, 100 lpcd was decided to be supplied as reclaimed water. The 

population between VMSS and VUDA area was found to be 13,00,000 as given in Table 

4.7.  

The population density in residential blocks was found out by dividing the population of       

13, 00,000 by total area of residential blocks. The population density was coming to be 106 

persons/hectare. The population of each block was found out by multiplying population 

density with the area of each block. The population was then multiplied by 100 lpcd to get 

nodal demands as given in Table 4.8.  

The projected population rise was inevitable, and it would only increase the problem of 

water supply and sewage treatment. Further, there existed no new source of water. At 

present sufficient water is hardly available for half an hour in many areas in VUDA limits.  

So, a 24 x 7 reclaimed water supply is planned. 

5.2.3      Irrigational Demand 

For the irrigational purpose, it was sufficient to use secondary treated sewage as a source 

as per CPCB standards. 

As mentioned by Singh ( 2010), the Banana plantation has second-highest water 

requirement only after sugarcane. Banana production is consistently more than 60% of 

total fruit production in Vadodara, as indicated in Appendix 5.15 on CD. So, if water 

demand is calculated considering Banana, all other crops can easily be grown in the area 

without water shortage. Considering this Banana crop was considered for finding out 

irrigational demands. The water requirement of Banana for drip irrigation was considered 

as 10670 m3/hectare/day (0.002923288 m3/m2/Day) given by Shete (2000). For the nodes 

shown in Fig. 4.5, nodal demands were worked out as given in Table 4.9.  
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The other irrigational demand is for trees to be grown on both sides of NH8 and other 

roads from VMSS boundary to VUDA boundary. The results are given in Table 4.10 and 

4.11. The summary of demands for watering trees on various nodes is presented in Table 

4.12. These demands were added to the nodal demands obtained for irrigation considering 

banana plantation on the respective nodes. 

By analyzing the provisions for irrigational demand, it was found that 8214 hectares of 

land will be irrigated with nutrient-rich reclaimed water, which will reduce the usage of 

fertilizers and increase the production of crops. Further 38,894 trees will be planted and 

irrigated with reclaimed water. This will significantly help the environment. 

5.3      Optimization of Reclaimed Water Distribution Network 

The first step in optimizing the reclaimed water distribution network was to determine the 

diameter of the individual pipe in the network. The design of the pipe network depends on 

the loss of head. To determine the loss of head first of all accurate measurement of friction 

factor was needed. For this purpose sample collection and experimental measurements 

were carried out as explained in section 3.3.6 and 4.4.2.  

5.3.1      Friction Factor for DI Pipes 

Surface roughness Rz varied between 0.0037 and 0.0378 mm, as given in Table 5.1. The 

range of Re was found to be 401998 to 1900986 for different diameters of DI pipes, as 

given in Table 5.1.  Friction factor f was calculated using various values of Re and Rz / D in 

Churchill’s equation. 

Table 5.2 depicted the variation in Rz / D values for various values of measured average Rz 

for cement mortar lining samples obtained from different diameter DI pipes. The minimum 

and maximum values of Rz / D obtained were 0.0000061667 and 0.0001890000, 

respectively, as explained in section 4.4.2, which covers all possible values of  Rz / D as 

obtained in Table 5.2. The rounded off Rz / D values varied from 0.000005 to 0.000250 

and used in Figures 5.1, 5.2 and 5.3, against Reynolds number from 4000 to 1.901 x 106. 

The initial two increments were kept of 0.000015, and all remaining increments were 

0.000025 till the value of 0.00025 was reached. 
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Regression analysis was carried out using Datafit version 9.1.32, and best-fit regression 

equations were found out to define the relationship between friction factor f and Reynold’s 

number Re for all combinations of Rz / D as given in Annexure 5.1.1 on CD.  

Fig.5.1 depicts the variations in the friction factors for cement mortar lined Ductile Iron 

pipe calculated by Churchill’s equation and by Regression analysis for different Rz / D 

values against Reynolds number. 

Fig.5.2 depicts the variations in the friction factors for cement mortar lined Ductile Iron 

pipe calculated by Churchill’s equation and by Regression analysis for different Rz / D 

values against Reynolds number on the log scale. 

Fig. 5.3 shows the relationship between the friction factors for cement mortar lined DI 

pipes calculated by Churchill’s equation and Regression analysis for all values of Rz / D 

considered. 
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TABLE 5.1 

Values of Actual Diameter, Reynolds Number (Re) and Mean Peak to Valley Height Rz Considered for Calculation of  

Darcy Friction Factor f 

Sr. 

No. 

Nominal 

Dia. of 

Pipe 

Classification 

of Pipe 

Allowable 

Maximum 

Operating 

Pressure 

(Including Surge) 

The thickness of Pipe 

Material 
Thickness of Lining 

Actual 

Dia. 

Limiting 

Velocity 

Limiting 

Flow 
Limiting  Re 

Mean Peak 

to Valley 

Height Rz 

 mm IS 8329:2000 MPa 

IS  

Standard 

mm K7 

Actual 

Observed 

mm 

IS Standard 

mm 

ACIPCO 

Pipe Manual 

mm 

mm m/sec m3/sec 

Re = 4Q/πDν 

Where, 

ν=0.801x10-6 

m2/s  at 30 Cͦ 

mm 

1 200 K7 7.4 5 5 3±1.5 3 184 1.75 0.046533 401998 0.0049 

2 250 K7 6.5 5.3 4 3±1.5 3 233.4 2 0.08557 582772 0.0347 

3 300 K7 5.9 5.6 5 3±1.5 3 282.8 2.65 0.166454 935605 0.0378 

4 350 K7 5.4 6 5 5±2 5 328 2.65 0.223915 1085144 0.0188 

5 400 K7 5.1 6.3 5 5±2 5 377.4 2.65 0.296442 1248577 0.0064 

6 450 K7 4.8 6.6 6.5 5±2 5 426.8 2.65 0.379127 1412010 0.0037 

7 500 K7 4.6 7 7 5±2 5 476 2.65 0.471574 1574782 0.0187 

8 550 K7 4.3 7.7 7 5±2 5 524.6 2.65 0.572786 1735568 0.0085 

9 600 K7 4.3 7.7 7 5±2 5 574.6 2.65 0.687174 1900986 0.0040 
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TABLE 5.2 

Values of Rz / D for Different Diameters DI Pipes 

Diameter of Pipe 

Mean Peak to 

Valley Height  

Rz 

Rz / D Remarks 

Mm mm   

200 0.0049 0.0000245000  

250 0.0347 0.0001386667 Max. Rz / D 

300 0.0378 0.0001386667  

350 0.0188 0.0001260000  

400 0.0064 0.0000537143  

450 0.0037 0.0000159167  

500 0.0187 0.0000082963 Min. Rz / D 

550 0.0085 0.0000374000  

600 0.0040 0.0000155152  
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FIGURE 4Variations in Friction Factor f Obtained by Churchill’s Equation and Regression Analysis for Different Values of Rz/D for 

Cement Mortar Lined DI Pipes against Reynolds No. 
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FIGURE 5.2 

Variations in Friction Factor f Obtained by Churchill’s Equation and Regression Analysis for Different Values of Rz / D for  

Cement Mortar Lined DI Pipes against Reynolds No. on Log Scale 
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FIGURE 5.3 

Relation Among Friction Factors for Cement Mortar Lined DI Pipes Obtained by Churchill’s Equation fc and Regression Analysis fr 
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 Fig. 5.1 indicates that as Reynolds Number increases, friction factor decreases 

significantly up to Re = 1,00,000 due to the reduction in viscous stress. After the Re 

value crosses 5,000, with the onset of hydraulic roughness, different curves branch out 

from a single bunch depending upon Rz / D values.  

 The values of surface roughness parameter Rz obtained during experimental 

measurements are well in agreement with the value obtained by  Farshad, et al. (2005) 

for the concrete lining as 0.033 mm. The curves are showing the variations in friction 

factor f obtained by Churchill’s equation and Reynolds number, Re on a log scale in 

Fig. 5.2, follows the normal pattern for f Vs Re curve as observed in Moody’s diagram. 

This depicts that the measured value of Rz is in good agreement in place of equivalent 

surface roughness ‘e’ which represents equivalent sand grain surface roughness in 

Churchill’s equation.  

 It is observed from Table 5.1 that values of Rz for lining material is not dependent on 

diameter as all pipes are having more or less same lining thickness and produced by 

the same process. The variations in Rz values are may be due to the difference in 

workmanship or lot specific factors like quality of sand and cement.  

 Fig. 5.1 indicates the range of different Re for each pipe diameter depending upon 

limiting velocities. It shows that the lower the diameter, higher is the value of the 

friction factor because of geometric similarity and relative roughness concepts. The 

variation in friction factor values for the same value of Re increases with diameter 

because of the higher variation in Rz / D values. At higher Re values beyond 1,00,000 

the overall reduction in friction factor with further increase in Re tends to decrease and 

becomes practically constant for Rz / D curves for values of 0.00025, 0.000225, 

0.000200, 0.000175, 0.000150 and 0.000125. 

For the same diameter, if exact Rz can be measured, accurate determination of friction 

factor can be done from the chart or from regression equations derived for each line. The 

measurement of actual surface roughens was suggested long back by Moody (1944) and 

recommended in IS: 2951 (Part I) - 1965 (Reaffirmed 2003) Part I- Head Loss in Straight 

Pipes due to Frictional Resistance (Indian Standards Institution, 1965). 

 As shown in Fig. 5.3 the relationship between the friction factors for cement mortar 

lined DI pipes obtained by regression analysis, and Churchill’s equation is given by  
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fr = fc - 0.0000000618  

and the coefficient of correlation r between them is  

r = 1 and hence coefficient of determination r2 = 1 also.  

 In the present study, regression analysis was carried out to determine the friction 

factor. In this approach, the significance of the internal diameter of the pipe and exact 

surface roughness values in the determination of the friction factor is emphasized. The 

correlation between the friction factors obtained by the regression analysis and 

Churchill’s equation is perfect, i.e., r2 = 1. To validate the equations obtained by 

regression, a refined index of agreement d1’ was found out along with Theil’s index of 

inequality U. The calculations are shown in Annexure 5.1.2 on CD. The value of d1’ 

was found to be 1and U was found to be 8.27572E-10. As d1’ is 1.0 and U=8.27572E-

10 that is almost 0 as required, it can be concluded that the regression models are 

excellent. 

 The results obtained and considered for plotting f  Vs Re curves for different diameter 

cement mortar lined Ductile Iron pipes are giving a better representation of actual 

conditions and conservative determination of friction factor is possible accurately with 

the use of the graphs produced or regression equations if the experimental 

determination of Rz can be done for the pipe to be used. 

 Technology has advanced to the point that it is no longer necessary to use flow 

experiments to obtain the friction factor, as mentioned by Moody (1944). The use of 

profilometer instrument data provides a superior delineation of pipe surface texture 

features that can be related to friction- pressure losses in a pipe. The technique used to 

develop a relative-roughness chart (Fig. 5.1) and regression equations (Table 4.13 and 

Annexure 5.1 on CD) can be used to establish the effect of roughness in the 

hydrodynamics of fluid flow in new alloys, synthetic materials, and internally coated 

pipes very accurately. 

 The effect of roughness will become more significant with reduced pipe diameters. 

Accurate determination of actual surface roughness can lead to better estimation of 

friction factor for small diameter pipes, e.g., pipes used as an individual residential 

connection. 
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When the relationship of f  Vs Re was plotted as a graph, it was found that the graph with 

values of friction factor in three digits after the decimal point did not give smooth curves. 

Instead, the curves were stepped in, as shown in Figure 5.4 due to rounding off values. 

Therefore the values of friction factor in five and eleven digits after decimal point were 

considered. 

 

FIGURE 5.4 

Chart of f  Calculated by Churchill’s Equation Vs Re for f  Values in 3 Digits 

 

To identify the exact point where curves are branching out, microanalysis is carried out 

because of the limited scope of magnification in graphs.  As shown in Figure 5.5 and 5.6, 

and it was found that branching of all curves actually starts from Re = 1775. 
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FIGURE 5.5 

The Small Haunch only Visible in Enlarged View for f Vs Re Diagram 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.6 
Zoomed view of fig 5.5, encircled portion showing branching of curves for different Rz / D 

values begins in the transition zone and seems to be starting around Re 3000 graphically but 
analytically as shown in Table 5.3 it starts at Re 1775 which is not reflected in the figure due 

to limitation in scale of graphical plot 
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Microanalysis was carried out using MS-Excel sheet, and values of f were tabulated for 

different Re against various values of Rz/D as given in table 5.3. In case of considering 

friction factor value in five digits, it was found that the first variation in f value indicating 

first branching of Rz / D took place at Re = 2475 and all the values become different 

indicating taking off all branches at Re = 2975. 

It is clearly observed that the first branching of Rz / D took place at Re = 1775 and all the 

branches took off at Re = 1925 as shown in Table 5.4 for the same analysis carried out for f 

values of eleven digits.  

The data presented by Reynolds (1883) suggested the lower critical value of Re as 2020 

below which no turbulence can prevail however big is the size of perturbation, but in his 

later paper Reynolds (1895) quoted the range of 1900–2000 (Eckhardt, 2009). Mullin & 

Peixinho (2006) had experimentally shown when Re ≤ 1760 all perturbations decay and 

turbulent flow could not be maintained. The starting of branching at Re = 1775 is an exact 

indication of the lower critical value of Reynolds number by microanalysis using 

Churchill's equation as discussed above. This identification of fact throws light on the 

accurateness of Churchill's equation for all flow regimes. 
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TABLE 5.3 

Micro Analysis for Finding Out Threshold for Complete Branching for f Values of 5 Digits Re Vs Rz/D 

Re 2475 2500 2525 2550 2575 2600 2625 2650 2675 2700 2725 2750 2775 2875 2975 

Rz/D 

0.00025 0.03455 0.03516 0.03577 0.03637 0.03697 0.03755 0.03812 0.03867 0.03919 0.03969 0.04017 0.04061 0.04102 0.04230 0.04305 

0.000225 0.03455 0.03516 0.03577 0.03637 0.03697 0.03755 0.03812 0.03866 0.03919 0.03969 0.04016 0.04060 0.04101 0.04229 0.04303 

0.0002 0.03455 0.03516 0.03577 0.03637 0.03696 0.03755 0.03811 0.03866 0.03918 0.03968 0.04015 0.04059 0.04100 0.04228 0.04301 

0.000175 0.03455 0.03516 0.03576 0.03637 0.03696 0.03754 0.03811 0.03865 0.03918 0.03968 0.04015 0.04058 0.04099 0.04226 0.04300 

0.00015 0.03455 0.03515 0.03576 0.03636 0.03696 0.03754 0.03810 0.03865 0.03917 0.03967 0.04014 0.04058 0.04098 0.04225 0.04298 

0.000125 0.03455 0.03515 0.03576 0.03636 0.03696 0.03754 0.03810 0.03865 0.03917 0.03966 0.04013 0.04057 0.04097 0.04224 0.04296 

0.0001 0.03454 0.03515 0.03576 0.03636 0.03695 0.03753 0.03810 0.03864 0.03916 0.03966 0.04013 0.04056 0.04096 0.04222 0.04294 

0.000075 0.03454 0.03515 0.03576 0.03636 0.03695 0.03753 0.03809 0.03864 0.03916 0.03965 0.04012 0.04055 0.04095 0.04221 0.04293 

0.00005 0.03454 0.03515 0.03575 0.03636 0.03695 0.03753 0.03809 0.03863 0.03915 0.03965 0.04011 0.04054 0.04095 0.04220 0.04291 

0.000025 0.03454 0.03515 0.03575 0.03635 0.03694 0.03752 0.03808 0.03863 0.03915 0.03964 0.04010 0.04054 0.04094 0.04218 0.04289 

0.00001 0.03454 0.03515 0.03575 0.03635 0.03694 0.03752 0.03808 0.03862 0.03914 0.03964 0.04010 0.04053 0.04093 0.04218 0.04288 

0.000005 0.03454 0.03515 0.03575 0.03635 0.03694 0.03752 0.03808 0.03862 0.03914 0.03963 0.04010 0.04053 0.04093 0.04217 0.04288 

TABLE 5.4 

Micro Analysis for Finding Out Threshold for Complete Branching for f Values of 11 digits 

Re 1750 1775 1800 1825 1850 1875 1900 1925 

Rz/D 

0.00025 0.03657183695 0.03605700889 0.03555664993 0.03507026629 0.03459744842 0.03413789660 0.03369146044 0.03325819843 

0.000225 0.03657183695 0.03605700889 0.03555664993 0.03507026629 0.03459744842 0.03413789659 0.03369146042 0.03325819839 

0.0002 0.03657183695 0.03605700889 0.03555664993 0.03507026629 0.03459744841 0.03413789658 0.03369146040 0.03325819835 

0.000175 0.03657183695 0.03605700889 0.03555664993 0.03507026628 0.03459744841 0.03413789657 0.03369146038 0.03325819831 

0.00015 0.03657183695 0.03605700888 0.03555664993 0.03507026628 0.03459744840 0.03413789656 0.03369146036 0.03325819827 

0.000125 0.03657183695 0.03605700888 0.03555664993 0.03507026628 0.03459744840 0.03413789655 0.03369146034 0.03325819823 

0.0001 0.03657183695 0.03605700888 0.03555664993 0.03507026628 0.03459744839 0.03413789654 0.03369146032 0.03325819819 

0.000075 0.03657183695 0.03605700888 0.03555664992 0.03507026628 0.03459744839 0.03413789653 0.03369146030 0.03325819815 

0.00005 0.03657183695 0.03605700888 0.03555664992 0.03507026627 0.03459744838 0.03413789652 0.03369146028 0.03325819810 

0.000025 0.03657183695 0.03605700888 0.03555664992 0.03507026627 0.03459744838 0.03413789651 0.03369146025 0.03325819806 

0.00001 0.03657183695 0.03605700888 0.03555664992 0.03507026627 0.03459744837 0.03413789651 0.03369146024 0.03325819804 

0.000005 0.03657183695 0.03605700888 0.03555664992 0.03507026627 0.03459744837 0.03413789650 0.03369146024 0.03325819803 
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As shown in Figure 5.7 in case of considering friction factor value in eleven digits it was 

found that if the height of roughness projection is less than the thickness of laminar 

sublayer near-wall the pipe would continue to behave as smooth pipe even at higher Re and 

continuous reduction in hydraulic resistance was observed due to reduction in normal shear 

stress. 

If surface had roughness projections projecting beyond laminar sub-layer the additional 

turbulence will set in due to eddies formed and curves for higher Rz / D values, branches 

out above and away from the curve of Rz / D = 0.000005 which represents a smooth pipe in 

present case when the values of f are considered in eleven digits after decimal point. 

The smooth turbulent flow did not occur when 4,000 < Re < 100000 but occurred when 

1775 < Re < 190100 . In the rough turbulent flow, f is independent of Re, but it can be 

observed in Figure 5.7 that even for 5,40,000 < Re < 19,01,000 f is dependent on Re, but 

from practical consideration, it could be said it is independent of Re. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.7 

Chart of f Calculated by Churchill’s Equation Vs Re for f Values in 11 Digits 
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Thus it was proved that transitional turbulent flow occurred in the familiar laminar flow 

zone of Re up to 2000 in case friction factor values in eleven digits were considered. In 

case of friction factor value in five digits were considered then the transitional turbulent 

flow occurred in the familiar transitional flow zone of Re = 2000 to 4000. So, it is 

established that with the high precision calculation of friction factor f by Churchill's 

equation for all flow regimes, the onset of turbulence and lower the critical value of Re 

obtained is the same as obtained experimentally by Mullin and Peixinho (2006). 

5.4      Optimization of Reclaimed Water Distribution Network for 

Industrial and Residential Purpose by A Mathematical 

Programming Language ( AMPL ) 

As there were two different types of networks for industrial & residential and irrigational 

purposes, one of them would be chosen for optimization technique, and the other had to be 

adjusted as per the remaining supply because there were fixed sources and fixed supply 

quantity was available. Here, the network of reclaimed water distribution for the industrial 

and residential purpose was chosen for optimization because of the following reasons: 

1. The areas of irrigational demand were less complex, and the source of supply for each 

of them could be identified based on clear vicinity to sources. Whereas the network for 

industrial and residential demand was more complex, and there exist scattered demand 

locations. 

2. The reclaimed water distribution network for the industrial and residential purpose 

was going to be laid in a developed city, and that was why it should be perfect for 

minimizing the excavation of existing roads. 

3. The reclaimed water distribution network for the irrigational purpose would be laid 

outside the city so the route would be more flexible for laying the pipes. 

5.5      Costs of Transporting Reclaimed Water 

After importing .inp file from QGIS Ghydrualics plug into EPANET, the .net file was 

prepared to run in WaternetGen (It is assumed that treated water of STP of Sayaji Garden 

is used for Sayaji garden only and so it is not included in transportation problem). 
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WaterNetGen is capable to design the pipe network using the commercial diameter of 

pipes available in the market. It also optimizes the cost of the network using the simulated 

annealing method. After completion of least cost run by WaterNetGen the nodal pressures 

obtained were higher than the set minimum pressure value desired. This problem aroused 

because in order to supply the water with designated pressure at a distant node, higher 

pressure is required at node upstream; in the vicinity to the source. It seems the algorithm 

of WaterNetGen has some limitation in considering the nodal pressure in this regard. 

Muranho et al. (2012) had mentioned that in WaterNetGen the pipe diameters were 

changed based on one of two rules: (1) the water velocity in the pipes must be below some 

maximum value; and (2) the pressure in the nodes must be above some minimum value. 

The authors stated that the minimum pressure rule was computationally harder to satisfy, 

and it is implemented as an iterative procedure. Sousa et al. (2014) mentioned that 

WaterNetGen is an extension of EPANET and uses a simulated Annealing algorithm that 

solves the least-cost design model for pipe design purposes. EPANET is a reliable and 

worldwide accepted tool for water distribution network design. Muranho et al. (2015) 

admitted that the embedding of the pressure-demand relationship into the hydraulic solver 

could lead to convergence problems. Due to any of such inherent problem in the 

WaterNetGen the nodal pressures obtained were higher than the set minimum pressure 

value desired. 

Here, lies the opportunity to reduce the available pressure by reducing diameters starting 

from the tail end and performing a trial run of the network. After reducing the diameter and 

successful hydraulic performance test, if all nodes are getting supply with required 

minimum pressure, iteration has to be stopped else to be continued till a successful supply 

is achieved at all nodes with minimum possible pressure w.r.t to set the minimum value of 

pressure. The determination of this limitation resulted from careful observation and 

guidance of the supervisor.  

Due to the above-mentioned limitation, the results may be near to optimal instead of 

optimal but not following local optima instead of global optima. The correction of pipe 

diameters by the manual method was followed by checking hydraulic performance after 

every try. So, this type of reduction in diameter is not going to create any problem in 

performance and at the same time, improve the least cost design of the network. 
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So, by trial and error, pipe diameters starting from exit point was checked and reduced till 

optimum diameters of pipes were obtained to supply minimum head of 5 ± 2 m at the exit 

point. As shown in Figure 5.8, the output of WaterNetGen least-cost design was presented 

with actual pipe diameters. Figure 5.9 depicts the output of WaterNetGen least-cost design 

with actual nodal pressures. Figure 5.10 depicted the same network after the design of pipe 

diameters without using WaterNetGen software as explained above in this section. Figure 

5.11 depicted the same network with nodal pressures after the design of pipe diameters 

without using WaterNetGen software. Table 5.5 gives the summary of variation in nodal 

pressures and cost of reclaimed water distribution network with and without using 

WaterNetGen software. 
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TABLE 5.5 

Comparison of Pressure and Cost of Reclaimed Water Distribution Network using  

WatrNetGen Software and without using WaterNetGen software 

Sr. 

No. 
Description of the network 

Using WaterNetGen software Without Using WaterNetGen software 

Node 

no. 

Maximum 

Pressure 

(m) 

Node 

no. 

Minimum 

Pressure 

(m) 

Cost of 

Network  

(Rs.) 

Node 

no. 

Maximum 

Pressure 

(m) 

Node 

no. 

Minimum 

Pressure 

(m) 

Cost of 

Network                 

(Rs.) 

1 
Industrial and residential combined 

network before VAM 
    

 
    

 

 Atladara as source T33 54.07 T101 0.11 1,05,20,70,918 T33 43.89 T101 4.60 1,02,81,06,798 

 Tarsali as source T2 66.35 T88 1.68 1,14,24,67,412 T2 58.59 T88 1.68 1,11,03,20,822 

 Kapurai as source T15 61.90 T88 0.34 1,09,91,62,343 T15 29.07 T88 1.49 1,08,42,84,517 

 Gajarawadi as source T44 64.91 T88 0.10 1,43,95,77,620 T44 64.91 T88 0.10 1,41,32,38,401 

 Rajivnagar as source T89 60.28 T40 0.15 1,20,61,66,955 T89 51.75 T40 3.06 1,19,32,76,252 

 Chhani as source T73 50.28 T39 0.89 1,01,47,77,110 T73 10.82 T39 4.11 98,65,17,907 

2 
Industrial and residential Separate 

network 
T89 37.33 T101 5.00 62,84,27,444 T89 28.80 T101 2.98 59,59,01,696 

3 Cluster Atladara - Chhani           

 Atladara as source T36 70.91 T88 15.06 48,46,80,545 T36 37.05 T88 3.64 43,84,87,784 

 Chhani as source T73 76.03 T39 26.84 51,81,38,256 T73 14.74 T39 5.00 48,55,22,977 

4 Cluster Kapurai-Gajarawadi           

 Kapurai as source T15 20.30 T67 4.78 8,73,52,011 T15 12.04 T67 4.78 8,09,54,483 

 Gajarawadi as source T44 43.03 1 -32.00 11,08,56,086 T44 42.70 1 27.03 10,72,91,015 

5 Cluster Kapurai-Gajarawadi-Rajivnagar           

 Kapurai as source T15 90.13 T101 32.63 27,90,75,095 T15 56.89 T101 5.00 26,03,52,234 

 Gajarawadi as source T44 94.36 T101 19.93 34,31,90,431 T44 79.43 T101 5.00 32,87,26,851 

 Rajivnagar as source T89 90.28 T18 45.99 27,55,35,906 T89 5.17 T18 5.00 25,53,07,620 

6 Cluster Tarsali-Kapurai-Gajarawadi           

 Tarsali as source T2 41.91 T58 5.22 18,14,92,258 T2 34.16 T58 5.22 17,62,12,394 

 Kapurai as source T15 238.18 T8 210.43 18,22,54,733 T15 22.96 T8 5.00 17,52,64,065 

 Gajarawadi as source T44 243.36 T8 209.84 21,79,64,420 T44 38.63 T8 5.11 20,86,46,627 

7 
Cluster Tarsali-Kapurai-Gajarawai-

Rajivnagar 
    

 
    

 

 Tarsali as source T2 165.75 T101 91.07 40,06,38,822 T2 4.54 T101 5.00 38,30,01,208 

 Kapurai as source T15 161.84 T101 102.69 37,24,74,565 T15 31.32 T101 5.00 35,69,41,810 
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 Gajarawadi as source T44 164.36 T101 80.37 47,44,22,177 T44 88.99 T101 5.00 45,81,67,633 

 Rajivnagar as source T89 160.28 2 70.38 41,47,33,641 T89 50.64 2 37.27 40,27,57,386 

8 
Industrial and residential combined 

network after VAM 
T89 48.28 T88 3.72 89,52,96,079 T89 39.75 T88 3.72 87,18,76,597 

9 
Irrigation network-without Chhani new 

STP 
J87 60.86 J76 4.67 1,11,86,85,364 J87 61.61 J76 11.83 1,01,53,88,448 

10 
Irrigation network-with Chhani new 

STP 
J87 60.86 J76 4.67 1,11,86,85,364 J87 22.43 J76 4.67 1,06,27,99,022 

11 Scenario 2 after VAM           

 
Industrial and residential combined 

network 
T89 43.33 T8 4.65 65,31,21,114 T89 34.80 T8 4.65 63,75,33,889 

 Irrigation network with Chhani J87 60.86 J76 4.67 1,11,86,85,364 J87 61.61 J71 21.94 93,58,69,904 

12 Scenario 3 after VAM           

 
Industrial and residential combined 

network 
T15 63.96 T88 0.16 86,05,43,225 T15 21.13 T88 4.56 83,46,87,582 

 
Irrigation network without Chhani new 

STP 
J87 58.61 J40 0.81 1,04,35,46,157 J87 58.6 J40 4.06 1,00,01,98,377 

 Irrigation network with Chhani new STP J89 49.61 J132 9.39 1,04,35,46,157 J89 29.64 J132 11.43 1,00,87,16,055 

 

Note: Only nodes with maximum and minimum pressure which could be moderated without the help of WaterNetGen software are presented in 

this Table to indicate the quantum of savings achieved by finding and correction the limitation of WaterNetGen. Numbers of other nodes were 

also updated by changing the respective diameter of pipes, and they are not presented in this table. These details can be seen using original 

WaterNetGen file given in Annexure 5.2. 
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5.5.1      All STPs Combined Network for Industrial and Residential Purpose 

 

FIGURE 5.8 

Pipe Network for Industrial and Residential Purpose with All STPs Combined by WaterNetGen 

(The original WaterNetGen file was put up on CD as Annexure 5.2.1.1) 
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FIGURE 5.9 

Pipe Network for Industrial and Residential Purpose with All STPs Combined by WaterNetGen with Nodal Pressures 

(The original WaterNetGen file was put up on CD as Annexure 5.2.1.1) 
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FIGURE 5.10 

Pipe Network for Industrial and Residential Purpose with All STPs Combined after Design of Pipes Without Using WaterNetGen 

Software (The original WaterNetGen file was put up on CD as Annexure 5.2.1.2) 
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FIGURE 5.11 

Pipe Network for Industrial and Residential Purpose with All STPs Combined after Design of Pipes Without Using WaterNetGen 

Software with Nodal Pressures (The original WaterNetGen file was put up on CD as Annexure 5.2.1.2) 
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All STPs combined network, as shown in Figure 5.8, was having the cost of Rs. 

64,32,74,766 which was reduced to Rs. 61,11,98,008 after designing pipe diameters 

without the help of WaterNetGen software, as shown in Figure 5.10. 

The same treatment was given to every .wng file prepared for analysis. To calculate the 

optimum distribution of reclaimed water to different nodes from various STPs, the 

transportation problem is required to be solved. As per section 4.5, Vogel’s approximation 

method is used to solve this transportation problem. To solve the transportation problem as 

per VAM, the cost of transporting reclaimed water from each source to all different 

destinations is required to be calculated. 

To calculate this cost, networks were prepared with each sewage treatment plant as an 

independent source supplying reclaimed water to all the destinations. So, a network with 

Atladara STP as a source to each destination was prepared first and presented in Figure 

5.12. The same way the networks with other STPs as a source to each destination were 

prepared and presented in Figures 5.13 to 5.17. 
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FIGURE 5.12 

Pipe Network for Industrial and Residential Purpose for Atladara as Source (Kindly refer Annexure 5.2.1.3 on CD) 
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FIGURE 5.13 

Pipe Network for Industrial and Residential Purpose for Tarsali as Source (Kindly refer Annexure 5.2.1.4 on CD) 
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FIGURE 5.14 

Pipe Network for Industrial and Residential Purpose for Chhani as Source (Kindly refer Annexure 5.2.1.5 on CD) 
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FIGURE 5.15 

Pipe Network for Industrial and Residential Purpose for Gajarawadi as Source (Kindly refer Annexure 5.2.1.6 on CD) 
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FIGURE 5.16 

Pipe Network for Industrial and Residential Purpose for Kapurai STP as Source (Kindly refer Annexure 5.2.1.7 on CD) 
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FIGURE 5.17 

Pipe Network for Industrial and Residential Purpose for Rajivnagar as Source (Kindly refer Annexure 5.2.1.8 on CD) 
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For all the above networks, it was considered that all the reclaimed water was being 

supplied from the respective source to all nodes and thus cost of transporting reclaimed 

water was determined as follows: 

The transportation cost of reclaimed water in the transportation linear programming 

problem consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) Primary and secondary treatment plants cost 

 b) O, M & R cost of primary and secondary treatment plants  

 c) Tertiary treatment plant cost 

 d) O, M & R cost of the tertiary treatment plant 

B) Elevated Service Reservoir cost for distribution of reclaimed water 

C) Pump cost for filling ESR 

D) Cost of pipes used for distribution network consisting of  

a) Cost of Pipe material 

b) Cost of Excavation up to 1.5m 

c) Cost of Excavation from 1.5m to 3m 

d) Cost of lowering, laying and joining the pipes 

e) Cost of providing sand bedding 

f) Cost of refilling the trenches 

g) Cost of pipe specials 

h) Cost of lowering, laying and joining pipe specials 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.1 on CD  
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 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.1 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.1 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.1 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR (MWH India Pvt. Ltd., 

2013). 

Kindly refer Annexure 5.4.1.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.1.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.1.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.1.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.1.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.1.6 on CD for Chhani as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.1.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.1.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.1.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.1.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.1.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.5.1.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network consisting of  

a) Cost of Pipe material 

The cost of pipe material per running meter was considered as per Gujarat Water 

Supply and Sewerage Board (GWSSB) SOR of 2014-15. 
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b) Cost of Excavation up to 1.5m 

The cost of excavation up to 1.5 m was considered as per GWSSB SOR of 2014-

15. The rate of excavation in soft soil and soft rocky strata was averaged to 

consider any hindrance in the excavation. 

c) Cost of Excavation from 1.5m to 3m 

d) The cost of excavation up to 3 m was considered as per GWSSB SOR of 2014-15. 

The rate of excavation in soft soil and soft rocky strata is averaged to consider any 

hindrance in the excavation. 

e) Cost of lowering, laying and joining the pipes 

The cost of lowering, laying, and joining the pipes (labor charges only) was 

considered from the GWSSB SOR of 2014-15. 

f) Cost of providing sand bedding 

The cost of providing sand bedding for 20 cm thickness was considered as per 

item no. 16 E on page number 195 of GWSSB SOR for 2014-15. 

g) Cost of refilling the trenches 

The cost of refilling the trenches was considered as per item no. 13 on page 

number 195 of GWSSB SOR for 2014-15. 

h) Cost of pipe specials 

The cost of pipe specials was considered as per item no. 8A1 on page number 177 

of GWSSB SOR for 2014-15. 

i) Cost of lowering, laying and joining pipe specials 

The cost of lowering, laying, and joining of pipe specials was considered as per 

item no. 6 on page no. 190 of GWSSB SOR for 2014-15.  

As explained above the cost of each available commercial diameter of pipes was 

calculated. 

The GWSSB SOR is given in Annexure 5.6 on CD. The per meter cost calculated 

for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated using equation, 
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𝑃 =  
𝜌𝑔𝑄𝐻

𝜂𝑝𝜂𝑚
 

Where, 

P = Power in watts, 

𝜌 = Density of water, kg/m3 

𝑔 = Gravitational acceleration constant, m/sec2 

𝑄 = Flow in m3/sec 

𝐻 = Total head acting on pump, m 

𝜂𝑝 = Pump efficiency 

𝜂𝑚 = Motor efficiency 

To calculate the power requirement, headloss obtained by WaternetGen software was used. 

Not only head loss was considered, but the differences in elevation of the two nodes were 

also considered for each pipe.  After getting the power required for pumping the rate of 

power supply was considered as Rs. 4.1 / unit as per the tariff schedule of 2016-17 and 

thus cost of pumping was calculated. It is worth to note that to calculate the headloss by 

WaternetGen software, the roughness value used was measured using the profilometer. 

The details of calculation for the cost of pumping is given as under- 

Kindly refer Annexure 5.8.1.2 on CD for Atladara as source 

Kindly refer Annexure 5.8.1.4 on CD for Tarsali as source 

Kindly refer Annexure 5.8.1.6 on CD for Kapurai as source 

Kindly refer Annexure 5.8.1.8 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.1.10 on CD for Rajivanagar as source 

Kindly refer Annexure 5.8.1.12 on CD for Chhani as source 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping following points have been 

considered. 
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1. Capital cost = ESR Cost + Pump Cost + Piping Cost 

2. Depreciation was calculated based on the Modified Accelerated Cost Recovery 

System (MACRS) method. 

3. The same amount was deposited in the sinking fund account for future planning. 

4. It was assumed that the sinking fund amount was deposited in a secured 

investment like government securities or bank FD and received an 8% interest on 

it half-yearly. 

5. This is a government project, so it was assumed that a loan is acquired for the cost 

of ESR, Pump, and Piping at 4% interest rate calculated half-yearly. 

6. Insurance cost was calculated at 0.75% of capital cost. 

7. Maintenance and repair cost was calculated at 3% of capital cost. 

8. The operator’s salary was calculated, starting from Rs. 15000 and accelerated at 

10% each year. 

9. Other charges were calculated at 0.5% of capital cost. 

Kindly refer Annexure 5.9.1.1 on CD for Atladara as source 

Kindly refer Annexure 5.9.1.2 on CD for Tarsali as source 

Kindly refer Annexure 5.9.1.3 on CD for Kapurai as source 

Kindly refer Annexure 5.9.1.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.9.1.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.9.1.6 on CD for Chhani as source 

Finally, all these costs mentioned previously were distributed on each node based on its 

demand. The final calculation of applicable cost for transportation is summarized as given 

below- 

Kindly refer Annexure 5.8.1.1 on CD for Atladara as source 

Kindly refer Annexure 5.8.1.3 on CD for Tarsali as source 

Kindly refer Annexure 5.8.1.5 on CD for Kapurai as source 

Kindly refer Annexure 5.8.1.7 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.1.9 on CD for Rajivanagar as source 

Kindly refer Annexure 5.8.1.11 on CD for Chhani as source 
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After calculating transportation cost for each source to each node final cost tableau was prepared for Vogel's approximation method is as given in 

Table 5.6. Kindly refer to Annexure 5.10.1.1 for MS-Excel file showing this tableau. 

TABLE 5.6 

Tableau for Vogel's Approximation Method for Combined Network 

  Source/ Destination Names Destinations 

Junction T1 Junction T2 Junction T3 Junction T4 Junction T8 Junction T5 Junction T6 

S
o

u
rc

e
s 

Atladara 1 1103972 1119644 1122277 1136761 1159306 1137774 1128836 

Chani 2 1195688 1211360 1211373 1227765 1238094 1216952 1207816 

Gajarawadi 3 1062067 1077740 1057585 1054502 1111376 1089845 1078420 

Kapurai 4 1073886 1089558 1088000 1110326 1127036 1098378 1089439 

Rajivnagar 5 1126683 1142356 1140798 1155282 1169874 1148343 1139404 

Tarsali 6 1050545 1066217 1068850 1091176 1112635 1083976 1072551 

  Demands in LPS 21.77 19.82 14.12 12.68 54.14 26.64 21.92 

 

Junction 

T10 

Junction 

T11 

Junction 

T12 

Junction 

T13 

Junction 

T14 

Junction 

T15 

Junction 

T16 

Junction 

T17 

Junction 

T18 

Junction 

T19 

Junction 

T20 

Junction 

T21 

1109830 1112892 1115076 1118486 1125491 1150715 1132650 1146448 1175046 1086534 1090971 1090515 

1190573 1185750 1182761 1180912 1192654 1206516 1199813 1213610 1240701 1176607 1180693 1173684 

1063902 1066086 1067631 1069948 1077524 1102177 1084683 1099056 1127654 1091073 1095160 1095704 

1072196 1070085 1067929 1066699 1078345 1098928 1090205 1104578 1133176 1107375 1111462 1113554 

1122398 1119061 1116781 1114887 1126674 1139426 1133833 1147630 1176228 1148498 1152585 1145146 

1055308 1057619 1059252 1063019 1069144 1095249 1081005 1095377 1123975 1072852 1076939 1077420 

15.35 12.2 7.5 7.53 8.59 7.9 11.53 11.43 9.37 9.34 16.87 19.4 

 

Junction 

T22 

Junction 

T23 

Junction 

T24 

Junction 

T25 

Junction 

T26 

Junction 

T27 

Junction 

T28 

Junction 

T29 

Junction 

T30 

Junction 

T31 

Junction 

T32 

Junction 

T33 

1094580 1095595 1103792 1118468 1099051 1101747 1105057 1107682 1111419 1114872 1108738 1107642 

1168477 1184766 1192838 1196308 1164458 1160266 1156042 1152640 1148791 1180667 1182924 1190812 

1100513 1099233 1109496 1110774 1106136 1109750 1113897 1117245 1122065 1122346 1114960 1112832 

1120836 1115535 1123732 1127076 1131252 1140270 1156312 1199352 1181053 1147072 1135282 1130682 

1140048 1156824 1165033 1167541 1136125 1132076 1127966 1124763 1120187 1152334 1154206 1161079 

1082065 1081148 1089345 1092690 1087494 1090798 1094992 1098405 1103414 1103704 1096511 1094548 

51.08 25.16 38.2 41.88 17.69 34.51 23.34 21.68 22.43 20.38 38.09 41.28 
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Junction 

T34 

Junction 

T35 

Junction 

T36 

Junction 

T37 

Junction 

T38 

Junction 

T39 

Junction 

T40 

Junction 

T41 

Junction 

T42 

Junction 

T43 

Junction 

T44 

Junction 

T45 

1094221 1112493 1109913 1105554 1119711 1138587 1120872 1279130 0 0 1617745 1123672 

1184294 1199040 1194105 1193914 1205065 1224508 1207628 1365677 0 0 1766700 1175119 

1098760 1117033 1114101 1110850 1121723 1140600 1126167 1283670 0 0 1185714 1073424 

1114832 1129578 1124873 1124683 1135959 1155402 1138396 1296215 0 0 1605520 1062188 

1155955 1170816 1167410 1166078 1177335 1202826 1180609 1400671 0 0 1650476 1108908 

1080540 1098812 1095881 1092766 1101572 1120449 1108083 1265449 0 0 1591762 1066652 

40.59 48.66 29.68 39.1 49.11 34.73 43.37 1.88 0 0 1.32 4.83 

 

Junction 

T46 

Junction 

T47 

Junction 

T48 

Junction 

T49 

Junction 

T50 

Junction 

T51 

Junction 

T52 

Junction 

T53 

Junction 

T54 

Junction 

T55 

Junction 

T56 

Junction 

T57 

1127894 1133055 1135336 1142496 1147631 1169410 1156611 1164356 1144801 1154919 1167429 1167475 

1173338 1170405 1226799 1167060 1165096 1197941 1183149 1190894 1185113 1184903 1197413 1196978 

1076235 1079635 1081248 1085437 1088263 1114631 1101832 1102041 1097961 1097751 1116756 1110517 

1064700 1067625 1068861 1072288 1074553 1102760 1087968 1095713 1097634 1085540 1104544 1099267 

1107128 1104106 1102418 1099521 1097713 1135879 1121086 1125642 1118375 1118165 1136960 1131683 

1069619 1069619 1071172 1075675 1078721 1108878 1094086 1098641 1088150 1088232 1107027 1100788 

11.24 10.61 7.05 12.33 11.64 6.39 9.21 9.56 14.82 7.65 10.01 8.67 

 
Junction 

T58 

Junction 

T59 

Junction 

T60 

Junction 

T61 

Junction 

T62 

Junction 

T63 

Junction 

T64 

Junction 

T65 

Junction 

T66 

Junction 

T67 

Junction 

T68 

Junction 

T69 

1174980 0 0 0 0 0 0 0 0 0 0 0 

1205926 0 0 0 0 0 0 0 0 0 0 0 

1124305 0 0 0 0 0 0 0 0 0 0 0 

1119638 0 0 0 0 0 0 0 0 0 0 0 

1145472 0 0 0 0 0 0 0 0 0 0 0 

1114576 0 0 0 0 0 0 0 0 0 0 0 

16.45 0 0 0 0 0 0 0 0 0 0 0 
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Junction 

T70 

Junction 

T71 

Junction 

T72 

Junction 

T73 

Junction 

T74 

Junction 

T81 

Junction 

T82 

Junction 

T83 

Junction 

T84 

Junction 

T85 

Junction 

T86 

Junction 

T87 

0 0 0 1131105 1122389 0 0 0 1110368 0 1147530 1138156.31 

0 0 0 1151368 1135828 0 0 0 1243309 0 1165672 1147685.57 

0 0 0 1146892 1137696 0 0 0 1100099 0 1163399 1154225.49 

0 0 0 1133953 1139584 0 0 0 1108087 0 1150378 1141204.29 

0 0 0 1111225 1106992 0 0 0 1179200 0 1122766 1114360.95 

0 0 0 1127658 1118660 0 0 0 1081929 0 11441662 1134991.65 

0 0 0 123.63 29.92 0 0 0 37.39 0 16.69 200.9 

 
Junction 

T88 

Junction 

T89 

Junction 

T90 

Junction 

T91 

Junction 

T92 

Junction 

T93 

Junction 

T94 

Junction 

T95 

Junction 

T96 

Junction 

T97 

Junction 

T98 

Junction 

T99 

1147071.66 1243714 1303739 1384064 0 0 1180556 0 1155109 1132745 1145192 1239852 

1162628.19 1173508 1220060 1300385 0 0 1157274 0 1159569 1130554 1152078 1166389 

1163279.5 1148867 1235373 1235373 0 0 1105049 0 1152390 1151140 1142473 1138713 

1151867.21 1128500 1175052 1255377 0 0 1088401 0 1122725 1107672 1114232 1121381 

1124652.54 1078270 1124548 1204873 0 0 1089890 0 1104932 1083331 1097441 1098608 

1144045.66 1142243 1188521 1268846 0 0 1096817 0 1205799 1143619 1124359 1134849 

162.04 23.15 3.05 1.5 0 0 41.42 0 27.83 25.41 108.16 38.02 

 

Junction 

T100 

Junction 

T101 

Junction 

T102 

Junction 1 Junction 2 Junction 3 Junction 4 Junction 5   

1254658 1295556 1160951 0 0 0 0 0 0 995.37037 Atladara 

1179702 1209047 1161567 0 0 0 0 0 0 243.055556 Chani 

1153519 1182864 1095392 0 0 0 0 0 0 763.888889 Gajarawadi 

1134694 1164039 1080477 0 0 0 0 0 0 1192.12963 Kapurai 

1111921 1140732 1094183 0 0 0 0 0 0 902.777778 Rajivnagar 

1148162 1177507 1086418 0 0 0 0 0 0 601.851852 Tarsali 

30.5 18.8 29.15 0 0 0 0 0 2639.514075   

        4699.074075 4699.074075  

        0.000000000   

After solving the above tableau with AMPL solver, the following results given in Table 5.7 were obtained. The same in presented in Annexure 5.10.1.2 on 

CD. 
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TABLE 5.7 

Results from AMPL Solver 

MINOS 5.51: optimal solution found. 

   209  iterations, objective 2263761593 

   ampl: display Trans 

     Trans [*,*] (tr) 

     

 

Atladara Chani Gajarawadi Kapurai Rajivnagar Tarsali 

D 851.382 243.056 486.229 965.67 93.1778 0 

T1 0 0 21.77 0 0 0 

T10 0 0 15.35 0 0 0 

T100 0 0 0 0 30.5 0 

T101 0 0 0 0 18.8 0 

T102 0 0 0 29.15 0 0 

T11 0 0 12.2 0 0 0 

T12 0 0 7.5 0 0 0 

T13 0 0 0 7.53 0 0 

T14 0 0 8.59 0 0 0 

T15 0 0 0 7.9 0 0 

T16 0 0 11.53 0 0 0 

T17 0 0 11.43 0 0 0 

T18 0 0 9.37 0 0 0 

T19 0 0 0 0 0 9.34 

T2 0 0 19.82 0 0 0 

T20 0 0 0 0 0 16.87 

T21 0 0 0 0 0 19.4 

T22 0 0 0 0 0 51.08 

T23 0 0 0 0 0 25.16 

T24 0 0 0 0 0 38.2 

T25 0 0 0 0 0 41.88 

T26 17.69 0 0 0 0 0 

T27 34.51 0 0 0 0 0 

T28 23.34 0 0 0 0 0 

T29 21.68 0 0 0 0 0 

T3 0 0 14.12 0 0 0 

T30 22.43 0 0 0 0 0 

T31 20.38 0 0 0 0 0 

T32 3.95815 0 0 0 0 34.1319 

T33 0 0 0 0 0 41.28 

T34 0 0 0 0 0 40.59 

T35 0 0 0 0 0 48.66 

T36 0 0 0 0 0 29.68 

T37 0 0 0 0 0 39.1 

T38 0 0 0 0 0 49.11 

T39 0 0 0 0 0 34.73 

T4 0 0 12.68 0 0 0 

T40 0 0 0 0 0 43.37 

T41 0 0 0 0 0 1.88 

T44 0 0 1.32 0 0 0 

T45 0 0 0 4.83 0 0 

T46 0 0 0 11.24 0 0 

T47 0 0 0 10.61 0 0 

T48 0 0 0 7.05 0 0 

T49 0 0 0 12.33 0 0 

T5 0 0 26.64 0 0 0 

T50 0 0 0 11.64 0 0 

T51 0 0 0 6.39 0 0 
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T52 0 0 0 9.21 0 0 

T53 0 0 0 9.56 0 0 

T54 0 0 0 14.82 0 0 

T55 0 0 0 7.65 0 0 

T56 0 0 0 10.01 0 0 

T57 0 0 0 8.67 0 0 

T58 0 0 0 16.45 0 0 

T6 0 0 21.92 0 0 0 

T7 0 0 14.07 0 0 0 

T73 0 0 0 0 123.63 0 

T74 0 0 0 0 29.92 0 

T8 0 0 54.14 0 0 0 

T84 0 0 0 0 0 37.39 

T86 0 0 0 0 16.69 0 

T87 0 0 0 0 200.9 0 

T88 0 0 0 0 162.04 0 

T89 0 0 0 0 23.15 0 

T9 0 0 15.21 0 0 0 

T90 0 0 0 0 3.05 0 

T91 0 0 0 0 1.5 0 

T94 0 0 0 41.42 0 0 

T96 0 0 0 0 27.83 0 

T97 0 0 0 0 25.41 0 

T98 0 0 0 0 108.16 0 

T99 0 0 0 0 38.02 0 

5.5.2      Comparision of Various Options 

After calculating optimum allocations for combined network following network, options 

were considered:   

i. Keeping all STPs separate 

ii. Combining only Ataladara and Chhani STPs 

iii. Combining only Kapurai and Gajarawadi STPs 

iv. Combining only Kapurai, Gajarawadi and Rajivnagar STPs 

v. Combining only Tarsali, Kapurai and Gajarawadi STPs 

vi. Combining only Tarsali, Kapurai, Gajarawadi and Rajivnagar STPs 

The purpose of these evaluations was to identify the optimum option for the distribution of 

treated sewage to the destinations. The results of the 1st option were compared with all 

STPs combined network option to check whether all STPs combined network cost per 

MLD was increased abruptly. When all separate networks were analyzed it was found that 

at Atladara STP the supply was more than demand and at Chhani STP demand was more 

than supply. Hence one cluster of Atladara and Chhani STP was prepared and analyzed as 

shown in option ii. The other options were selected based on the vicinity of the plants for 

the options iii, iv, v and vi.  
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The calculations of each option are presented one by one as follows: 

The transportation cost of reclaimed water in the transportation linear programming 

problem consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) Primary and secondary treatment plants cost 

 b) O, M & R cost of primary and secondary treatment plants  

 c) Tertiary treatment plant cost 

 d) O, M & R cost of the tertiary treatment plant 

B) Elevated Service Reservoir cost for distribution of reclaimed water 

C) Pump cost for filling ESR 

D) Cost of pipes used for distribution network consisting of components as described in 

section 5.5.1 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

 

All the above costs were calculated on an annual basis and discussed for each option as 

follows: 
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i.      Keeping all STPs Separate 

 

FIGURE 5.18 

All STPs Separate Network (Kindly refer Annexure 5.2.2.3 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.2 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.2 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.2 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.2 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.2.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.2.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.2.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.2.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.2.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.2.6 on CD for Chhani as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation, and the 

cost was found accordingly.  

Kindly refer Annexure 5.5.2.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.2.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.2.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.2.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.2.5 on CD for Rajivanagar as source 
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Kindly refer Annexure 5.5.2.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated as explained in section 5.5.1. 

Kindly refer Annexure 5.8.2.2 on CD for Atladara as source 

Kindly refer Annexure 5.8.2.4 on CD for Tarsali as source 

Kindly refer Annexure 5.8.2.6 on CD for Kapurai as source 

Kindly refer Annexure 5.8.2.8 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.2.10 on CD for Rajivanagar as source 

Kindly refer Annexure 5.8.2.12 on CD for Chhani as source 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.2.1 on CD for Atladara as source 

Kindly refer Annexure 5.9.2.2 on CD for Tarsali as source 

Kindly refer Annexure 5.9.2.3 on CD for Kapurai as source 

Kindly refer Annexure 5.9.2.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.9.2.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.9.2.6 on CD for Chhani as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows: 

Kindly refer Annexure 5.8.2.1 on CD for Atladara as source 

Kindly refer Annexure 5.8.2.3 on CD for Tarsali as source 



Optimization of Reclaimed Water Distribution Network 

 

207 

 

Kindly refer Annexure 5.8.2.5 on CD for Kapurai as source 

Kindly refer Annexure 5.8.2.7 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.2.9 on CD for Rajivanagar as source 

Kindly refer Annexure 5.8.2.11 on CD for Chhani as source 

As all the network were separate no need to optimizing the route of reclaimed water supply 

and directly total cost of the network was found as – 

TABLE 5.8 

Cost of Transporting Reclaimed Water by Separate Networks 

Cost, Rs. 

Atladara  Tarsali Kapurai Gajarawadi  Rajivnagar Chani Total Cost 

      
 

92,74,99,872 24,85,58,812 15,58,71,238 11,57,09,554 38,77,55,102 30,42,05,325 2,13,95,99,904 
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ii.      Combining only Ataladara and Chhani STPs 

 

FIGURE 5.19 

Atladara and Chani STP Combined Network (Kindly refer Annexure 5.2.2.3 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.3 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.3 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.3 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.3 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.3.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.3.2 on CD for Chhani as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation as 

described in section 5.5.1.  

Kindly refer Annexure 5.5.3.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.3.2 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated as explained in section 5.5.1. 

Kindly refer Annexure 5.8.3.2 on CD for Atladara as source 

Kindly refer Annexure 5.8.3.4 on CD for Chhani as source 
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F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.3.1 on CD for Atladara as source 

Kindly refer Annexure 5.9.3.2 on CD for Chhani as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows:  

Kindly refer Annexure 5.8.3.1 on CD for Atladara as source 

Kindly refer Annexure 5.8.6.3 on CD for Chhani as source 

On the base of the above calculation, the final transportation input table for AMPL solver 

was prepared, and it is given in Annexure 5.10.1.3  on CD. 

The solution received from the AMPL solver is as given in Annexure 5.10.1.4  on CD. 

The total cost of Atladara and Chhani STPs combined network + cost of Tarsali, Kapurai, 

Gajarawadi and Rajivnagar STP s network (as calculated in option i. Keeping all plants 

separate ) = Total cost of this option = Rs. 1,99,64,70,558 
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iii.      Combining only Kapurai and Gajarawadi  STPs 

 

FIGURE 5.20 

Kapurai and Gajarawadi STPs Combined Network (Kindly refer Annexure 5.2.6 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.4 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.4 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.4 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.4 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.3.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.3.4 on CD for Gajarawadi as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation as 

described in section 5.5.1.  

Kindly refer Annexure 5.5.3.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.3.4 on CD for Gajarawadi as source 

D) Cost of pipes used for distribution network  

As explained in the section, 5.5.1 costs of each available commercial diameter of pipes 

were calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated as explained in section 5.5.1. 

Kindly refer Annexure 5.8.4.2 on CD for Kapurai as source 

Kindly refer Annexure 5.8.4.4 on CD for Gajarawadi as source 

F) O, M & R cost for ESR, Pump, and Piping 
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For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.3.3 on CD for Kapurai as source 

Kindly refer Annexure 5.9.3.4 on CD for Gajarawadi as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows: 

Kindly refer Annexure 5.8.4.1 on CD for Kapurai as source 

Kindly refer Annexure 5.8.4.3 on CD for Gajarawadi as source 

On the base of the above calculation, the final transportation input table for AMPL solver 

is prepared, and it is given in Annexure 5.10.1.5  on CD. 

The solution received from the AMPL solver is given in Annexure 5.10.1.6  on CD. 

The total cost of Kapurai and Gajarawadi STPs combined network + cost of Atladra, 

Tarsali, Rajivnagar and Chhani STPs network (as calculated in option i. Keeping all plants 

separate) = Total cost of this option= Rs. 2,13,03,15,532 
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iv.      Combining only Kapurai, Gajarawadi and Rajivnagar STPs 

 

FIGURE 5.21 

Kapurai, Gajarawadi and Rajivnagar STPs Combined Network (Kindly refer Annexure 5.2.5 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.5 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.5 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.5 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.5 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.3.5 on CD for Kapurai as source 

Kindly refer Annexure 5.4.3.6 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.3.7 on CD for Rajivnagar as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation as 

described in section 5.5.1.  

Kindly refer Annexure 5.5.3.5 on CD for Kapurai as source 

Kindly refer Annexure 5.5.3.6 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.3.7 on CD for Rajivnagar as source 

D) Cost of pipes used for distribution network  

As explained in the section, 5.5.1 costs of each available commercial diameter of pipes 

were calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated as explained in section 5.5.1. 
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Kindly refer Annexure 5.8.5.2 on CD for Kapurai as source 

Kindly refer Annexure 5.8.5.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.5.6 on CD for Rajivnagar as source 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.3.5 on CD for Kapurai as source 

Kindly refer Annexure 5.9.3.6 on CD for Gajarawadi as source 

Kindly refer Annexure 5.9.3.7 on CD for Rajivnagar as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows: 

Kindly refer Annexure 5.8.5.1 on CD for Kapurai as source 

Kindly refer Annexure 5.8.5.3 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.5.5 on CD for Rajivnagar as source 

On the base of the above calculation, the final transportation input table for AMPL solver 

was prepared, and it is given in Annexure 5.10.1.7 on CD. 

The solution received from the AMPL solver is as given in Annexure 5.10.1.8 on CD. 

The total cost of Kapurai, Gajarawadi, and Rajivnagar STPs combined network + cost of 

Atladra, Tarsali and Chhani STP network (as calculated in option i. Keeping all plants 

separate ) = Total cost of this option = Rs. 2,12,19,88,570 
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v.      Combining only Tarsali, Kapurai and Gajarawadi STPs 

 

FIGURE 5.22 

Tarsali, Kapurai and Gajarawadi STPs Combined Network (Kindly refer Annexure 5.2.4 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.6 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.6 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.6 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.6 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.3.8 on CD for Tarsali as source 

Kindly refer Annexure 5.4.3.9 on CD for Kapurai as source 

Kindly refer Annexure 5.4.3.10 on CD for Gajarawadi as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation as 

described in section 5.5.1.  

Kindly refer Annexure 5.5.3.8 on CD for Tarsali as source 

Kindly refer Annexure 5.5.3.9 on CD for Kapurai as source 

Kindly refer Annexure 5.5.3.310 on CD for Gajarawadi as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 
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Kindly refer Annexure 5.8.6.2 on CD for Tarsali as source 

Kindly refer Annexure 5.8.6.4 on CD for Kapurai as source 

Kindly refer Annexure 5.8.6.6 on CD for Gajarawadi as source 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.3.8 on CD for Tarsali as source 

Kindly refer Annexure 5.9.3.9 on CD for Kapurai as source 

Kindly refer Annexure 5.9.3.10 on CD for Gajarawadi as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows: 

Kindly refer Annexure 5.8.6.1 on CD for Tarsali as source 

Kindly refer Annexure 5.8.6.3 on CD for Kapurai as source 

Kindly refer Annexure 5.8.6.5 on CD for Gajarawadi as source 

On the base of the above calculation, the final transportation input table for AMPL solver 

is prepared, and it is given in Annexure 5.10.1.9 on CD. 

The solution received from the AMPL solver is as given in Annexure 5.10.1.10 on CD. 

The total cost of Tarsali, Kapurai, and Gajarawadi STPs combined network + cost of 

Chhani, Atladara and Rajivnagar STP network (as calculated in option i. Keeping all plants 

separate ) =Total cost of this option = Rs. 2,12,32,43,621 
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vi.      Combining only Tarsali, Kapurai, Gajarawadi and Rajivnagar STPs 

 

FIGURE 5.23 

Tarsali, Kapurai, Gajarawadi and Rajivnagar STPs Combined Network 

(Kindly refer Annexure 5.2.3.1 on CD for original WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.7 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.7 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.7 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.7 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.4.1 on CD for Tarsali as source 

Kindly refer Annexure 5.4.4.2 on CD for Kapurai as source 

Kindly refer Annexure 5.4.4.3 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.4.4 on CD for Rajivanagar as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.4.1 on CD for Tarsali as source 

Kindly refer Annexure 5.5.4.2 on CD for Kapurai as source 

Kindly refer Annexure 5.5.4.3 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.4.4 on CD for Rajivanagar as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. 
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E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.7.2 on CD for Tarsali as source 

Kindly refer Annexure 5.8.7.4 on CD for Kapurai as source 

Kindly refer Annexure 5.8.7.6 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.7.8 on CD for Rajivanagar as source 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer Annexure 5.9.3.11 on CD for Tarsali as source 

Kindly refer Annexure 5.9.3.12 on CD for Kapurai as source 

Kindly refer Annexure 5.9.3.13 on CD for Gajarawadi as source 

Kindly refer Annexure 5.9.3.14 on CD for Rajivanagar as source 

Finally, all these costs mentioned above were distributed on each node based on its 

demand. The final calculation of the applicable cost for transportation is summarized as 

follows: 

Kindly refer Annexure 5.8.7.1 on CD for Tarsali as source 

Kindly refer Annexure 5.8.7.3 on CD for Kapurai as source 

Kindly refer Annexure 5.8.7.5 on CD for Gajarawadi as source 

Kindly refer Annexure 5.8.7.7 on CD for Rajivanagar as source 

On the base of the above calculation, the final transportation input table for AMPL solver 

was prepared, and it is given in Annexure 5.10.1.11 on CD. 

The solution received from the AMPL solver is as given in Annexure 5.10.1.12   on CD. 

The total cost of Tarsali, Kapurai, Gajarawadi, and Rajivnagar STPs combined network + 

cost of Chhani and Atladara network (as calculated in option i. Keeping all plants separate 

) = Total cost of this option= Rs. 2,11,67,69,130.   

All these results were summarized in Table 5.9. 
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TABLE 5.9 

Final Optimum Objective Cost of Various Options and Cost per MLD 

Sr. 

No. 
Description 

Cost, Rs. 
Total Cost, 

Rs. 

Demand 

Satisfied, 

MLD 

Cost per 

MLD, Rs. Tarsali  Kapurai Gajarawadi Rajivnagar Chani Atladara 

1 
All plants connected 

network 
2263761593 2263761593 177.945984 12721622 

           
2 

All plants separate 

network 
248558812 155871238 115709554 387755102 304205325 927499872 2139599904 152.879232 13995360 

           7 AC plus others 248558812 155871238 115709554 387755102 1088575852 1996470558 177.66915 11237013 

           6 KG plus others 248558812 262296421 387755102 304205325 927499872 2130315532 152.87923 13934630 

           5 KGR plus others 248558812 641724561 304205325 927499872 2121988570 152.87923 13880162 

           4 TKG plus others 503783321 387755102 304205325 927499872 2123243621 152.87923 13888371 

           3 TKGR and others 885063932 304205325 927499872 2116769130 152.87923 13846021 

           
Abbreviations: 

AC – Atladara and Chani STPs    KG- Kapurai and Gajarawadi STPs    KGR- Kapurai, Garjarawadi and Rajivnagar STPs 

TKG- Tarsali, Kapurai and Gajarawadi STPs TKGR - Tarsali, Kapurai, Gajarawadi and Rajivnagar STPs 
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As depicted in Table 5.9, the minimum cost of supplying reclaimed water per MLD was 

obtained for Atladara and Chhani STPs combined plus other separate STPs. In this option, 

only Atladara and Chaani sewage treatment plants were connected and all other plants 

were supplying reclaimed water independently. The second-lowest value was obtained for 

all plants connected network and in this option better reliability was obtained as all the 

plants are connected; during breakdown at one plant the reclaimed water could be diverted 

from other nearby plants and hence reliability was increased. Looking at all these aspects, 

all STPs combined network is chosen for better reliability.  Based on the allocations 

obtained from AMPL output, the revised network was prepared. In this revised network, 

the supply of reclaimed water was chosen to meet with the allocated supply exactly by 

designing ESRs, closing valves, and introducing new pipes wherever needed. 
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All STPs Combined Network afterAMPL for Industrial and Residential Purpose 

 

FIGURE 5.24 

All STPs Combined Network after AMPL Output as per Allocated Supplies for Industrial and Residential Purpose  

(Kindly refer Annexure 5.2.8.1 on CD for orIginal WaterNetGen file)
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The cost of the final reclaimed water network for industrial and residential purpose 

consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) Primary and secondary treatment plants cost 

 b) O, M & R cost of primary and secondary treatment plants  

 c) Tertiary treatment plant cost 

 d) O, M & R cost of the tertiary treatment plant 

B) Elevated Service Reservoir cost for distribution of reclaimed water 

C) Pump cost for filling ESR 

D) Cost of pipes used for distribution network consisting of components as described in 

section 5.5.1 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.1.1 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.1.1 on CD 

 c) Tertiary treatment plant cost 

Kindly refer Annexure III on Page No. 320 and Annexure 5.3.1.1 on CD 

 d) O, M & R cost of the tertiary treatment plant 

Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.1.1 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.5.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.5.2 on CD for Tarsali as source 
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Kindly refer Annexure 5.4.5.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.5.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.5.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.5.6 on CD for Chhani as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation, and the 

cost of the pump was calculated accordingly.  

Kindly refer Annexure 5.5.5.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.5.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.5.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.5.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.5.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.5.5.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 87,18,76,597 from WaterNetGen file 

given in Annexure 5.2.8.1. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 

Kindly refer  Annexure 5.8.8.2 on CD for pumping costs. 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. 

Kindly refer  Annexure 5.9.4.1 for calculation of O, M & R cost for ESR, Pump, and 

Piping. 
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5.5.3      Transportation Cost of Reclaimed Water for Irrigational Purpose 

After the calculation of the final transportation cost of reclaimed water for Industrial and 

residential purposes, transportation cost of reclaimed water for the irrigational purpose was 

calculated. 

While collecting the data from VMSS, it was found that there exists certain uncertainty 

about one new 35 MLD STP going to be constructed. The uncertainty was regarding its 

date of construction and place of construction. It was assumed that the new STP will be 

constructed at Chhani and will be functional by the year 2020. 

There will be no change in industrial and residential purpose reclaimed water network as 

the AMPL output did not allocate any supply from Chhani. There will be a change in only 

an irrigation purpose network, so both the possibilities were taken into account. 

The cost of the reclaimed water distribution network for irrigation purpose consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) Primary and secondary treatment plants cost 

 b) O, M & R cost of primary and secondary treatment plants  

B) Elevated Service Reservoir cost for distribution of reclaimed water 

C) Pump cost for filling ESR 

D) Cost of pipes used for distribution network consisting of components as described in 

section 5.5.1 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis and discussed for each option as 

follows: 
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5.5.3.1      Transportation Cost of Reclaimed Water for Irrigational Purpose Without Chhani New STP 

 

FIGURE 5.25 

The Reclaimed Water Distribution Network for Irrigational Purpose Without Chhani New STP  

(Kindly refer Annexure 5.2.9.1 on CD for Orginal WaterNetGen file) 
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A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.2.1 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.2.1 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.6.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.6.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.6.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.6.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.6.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.6.6 on CD for Chhani as source ( Considering the capacity of 

existing Chhani STP) 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.6.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.6.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.6.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.6.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.6.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.6.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD.  The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 1,01,53,88,448. 
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E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.9.2 on CD for pumping cost 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. Kindly refer to Annexure 5.9.5.1 on CD.  
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5.5.3.2      Transportation Cost of Reclaimed Water for Irrigational Purpose with Chhani New STP 

 

FIGURE 5.26 

The Reclaimed Water Distribution Network for Irrigational Purpose with Chhani New STP  

(Kindly refer Annexure 5.2.9.2 on CD for Orginal WaterNetGen file) 
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All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) Primary and secondary treatment plants cost 

Kindly refer Annexure I on Page No. 295 and Annexure 5.3.2.2 on CD  

 b) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.2.2 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.7.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.7.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.7.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.7.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.7.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.7.6 on CD for Chhani as source (Considering the capacity of 

existing and new Chhani STPs) 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.7.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.7.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.7.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.7.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.7.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.7.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 
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calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 1,06,27,99,022. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.9.4 on CD for pumping cost 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. Kindly refer Annexure 5.9.6.1 on CD.  

5.5.4      Various Scenarios Considered for Costing 

As discussed above all types of costs had been taken into account for the calculation of the 

cost of reclaimed water, but different schools of economics have different views on them, 

and even different aspects of cost accounting vary from place to place and case to case. 

Therefore three types of scenarios were considered as follows: 

1. Scenario 1. 

Here all types of costs, as discussed above, are considered. 

2. Scenario 2 

The majority of sewage treatment plants have already existed. Therefore as per the 

marginal costing approach, their cost was historical cost. So it should not be a part of 

costing to reclaimed water. Another view is, to give required quality and quantity of 

water to public as well as to treat the wastewater before disposal is the responsibility 

of government, and so the cost incurred should not be charged to the public directly. In 

fact, it is compulsory cost, so capital cost and O, M & R costs of plants are not taken 

into consideration. For simplicity, the capital cost of new and proposed STPs are also 

not considered. The only cost of pipes, ESR, pump and O.M & R cost of the same and 

pumping cost is taken into consideration.  

3. Scenario 3  

The other view is all capital costs must be borne by the government as the government 

is responsible for providing the basic facilities to the public and for the same, it is 
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bound to have all capital assets with them. Only O, M & R costs are charged as per the 

usage to the public. 

5.5.4.1 Scenario 2: Considering only ESR, Pump, Piping and Pumping Cost 

In scenario 2 cost of reclaimed water for Industrial and residential purposes as well as for 

Irrigational purpose was calculated. 

 

 



Results and Analysis 

236 

 

Scenario 2: Cost of Reclaimed Water for Industrial and Residential Purpose 

 

FIGURE 5.27 

The Reclaimed Water Distribution Network for Industrial and Residential Purpose for Scenario 2 

(Kindly refer Annexure 5.2.10.1 on CD for Orginal WaterNetGen file) 
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For this option only ESR, pump and piping cost alongwith pumping cost and O, M & R 

cost of the same were considered in the final file prepared for the applicable cost. The 

details of this calculation are given in Annexure 5.8.10. 

Based on the above calculation, the final transportation input table for AMPL solver was 

prepared, and it is given in Annexure 5.10.2.1  on CD. 

The solution received from AMPL solver is given in Annexure 5.10.2.2   on CD. 

After getting output from AMPL solver, a new network was prepared as per the allocations 

obtained from AMPL solver, and network cost was calculated as follows: 

The transportation cost of reclaimed water in the transportation linear programming 

problem consists of  

A) Elevated Service Reservoir cost for distribution of reclaimed water 

B) Pump cost for filling ESR 

C) Cost of pipes used for distribution network as described in section 5.5.1 

D) Pumping cost for distributing reclaimed water 

E) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Elevated Service Reservoir cost for distribution of reclaimed water  

Kindly refer Annexure 5.4.8.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.8.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.8.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.8.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.8.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.4.8.6 on CD for Chhani as source 

B) Pump cost for filling ESR 

Kindly refer Annexure 5.5.8.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.8.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.8.3 on CD for Kapurai as source 
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Kindly refer Annexure 5.5.8.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.8.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.8.6 on CD for Chhani as source 

C) Pumping cost 

The power required for pumping is calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.10A.2 on CD for pumping cost for the network prepared after 

VAM output from AMPL software. 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 63,75,33,889. 

E) O, M & R cost for ESR, pump, and piping 

Kindly refer Annexure 5.9.7.1 on CD for detailed calculations 
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Scenario 2: Cost of Reclaimed Water for Irrigation Purpose 

 

FIGURE 5.28 

The Reclaimed Water Distribution Network for Irrigational Purpose with Chhani New STP 

(Kindly refer Annexure 5.2.10.2 on CD for Orginal WaterNetGen file) 



Results and Analysis 

240 

 

The transportation cost of reclaimed water consists of  

A) Elevated Service Reservoir cost for distribution of reclaimed water 

B) Pump cost for filling ESR 

C) Cost of pipes used for distribution network as described in section 5.5.1 

D) Pumping cost for distributing reclaimed water 

E) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Elevated Service Reservoir cost for distribution of reclaimed water   

Kindly refer Annexure 5.4.9.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.9.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.9.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.9.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.9.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.4.9.6 on CD for Chhani as source 

B) Pump cost for filling ESR 

Kindly refer Annexure 5.5.9.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.9.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.9.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.9.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.9.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.9.6 on CD for Chhani as source 

C) Pumping cost 

Kindly refer Annexure 5.8.11.4  on CD for detailed calculation 

D) Cost of pipes used for distribution network  

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 
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calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 1,06,27,99,022. 

E) O, M & R cost for ESR, pump, and piping 

Kindly refer Annexure 5.9.8.1 on CD for detailed calculations 

5.5.4.2      Scenario 3: Considering only O, M &R Costs 

In scenario 3 the cost of reclaimed water for Industrial and residential purposes as well as 

for Irrigational purpose was calculated. 
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Scenario 3: Cost of Reclaimed Water for Industrial and Residential Purpose 

 

FIGURE 5.29 

The Reclaimed Water Distribution Network for Industrial and Residential Purpose for Scenario 3 

(Kindly refer Annexure 5.2.11.1 on CD for Orginal WaterNetGen file) 
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For this option O, M & R cost of primary, secondary, and tertiary treatment plants; of ESR, 

pump, and piping were considered along with pumping cost in the final file prepared for 

the applicable cost. The details of this calculation are given in Annexure 5.8.13. 

On the base of the above calculation, the final transportation input table for AMPL solver 

was prepared, and it is given in Annexure 5.10.3.1 on CD. 

The solution received from the AMPL solver is given in Annexure 5.10.3.2   on CD. 

After getting output from AMPL solver, a new network was prepared as per the allocations 

obtained from AMPL solver, and network cost was calculated as follows: 

The cost of the final reclaimed water network for industrial and residential purpose 

consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) O, M & R cost of primary and secondary treatment plants  

 b) O, M & R cost of the tertiary treatment plant 

B) Elevated Service Reservoir cost for distribution of reclaimed water (for calculation of 

O, M & R cost of ESR, Pump, and Piping) 

C) Pump cost for filling ESR (for calculation of O, M & R cost of ESR, Pump, and Piping) 

D) Cost of pipes used for distribution network as described in section 5.5.1 (for calculation 

of O, M & R cost of ESR, Pump, and Piping) 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.3.1 on CD 

 b) O, M & R cost of tertiary treatment plants 

          Kindly refer Annexure IV on Page No. 322 and Annexure 5.3.3.1 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water (for calculation of 

O, M & R cost of ESR, Pump, and Piping) 
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The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.10.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.10.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.10.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.10.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.10.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.10.6 on CD for Chhani as source 

C) Pump Cost (for calculation of O, M & R cost of ESR, Pump, and Piping) 

The HP of the pump was found out using the pump power requirement equation, and cost 

of the pump was calculated accordingly.  

Kindly refer Annexure 5.5.10.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.10.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.10.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.10.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.10.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.5.10.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network (for calculation of O, M & R cost of ESR, 

Pump, and Piping) 

As explained in section 5.5.1 cost of each available commercial diameter of pipes was 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs.83,46,87,582. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping was calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.12.2 on CD for pumping cost for the network prepared after 

VAM output from AMPL software. 

F) O, M & R cost for ESR, Pump, and Piping 
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For calculating O, M & R cost for ESR, Pump, and Piping method as described in section 

5.5.1 was considered. 

Kindly refer Annexure 5.9.9.1 on CD for Atladara as source 

Kindly refer Annexure 5.9.9.2 on CD for Tarsali as source 

Kindly refer Annexure 5.9.9.3 on CD for Kapurai as source 

Kindly refer Annexure 5.9.9.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.9.9.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.9.9.6 on CD for Chhani as source 
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Scenario 3: Cost of Reclaimed Water for Irrigational Purpose (without Chhani new STP) 

 

FIGURE 5.30 

The Reclaimed Water Distribution Network for Irrigational Purpose for Scenario 3 without Chhani New STP 

(Kindly refer Annexure 5.2.11.2.1 on CD for Orginal WaterNetGen file)



Optimization of Reclaimed Water Distribution Network 

 

247 

 

The cost of the reclaimed water distribution network for irrigation purpose under scenario 

3 consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) O, M & R cost of primary and secondary treatment plants  

B) Elevated Service Reservoir cost for distribution of reclaimed water (for calculation of 

O, M & R cost of ESR, Pump, and Piping) 

C) Pump cost for filling ESR (for calculation of O, M & R cost of ESR, Pump, and Piping) 

D) Cost of pipes used for distribution network as described in section 5.5.1 (for calculation 

of O, M & R cost of ESR, Pump, and Piping) 

E) Pumping cost for distributing reclaimed water 

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure 5.3.4.1 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water (for calculation of 

O, M & R cost of ESR, Pump, and Piping) 

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.11.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.11.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.11.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.11.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.11.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.11.6 on CD for Chhani as source 

C) Pump Cost (for calculation of O, M & R cost of ESR, Pump, and Piping) 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.11.1 on CD for Atladara as source 
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Kindly refer Annexure 5.5.11.2 on CD for Tarsali as source 

Kindly refer Annexure 5.5.11.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.11.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.11.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.11.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network (for calculation of O, M & R cost of ESR, 

Pump, and Piping) 

As explained in the section, 5.5.1 costs of each available commercial diameter of pipes 

were calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from the “Network Pipe List” command output as Rs. 1,00,01,98,377. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping is calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.14.2 on CD for pumping cost 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. Kindly refer Annexure 5.9.10.1 on CD. 
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Scenario 3: Cost of Reclaimed Water for Irrigational Purpose (with Chhani New STP) 

 

FIGURE 5.31 

The Reclaimed Water Distribution Network for Irrigational Purpose for Scenario 3 with Chhani New STP 

(Kindly refer Annexure 5.2.11.2.2 on CD for Orginal WaterNetGen file)



Results and Analysis 

250 

 

The cost of the reclaimed water distribution network for irrigation purpose under scenario 

3 consists of: 

A) Cost of reclaimed water which in turn consists of- 

 a) O, M & R cost of primary and secondary treatment plants  

B) Elevated Service Reservoir cost for distribution of reclaimed water (for calculation of 

O, M & R cost of ESR, Pump, and Piping) 

C) Pump cost for filling ESR (for calculation of O, M & R cost of ESR, Pump, and Piping)  

D) Cost of pipes used for distribution network as described in section 5.5.1 (for calculation 

of O, M & R cost of ESR, Pump, and Piping) 

E) Pumping cost for distributing reclaimed water  

F) O, M & R cost of ESR, Pump, and Piping 

All the above costs were calculated on an annual basis as follows: 

A) Cost of reclaimed water which in turn consists of  

 a) O, M & R cost of primary and secondary treatment plants 

Kindly refer Annexure-II on Page No. 315 and Annexure .4.2 on CD 

B) Elevated Service Reservoir cost for distribution of reclaimed water  

The mass curve method was used to determine the capacity of ESR. 

Kindly refer Annexure 5.4.12.1 on CD for Atladara as source 

Kindly refer Annexure 5.4.12.2 on CD for Tarsali as source 

Kindly refer Annexure 5.4.12.3 on CD for Kapurai as source 

Kindly refer Annexure 5.4.12.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.4.12.5 on CD for Rajivanagar as source 

Kindly refer Annexure 5.4.12.6 on CD for Chhani as source 

C) Pump Cost 

The HP of the pump was found out using the pump power requirement equation.  

Kindly refer Annexure 5.5.12.1 on CD for Atladara as source 

Kindly refer Annexure 5.5.12.2 on CD for Tarsali as source 
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Kindly refer Annexure 5.5.12.3 on CD for Kapurai as source 

Kindly refer Annexure 5.5.12.4 on CD for Gajarawadi as source 

Kindly refer Annexure 5.5.12.5 on CD for Rajivanagar as source  

Kindly refer Annexure 5.5.12.6 on CD for Chhani as source 

D) Cost of pipes used for distribution network  

As explained in section, 5.5.1 costs of each available commercial diameter of pipes were 

calculated. The GWSSB SOR is given in Annexure 5.6 on CD. The per meter costs 

calculated for DI pipes are given in Annexure 5.7 on CD. The cost of piping was obtained 

from “Network Pipe List” command output as Rs. 1,00,87,16,055. 

E) Pumping cost for distributing reclaimed water 

The power required for pumping is calculated, as explained in section 5.5.1. 

Kindly refer Annexure 5.8.15.2 on CD for pumping cost 

F) O, M & R cost for ESR, Pump, and Piping 

For calculating O, M & R cost for ESR, Pump, and Piping, the method, as described in 

section 5.5.1, was considered. Kindly refer Annexure 5.9.11.1 on CD.  

5.6      Selling Price of Reclaimed Water 

After deriving various costs, the selling price of reclaimed water was determined as 

follows: 

For calculation of selling price, cost as per the respective scenario was taken and a 15% 

margin of profit on cost was added. 

5.6.1      Scenario 1: Calculation of Selling Price Considering All Costs 

For scenario 1 considering all costs, selling price was calculated for Industrial and 

residential purposes as well as for Irrigational purposes. 

5.6.1.1      Selling Price for Industrial and Residential Purpose 

Selling price for Industrial and residential purpose was determined as follows (Kindly refer 

Annexure 5.8.8.1 for detailed calculation):
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5.6.1.2      Selling Price for Irrigational Purpose 

After calculating the selling price for the industrial and residential network, the selling 

price for the irrigation network was calculated as follows. 

1) For purpose of Irrigation without Chhani new STP  (Kindly refer Annexure 5.8.9.1 for 

detailed calculation): 

1 Total supply in MLD 223.309 Kindly refer Annexure 5.13.1.3 on CD 

2 
Annual cost of primary and secondary treatment 

plant including O, M & R, Rs. 413041418 Kindly refer Annexure 5.3.2.1 on CD  

3 Total ESR cost, Rs. 407720000 Kindly refer Annexure 5.5.6.8 on CD 

4 Total piping cost, Rs. 1015388449 Kindly refer Annexure 5.2.9.1 on CD 

5 Total Pump cost, Rs. 10015543 Kindly refer Annexure 5.5.6.8 on CD 

6 Total capital cost of Piping, ESR & Pump, Rs. 1433123992 Sum of 2, 4 and 5 

7 After applying CRF annual cost, Rs. 115490308 

Multiplication of 6 with CRF =  

0.080586 

8 Total  pumping cost, Rs. 36538332 Kindly refer Annexure 5.8.9.2 on CD 

9 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 80471414 Kindly refer Annexure 5.9.5.1 on CD 

 
 

   TOTAL APPLICABLE COST, Rs. 645541472 

    FINAL APPLICABLE COST, Rs./MLD 2890799  =        7.92 Rs./KL 

  

   

+       1.19 15% Profit 

 

   

=         9.11 

Final selling price           

Rs. / KL 

 

  

Say 9.00     Rs. / KL 

 

 

1 Total supply, MLD 177.946 

Kindly refer Annexure 5.13.1.5 on 

CD 

2 Annual cost of primary and secondary 

treatment plant including O, M & R, Rs. 278161627 Kindly refer Annexure 5.3.1.1 on CD  

3 Annual cost of tertiary treatment including O, 

M & R, Rs. 1793451767 Kindly refer Annexure 5.3.1.1 on CD 

4 Total ESR cost, Rs. 309600000 Kindly refer Annexure 5.5.5.7 on CD 

5 Total piping cost, Rs. 871876597 Kindly refer Annexure 5.2.8.1 on CD 

6 Total Pump cost, Rs. 6370000 Kindly refer Annexure 5.5.5.7 on CD 

7 Total capital cost of Piping, ESR & Pump, Rs. 1187846597 Sum of 2, 4 and 5 

8 After applying CRF annual cost of Piping, ESR 

& Pump, Rs. 95724285 

Multiplication of 6 with CRF =  

0.080586 

9 Total  pumping cost, Rs. 25729757 Kindly refer Annexure 5.8.8.2 on CD 

10 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 66945285 Kindly refer Annexure 5.9.4.1 on CD 

TOTAL APPLICABLE COST, Rs. 2260012722 

   FINAL APPLICABLE COST,  Rs./MLD 12700554 =      34.80 Rs./KL 

 

    

      +    5.22 15% Profit 

 

    

      =    40.02 

Final selling 

price/KL 

   

Say             40.00 Rs. /KL 
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2) For purpose of Irrigation with Chhani new STP (Kindly refer Annexure 5.8.9.3 for detailed 

calculations): 

1 Total supply, MLD 223.309 Kindly refer Annexure 5.13.1.3 on CD 

2 
Annual cost of primary and secondary treatment 

plant including O, M & R, Rs. 470771914 Kindly refer Annexure 5.3.2.2 on CD  

3 Total ESR cost, Rs. 479500000 Kindly refer Annexure 5.5.7.8 on CD 

4 Total piping cost, Rs. 1062799022 Kindly refer Annexure 5.2.9.2 on CD 

5 Total Pump cost, Rs. 10140000 Kindly refer Annexure 5.5.7.8 on CD 

6 Capital Cost of Piping, ESR & Pump, Rs. 1552439022 Sum of 2, 4 and 5 

7 After applying CRF Annual cost, Rs. 125105477 

Multiplication of 6 with CRF =  

0.080586 

8 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 
87051190 Kindly refer Annexure 5.9.6.1 on CD 

9 Total  pumping cost,  Rs. 35336617 Kindly refer Annexure 5.8.9.4 on CD 

 
 

                     

  TOTAL APPLICABLE COST, Rs. 718265198 

    FINAL APPLICABLE COST, Rs./MLD 3216463 =           8.81 Rs./KL 

  

   

+        1.32 15% Profit 

 

   

=         10.13 

Final selling 

price/KL 

 

  

Say 10.00    Rs./KL 

5.6.2      Scenario 2: Calculation of Selling Price Considering Costs of ESR, Piping, 

Pump and Pumping only 

For scenario 2, the selling price was calculated for Industrial and Residencial purposes as 

well as for Irrigational purposes. 

5.6.2.1      Calculation of Selling Price for Industrial and Residencial Purpose 

Based on the above calculations, the final selling price was calculated as follows: 

Kindly refer Annexure 5.8.10A.1 on CD for detailed calculations. 

1 Total supply, MLD 177.946 Kindly refer Annexure 5.13.1.3 on CD 

2 Total ESR cost, Rs. 321020000 Kindly refer Annexure 5.5.8.7 on CD 

3 Total piping cost, Rs. 637533889 Kindly refer Annexure 5.2.10.1 on CD 

4 Total Pump cost, Rs. 6405000 Kindly refer Annexure 5.5.8.7 on CD 

5 Total Capital Cost of ESR, Piping & Pump, Rs. 964958889 Sum of 2, 4 and 5 

6 

After applying CRF annual cost of the same, Rs. 77762566 

Multiplication of 6 with CRF =  

0.080586 

7 Total  pumping cost, Rs. 25729757 

Kindly refer Annexure 5.8.10A.2 on 

CD 

8 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 
53228864 Kindly refer Annexure 5.9.7.1 on CD 

 
 

   TOTAL APPLICABLE COST,  Rs. 156721188 

    FINAL APPLICABLE COST, Rs./MLD 880723 =         2.41 Rs./KL 

  

   

+         0.36 15% Profit 

  

   

=         2.77 Selling price/KL 

 

   

Say      3 Rs./KL 

 



Results and Analysis 

254 

 

5.6.2.2    Calculation of Selling Price for Irrigational Purpose: (with Chhani new STP) 

Kindly refer Annexure 5.8.11.3 on CD for detailed calculations. 

1 Total supply, MLD 223.309 

Kindly refer Annexure 5.13.1.3 on 

CD 

2 Total ESR cost, Rs. 460540000 Kindly refer Annexure 5.5.9.7 on CD 

3 Total piping cost, Rs. 1062799022 

Kindly refer Annexure 5.2.10.2 on 

CD 

4 Total Pump cost, Rs. 8421000 Kindly refer Annexure 5.5.9.7 on CD 

5 Total capital cost of Piping, ESR & Pump, Rs. 1531760022 Sum of 2, 4 and 5 

6 After applying CRF annual cost, Rs. 123439031 

Multiplication of 6 with CRF =  

0.080586 

7 Total  pumping cost, Rs. 35336617 

Kindly refer Annexure 5.8.11.4  on 

CD 

8 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 
77486156 Kindly refer Annexure 5.9.8.1 on CD 

 
 

               

  TOTAL APPLICABLE COST,  Rs. 236261804 

    

FINAL APPLICABLE COST,  Rs./MLD 1058004 
=         2.90 

Rs./K

L 

  

   

+         0.43 15% Profit 

 

   

=         3.33 Final selling price/KL 

    Say 3  Rs. /KL  

5.6.3      Scenario 3: Calculation of Selling Price Considering O, M & R Cost only  

For scenario 3 calculation of selling price was done for Industrial and Residential purpose 

as well as irrigational purpose. 

5.6.3.1      Calculation of Selling Price for Industrial and Residential Purpose 

Kindly refer Annexure 5.9.9.7 for calculation of O, M & R cost for ESR, Pump, and Piping 

considered in the calculation of selling price for the network obtained after VAM output 

from AMPL software. 

After deriving all these costs for the final network prepared based on AMPL solver output, 

the selling price of reclaimed water was determined. Selling price for Industrial and 

residential purpose under scenario 3 is summarized in Annexure 5.8.12.1 on CD and is as 

follows: 
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1 
Total supply, MLD 177.946 

Kindly refer Annexure 5.13.1.3 on 

CD 

2 O, M & R cost of primary and secondary 

treatment plants,  Rs. 18722416 Kindly refer Annexure 5.9.8.1 on CD 

3 O, M & R cost of the tertiary treatment plant,  

Rs. 1335605508 Kindly refer Annexure 5.3.3.1 on CD 

4 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 
64648478 Kindly refer Annexure 5.9.9.7 on CD 

5 Total  pumping cost, Rs. 34443974 

Kindly refer Annexure 5.8.12.2 on 

CD 

      TOTAL APPLICABLE COST, Rs. 1453420376 

   FINAL APPLICABLE COST, Rs./MLD 8167761 =           22.38 Rs./KL 

 

    

+          3.36 

15% 

Profit 

 

    

=           25.73 

Final selling 

price/KL 

   

Say 26 Rs./KL 

 

5.6.3.2      Calculation of Selling Price for Irrigational Purpose 

1) Calculation of selling price for Irrigational purpose (without Chhani new STP) 

To determine selling price calculation was based on the cost of reclaimed wastewater as follows 

and presented in Annexure 5.8.14.1 on CD.: 

1 Total supply, MLD 223.309 

Kindly refer Annexure 5.13.1.3 on 

CD 

2 O, M & R cost of primary and secondary 

treatment plants,  Rs. 140696748 Kindly refer Annexure 5.3.4.1 on CD 

3 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 78802358 

Kindly refer Annexure 5.9.10.1 on 

CD 

4 Total  pumping cost, Rs. 40036312 

Kindly refer Annexure 5.8.14.2 on 

CD 

    TOTAL APPLICABLE COST, Rs. 259535418 

   FINAL APPLICABLE COST, Rs./MLD 1162226 =           3.18 Rs./KL 

 

    

+          0.48 15% Profit 

    

=           3.66 Final selling price/KL 

   

Say 4 Rs./KL 

 

2) Calculation of selling price for the irrigational purpose (with Chhani new STP) 

To determine selling price calculation was based on the cost of reclaimed wastewater as follows 

and presented in Annexure 5.8.15.1 on CD: 

1 Total supply, MLD 223.309 

Kindly refer Annexure 5.13.1.3 on 

CD 

2 O, M & R cost of primary and secondary 

treatment plants,  Rs. 150976115 Kindly refer Annexure 5.3.4.2 on CD 

3 Total O, M & R cost for Piping, ESR & Pump, 

Rs. 
83313800 

Kindly refer Annexure 5.9.11.1 on 

CD 

4 Total  pumping cost, Rs. 38420256 

Kindly refer Annexure 5.8.15.2 on 

CD 

 
 

   TOTAL APPLICABLE COST, Rs. 272710171 
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 FINAL APPLICABLE COST, Rs./MLD 1221223 =             3.35 Rs./KL 

  

   

+            0.50 15% Profit 

 

   

=              3.85 

Final selling 

price/KL 

 

  

Say  4 Rs./KL 

 

5.7      Internal Rate of Return 

As discussed in section 4.6 to analyze the economic feasibility internal rate of return (IRR) 

method was used. 

To get IRR both cash inflow and outflow were needed, and the major cash inflow, in this 

case, was selling price of reclaimed wastewater. 

As reclaimed wastewater is used for industrial and residential, and irrigational purpose, the 

freshwater which was otherwise required to be used is saved. The cost of this saved fresh 

water will be considered as cash inflow. 

As discussed in section 5.5.3 there is some uncertainty prevailing about new STP so the 

Internal Rate of Return was also calculated for both the options (without considering 

Chhani new STP and considering Chhani new STP). 

As discussed in section 4.6.2, it was assumed that 15% of customers are not ready to 

purchase the reclaimed water, so they are considered for negative pricing. So IRR was 

calculated for both the options –without negative pricing and with negative pricing. 

For calculation of the Internal rate of return, all the cash inflows and outflows during the 

life cycle of 30 years were considered. Following are some important points considered in 

the calculation: 

1) It was assumed that 75% of the capital was a loan taken from Bank and repayment was 

made of amortization @ 7% 

2) Depreciation was calculated by the MACRS method half-yearly and transferred to the 

sinking fund for future requirements. 

3) Interest obtainable on sinking fund was @ 4% half-yearly (assuming savings account) 
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4) Interest lost on seed capital, which is 25% of total capital was calculated @ 4% 

(assuming savings account) annually, which could be earned otherwise. 

5) The insurance amount was 0.75% of capital cost annually. 

6) Other charges were assumed @ 0.5% of capital cost annually. 

5.7.1      Scenario 1: Internal Rate of Return Considering All Costs  

In scenario 1 all costs were considered, and IRR was calculated for different options as 

follows: 

5.7.1.1      Calculation of Internal Rate of Return (Without Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair kindly refer Annexure 5.3.1 for O, M 

& R  cost of plants and Annexure 5.9.4.1 and 5.10.4.1 for O, M & R cost for piping, ESR 

and pump. 

2) For pumping cost kindly refer Annexure 5.8.8.2 and 5.8.9.2 

3) Operators’ salary was calculated for 8 operators @15000 monthly. 

4) The selling price was 40 Rs. /KL for residential and industrial purposes and 9 Rs. /KL 

for irrigation purposes.  

4) The saved freshwater cost was calculated @ 26 Rs. /KL for industrial and residential 

purpose and @ 0.5 Rs. /KL for irrigation purposes which were based on the rate charged 

by Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

Internal rate of return based on the above considerations was 21.49% 

Kindly refer Annexure 5.12.1.1 for detailed calculations. 

Taken into account, 15% of customers with negative pricing, selling price at 15% discount, 

for the industrial and residential purpose was calculated @ 30 Rs. /KL and for irrigational 

purpose @ 7 Rs. /KL, respectively. The internal rate of return was 14.69% for the option.
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Kindly refer Annexure 5.12.1.2 for detailed calculation. 

This value of 21.49% as IRR is very good for the feasibility of the project. The Asian 

Development Bank or such reputed institutions consider the project as feasible if IRR is 

higher than 11%. Thus even in case of negative pricing IRR is 14.69%, the option is 

economically feasible. 

5.7.1.2      Calculation of Internal Rate of Return (With Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair refer Annexure 5.3.1 for O, M & R 

cost of plants and Annexure 5.9.4.1 and 5.9.6.1 for O, M & R cost for piping, ESR and 

pump. 

2) For pumping, cost refer Annexure 5.8.8.2 and 5.8.9.4 

3) Operators’ salary was calculated for 9 operators @15000 monthly 

4) The selling price was Rs. 40/KL for residential and industrial purposes and Rs. 10/KL 

for irrigation purposes.  

5) The saved freshwater cost was calculated @ 26 Rs. /KL for industrial and residential 

purpose and @ 0.5 Rs. /KL for irrigation purposes which was based on the rate charged by 

Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

Final Internal rate of return based on the above calculation is 19.82 % 

Kindly refer Annexure 5.12.2.1 for detailed calculation. 

Taken into account, 15% customer with negative pricing, selling price at 15% discount,  

for the industrial and residential purpose was calculated @ 30 Rs. /KL and for irrigational 

purpose @ 7 Rs. /KL, respectively. The internal rate of return was 13.44% for the option. 

Kindly refer Annexure 5.12.2.2 for detailed calculation. 

The IRR value for the option without Chhani new STP was 20.64%, and with Chhani new 

STP, it was 19.82% (with negative pricing they are 14.08% and 13.44% respectively). The 
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value of IRR without Chhani new STP option was a little bit higher compared with Chhani 

new STP option, due to an increase in capital investment with Chhani new STP option. 

Still, with Chhani new STP option the IRR value obtained as 19.82% (with negative 

pricing option 13.44%) was good enough because the Asian Development Bank or such 

reputed institutions consider the project as feasible if IRR is higher than 11 %, thus renders 

the option economically feasible. 

5.7.2      Scenario 2: Calculation of Internal Rate of Return Considering ESR, Pump, 

Piping, and Pumping Cost Only 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) The insurance amount was 0.75% of capital cost annually. 

2) For pumping cost kindly refer Annexure 5.8.11.4. 

3) Operators’ salary was calculated for 9 operators @15000 monthly. 

4) For the cost of operation, maintenance and repair cost kindly refer Annexure 5.9.8.1. 

5) The selling price was 3 Rs. / KL for residential and industrial purposes and 3 Rs./ KL 

for irrigation purposes.  

6)  The saved freshwater cost was calculated @ 26 Rs. / KL for industrial and residential 

purpose and @ 0.5 Rs. / KL irrigation purpose which was based on the rate charged by 

Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

The internal rate of return for this option is not feasible. For detailed calculation kindly 

refer Annexure 5.12.3.1. 

It was observed that the cost of treatment plants and their O, M & R costs were very high, 

especially in case of cost of reclaimed water for the industrial and residential purposes 

where additional treatment was done. No IRR could be obtained in this scenario because of 

this reason, and so this option was not economically feasible. As it was not feasible, no 

calculation for with Chhani new plant or with negative pricing was carried out. 
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5.7.3      Scenario 3: Calculation of Internal Rate of Return Considering only             

O, M & R cost 

Scenario 3 considers only O M &R cost and pumping cost, which is running cost. 

5.7.3.1      Calculation of Internal Rate of Return (Without Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair cost kindly refer Annexure 5.9.10.1 

for total O, M & R cost for Piping, ESR & Pump and 5.3.4.1 for annual O, M & R cost of 

the primary and secondary treatment plant. 

2) For pumping, cost refers  Annexure 5.8.14.2.  

3) Operators’ salary was calculated for 8 operators @15000 monthly. 

4) The selling price was Rs. 26. /KL for residential and industrial purposes and Rs. 4/KL  

for irrigation purposes.  

5) The saved freshwater cost was calculated @ 26Rs/KL for industrial and residential 

purposes and @0.5 Rs./KL for irrigation purposes which were based on the rate charged by 

Sardar  Sarovar  Narmada Nigam Ltd. for the same purpose. 

The final Internal rate of return on based on the above calculation is 11.09%. For detailed 

calculations kindly refer Annexure 5.12.4.1. 

Taken into account, 15% of the customer with negative pricing, selling price at 15% 

discount for industrial and residential purposes was calculated @19 Rs. /KL and for 

irrigational purpose @3 Rs. /KL, respectively. The internal rate of return is 6.52% for the 

option. 

Kindly refer Annexure 5.12.4.2 for detailed calculation. 

5.7.3.2      Calculation of Internal Rate of Return (With Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 
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1) For the cost of operation, maintenance and repair kindly refer Annexure 5.9.11.1 for 

total O, M & R cost for Piping, ESR & Pump and 5.3.4.2 for annual O, M & R cost of the 

primary and secondary treatment plant. 

2) For pumping, cost refer Annexure 5.8.15.2.  

3) Operators’ salary was calculated for 9 operators @15000 monthly. 

4) The selling price was Rs. 26/KL for residential and industrial purposes and Rs. 4/KL for 

irrigation purposes.  

5) The saved freshwater cost was calculated @ 26Rs/KL for industrial and residential 

purposes and @0.5 Rs./KL for irrigation purposes which were based on the rate charged by 

Sardar  Sarovar  Narmada Nigam Ltd. for the same purpose. 

The final Internal rate of return on based on the above calculation was 9.62%. For detailed 

calculation kindly refer Annexure 5.12.5.1. 

Taken into account, 15% of customer with negative pricing, selling price at 15%discount 

for the industrial and residential purpose was calculated @19 Rs. /KL and for irrigational 

purpose @3Rs/KL respectively. The internal rate of return is 5.29% for the option. 

Kindly refer Annexure 5.12.5.2 for detailed calculation. 

In this scenario, IRR was 10.60% without Chhani new plant and 9.62%with Chhani new 

plant (with negative pricing of 6.16% and 5.29% respectively). Thus it was not 

economically good or profit-making as per the criteria of Asian Development Bank or 

other reputed financial Institutions. However, water is a basic facility that should be 

provided by the Government at a highly subsidized rate. 

Various Scenarios regarding pricing 

As discussed earlier, there are different schools of economics having different approaches 

for costing, same way there are different approaches for pricing too. So scenarios 4 and 5 

were considered for analyzing them. 
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4. Scenario 4 

One school of economics says that prices are not based on cost, but demand and supply 

elasticity in the market. So the other best available option was taken into account to check 

elasticity or economic feasibility, which is water from Sardar Sarovar Narmada Nigam 

Limited (SSNNL). So, the price of SSNNL water is taken into account as the selling price. 

5. Scenario 5  

In this scenario, saved freshwater cost was taken based on selling price itself. 

5.7.4      Scenario 4: Calculation of Internal Rate of Return Considering SSNNL 

Selling Price 

The data for industrial-grade water and irrigation grade water from SSNNL had been collected and 

it was converted to 2020 prices which were coming to be Rs. 26 for Industrial purposes and Rs. 0.5 

for irrigational purposes. 

5.7.4.1      Calculation of Internal Rate of Return (Without Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair cost kindly refer Annexure 5.3.1 for O, M & R 

cost of plants and Annexure 5.9.4.1 and 5.10.4.1 for O, M & R cost for piping, ESR and pump. 

2) For pumping costs kindly refer Annexure 5.8.8.2 and 5.8.9.2. 

3) Operators’ salary was calculated for 8 operators @15000 monthly 

4) The selling price was 26 Rs. /KL for residential and industrial purposes and 0.5 Rs.  /KL for 

agriculture and irrigation purposes.  

5) The saved freshwater cost was calculated @ 26 Rs. /KL for industrial and residential purpose 

and @ 0.5 Rs. /KL for agriculture and irrigation purposes which were based on rates charged by 

Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

The internal rate of return based on the above considerations is 8.67%. For detailed calculation 

kindly refer Annexure 5.12.6.1. 
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Taken into account, 15% of customer with negative pricing, selling price at 15%discount for 

industrial and residential purposes was calculated @19 Rs. /KL and for irrigational purpose @ 0.5 

Rs. /KL, respectively. The internal rate of return is 4.46% for the option. 

Kindly refer Annexure 5.12.6.2 for detailed calculation. 

5.7.4.2      Calculation of Internal Rate of Return (With Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair cost refer Annexure 5.3.1 for O, M & 

R cost of plants and Annexure 5.9.4.1 and 5.10.4.1for O, M & R cost for piping, ESR and 

pump. 

2) For pumping, cost refer Annexure 5.8.8.2 and 5.8.9.2 

3) Operators’ salary was calculated for 9 operators @15000 monthly 

4) The selling price is 26 Rs. /KL for residential and industrial purposes and 0.5 Rs. /KL 

for agriculture and irrigation purpose.  

5) Saved freshwater cost is calculated @ 26 Rs. /KL for industrial and residential purpose 

and @ 0.5 Rs./KL for agriculture and irrigation purposes which were based on the rate 

charged by Sardar Sarovar Narmada Nigam Ltd. for the same purpose. 

The internal rate of return based on the above considerations is 7.34%. For detailed 

calculation kindly refer Annexure 5.12.7.1. 

Taken into account, 15% of the customer with negative pricing, selling price at 

15%discount for the industrial and residential purpose was calculated @19 Rs. /KL and for 

irrigational purpose @0.5Rs/KL respectively. The internal rate of return is 3.29%for the 

option. 

Kindly refer Annexure 5.12.7.2 for detailed calculation. 

In this scenario, IRR is 8.25% for without Chhani new plant and 7.34%with Chhani new 

plant(with negative pricing 4.14% and 3.29% respectively). Thus it is not economically 

good or profit-making as per criteria of Asian Development Bank or other reputed 
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financial Institution. However, water is a basic facility which should be provided by the 

Government, and in this case, IRR shows that it can survive with moderate profit.  

5.7.5      Scenario 5: Calculation of Internal Rate of Return 

Scenario 5 is considering saved freshwater cost as per selling prices 

5.7.5.1      Calculation of Internal Rate of Return (Without Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 

1) For the cost of operation, maintenance and repair cost kindly refer Annexure 5.3.1 for  

O, M & R costs of plants and Annexure 5.9.4.1 and 5.10.4.1 for O, M & R cost for piping, 

ESR and pump. 

2) For pumping cost kindly refer Annexure 5.8.8.2 and 5.8.9.2 

3) Operators’ salary was calculated for 8 operators @15000 monthly. 

4) The selling price was 40 Rs. /KL for residential and industrial purposes and 9 Rs. /KL 

for agriculture and irrigation purpose.  

5) The saved freshwater cost was calculated @ 40 Rs. /KL for industrial and residential 

purposes and @10 Rs. /KL for agriculture and irrigation purposes which are based on 

selling price for the same purpose. 

The final Internal rate of return on based on the above calculation was 34.14%. For 

detailed calculation kindly refer Annexure 5.12.8.1. 

Taken into account, 15% of customer with negative pricing, selling price at 15%discount 

for the industrial and residential purpose was calculated @30Rs. /KL and for irrigational 

purpose @7Rs/KL respectively. The internal rate of return is 27.39%for the option. 

Kindly refer Annexure 5.12.8.2 for detailed calculation. 

5.7.5.2      Calculation of Internal Rate of Return (With Chhani New STP) 

In addition to considerations for calculation of IRR as per section 5.7 following points 

were taken into account. 
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1) For the cost of operation, maintenance and repair cost refer Annexure 5.3.1 for  O, M & 

R cost of plants and Annexure 5.9.4.1 and 5.10.4.1 for O, M & R cost for piping, ESR and 

pump. 

2) For pumping, cost refer Annexure 5.8.8.2 and 5.8.9.2 

3) Operators’ salary was calculated for 9 operators @15000 monthly 

4) The selling price was Rs. 40/KL for residential and industrial purposes and Rs. 10/KL 

for agriculture and irrigation purposes.  

5) The saved freshwater cost was calculated @ 40 Rs. /KL for industrial and residential 

purpose and @10 Rs./KL for agriculture and irrigation purpose which are based on selling 

price for the same purpose. 

The internal rate of return based on the above considerations was 32.27%. For detailed 

calculation kindly refer Annexure 5.12.9.1. 

Taken into account, 15% of customer with negative pricing, selling price at 15%discount 

for the industrial and residential purpose was calculated @30 Rs. /KL and for irrigational 

purpose @ 7 Rs. /KL, respectively. The internal rate of return is 26.02% for the option. 

Kindly refer Annexure 5.12.9.2 for detailed calculation. 

In this scenario, IRR is 34.14% for without Chhani new plant and 32.27%with Chhani new 

plant (with negative pricing 26.31% and 26.02% respectively). Thus it is economically the 

best option as per criteria of Asian Development Bank or other reputed financial 

Institutions.  

TABLE 5.10 

Comparison of IRR With and Without Considering Chhani New Plant for  

Different Scenarios 

Description 

Without Considering Chhani New STP Considering Chhani New STP 

Without Negative 

Pricing 

With Negative 

Pricing 

Without Negative 

Pricing 

With Negative 

Pricing 

Scenario 1 20.64% 14.69% 19.82% 13.44% 

Scenario 2 NA NA NA NA 

Scenario 3 10.60% 6.52% 9.62% 5.29% 

Scenario 4 8.25% 4.46% 7.34% 3.29% 

Scenario 5 34.14%. 27.39% 32.27% 26.02% 
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Table 5.10 can be represented as Fig. 5.32. 

 

FIGURE 5.32 

Comparison of IRR With and Without Considering Chhani new STP for  

Different Scenarios and Negative Pricing 

As depicted from Table 5.10, IRR for scenario 5 is 34.14% without considering Chhani 

new STP, and it is 32.27% considering Chhani new STP. When negative pricing is 

considered IRR is 27.39% and 26.02% respectively. Thus, scenario 5 is the optimum 

option for deciding the selling price of reclaimed water. 

5.8      Sensitivity Analysis 

Every project brings risk factors with them. In economic terms, it is called elasticity. 

Mainly three types of elasticities are there, 

1. Demand elasticity 

2. Supply elasticity 

3. Price elasticity
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In this case, supply cannot vary as the capacities of sewage treatment plants are fixed. The 

all possible future variations are inquired and included in this study, so only two variations 

are possible, namely Demand elasticity and Price elasticity. 

5.8.1.      Demand Elasticity 

Demand may increase or decrease due to population change, availability of freshwater, 

weather conditions, distribution of industrial and agricultural areas, public perception for 

reclaimed water, etc. so the results have been tested for demand variation of 5%, 10%, and 

15% increase as well as a decrease in demand. 

This analysis was done for scenario 1, considering all costs. 

The result of demand elasticity for industrial and residential purposes, considering all 

costs, was as under. 

Kindly refer Annexure 5.11 for detailed calculations. 

Table 5.11 

Cost of Combined Network Considering All Costs for Variation in Demand 

Description Value,  Rs. 

Combined Network Cost 2,26,37,61,593 

Cost with 5%  increase in demands 2,27,52,76,250 

     "        10%  increase in demands 2,28,37,88,712 

     "        15%  increase in demands 2,29,16,67,670 

     "          5% decrease in demands 2,26,32,62,266 

     "        10% decrease in demands 2,25,73,35,453 

     "        15% decrease in demands 2,25,25,63,181 

 

Table 5.12 

Variation in Optimal Output for Cost with Compare to Variation in Demand 

% Variation in Demand % Variation in AMPL Optimal Output 

0 0 

5 0.51 

10 0.88 

15 1.23 

-5 -0.02 

-10 -0.28 

-15 -0.49 

 

Table 5.12 can be represented as Fig.5.33. 
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FIGURE 5.33 

Graphical Representation of Variation in Optimal Cost Compare to  

Variation in Demand 

As % variation in AMPL optimal output varies from -0.02 % to 1.23%, it was considered 

as negligible for practical considerations. Therefore no further calculations for the cost of 

reclaimed water for the irrigational purpose were carried out, and the internal rate of return 

was not calculated for an increase and decrease in demand by 5%, 10%, and 15%. 

Thus it is observed that up to 15% of demand variation, the change in internal rate of return 

is negligible. 

5.8.2      Price Elasticity 

Price may increase or decrease due to the government’s decision based on various 

variables. So the optimum result has been tested for variation of 5%, 10%, and 15% 

increase as well as a decrease in selling price. 
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The sensitivity analysis had been carried out for scenario 5, only for price elasticity. 

Selling price for variation of 5%, 10%, and 15% are as under: 

5.8.2.1      Price Calculation 

Scenario 5 

1) 5%, 10% and 15% variation in selling price for industrial and residential purpose 

Table 5.13 depicts 5%, 10%, and 15% variation in selling price for industrial and 

residential purpose. 

TABLE 5.13 

5%, 10% and 15% Variation in Selling Price for Industrial and Residential Purpose 

Original selling price,  

Rs./KL 
Variation, Percentage 

Variation in Selling 

Price,  Rs. 

Final Selling Price, 

Rs./KL 

40.00 

(Refer section 5.6.1.1) 

5% increase 2.00 42.00 

10% increase 4.00 44.00 

15% increase 6.00 46.00 

5% decrease -2.00 38.00 

10% decrease -4.00 36.00 

15% decrease -6.00 34.00 

 

2) 5%, 10% and 15% variation in selling price for irrigational purpose: 

Without Chhani new STP 

Table 5.14 depicts 5%, 10%, and 15% variation in selling price for irrigational purposes.  

TABLE 5.14 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price 

After Rounding 

Off, Rs./KL 

9.00 

(Refer section 

5.6.1.2) 

5% increase 0.45 9.45 9.00 

10% increase 0.90 9.90 10.00 

15% increase 1.35 10.35 10.00 

5% decrease -0.45 8.55 9.00 

10% decrease -0.90 8.10 8.00 

15% decrease -1.35 7.65 8.00 

 

With Chhani new STP 

Table 5.15 gives 5%, 10% and 15% variation in selling price for irrigational purpose.  
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TABLE 5.15 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price 

After Rounding 

Off, Rs./KL 

10.00 

(Refer section 

5.6.1.2) 

5% increase 0.50 10.50 11.00 

10% increase 1.00 11.00 11.00 

15% increase 1.50 11.50 12.00 

5% decrease -0.50 9.50 10.00 

10% decrease -1.00 9.00 9.00 

15% decrease -1.50 8.50 9.00 

 

In scenario 5, saved freshwater cost was taken as per the price of reclaimed water instead 

of price as per SSNNL for calculation of IRR.   

The internal rate of return is a tool to carry out sensitivity analysis. 

5.8.3      Internal Rate of Return 

Taking into account, prices from section 5.8.2.1 and costs from section 5.5 IRR was 

calculated as discussed in section 5.7 (without negative pricing factor). 

For without Chhani new STP 

Scenario 5 

For 5% increase in selling price kindly refer Annexure 5.12.8 3 

For 10% increase in selling price kindly refer Annexure 5.12.8.4 

For 15% increase in selling price kindly refer Annexure 5.12.8.5 

For 5% decrease in selling price kindly refer Annexure 5.12.8.6 

For 10% decrease in selling price kindly refer Annexure 5.12.8.7 

For 15% decrease in selling price kindly refer Annexure 5.12.8.8 

For with Chhani new STP 

Scenario 5 

For 5% increase in selling price kindly refer Annexure 5.12.9 3 

For 10% increase in selling price kindly refer Annexure 5.12.9.4 

For 15% increase in selling price kindly refer Annexure 5.12.9.5 
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For 5% decrease in selling price kindly refer Annexure 5.12.9.6 

For 10% decrease in selling price kindly refer Annexure 5.12.9.7 

For 15% decrease in selling price kindly refer Annexure 5.12.9.8 

The output of IRR calculation as discussed above (without Chhani new STP) for price 

variation is presented in Table 5.16: 

Table 5.16 

Variation in IRR Compare to Variation in Price for Scenario 5  

(Without Chhani New STP) 

Description 

Internal Rate of Return 

Original 

Selling Price 

Variation in Selling Price 

5% 10% 15% -5% -10% -15% 

Scenario 5 34.14% 37.43% 39.43% 40.43% 32.14% 28.85% 27.85% 

 

Table 5.16can be represented as Fig. 5.34. 

 

FIGURE 5.34 

Graphical Representation of IRR for Variation of Price in Different Scenarios 

Without Chhani New STP 

Scenario 5
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The output of IRR calculation as discussed above (with Chhani new STP) for price 

variation is presented in Table 5.17: 

Table 5.17 

Variation in IRR Compare to Variation in Price for Various Scenarios 

(With Chhani New STP) 

Description 

Internal Rate of Return 

Original  

Selling Price 

Variation in Selling Price 

5% 10% 15% -5% -10% -15% 

Scenario 5 32.27% 35.30% 37.12% 38.04% 30.44% 27.41% 26.50% 

 

Table 5.17 can be represented as Fig. 5.35. 

 

FIGURE 5.35 

Graphical Representation of IRR for Variation of Price in  

Different Scenarios with Chhani New STP 

The minimum value of IRR for a 15% decrease in selling price is 26.50%, which is much 

higher than 11% as the Asian Development Bank requirement. Thus, sensitivity analysis 

for variation in selling price does not affect the profitability. 
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5.9      Decision Making Under Risk and Uncertainty 

Two types of uncertainties are studied here. 

1) Uncertainty about Chhani new STP  

2) Customer’s acceptance for the use of reclaimed water 

A comparison of IRR is a tool to evaluate both the uncertainties for different scenarios. 

The calculations of selling price and Internal Rate of Return and decision making under 

risk and uncertainty are as under. 

5.9.1      Calculation of Selling Prices 

Scenario 1: 

1) 5%, 10% and 15% variation in selling price for industrial and residential purpose 

Table 5.18 depicts 5%, 10%, and 15% variation in selling price for industrial and 

residential purpose. 

TABLE 5.18 

5%, 10% and 15% Variation in Selling Price for Industrial and Residential Purpose 

Original Selling Price,  

Rs./KL 
Variation, Percentage 

Variation in Selling 

Price,  Rs. 

Final Selling Price, 

Rs./KL 

40.00 

(Refer section 5.6.1.1) 

5% increase 2.00 42.00 

10% increase 4.00 44.00 

15% increase 6.00 46.00 

5% decrease -2.00 38.00 

10% decrease -4.00 36.00 

15% decrease -6.00 34.00 

 

2) 5%, 10% and 15% variation in selling price for irrigational purpose: 

Without Chhani new STP 

Table 5.19 depicts 5%, 10%, and 15% variation in selling price for irrigational purpose.  

TABLE 5.19 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

9.00 

(Refer section 

5.6.1.2) 

5% increase 0.45 9.45 9.00 

10% increase 0.90 9.90 10.00 

15% increase 1.35 10.35 10.00 

5% decrease -0.45 8.55 9.00 

10% decrease -0.90 8.10 8.00 

15% decrease -1.35 7.65 8.00 
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With Chhani new STP 

Table 5.20 gives 5%, 10% and 15% variation in selling price for irrigational purposes.  

TABLE 5.20 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

10.00 

(Refer section 

5.6.1.2) 

5% increase 0.50 10.50 11.00 

10% increase 1.00 11.00 11.00 

15% increase 1.50 11.50 12.00 

5% decrease -0.50 9.50 10.00 

10% decrease -1.00 9.00 9.00 

15% decrease -1.50 8.50 9.00 

 

Scenario 2 

1) 5%, 10% and 15% variation in selling price for industrial and residential purpose 

Table 5.21 depicts 5%, 10%, and 15% variation in selling price for industrial and 

residential purpose. 

TABLE 5.21 

5%, 10% and 15% Variation in Selling Price for Industrial and Residential Purpose 

Original Selling 

Price,  Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Final Selling 

Price, Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

3.00 

(Refer section 

5.6.2.1) 

5% increase 0.15 3.15 3.00 

10% increase 0.30 3.30 3.00 

15% increase 0.45 3.45 3.00 

5% decrease -0.15 2.75 3.00 

10% decrease -0.30 2.50 3.00 

15% decrease -0.45 2.55 3.00 

 

2) 5%, 10% and 15% variation in selling price for irrigational purpose: 

Without Chhani new STP 

Table 5.22 depicts 5%, 10%, and 15% variation in selling price for irrigational purposes.  

TABLE 5.22 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

2.00 

(Refer section 

5.6.2.2) 

5% increase 0.10 2.10 2.00 

10% increase 0.20 2.20 2.00 

15% increase 0.30 2.30 2.00 

5% decrease -0.10 1.90 2.00 

10% decrease -0.20 1.80 2.00 

15% decrease -0.30 1.70 2.00 
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With Chhani new STP 

Table 5.23 gives 5%, 10% and 15% variation in selling price for irrigational purposes.  

TABLE 5.23 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price,  Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Final Selling 

Price, Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

3.00 

(Refer section 

5.6.2.2) 

5% increase 0.15 3.15 3.00 

10% increase 0.30 3.30 3.00 

15% increase 0.45 3.45 3.00 

5% decrease -0.15 2.75 3.00 

10% decrease -0.30 2.50 3.00 

15% decrease -0.45 2.55 3.00 

 

Scenario 3 

1) 5%, 10% and 15% variation in selling price for industrial and residential purpose 

Table 5.24 depicts 5%, 10%, and 15% variation in selling price for industrial and 

residential purposes. 

TABLE 5.24 

5%, 10% and 15% Variation in Selling Price for Industrial and Residential Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price,  

Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

26.00 

(Refer section 

5.6.3.1) 

5% increase 1.30 27.30 27.00 

10% increase 2.60 28.60 29.00 

15% increase 3.90 29.90 30.00 

5% decrease -1.30 24.70 25.00 

10% decrease -2.60 23.40 23.00 

15% decrease -3.90 22.10 22.00 

 

2) 5%, 10% and 15% variation in selling price for irrigational purpose:  

With and without Chhani new STP 

Table 5.25 gives 5%, 10% and 15% variation in selling price for irrigational purposes.  

TABLE 5.25 

5%, 10% and 15% Variation in Selling Price for Irrigational Purpose 

Original Selling 

Price, Rs./KL 

Variation, 

Percentage 

Variation in 

Selling Price, Rs. 

Selling Price, 

Rs./KL 

Final Selling Price after 

Rounding off, Rs./KL 

4.00 

(Refer section 

5.6.3.2) 

5% increase 0.20 4.20 4.00 

10% increase 0.40 4.40 4.00 

15% increase 0.60 4.60 5.00 

5% decrease -0.20 3.80 4.00 

10% decrease -0.40 3.60 4.00 

15% decrease -0.60 3.40 3.00 
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Scenario 4 

In scenario 4, the selling price was considered as per SSNNL rate, so it is not a case for 

price elasticity. 

Scenario 5 

1) 5%, 10% and 15% variation in selling price for industrial and residential purpose  

It is given in section 5.8.2.1, Table 5.13. 

2) 5%, 10% and 15% variation in selling price for irrigational purpose: 

Without Chhani new STP 

It is given in section 5.8.2.1, Table 5.14. 

With Chhani new STP 

It is given in section 5.8.2.1, Table 5.15. 

In scenario 5 saved freshwater cost was taken as per price of reclaimed water instead of 

price as per SSNNL for calculation of IRR.   

After considering selling prices as discussed above the internal rate of return for various 

scenarios was determined. 

5.9.2  Internal Rate of Return for Various Scenarios 

Taking into account prices from section 5.10.1 and costs from section 5.5, IRR was 

calculated as discussed in section 5.7. 

For without Chhani new STP 

Scenario 1 

For 5% increase in selling price kindly refer Annexure 5.12.1.3 

For 10% increase in selling price kindly refer Annexure 5.12.1.4 

For 15% increase in selling price kindly refer Annexure 5.12.1.5 
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For 5% decrease in selling price kindly refer Annexure 5.12.1.6 

For 10% decrease in selling price kindly refer Annexure 5.12.1.7 

For 15% decrease in selling price kindly refer Annexure 5.12.1.8 

Scenario 2 

In this scenario, IRR could not be obtained. 

Scenario 3 

For 5% increase in selling price kindly refer Annexure 5.12.4.3 

For 10% increase in selling price kindly refer Annexure 5.12.4.4 

For 15% increase in selling price kindly refer Annexure 5.12.4.5 

For 5% decrease in selling price kindly refer Annexure 5.12.4.6 

For 10% decrease in selling price kindly refer Annexure 5.12.4.7 

For 15% decrease in selling price kindly refer Annexure 5.12.4.8 

Scenario 4 

In this scenario selling price of reclaimed water was considered as per SSNNL price of 

freshwater and hence the variation of 5%,10%, and 15% is not applicable in this case. 

Scenario 5 

For 5% increase in selling price kindly refer Annexure 5.12.8 3 

For 10% increase in selling price kindly refer Annexure 5.12.8.4 

For 15% increase in selling price kindly refer Annexure 5.12.8.5 

For 5% decrease in selling price kindly refer Annexure 5.12.8.6 

For 10% decrease in selling price kindly refer Annexure 5.12.8.7 

For 15% decrease in selling price kindly refer Annexure 5.12.8.8 

For with Chhani new STP 

Scenario 1 

For 5% increase in selling price kindly refer Annexure 5.12.2.3 
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For 10% increase in selling price kindly refer Annexure 5.12.2.4 

For 15% increase in selling price kindly refer Annexure 5.12.2.5 

For 5% decrease in selling price kindly refer Annexure 5.12.2.6 

For 10% decrease in selling price kindly refer Annexure 5.12.2.7 

For 15% decrease in selling price kindly refer Annexure 5.12.2.8 

Scenario 2 

In this scenario, IRR could not be obtained. 

Scenario 3 

For 5%increase in selling price kindly refer Annexure 5.12.5.3 

For 10% increase in selling price kindly refer Annexure 5.12.5.4 

For 15% increase in selling price kindly refer Annexure 5.12.5.5 

For 5% decrease in selling price kindly refer Annexure 5.12.5.6 

For 10% decrease in selling price kindly refer Annexure 5.12.5.7 

For 15% decrease in selling price kindly refer Annexure 5.12.5.8 

Scenario 4 

In this scenario selling price of reclaimed water was considered as per SSNNL price of 

freshwater and hence the variation of 5%,10%, and 15% is not applicable in this case. 

Scenario 5 

For 5% increase in selling price kindly refer Annexure 5.12.9 3 

For 10% increase in selling price kindly refer Annexure 5.12.9.4 

For 15% increase in selling price kindly refer Annexure 5.12.9.5 

For 5% decrease in selling price kindly refer Annexure 5.12.9.6 

For 10% decrease in selling price kindly refer Annexure 5.12.9.7 

For 15% decrease in selling price kindly refer Annexure 5.12.9.8 

The output of IRR as obtained in the above Annexures in each scenario (without Chhani 

new STP) for price variation is presented in Table 5.26: 
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Table 5.26 

Variation in IRR Compare to Variation in Price for Various Scenarios 

(without Chhani new STP) 

Description 

Internal Rate of Return 

Original 

Selling Price 

Variation in Selling Price 

5% 10% 15% -5% -10% -15% 

Scenario 1 21.49% 23.00% 25.69% 27.19% 19.99% 17.27% 15.74% 

Scenario 2 NA 

Scenario 3 11.09% 12.16% 14.32% 15.99% 10.01% 7.67% 5.71% 

Scenario 4 8.67% NA 

Scenario 5 34.14% 37.43% 39.43% 40.43% 32.14% 28.85% 27.85% 

 

Table 5.26 can be represented as Fig.5.36. 

 

FIGURE 5.36 

Graphical Representation of IRR for Variation of Price in  

Different Scenarios without Chhani New STP 
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The output of IRR as obtained in above Annexures in each scenario (with Chhani new 

STP) for price variation is presented in Table 5.27: 

Table 5.27 

Variation in IRR Compare to Variation in Price for Various Scenarios 

(with Chhani New STP) 

Description 

Internal Rate of Return 

Original  

Selling Price 

Variation in Selling Price 

5% 10% 15% -5% -10% -15% 

Scenario 1 19.82% 21.77% 23.66% 25.60% 18.44% 15.94 % 14.53% 

Scenario 2 NA 

Scenario 3 9.62% 10.62% 12.64% 14.19% 8.60% 6.38% 4.50% 

Scenario 4 7.34% NA 

Scenario 5 32.27% 35.30% 37.12% 38.04% 30.44% 27.41% 26.50% 

 

Table 5.27 can be represented as Fig. 5.37. 

 

FIGURE 5.37 

Graphical Representation of IRR for Variation of Price in Different Scenarios  

with Chhani New STP 
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The uncertainty regarding the public acceptance of the reclaimed water was dealt with the 

concept of negative pricing. 15% of the customers were considered to reject the reclaimed 

water, and negative pricing was considered for these customers. The results of IRR are 

with and without negative pricing are summarized in Table 5.28: 

TABLE 5.28 

Comparison of IRR With and Without Considering 

Chhani New Plant for Different Scenarios 

  

N1 N2 N3 N4 

 
Description 

Without Considering Chhani New 

STP 
Considering Chhani New STP 

 

Without Negative 

Pricing 

With Negative 

Pricing 

Without Negative 

Pricing 

With Negative 

Pricing 

S1 Scenario 1 20.64% 14.69% 19.82% 13.44% 

S2 Scenario 2 NA NA NA NA 

S3 Scenario 3 10.60% 6.52% 9.62% 5.29% 

S4 Scenario 4 8.25% 4.46% 7.34% 3.29% 

S5 Scenario 5 34.14%. 27.39% 32.27% 26.02% 

 

Taking into account the above results, now it is time to decide pricing theory – which 

theory of pricing is better for future decisions. For this decision making, statistical criteria 

as discussed in section 4.7 are used, and values are calculated for decision making as 

follows. 

1) Optimistic criterion: The calculation is carried out as discussed in section 4.7and shown 

in Table 5.29. 

2) Pessimistic criterion: Here, the calculation is carried out as discussed in section 4.7 and 

shown in Table 5.29. 

3) The criterion of rationality: Here, the calculation is carried out as discussed in section 

4.7 and shown in Table 5.29. 

4) Minimax Regret criterion: Here, the calculation is carried out as discussed in section 4.7 

and shown in Table 5.30. 

For detailed calculations kindly refer Annexure 5.14. 
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Table 5.29 

Decision-Making Table with Maxmin, Maximax and Equal Probability Approach 

 

Pessimistic 

(maxmin) Value 
Optimistic (maximax) Value 

Equal Probability Value 

=1/n(P1+P2+….+Pn) 

S1 13.44% 20.64% 17.15 

S2 NA NA NA 

S3 5.29% 10.60% 8.01 

S4 3.29% 8.25% 5.84 

S5 26.02% 34.14%. 29.62 

 

Table 5.30 

Minimum Regret Approach for Decision Making 

 

N1 N2 N3 N4 
 

 

Regret Regret Regret Regret Maximum Regret 

S1 12.45% 12.58% 12.16% 12.70% 12.70% 

S2 NA NA NA NA NA 

S3 22.65% 20.73% 22.20% 20.87% 22.65% 

S4 24.93% 22.73% 24.55% 22.93% 24.93% 

S5 0.00% 0.00% 0.00% 0.00% 0.00% 

 

Thus, the results of each approach reveal that scenario 5 is the best option under the risk 

and uncertainty, and scenario 5 must be chosen to decide the selling price. 

5.10      Closure 

Considering the data collected and methodology explained in previous chapters, the exact 

values of industrial, residential, and irrigational demands were identified with earmarked 

areas and other required inputs. Determination of accurate friction factor by direct 

measurement of roughness for cement mortar lined DI pipes has been accomplished. The 

measured value of the roughness parameter mean peak to valley height Rz varied from 

0.0037mm to 0.0378 mm. The relationship between friction factor f and Reynolds number 

Re was developed for cement mortar lined DI pipes. A Mathematical Programming 

Language (AMPL) software was used for optimal distribution of reclaimed water flows 

from different STPs to end-user nodes. After selecting the optimal pattern of distribution of 

sewage least-cost design of reclaimed water distribution network for Industrial and 

Residential Purpose was carried out with the help of WaterNetGen software. Costs of 

transporting reclaimed water were found out considering various options and scenarios 

based on key parameters. After arriving at costs, selling prices for all scenarios considered 

were determined by adding a 15% margin. The internal rate of return was determined for 

different scenarios, and economic feasibility was evaluated. Based on IRR the best 



Decisioon Making Under Risk and Undertainity 

283 

 

alternative was chosen and accordingly prices were determined. A sensitivity analysis was 

carried out to check the robustness of the results. Ultimately the factors of risk and 

uncertainty were addressed, and decision making under these factors was demonstrated. 
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CHAPTER 6 

Conclusions and Recommendations 

6.0      Introduction 

The present research was carried out to attain sustainable water reuse management by full-

cost recovery, economic efficiency, and economic optimization considering an idea of 

‘‘negative pricing’’. For achieving the goal- objective, criteria for evaluation of objective 

and specific, measurable indicators had been set as explained in sections 1.5, 1.6 and 1.7. 

Based on the results obtained and analysis carried out, all the specific measurable 

indicators are summarized in this chapter. By evaluating specific measurable indicators the 

fulfillment of the criteria is achieved. As the criteria for evaluating the objective is 

satisfied, it is established that the objective of the present study is successfully achieved.  

6.1      Achievements with Respect to Objective 

The criteria and respective achievements for evaluating the objective are: 

6.1.1      Economic Returns & Profitability 

A case study of the Vadodara Urban Development Authority Area was considered to 

establish the fact that water reuse is economically feasible and hence sustainable. The 

scenario up to 2050 AD was considered, and design of reclaimed water distribution 

network was carried out. Optimization of reclaimed water distribution network was carried 

out using the transportation model to optimize the overall cost of the project. 

Transportation costs were determined, and the solution to the transportation problem was 

found out using Vogel’s Approximation Method with the help of AMPL solver software.   

For the optimal design of reclaimed water distribution network, the exact friction factor 

was determined for different diameters of DI pipes using a direct measurement of surface 

roughness. The detailed study of the friction factor is given in section 6.2. 
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The design of ESR, pump, etc. was carried out and reclaimed water distribution network 

with optimal allocations was designed for industrial and residential purpose reuse. The 

separate network with inferior water quality (without tertiary treatment) was designed for 

irrigation purpose reuse. The detailed economic analysis was carried out for these 

networks, and selling price and IRR were found to check the feasibility of the project. The 

sensitivity analysis was carried out, and uncertainties in the project were analyzed using 

statistical techniques.  

Selling price for various scenarios is given in section 5.10.1 and IRR is given in section 

5.10.2 for different scenarios. The selling price and IRR for scenario 5 are provided in 

section 6.2. 

6.1.2      Reliability of Water Supply 

To establish the reliability of water supply, the following measures have been considered: 

1) After checking various options of reclaimed water distribution network as given in 

section 5.5.2 and Table 5.7, the combined network was selected. Though having second-

lowest cost, this option was selected because it provided more reliability of water supply in 

case of failure of any plant.  

2) Demand and price elasticity for optimum reclaimed water network had been checked up 

to ±15% of variation and IRR were found to be varying from 26.50% to 38.04% 

respectively which is well above 11% (minimum criteria of Asian Development Bank to 

approve the project finance) 

3) Uncertainty about Chhani new STP had been tested for all variations and IRR obtained 

for without Chhani new STP was 34.14% and with Chhani new STP, it was 32.27%. So, in 

any case, IRR remains well above 11%.  

4) The option of negative pricing has been tested for probable unwilling buyers. The IRR 

obtained was 27.39% and 26.02% for without Chhani New STP and with Chhani new STP 

respectively. Thus, for this option also IRR remains well above 11%. 
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6.2      Specific (Measurable) Indicators 

Specific (measurable) Indicators are: 

a) Amount of water being reused 

b) Cost of distribution network 

c) The selling price of reclaimed water 

d) Internal Rate of Return 

Specific (measurable) Indicators 

a) Amount of water being reused 

Mainly two types of uses were identified – 

Industrial and Residential reuse  

Agricultural reuse 

                   

For industrial and residential purposes = 177.946 MLD 

 

For irrigation, gardening and tree 

 plantation purposes                  = 248.584 MLD  

 

Total water to be reused                   = 426.530 MLD 

b) Cost of distribution network 

To achieve the goal, as stated earlier, the reclaimed water distribution network model is 

formulated using QGIS and EPANET. 

The major part of the cost of the distribution network depends on the diameter of the pipe. 

Diameter depends on the loss of head due to friction. Loss of head due to friction depends 

on the friction factor. 
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i) Friction factor 

 As shown in Figure 5.7 in case of considering friction factor value in eleven digits it 

was found that if the height of roughness projection is less than the thickness of 

laminar sublayer near wall, the pipe will continue to behave as smooth pipe even at 

higher Re and continuous reduction in hydraulic resistance was observed due to a 

reduction in normal shear stress. 

 If surface had roughness projections projecting beyond laminar sub-layer the 

additional turbulence will set in due to eddies formed and curves for higher Rz / D 

values, branches out above and away from the curve of Rz / D = 0.000005 which 

represents a smooth pipe in present case, when the values of f are considered in 

eleven digits after decimal point . 

 The smooth turbulent flow did not occur when 4,000 < Re < 100000 but occurred 

when 1775 < Re < 190100 . In the rough turbulent flow, f is independent of Re, but it 

can be observed in Figure 5.7 that even for 5,40,000 < Re < 19,01,000 f is dependent 

on Re, but from practical consideration, it could be said it is independent of Re. 

 Thus it was proved that transitional turbulent flow occurred in the familiar laminar 

flow zone of Re up to 2000 in case friction factor values in eleven digits were 

considered. In case of friction factor value in five digits were considered then the 

transitional turbulent flow occurred in the familiar transitional flow zone of Re = 

2000 to 4000. So, it is established that with the high precision calculation of friction 

factor f by Churchill's equation for all flow regimes, the onset of turbulence and 

lower the critical value of Re obtained is the same as obtained experimentally by 

Mullin & Peixinho (2006). 

 In the present study, regression analysis was carried out to determine the friction 

factor. In this approach, the significance of the internal diameter of the pipe and 

exact surface roughness values in the determination of the friction factor are 

emphasized. The correlation between the friction factors obtained by the regression 

analysis and Churchill’s equation is perfect i.e. r2 = 1. The various regression models 

viz. fifth log, fifth inverse log, ninth order polynomial, tenth order polynomial, etc. 
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were tested for the refined index of agreement d1’ along with Theil’s index of 

inequality U. As the values of d1’ was found to be 0.99999 and U was found to be 

7.68E-09, it shows that the models are perfect (Kindly refer Annexure 5.1). 

 The results obtained and considered for plotting f Vs Re curves for different diameter 

cement mortar lined Ductile Iron pipes are giving better representation than friction 

factor value obtained from the CPHEEO manual.  

 Technology has advanced to the point that it is no longer necessary to use flow 

experiments to obtain the friction factor, as mentioned by Moody (1944). The use of 

profilometer- instrument data provides a superior delineation of pipe-surface texture 

features that can be related to friction-pressure losses in a pipe.  

 The technique used to develop graph of variations in friction factor f obtained by 

Churchill’s equation & regression analysis for different values of Rz/D (Fig. 5.1) and 

regression models can be used to establish the effect of roughness in the 

hydrodynamics of fluid flow in new alloys, synthetic materials and internally coated 

pipes very accurately. 

ii) Reduction in cost of distribution network 

While checking the output received from WaterNetGen it was found that some pipes were 

designed with a larger diameter and there was scope to reduce the sizes of pipes further. 

So, by trial and error, pipe diameters starting from exit point were checked and reduced till 

optimum diameters of pipes were obtained to have the minimum head of 5 ± 2 m at the exit 

point. As an example for the cluster Tarsali-Kapurai-Gajarawadi, the network for 

Gajarawadi as the source had a maximum pressure of 243.36 m at node T44 and a 

minimum pressure of 209.84m at node T8. After optimizing diameters of pipes without the 

help of WaterNetGen software the pressure at the same nodes was reduced to 38.63m and 

5.11m respectively. The cost of the network was also reduced from Rs. 21,79,64,420 to Rs. 

20,86,46,627.  

Similarly, all STPs combined network, as shown in Figure 5.8 was having a cost of                 

Rs. 64,32,74,766 which was reduced to Rs. 61,11,98,008 after optimizing pipe diameters 

without the help of WaterNetGen software as shown in Figure 5.10. 
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iii) The cost of a reclaimed water distribution network for scenario 5: 

For industrial and residential purposes it was Rs. 87,18,76,597. 

(New Chhani plant was not considered for industrial and residential purposes network 

because all the reclaimed water from Channi new plant was given for irrigation purpose.) 

For irrigation purposes: 

The cost of the reclaimed water distribution network for scenario 5 without New Chhani 

STP  was Rs. 101,53,88,448 and with New Chhani STP it was Rs. 106,27,99,022 

c) The selling price of reclaimed water 

Assuming the profit over the cost of distribution of treated water should be 15%, the 

selling price of reclaimed water was determined considering various scenarios. Scenario 5 

was found to be an optimum option for determining the selling price. The selling price as 

per scenario 5 for industrial and residential purposes was Rs. 40 / KL and for irrigation 

purpose without New Chhani STP was Rs. 9 / KL and the same with New Chhani STP was 

Rs. 10 /KL 

d) Internal Rate of Return 

Based on cost analysis Internal Rate of Return was calculated for various prices derived 

considering various scenarios, and results are summarized in Table 6.1. 

TABLE 6.1 

Internal Rate of Return With and Without Negative Pricing Consideration for  

With and Without Chhani New STP 

 

Description 

Without Considering Chhani New STP Considering Chhani New STP 

IRR without 

Negative Pricing 

IRR with Negative 

Pricing 

IRR without 

Negative Pricing 

IRR with Negative 

Pricing 

Scenario 1 20.64% 14.69% 19.82% 13.44% 

Scenario 2 NA NA NA NA 

Scenario 3 10.60% 6.52% 9.62% 5.29% 

Scenario 4 8.25% 4.46% 7.34% 3.29% 

Scenario 5 34.14% 27.39% 32.27% 26.02% 
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Concluding Remarks Regarding Criteria 

a) Economic returns and profitability 

IRR for scenario 1 considering the option with and without Chhani new STP plant was 

19.82% and 20.64% respectively.  

IRR for scenario 5 considering the option with and without Chhani new STP plant was 

32.27% and 34.14% respectively.  

As the IRR is above 11% (minimum criteria of Asian Development Bank to approve the 

project finance) the distribution of reclaimed water is economically sustainable. Thus the 

project of reclaimed water distribution network is profitable. 

b) Reliability of water supply 

As the IRR is above 11% (criteria of Asian Development Bank) the distribution of 

reclaimed water is highly profitable, and the money received can be distributed to make it 

sustainable. Therefore the prospect of sustainability will make the reclaimed water 

distribution reliable. 

As all plants are connected, during failure of any plant, water can be diverted from other 

plants, and thus reliability of supply can be achieved. 

6.3      Conclusions  

Economic efficiency depends upon the efficient strategies with which wealth can be 

generated from water resource systems. One such strategy suggests that allocate a unit of 

water where it generates the highest return. Moreover, by ignoring the opportunity cost of 

water use, water is undervalued, which can lead to significant errors in investments and 

water allocation decisions. In the present study, a unit of water is allocated, where it 

generates the highest return. 

As Specific (measurable) Indicators fulfill the criteria, the objective is achieved. 

Thus, it can be stated that the reuse of reclaimed water to the VUDA area is sustainable. 
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After calculating IRR, a sensitivity analysis was carried out by increasing and decreasing 

the selling price by 5, 10, and 15% for scenario 5. In all cases, IRR remained well above 

11%. So, even if there is a decrease of 15% in selling price, the reuse option is profitable.  

Scenario 5 is the most profitable option; therefore, the selling price of reclaimed water for 

industrial & residential purposes should be Rs. 40 /KL and for irrigation purposes 

Rs.10/KL. The selling price as obtained by scenario 5 for industrial and residential 

purposes Rs.40/KL is much lower than the price for desalinated water that is Rs. 57 / KL 

as given in section 2.2.12. 

The uncertainty over the new Chhani STP plant of 35 MLD, was tested for equal 

probability, maximum regret, optimistic and pessimistic criteria. Accordingly, it is 

concluded that scenario 5 should be considered as it takes care of this uncertainty.  

From these conclusions, it is no longer appropriate to consider treated municipal 

wastewater as a “waste” that requires “disposal,” but rather it should be used as a resource 

that can be put to beneficial use. 

6.4      Recommendations 

 Sustainability is a relative concept that must be applied in an environment 

undergoing multiple changes, changes that are occurring over different temporal 

and spatial scales. Water is in scarcity, and its allocation should be carried out to 

achieve economic efficiency, social equity, and environmental sustainability. Water 

allocation can be sustainable only when there is a successful trade-off amongst the 

priorities of the stakeholders, social equity, economic returns & profitability, 

reliability of water supply, and sustenance of ecosystems. 

 The present study is aimed to consider economic returns & profitability and 

reliability of water supply to achieve sustainability. However, the trade-offs 

amongst the priorities of the stakeholders; social equity and sustenance of 

ecosystems are not considered. It is recommended that in future studies, these 

should also be considered to achieve sustainability. 

 To achieve the goal of attaining sustainable water resources management one 

should consider the availability of fresh water and water demand. The deficiency in 
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the supply can be met with reclaimed water. Then the optimum water distribution 

network can be provided. 

 The transportation problem can be optimized by the level bound method to solve 

fuzzy interval integer transportation problems.  

6.5      Research Contributions 

An effort has been made to attain optimal sustainability for urban wastewater management 

using economic efficiency with a case study of the VUDA area. The major research 

contributions of this study are- 

 The study has opened new horizons of possibility for implementation of much-

awaited water reuse by generating revenue to create large scale infrastructure for 

wastewater management in India.  

  The revenue generation will result from a 15% profit margin considered as per the 

literature review for the study. 

 The distribution network is the most costly affair, and therefore, the optimization of 

the same has been carried out. 

 The optimization of the distribution network depends on the optimal design of 

pipes. The design of the network depends on frictional head loss and hence, friction 

factor. The friction factor depends upon the actual roughness of the pipe. Five 

samples each from inlet and outlet of nine different diameters DI pipes concrete 

linings were collected. Out of these ten samples of each diameter DI pipe, up to 

four samples were randomly selected. The measurement of actual roughness in 

terms of the mean peak to valley height Rz was carried out for cement mortar lined 

DI pipes with the help of a profilometer. Then the Rz was used in Churchill's 

equation to determine the friction factor for different diameter DI pipes up to their 

limiting Reynolds number Re. This technique led to an accurate determination of 

friction factor f. The regression equations were developed to define the relationship 

between friction factor f and Reynold’s number Re for all combinations of Rz / D 

for cement mortar lined DI pipes. These equations will help in the quick and 

accurate determination of friction factor f from known Reynold’s number Re. The 
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comparison of the friction factor values obtained by existing and developed 

technique is given in Annexure 5.1.4 and 5.1.5. 

 With high precision analysis, it was established that friction factor f derived by 

Churchill's equation for all flow regimes, the onset of turbulence, and the lower 

critical value of Re obtained is same as obtained experimentally by Mullin & 

Peixinho (2006). This finding highlights the ideal and modest nature of the 

equation. 

 The technique to use transportation model for optimal allocation of flow from 

different STPs involved supplying nodes, leading to cost optimization of reclaimed 

water distribution network has been introduced. 

 An innovative approach to determine the allocation of different costs based on 

nodal demand, as indicated in Annexure 5.8 to find applicable transportation costs 

is introduced. The proper determination of unit transportation cost for every pipe is 

crucial for successful optimization using transportation mode. Probably this is a 

pioneer study in the field of water reuse using these techniques. 

 The prices considering full cost recovery leading to sustainability have been 

determined for industrial and residential reuse as Rs. 40/KL, and for irrigational 

reuse as Rs. 10/KL in VUDA area considering all variables. 

 The methodology to check the feasibility of any water reuse project in India and to 

derive the sustainable pricing structure is developed. 

6.6      Scope of Future Work 

 The present work can be extended by using different pipes like C.I., C.W.C 

(Concrete Weight Coating), HDPE, P.S.C. (Prestressed concrete), RCC, etc. pipes. 

 The friction factor can be calculated by (J. Chen, 1985) equation, which gives an 

accuracy of ±0.3 %. The experimental verification to evaluate the effectiveness of 

directly measured roughness, the effect of distribution and shape of roughness 

elements on friction factor can be performed for different types of pipes.  

 A similar study can be conducted considering the cost of environmental benefits in 

the analysis of project feasibility and decision making. The survey regarding public 

acceptance and willingness to pay for the water reuse project also can be conducted 

for the proposed stakeholders. Considering all inputs, a decision support system for 

water reuse in any part of India can be prepared by taking forward present work. 
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 Instead of going for a centralized approach, the decentralized treatment and reuse 

can be considered, and a similar feasibility study can be carried out. 

 The criteria for different applications of wastewater reuse in agriculture and 

industry can be developed. 

 The management of biosolids (sludge), biogas production, and electricity 

generation can be considered. 

 The fate of pharmaceuticals, volatile organics, and endocrine-disrupting agents and 

their health effects can be studied over a period of time due to water reuse. 
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ANNEXURE – I 

Annual Capital Costs of Primary and Secondary Treatment Plants 

1. FOR CHHANI PLANT 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

was completed in 2014 having the capital cost = 17 crores. 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2014-2020 = 6) 

  FV = P(1+i)n 

   = 17 (1+0.07)6 

   = 25.512 crores 

  FV = 25.512 x 107 Rs. 

The total capital investment in the year 

  2020 = 25.512 crores 

 Finding out the annual capital cost 

 CAPITAL RECOVERY FACTOR 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2014. 

The economic life will be ended in year = 2044 

Base year     = 2020 

 

 The remaining life of the project in year 2020 will be  

      = 2044 – 2020 
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      = 24 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)24          0.355065  

   -------------------  =  ------------------------ 

   (1+0.07)24-1           4.072366 

 

  CRF = 0.0871889 

 

The annual capital cost 

 

      = 25.512 x 107 x 0.0871889 

    = 2.2243625 x 107   Rs.  

    =  2,22,43,625 Rs.               _____________________(A) 

 

But the present study is up to the year 2050, hence new plant is required to be constructed 

in year 2044. 

Since the existing plant construction project was completed in 2014, having the capital cost 

= 17 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2014-2044 = 30) 

 

  FV = P(1+i)n 

   = 17 (1+0.07)30 

   = 129.41 crores 

  FV = 129.41 x 107 Rs. 

 

The total capital investment in the year 

  2044 = 129.41 crores 

 

Capital recovery factor for a new plant to be constructed in 2044 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 
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The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30           0.532857  

   -------------------  =  ------------------------ 

   (1+0.07)30-1           6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 129.41 x 107 x 0.080586 

  = 10,42,86,342 _____________________(B) 

 

As annual cost can be only one value, a weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Chhani plant = 24 x 2,22,43,625 + 6 x 10,42,86,342 

       ------------------------------------------------- 

       (24+6) 

      

             =  3,86,52,168/- Rs. 

 

2. FOR ATLADARA OLD PLANT 

 

The unit cost of a treatment plant 

 

 

 Total expenditures are converted with respect to the same base year 2020. Since the 

project was completed in 2001 having the capital cost = 10 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2001-2020 = 19) 

 

  FV = P(1+i)n 

   = 10 (1+0.07)19 

   = 36.165 crores 
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  FV = 36.165 x 107 Rs. 

 

The total capital investment in the year 

  2020 = 36.165 crores 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2001 

The economic life will be ended in year = 2031 

Base year     = 2020 

 

The remaining life of the project from year 2020 will be  

      = 2031 – 2020 

      = 11years. 

 

 CRF =   i (1+i)n 

  ----------- 

  (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)11           0.147339  

   -------------------  =  ------------------------ 

   (1+0.07)11-1            1.104852 

 

  CRF = 0.133356 

 

The annual capital cost 

 

      = 36.165 x 107 x 0.133356 

    = 4.8228197 x 107   Rs.  

    =  4,82,28,197 Rs.               _____________________(A) 

 

But the project is to be extended up to year 2050; hence new plant is required to be 

constructed in year 2031. 
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Since the existing plant construction project was completed in 2001, having the capital cost 

= 10 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2001-2031 = 30) 

 

  FV = P(1+i)n 

   = 10 (1+0.07)30 

   = 76.123 crores 

  FV = 76.123 x 107 Rs. 

 

The total capital investment in the year 

  2031 = 76.123 crores 

 

Capital recovery factor for a new plant to be constructed in 2031 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30          0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1           6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 76.123 x 107 x 0.080586 

      = 5,89,26,900 _____________________(B) 

 

As annual cost can be only one value, a weighted average of the two values (A) and (B) are 

taken. 
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Annual Capital cost of Atladara Old plant = 11 x 4,82,28,197 + 19 x 5,89,26,900 

                ------------------------------------------------- 

                           (11+19) 

 

                     = 5,50,04,042/- Rs. 

 

3. FOR ATLADARA NEW PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to same base year 2020. Since the project 

was completed in 2009 having the capital cost = 15 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2009-2020 = 11) 

 

  FV = P(1+i)n 

   = 15 (1+0.07)11 

   = 31.573 crores 

  FV = 31.573 x 107 Rs. 

 

The total capital investment in the year 

  2020 = 31.573 crores 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2009. 

The economic life will be ended in year = 2039 

Base year     = 2020 
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The remaining life of the project in year 2020 will be  

      = 2039 – 2020 

      = 19 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)19             0.253157  

   -------------------  =  ------------------------ 

   (1+0.07)19-1              2.616527 

 

  CRF = 0.096753 

 

The annual capital cost 

 

      = 31.573 x 107 x 0.096753 

    = 3.0547824 x 107   Rs.  

    =  3,05,47,824 Rs.               _____________________(A) 

 

But the project is to be extended up to year 2050, hence new plant is required to be 

constructed in year 2039. 

Since the existing plant construction project was completed in 2009 having the capital cost 

= 15 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2009-2039 = 30) 

 

  FV = P(1+i)n 

   = 15 (1+0.07)30 

   = 114.184 crores 

  FV = 114.184 x 107 Rs. 

 

The total capital investment in the year 

  2039 = 114.184 crores 
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Capital recovery factor for a new plant to be constructed in 2039 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

        

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30         0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1          6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 114.184 x 107 x 0.080586 

      = 9,20,16,318_____________________(B) 

 

As annual cost can be only one value, weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Atladara New plant = 19 x 3,05,47,824 + 11 x 9,20,16,318 

                   ------------------------------------------------- 

                  (19+11) 

 

                       = 5,30,86,271/- Rs. 

 

4. FOR KAPURAI OLD PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

was completed in 2010 having the capital cost = 15 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2010-2020 = 10) 
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  FV = P(1+i)n 

   = 15 (1+0.07)10 

   = 29.507 crores 

  FV = 29.507 x 107 Rs. 

 

The total capital investment in the year 

  2020 = 29.507 crores 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2010. 

The economic life will be ended in year = 2040 

Base year     = 2020 

 

 The remaining life of the project in year 2020 will be  

      = 2040 – 2020 

      = 20 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)20           0.270878  

   -------------------  =  ------------------------ 

   (1+0.07)20-1           2.869684 

 

  CRF = 0.094393 

 

The annual capital cost 

 

      = 29.507 x 107 x 0.094393 

    = 2.7852542 x 107   Rs.  

    =  2,78,52,542 Rs.               _____________________(A) 
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But the project is to be extended up to year 2050; hence new plant is required to be 

constructed in year 2040. 

Since the existing plant construction project was completed in 2010 having the capital cost 

= 15 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2010-2040 = 30) 

 

  FV = P(1+i)n 

   = 15 (1+0.07)30 

   = 114.184 crores 

  FV = 114.184 x 107 Rs. 

 

The total capital investment in year 

  2040 = 114.184 crores 

 

Capital recovery factor for new plant to be constructed in 2040 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30          0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1          6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 114.184 x 107 x 0.080586 

  = 9,20,16,318_____________________(B) 
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As annual cost can be only one value, weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Kapurai plant = 20 x 2,78,52,542 + 10 x 9,20,16,318 

        ------------------------------------------------- 

       (20+10) 

 

              = 4,92,40,467/- Rs. 

 

5. FOR GAJARAWADI PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

was completed in 2003 having the capital cost = 11 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2003-2020 = 17) 

 

  FV = P(1+i)n 

   = 11 (1+0.07)17 

   = 34.747 crores 

  FV = 34.747 x 107 Rs. 

 

The total capital investment in the year 

  2020 = 34.747 crores 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2003. 

The economic life will be ended in year = 2033 
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Base year     = 2020 

 

 The remaining life of the project in year 2020 will be  

      = 2033 – 2020 

      = 13 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)13          0.168689  

   -------------------  =  ------------------------ 

   (1+0.07)13-1           1.409845 

 

  CRF = 0.11965 

 

The annual capital cost 

 

      = 34.74 x 107  x 0.11965 

    = 4.1566410 x 107   Rs.  

    =  4,15,66,410 Rs.               _____________________(A) 

 

But the project is to be extended up to year 2050, hence new plant is required to be 

constructed in year 2033. 

Since the existing plant construction project was completed in 2003, having the capital cost 

= 11 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2003-2033 = 30) 

 

  FV = P(1+i)n 

   = 11 (1+0.07)30 

   = 83.735 crores 

  FV = 83.735 x 107 Rs. 

 

The total capital investment in year 

  2033 = 83.735  crores 
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Capital recovery factor for new plant to be constructed in 2033 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30          0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1            6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 83.735 x 107 x 0.080586 

  = 6,74,78,687_____________________(B) 

 

As annual cost can be only one value, weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Gajarawadi plant = 13 x 4,15,66,410 + 17 x 6,74,78,687 

           ------------------------------------------------- 

               (13+17) 

 

                    =  5,62,50,033/- Rs. 

 

6. FOR TARSALI PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

was completed in 2001 having the capital cost = 9 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2001-2020 = 19) 
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  FV = P(1+i)n 

   = 9 (1+0.07)19 

   = 32.548 crores 

  FV = 32.548  x 107 Rs. 

 

The total capital investment in the year 

  2020 = 32.548 crores 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2001. 

The economic life will be ended in year = 2031 

Base year     = 2020 

 

 The remaining life of the project in year 2020 will be  

      = 2031 – 2020 

      = 11 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)11           0.147340  

   -------------------  =  ------------------------ 

   (1+0.07)11-1            1.104852 

 

  CRF = 0.133357 

 

The annual capital cost 

 

      = 32.548 x 107 x 0.133357 

    = 4.3405036 x 107   Rs.  

    =  4,34,05,036 Rs.               _____________________(A) 
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But the project is to be extended up to year 2050; hence new plant is required to be 

constructed in year 2031. 

Since the existing plant construction project was completed in 2001, having the capital cost 

= 9 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2001-2031 = 30) 

 

  FV = p(1+i)n 

   = 9 (1+0.07)30 

   = 68.510 crores 

  FV = 68.510 x 107 Rs. 

 

The total capital investment in the year 

  2031 = 68.510 crores 

 

Capital recovery factor for a new plant to be constructed in 2031 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30         0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1          6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 68.510  x 107 x 0.080586 

  = 5,52,09,468_____________________(B) 
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As annual cost can be only one value, weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Tarsali plant  =  11 x 4,34,05,036 + 19 x 5,52,09,468 

         ------------------------------------------------- 

       (11+19) 

 

             =  5,08,81,176/- Rs. 

 

7. FOR RAJIVNAGAR PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

is to be completed in 2020 having the capital cost = 107,11,79,300/- in 2017. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2017 = 3) 

 

  FV = P (1+i)n 

   = 107,11,79,300 (1+0.07)3 

   = 131,22,40,703/-Rs. 

 

The total capital investment in the year 

  2020 = 131,22,40,703/-Rs 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 
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  CRF =  0.07 (1+0.07)30         0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1          6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 131,22,40,703 x 0.080586 

    =  10,57,48,229 Rs.            

 

The same plant will run up to 2050, so no new plant construction is required to be 

considered for present study. 

 

8. FOR KAPURAI NEW PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

is to be completed in 2020 having the capital cost = 88,26,53,427/- in 2017. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2017 = 3) 

 

  FV = P (1+i)n 

   = 88,26,53,427 (1+0.07)3 

   = 108,12,88,402/-Rs. 

 

The total capital investment in the year 

  2020 = 108,12,88,402/-Rs 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 
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The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30          0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1           6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 108,12,88,402 x 0.080586 

          =  8,71,36,707 Rs.       

 

The same plant will run up to 2050, so no new plant construction is required to be 

considered for present study. 

 

9. FOR SAYAJI GARDEN PLANT 

 

The unit cost of a treatment plant 

 

Total expenditures are converted with respect to the same base year 2020. Since the project 

was completed in 2010 having the capital cost = 5 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2010-2020 = 10) 

 

  FV = P (1+i)n 

   = 5 (1+0.07)10 

   = 9.836 crores 

  FV = 9.836  x 107 Rs. 

 

The total capital investment in the year 

  2020 = 9.836 crores 
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 Finding out annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

Year of commencement   = 2010. 

The economic life will be ended in year = 2040 

Base year     = 2020 

 

 The remaining life of the project in year 2020 will be  

      = 2040 – 2020 

      = 20 years. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)20          0.270877  

   -------------------  =  ------------------------ 

   (1+0.07)20-1           2.869684 

 

  CRF = 0.09439 

 

The annual capital cost 

 

      = 9.836 x 107 x 0.09439 

    =  92,84,458 Rs.               _____________________(A) 

 

But the project is to be extended up to year 2050; hence new plant is required to be 

constructed in year 2041. 

Since the existing plant construction project was completed in 2010, having the capital cost 

= 5 crores. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2001-2041 = 30) 
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  FV = p(1+i)n 

   = 5 (1+0.07)30 

   = 38.061 crores 

  FV = 38.061 x 107 Rs. 

 

The total capital investment in year 

  2031 = 38.061 crores 

 

Capital recovery factor for new plant to be constructed in 2041 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30            0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1             6.612255 

 

  CRF = 0.080586 

 

The annual capital cost 

 

      = 38.061  x 107 x 0.080586 

  = 3,06,71,837_____________________(B) 

 

As annual cost can be only one value weighted average of the two values (A) and (B) are 

taken. 

 

Annual Capital cost of Sayaji plant  =  20 x 92,84,458 + 10 x 3,06,71,837 

     ------------------------------------------------- 

       (20+10) 

 

             =  1,64,13,584 /- Rs. 
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ANNEXURE - II 

O, M & R Cost of Primary and Secondary Treatment Plants 

1. O, M & R Cost for Chhani Plant 

 

The O, M & R cost for Chhani Plant inclusive of the electricity bill is 63 lacs per annum in 

2012. As base year is considered as 2020 future value of this cost is required to be 

calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 63,00,000 (1+0.07)8 

 = 1,08,24,572/-Rs. 

 

The total O, M & R cost in year 

  2020 = 1,08,24,572 /-Rs 

 

2. O, M & R Cost for Atladara Old Plant 

 

The O, M & R cost for Atladara Old Plant inclusive of the electricity bill is 130 lacs per 

annum in 2012. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 1,30,00,000 (1+0.07)8 

 = 2,23,36,420/-Rs. 

The total O, M & R cost in year 

  2020 = 2,23,36,420/-Rs 
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3. O, M & R Cost for Atladara New Plant 

 

The O, M & R cost for Atladara New Plant inclusive of the electricity bill is 163 lacs per 

annum in 2012. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 1,63,00,000 (1+0.07)8 

 = 2,80,06,434/-Rs. 

 

The total O, M & R cost in year 

  2020 = 2,80,06,434/-Rs 

 

4. O, M & R Cost for Kapurai Old Plant 

 

The O, M & R cost for Kapurai Plant inclusive of the electricity bill is 108 lacs per annum 

in 2012. As base year is considered as 2020 future value of this cost is required to be 

calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 1,08,00,000 (1+0.07)8 

 = 1,85,56,410/-Rs. 

 

The total O, M & R cost in year 

  2020 = 1,85,56,410/-Rs 

 

 



Annexure-II 

317 

 

5. O, M & R Cost for Gajarawadi Plant 

 

The O, M & R cost for Gajarawadi Plant inclusive of the electricity bill is 184 lacs per 

annum in 2012. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 1,84,00,000 (1+0.07)8 

 = 3,16,14,625/-Rs. 

 

The total O, M & R cost in year 

  2020 = 3,16,14,625/-Rs 

 

6. O, M & R Cost for Tarsali Plant 

 

The O, M & R cost for Tarsali Plant inclusive of the electricity bill is 147 lacs per annum 

in 2012. As base year is considered as 2020 future value of this cost is required to be 

calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 1,47,00,000 (1+0.07)8 

 = 2,52,57,336/-Rs. 

 

The total O, M & R cost in year 

  2020 = 2,52,57,336/-Rs 
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7. O, M & R Cost for Rajivnagar Plant 

 

The O, M & R cost for Rajivnagar Plant inclusive of the electricity bill is 187 lacs per 

annum in 2017. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2017 = 3) 

 

FV = P (1+i)n 

 = 1,87,00,000 (1+0.07)3 

 = 2,29,08,304/-Rs. 

 

The total O, M & R cost in year 

  2020 = 2,29,08,304/-Rs 

 

8. O, M & R Cost for Kapurai New Plant 

 

The O, M & R cost for Kapurai New Plant inclusive of the electricity bill is 108 lacs per 

annum in 2017. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2017 = 3) 

 

FV = P (1+i)n 

 = 1,08,00,000 (1+0.07)3 

 = 1,32,30,464/-Rs. 

 

The total O, M & R cost in year 

  2020 = 1,32,30,464/-Rs 
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9. O, M & R Cost for Sayaji Garden Plant 

 

The O, M & R cost for Sayaji garden Plant inclusive of the electricity bill is 40 lacs per 

annum in 2012. As base year is considered as 2020 future value of this cost is required to 

be calculated. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2012 = 8) 

 

FV = P (1+i)n 

 = 40,00,000 (1+0.07)8 

 = 68,72,744 /-Rs. 

 

The total O, M & R cost in year 

  2020 =68,72,744/-Rs  
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ANNEXURE – III 

Annual Capital Cost of Tertiary Treatment Plants 

Cost of Tertiary Treatment 

None of the sewage treatment plants in Vadodara have tertiary treatment plants to produce 

potable water from reclaimed water. As the tertiary treatment plant is a must the data for 

the same provided in Surat is used here. The cost of a tertiary treatment plant was 

85,10,00,000 in year 2014. As base year for analysis is considered to be 2020 Future value 

of this cost is required to be taken. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2014 = 6) 

 

FV = P (1+i)n 

 = 851000000 (1+0.07)6 

 =127,71,21,529/-Rs. 

 

The tertiary treatment plant cost to industries in 

  2020 = 127,71,21,529/-Rs. 

 

 Finding out the annual capital cost 

 

 CAPITAL RECOVERY FACTOR 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

The economic life of project   = 30 yrs. 

 

  CRF =   i (1+i)n 

   ----------- 

   (1+i)n – 1 

 

  CRF =  0.07 (1+0.07)30           0.532858  

   -------------------  =  ------------------------ 

   (1+0.07)30-1            6.612255 
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  CRF = 0.080586 

 

The annual capital cost 

 

      = 127,71,21,529 x 0.080586 

          =  Rs. 10,29,18,115       

 

The same plant will run up to 2050, so no new plant construction is required to be 

considered for present study.     

 

As plant capacity is 40 MLD; 

Cost/MLD = 25,72,952   Rs./MLD 

Cost/LPS =  2,22,304 Rs./LPS 
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ANNEXURE – IV 

O, M & R Cost of Tertiary Treatment Plants 

Cost of O, M & R for Tertiary Treatment 

 

O, M & R Cost (including electricity and 5% yearly rise) for 18 years is 402 crores in the 

year 2014.  

So, first of all, using a uniform series present worth factor cost of O, M & R in 2014 is to 

be found out. Using sinking fund factor, 

 

SFF = (1+i)n – 1     FV 

          ------------- = ----- 

               i                 A 

 

Where, 

FV = Future value =Rs. 402,00,00,000/- 

A= sinking fund to be invested at end of each of n year 

n = period in years = 18 

i= interest rate = 5% 

 

Therefore,  

 

A =   402,00,00,000 x 0.07 

     --------------------------------  = 402,00,00,000 x 0.049764711 = Rs. 20,00,54,139/- 

              (1+0.05)18 – 1 

 

So, O, M & R cost in year 2014 is Rs. 20,00,54,139/- 

 

As the base year for analysis is considered to be 2020 Future value of this cost is required 

to be taken. 

 

FV = future value 

P = present value  

i = Rate of interest = 7% 

n = period in years (2020-2014 = 6) 

 

FV = P (1+i)n 

 = Rs. 20,00,54,139 x (1+0.07)6 

 = 30,02,27,318/-Rs. 
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The tertiary treatment plant O, M & R cost in 

  2020 = 30,02,27,318/-Rs. 

 

The same plant will run up to 2050, so no new plant construction is required to be 

considered for the present study.     

 

This cost is for 40 MLD treatment plant so per MLD cost of O, M & R in 2020 is, 

                            30,02,27,318/-Rs. 

  =------------------------ = 75,05,683 Rs. / MLD  

                                       40 MLD 
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Abstract 

Since Moody published his world famous friction factor charts based on Colebrook-White formula, engineering 
fraternity seems to be following it so religiously that the research gap highlighted by Colebrook and Moody 
themselves way back in the last century, in the form of absence of direct method for determination of roughness 
values for commercially available pipes, is mostly forgotten with advent of time. The present study addresses 
this issue and presents the improved methodology for determining friction factor by direct measurement of 
surface roughness for different diameter cement mortar lined DI pipes. Roughness of DI pipes was directly 
measured by TR100 Surface Roughness Tester (Profilometer) at laboratory of Mechanical Engineering 
Department, Faculty of Engineering & Technology, Parul University, Limda, Vadodara. The values obtained for 
surface roughness height, considering mean peak to valley height Rz; measured with stylus instrument, is 
observed in the range of 0.00378 to 0.038 mm. This is well in agreement with value of Rz for cement lining 
material given by Farshad et al. (2005) and equivalent surface roughness e given by CPHEEO Manual (1999) 
and establishes validity of the mechanical measurement of roughness. The friction factor is calculated using 
Churchill’s equation by replacing equivalent roughness e with mean peak to valley height Rz.  Friction factor for 
different diameters of DI pipes varying from 200 to 600 mm were calculated and their relation with Reynolds 
number was analyzed. It was found that up to Reynolds no. of 2,200 tenth order polynomial equation; from 
2,200 to 3,900 ninth order polynomial equation, from 3,900 to 18,000 tenth order polynomial equation and from 
18,000 to 62,000, from 62,000 to 1,33,000 and from 1,33,000 to 5,00,000 fifth log or fifth inverse log equation 
with different values of constants; and from 5,00,000 to 19,01,000 fifth log equation  can be used to determine 
friction factor directly for given Reynolds number.  The regression equations given above establishing direct 
relationship between friction factor and Reynolds number eliminated the iterative procedure mandatory in case 
of Churchill’s equation. When friction factors calculated by Churchill’s equation were plotted against those 
obtained by the aforesaid equations for the given Reynolds numbers, the resulting equation was y = x – 6.19E-8 
and coefficient of correlation R2 = 1. The present paper is a step forward towards more accurate measurement 
and representation of surface roughness parameter in order to derive more realistic value of friction factor 
leading to efficient design of pipes.
 
Keywords: DI Pipes, Friction factor, Mean-peak-to-valley-height Rz, Colebrook-White, Moody’s Chart, 
Measured Roughness 

1. Introduction 

The hydraulic design and analysis of flow in pipe networks is depended on correct estimation of the 
friction factor f. Since the mid 1940s, practicing engineers, academicians and students of engineering 
have made use of a diagram of friction factor for pipe flow published by Lewis Moody in the 
Transactions of A.S.M.E. in 1944 (Moody 1944). It is very important to understand how internal-
surface wall-roughness, texture and its spatial distribution affects the flow of fluids in pipeline for real 
time exact estimation of head loss, combating the effects of pipe corrosion, establishing new piping 
materials and coatings, increasing the ease of fluid flow in pipes, and validating such improvements. 
The present study is carried out to establish method for physical determination of surface roughness 
for cement mortar lined DI pipe and accurate determination of friction factor.

Central Public Health and Environmental Engineering Organization Manual on Water Supply & 
Treatment (1999) page 106 states, “In today’s economic climate it is essential that all water utilities 
ensure that their resources are invested judiciously and hence there is an urgent need to avoid 
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overdesigning of the pipelines. Despite technological advancements, improved methods of 
manufacturing all types of pipes and advent of new pipe materials, the current practice of adopting 
conservative Coefficient of Roughness (C values) is resulting in under utilization of pipe materials.” 
On page 113 it is stated “...Continued usage of roughness coefficients estimated without recognition 
of these advances is bound to result in conservative design of water supply system......The extent of 
underutilization varies 13 to 40 percent for CI pipes, 23 percent for RCC and AC pipes; and 8.4 
percent for HDPE and PVC pipes.”

Further, as mentioned in the same manual the best method for friction factor determination is Darcy-
Weisbach equation followed by modified Hazen-Williams formula. Bombardelli & Garci (2003) and 
Bennett & Glaser (2011) had shown that use of Hazen-Williams formula have very limited range of 
applicability and may have very detrimental effect on pipe design. So, obviously best alternative for 
all flow regime and all types of pipes is dimensionally balanced Darcy-Weisbach equation.

1.1 The research gap

The determination of friction factor is normally done by universally adopted practice using Moody’s 
chart. The fact that the friction factor diagram in the form set out by Moody still endures is due to the 
use of dimensionless quantities and an effective consensus to continue to use the constants and 
underlying equations that were used by Moody(McGovern 2011). Moody and his contemporaries 
were under no illusions about accuracy of the diagram provided by them. Moody (1944) stated “It 
must be recognized that any high degree of accuracy in determining f is not to be expected....But, in 
the transition and rough pipe regions, we lack the primary and obviously essential, a technique for 
measuring the roughness of a pipe mechanically. Until such a technique is developed we have to get 
along with descriptive terms to specify the roughness; and naturally this leaves much latitude.”  And 
this obviously essential fact has either been neglected or lost with passing years. The Moody’s charts 
are based on Colebrook equation which bridged the gap between uniform sand grain roughness curves 
(Nikuradse 1933) and non uniform commercial pipe roughness.

Hence, while using either Nikuradse (1933) or Colebrook (1939) equations it is very important to 
understand that the roughness parameter is either defined by size of uniform sand grain particle used 
in pipes to develop artificial uniform surface roughness by Nikuradse or for commercial pipe back 
calculated hydraulically using, 
 
τ0

ρ𝑈2 =  18 (2log 3.7𝑑
𝑘 ) ‒ 2

   (1)

Where,

τ0 = Shear stress at wall,
ρ  = Density of fluid
U = Mean Velocity
d  = Pipe diameter
k  = Diameter of roughness grain

or simply by comparing pressure drop data from fluid flow experiments to the Moody Chart and 
solving Colebrook-White equation for obtained friction factor.

1.2 Status quo

Many researchers had tried to evaluate validity of Nikuradse work and find shortcomings; 
nevertheless Nikuradse sand-grain roughness experiments have been the main reference on flow in 
rough pipes for over 60 years (Sletfjerding & Gudmundsson 2003). At the time of inception itself the 
Colebrook-White equation was in error by 3-5%, when compared with actual experimental data 
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(Bhave 2006). Moreover, several researchers have found that the Colebrook–White equation is 
inadequate for pipes smaller than 2.5 mm. In recent years the use of the Colebrook–White equation 
for the computation of commercial pipe friction factors, particularly for small-diameter pipes was 
discouraged by several researchers (Yoo & Singh 2005). Instead they suggested using a power law 
with minor modifications. But still usage of the formula is well prevalent as standard practice and 
recently Mcgovern (2011) had updated the Moody’s chart in vector graphics version. However, 
significant breakthrough in finding shortcomings of these standard works had been achieved by 
Bernuth & Wilson (1989) and Kandlikar (2005). Bernuth & Wilson showed that Blasius equation and 
not Colebrook-White equation is an accurate predictor of Darcy-Weisbach friction factor for small 
diameter plastic pipes for Reynolds numbers less than 1,00,000. Kandlikar (2005) highlighted further 
need for research to establish perfect understanding of the micro scale flow geometries. Taylor et al., 
(2006) has summarized these developments in chronological order and predicted future path. A whole 
gamut of new formulas had been proposed by Achanta et al. (2000), Yoo & Singh (2004), Yoo & 
Singh (2005), Sonnad & Goudar, (2006), Winning & Coole (2009), Yang & Joseph (2009), Ghanbari 
et al. (2011),  Li  et al. (2011),  Dobrnjac (2012), Babajimopoulos & Terzidis (2013) and so on. These 
formulas have resulted from regression analysis of results available till date from published studies 
and minor modifications in patterns of equation without major consideration to fundamental change in 
parameter definition or relationship. 

There are several other approaches to solve pipe flow problems e.g. Ahsan (2014) had used 
Computational Fluid Dynamics (CFD) modeling for numerical analysis of turbulent flow. But 
significantly new approach has been proposed by Farshad et. al (2005) and (Afzal, 2007a & 2007b).  
Taylor et al. (2006) had also introduced six new terms to describe surface roughness to be used for 
higher relative roughness in micro tubes and micro channels.

The work of Sletfjerding & Gudmundsson (2003) was pioneer to develop a method of estimating the 
friction factor in pipes directly from measured values of the wall roughness. They studied correlation 
between various measured surface roughness parameters and measured friction factor. This was the 
research gap existing since times of Moody and Colebrook. Farshad et al. (2005) used mean-peak-to-
valley- height Rz in place of equivalent surface roughness in Colebrook-White equation to calculate 
friction factor. He preferred Rz over Ra (average arithmetic roughness) because of better 
representation of absolute roughness achieved by Rz in their other research work (Farshad & Pesacreta 
2003). The measured value of surface roughness is 0.033 mm for cement lining using direct surface 
roughness measurement technique as demonstrated by Farshad et al. (2005). They had also measured 
and tabulated surface roughness for other latest piping materials and presented new roughness chart. 
However, the exact mechanism behind the turbulence and the role of distribution of protuberances 
was not discussed. 

The work of Afzal (2007a & 2007b) gave in depth consideration to this problem and a new alternate 
scale for better understanding and representation of surface roughness had been proposed. The 
relevancy of direct roughness measurement parameters with all major available datasets obtained from 
experiments had been evaluated and the correlations of the alternate roughness parameters like Ra, Rz 
etc. and equivalent sand grain roughness were documented. The relationship between equivalent sand 
grain roughness e with Rz was obtained for Sletfjerding & Gudmundsson (2003) data of artificially 
roughened pipes with glass beads as e = 1.244 Rz (Afzal 2007b). Adams et. al (2012) had developed a 
simple algorithm with which various measured surface roughness parameters can be converted to 
equivalent sand-grain roughness. For equivalent sand grain roughness and measured Rz the 
relationship e = 0.978 Rz was obtained by conducting experiments on Copper, Aluminum, GI and 
Steel tubes. Thus, strong evidence had been observed supporting direct measurement of roughness in 
commercial pipe to evaluate friction factor. Looking to these correlations, for drinking water pipes the 
direct measurement of roughness without conversion seems convenient. In future with more 
sophistication and establishment of (Afzal 2007b) theory further micro flow geometry can be studied. 
In present study the cement mortar lined DI pipes are focused for roughness measurement due to their 
universal adoptability in water supply projects.
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2. Experimental program 

Despite its practical relevance, until now, little work has been published on the measured surface 
roughness of new material pipes and internally coated pipes. Further, work of Farshad & Pesacreta 
(2003) had proved superiority of surface profiler to study ‘roughness’ or ‘smoothness’ of pipe 
material compared to AFM. Stochastic evaluations are performed on the profile data to develop 
relative-roughness charts and equations. Arithmetic roughness, Ra, is defined as the arithmetic average 
value of the roughness profile determined from the deviations about the centerline within the 
evaluation length, lm. The mean peak-to-valley height, Rz, is the arithmetic average of the maximum 
peak-to-valley height of roughness values within five consecutive sampling lengths, le, over the 
assessment length of the roughness profile.

                                   
                (a) Arithmetic roughness, Ra         (b) Mean peak-to-valley height, Rz

Figure 1 Graphical representation of surface roughness parameters (Farshad et al. 2005)

The data from direct profilometer measurements are used to solve the Churchill’s equation for the 
Darcy friction factor, f, which is a dimensionless correlating function.  

Absolute roughness and relative roughness are two terms used in fluid mechanics to describe solid 
surfaces. Absolute roughness, e, is a measure of the distance from the base of an individual roughness 
projection to its peak. Surfaces with a standardized absolute roughness, e, have been made from 
uniformly-sized sand grains. Figure 2 illustrates such a surface, where Ks, is the roughness height of a 
monodispersed sand. This sand grain height, Ks, is assumed to act as the absolute roughness e, for that 
surface. For pipes having non-uniform roughness, equivalent surface roughness e can be regarded as 
being the roughness height of a sanded surface giving the same resistance-coefficient as the non-
uniformly roughened surface. 

Figure 2 Ideal Roughness Height, Ks, of Monodisperse Sand Contrasted with Rough Surface of 
Absolute Roughness, e (Schlichting 2000)

To calculate the friction factor using profilometer measurements, the statistically determined Rz and 
Ra values are substituted for the equivalent roughness in Churchill’s equation.  The sample for 
different diameter DI pipes concrete linings were collected and surface roughness was measured with 
help of TR100 Surface Roughness Tester at Mechanical Engineering Department laboratory at Parul 
Institute of Engineering and Technology. The tracing length of 6 mm was followed and several results 
on same specimen were taken. The instrument used for measurement is shown in           Figure 3.
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Figure 3 A sample roughness being measured by TR100 Surface Roughness Tester at Mechanical 
Engineering Department Laboratory of Parul Institute of Engineering and Technology.

The outliers from the measurement data were omitted for getting final average value of surface 
roughness for concrete lining samples. The samples were arranged and hold in position on thermocol 
sheet by pushing the sample in thermocol and then inserting pins around it as shown in Fig. 3. This 
was required to hold the samples in position without any shift in position during the movement of 
stylus on sample.

Farshad et al. (2005) acknowledged the work of Southwest Research Institute (SRI) regarding friction 
factor measurement and validation. Results of their measured friction-factor/surface-roughness values 
are in good agreement with Rz values from profilometer measurements. Again, their research 
indicated that Rz values better represent absolute roughness than Ra values. The fact was also 
endorsed by (Adams et al. 2012). Surprisingly, the reason behind superior presentation of roughness 
by Rz over Ra had been predicted by Colebrook & White (1937) way back in the form of the fact that 
higher protuberances will shield smaller ones as clearly demonstrated in experiments with selectively 
roughened pipes.

That is why Rz values have been considered in calculation of friction factor by Churchill’s equation. 
As Churchill’s equation covers all the flow regimes with an average accuracy of ±0.45% it was 
decided to be used in current study. The superiority of this equation is discussed by (Shete 2000) to 
determine Darcy friction factor.

3. Analysis, Results & Conclusions 

The results of the experimental and analytical work are presented in Table 1. Internal lining samples 
from cement mortar lined DI pipes of different diameters were obtained and surface roughness 
measurement was carried out in laboratory as explained above. Surface roughness parameter Rz found 
to be varying between 0.0037 mm to 0.0378 mm as shown in Table 1. The Re is calculated using 
limiting flow obtained from limiting velocity considered for that particular diameter. The range of Re 
is found to be Maximum 1900986 to minimum value of 401998.  The equivalent surface roughness 
value ‘e’ used in Churchill’s equation to find out relative roughness e / D is replaced with Rz (mean 
peak-to-valley height).  Friction factor f is calculated using these values of Re and Rz / D.
The maximum and minimum values of Rz / D for plotting graphs are adopted considering extreme 
combinations of Rz and pipe diameter D, i.e. to get limiting value, maximum Rz (0.0378 mm) is 
considered with minimum diameter (200 mm) and to get minimum value of Rz / D, minimum value of 
Rz (0.0037 mm) is considered with maximum diameter (600 mm). The maximum and minimum 
values of Rz / D obtained are 0.0001890 and 0.0000062 respectively, which covers all possible values 
possible for present study. The rounded off minimum and maximum Rz / D values are 0.000005 and 
0.00025. Fig. 4 depicts the variations in the friction factors for cement mortar lined Ductile Iron pipe 
calculated by Churchill’s equation and by Regression analysis for different Rz / D values with 
Reynolds number. The values of friction factors obtained for each Rz / D values starting from 
0.000005 up to 0.00025 are plotted against Reynolds number from 4000 to 1.901 x 106. The initial 
two increments were kept of 0.000015 and all remaining increments were 0.000025 till value of 
0.00025 was reached. 
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Table 1 Values of Average Arithmetic Surface Roughness Ra and Average Mean Peak to Valley 
Height Rz for different DI pipes (K7; IS 8329: 2000)

Figure 4 Variations in friction factor f obtained by Churchill’s equation for different values of Rz / D 
for cement mortar lined DI pipes and Reynolds No.

Figure 5 Relation among friction factors for cement mortar lined DI pipes obtained by Churchill’s 
equation fc and regression Analysis fr

Sr. 
No.

Nominal 
Dia. of 
Pipe in 

mm

Thickness 
of lining 
observed 
at site in 

mm

Thickness 
of pipe 

material 
observed 
at site in 

mm

Average 
Value of  

Arithmetic 
Roughness 
Ra in mm

Average 
Mean 

Peak to 
Valley 
Height 

Rz in mm

Limiting 
Velocity 
in  m/sec

Limiting 
Flow in  
m3/sec

Limiting
 Re                        

Re = 4Q/πDν
Where,

ν=0.801x10-6 

m2/s  at 30ͦ  C

Rz/D

1 200 4 5 0.0008 0.0049 1.75 0.047 401998 0.0000245
2 250 4 4 0.0055 0.0347 2 0.086 582772 0.0001387
3 300 4 5 0.0050 0.0378 2.65 0.166 935605 0.0001260
4 350 4 5 0.0048 0.0188 2.65 0.224 1085144 0.0000537
5 400 4 5 0.0012 0.0064 2.65 0.296 1248577 0.0000159
6 450 5 6.5 0.0008 0.0037 2.65 0.379 1412010 0.0000082
7 500 5 7 0.0029 0.0187 2.65 0.471 1574782 0.0000374
8 550 5 7 0.0022 0.0085 2.65 0.573 1735568 0.0000155
9 600 5 7 0.0008 0.0040 2.65 0.687 1900986 0.0000067
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Table 2 Regression equations for Rz /D= 0.000225 (Such equations have been obtained for all values 
of Rz /D considered)

As shown in Fig. 5 the relationship between the friction factors obtained by regression analysis and 
Churchill’s equation is given by fr = fc- 0.0000000618 and the coefficient of correlation R2 between 
them is 1. The technique used to develop relative-roughness chart (Fig. 4) and regression equations 
(Table 2) can be used to establish the effect of roughness in the hydrodynamics of fluid flow in new 
alloys, synthetic materials and internally coated pipes very accurately. The effect of roughness will 
become more significant with reduced pipe diameters. Accurate determination of actual surface 
roughness can lead to better estimation of friction factor for small diameter pipes. The head loss for 
80 mm dia. DI pipe with roughness 0.035mm is 2.6m for 1000m while it is only 0.6m for 250mm dia. 
pipe. More micro scale studies with innovative approach are welcome as more and more accuracy in 
determination of friction factor is desired for small diameter pipes or high value of relative roughness. 
The results obtained and considered for plotting f Vs Re curves for different diameter cement mortar 
lined Ductile Iron pipes are giving better representation of actual conditions and exact determination 
of friction factor is possible accurately with use of the graphs or regression equations produced. 
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ABSTRACT 
 
The aim of the study is to attain optimum allocation of treated sewage from various sewage 
treatment plants to different areas for water reuse in sustainable water management for Vadodara 
Urban Development Authority (VUDA) Area. Looking to the present scenario of water stress 
conditions it is highly advisable to use treated wastewater for toilet flushing and other non potable 
uses in residences and in irrigation as well as in industry.  
Based on quality criteria required for these different usages additional treatment was identified 
and enough water availability was ensured for every usage. Different areas had been marked on 
VUDA region using QGIS. The water demands for these areas for residential and industrial 
usages were also found out. The networks for residential-industrial and irrigation water uses were 
prepared in QGIS using GHydraulics plug-in.  

There are major seven sewage treatment plants including proposed plants which are serving 
sewage treatment requirements. The allocation of water from different sewage treatment plants 
for irrigation usages was identified and finalized. But in case of residential and industrial water 
reuse the nature of distribution of areas is scattered all across VUDA area, therefore transportation 
problem was considered for optimum allocation of treated water for reuse. The networks prepared 
in QGIS were imported to WaterNetGen and optimum design of pipes was carried out. Using 
GWSSB SOR cost of pipes was worked out. After finding transportation cost to more than 70 
nodes the transportation model was created for seven sources and solved using AMPL software 
and optimal allocation was achieved. 

Keywords: Water reuse, Transportation problem, QGIS, WaterneGen, AMPL 

1. INTRODUCTION 

Water reuse networks have been emerging globally for the last 50 years; firstly in Japan 
in response to long-term droughts, and more recently in Australia to diversify their water 
supply portfolio and to improve water supply resilience(Wilcox et.al., 2016).In recent 
study conducted in United States water reuse is positively accepted by respondents as 
shortage mitigation solution (Garcia-Cuerva, Berglund, & Binder, 2016). In fact, India‘s 
urban population is expected to increase from 377 million in2011 to 600 million by 
2031.This will naturally lead to growth in demandfor all resources, including water, and 
their over-exploitation. The growing demand for water comes at a time whenthe potential 
for augmenting supply is limited – water tables are falling (by1 to 3 meters every year) 
and so is the quality of the water available(Matto, Kumar, & Saakshi, 2017). In this 
context treated sewage reuse can be a sustainable option.  

 

 

2. OBJECTIVE AND SCOPE OF PRESENT STUDY 
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The main objective of present study is to find out optimum allocation of reclaimed water 
for reuse in Vadodara Urban Development Authority (VUDA) Area. VUDA area is 
considered as case study to understand the implications of water reuse for residential, 
industrial and agricultural purposes. One study had been conducted by Herman, Scruggs, 
& Thomson ( 2017) regarding cost of potable and non potable reuse in medium sized arid 
inland community. In present study per MLD cost of non potable water reuse is found 
out. 

3. RESEARCH METHODOLOGY 

3.1 Data Collection 

The data regarding existing and proposed sewage treatment plants had been collected 
from Vadodara MahanagarSevaSadan as shown in Table 1. 

Table 1: Details of existing and proposed sewage treatment plants in VUDA Area. 

Sr. 

No. 
 

Location 

 

Year of  
Commiss- 

ioning 
 

Capacity 

Treatment 

Method 
 

Running Cost per 
Annum 

Effective 
year for 

calculating   

O & M 
and 

Electrical 
Cost 

Capital 
 Cost 

In MLD 

O & 
M 

Cost 
(Rs. in 

Lacs) 

Elect.Bill 

(Rs. in 
Lacs) 

(Rs. in 

Lacs) 

1 Ataladara 
STP 

2001(Old) 43 UASB 70 60 2012 1000 

2009 
(New) 

43 UASB 103 60 2012 1500 

2 Kapurai STP 
 

2010(Old) 43 UASB 48 60 2012 1500 

2020(New) 60 UASB 24.2 84 2017 8800 

3 Gajarawadi 
STP 

2003 66 Activated 
Sludge  

54 130 2012 1100 

4 Tarasali STP 2001 52 Activated 
Sludge  

67 80 2012 900 

5 Sayaji–
Garden STP 

2010 8.5 Extended 
Aeration 

16 24 2012 500 

6 STP 2014 21 Extended 
Aeration 

20 43 2012 1700 

7 Rajivnagar 
STP 

2020 78 Extended 
Aeration 

27 160 2017 10700 

For cost calculation of piping, elevated service reservoir etc. schedule of rates from 
Gujarat Water Supply and Sewerage Board (GWSSB) had been collected. The population 
data for the Vadodara Urban Development Authority area had been collected and 
forecasting of population was done using various methods. Ultimately design population 
was calculated using auto regression method. The proposed land use map for VUDA area 
for the year 2031 was collected from VUDA website. 
Data related to pump cost were collected from reputed brand vendors. Data regarding 
industrial water demand were collected from major industries like Gujarat State 
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Fertilizers Corporation,Indian Petrochemicals CorporationsLimited etc. Data regarding 
water consumption in minor industries of GIDC area had also been collected from Annual 
Survey of Industries (ASI) website conducted by Central Statistics Office (CSO) 
Industrial Statistics (IS) wing. The data was also collected from Government of India, 
Ministry of Statistics and Program Implementation.Physical survey of industries in 
Makarpura GIDC had been done to collect data regarding water consumption. The data 
regarding water reuse criteria were collected from WHO, CPHEEO, CPCB etc. 

3.2 Identification of Residential, Industrial and Agricultural Areas 

The proposed landuse map obtained from VUDA was superimposed on Google earth 
exactly by adjusting scale and matching landmark points. After superimposing proposed 
landuse map various areas have been identified for residential, industrial and agricultural 
use as per landuse zoning shown in the VUDA map for developing outskirt areas of 
Vadodara City. These areas were then marked with different layers in Quantum GIS 
(QGIS) software as shown in Figure 1 (a) and (b). 

 

Figure 1(a): The agricultural areas marked in light green colour surrounding Vadodara city 

as per proposed landuse map 2031 for VUDA area, Blue dots are various sewage treatment 
plants. 
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Figure 1(b): The residential and industrial areas marked in light majentaand light 
burgundy colour respectively surrounding Vadodara city as per proposed landuse map 2031 

for VUDA area 

Theareas have been divided into small compartments so as to create one node for laying 
out of proposed reclaimed water pipelines. The network of proposed reclaimed water 
pipeline is prepared in QGIS using GHydraulics plug-in as shown in Figure 2 (a) and (b). 

 

Figure 2(a): The agricultural areas marked in light green colourand proposed reclaimed 

water network from various sewage treatment plants in VUDA area 
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Figure 2(b): The residential and industrial areasand proposed reclaimed water network 
from various sewage treatment plants in VUDA area 

3.3 Identification of demand for residential, industrial and agricultural areas 

Using QGIS area of each of residential block was found. These blocks are situated in the 
area between Vadodara Urban Development Authority boundary and 
VadodaraMahanagarSevaSadan boundary. The population difference in 2051 between 
VUDA area and VMSS area comes to be 13,00,000. The population density in residential 
blocks was found out by dividing this population by total area of residential blocks. The 
population density is coming to be 106 persons / hectare. The population of each block 
was found out by multiplying population density with area of each block. The population 
was then multiplied by 100 lpcd to get nodal demands as shown in Table 2 for non 
potable uses like flushing toilets, gardening, washing clothes etc.  

Table 2: Residential Demands at Various Nodes 

Block id 
Area in 

m2 
Population 

Demand 
in MLD 

Demand 
in LPS 

Node 
No. 

1 783837 8258 0.825778 9.56 T53 

2 1010894.1 10650 1.064985 12.33 T49 

3 1215746.2 12808 1.280798 14.82 T54 

4 710780.17 7488 0.748812 8.67 T57 

5 1348998.3 14212 1.421180 16.45 T58 

6 820710.18 8646 0.864625 10.01 T56 

7 627382.44 6610 0.660952 7.65 T55 

8 577988.22 6089 0.608915 7.05 T48 

9 754918.08 7953 0.795312 9.21 T52 

10 524233.41 5523 0.552284 6.39 T51 

11 869778.76 9163 0.916319 10.61 T47 
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12 922157.49 9715 0.971500 11.24 T46 

13 396306.14 4175 0.417512 4.83 T45 

14 614818.9 6477 0.647716 7.50 T12 

15 617920.93 6510 0.650985 7.53 T13 

16 647966.34 6826 0.682638 7.90 T15 

17 704431.31 7421 0.742124 8.59 T14 

18 945267.64 9958 0.995847 11.53 T16 

19 937353.92 9875 0.987510 11.43 T17 

20 768121.67 8092 0.809222 9.37 T18 

21 1039766.7 10954 1.095402 12.68 T4 

22 1158071.9 12200 1.220038 14.12 T3 

23 1785123.3 18806 1.880641 21.77 T1 

24 1000380.9 10539 1.053909 12.20 T11 

25 1258552 13259 1.325894 15.35 T10 

26 1625357.4 17123 1.712327 19.82 T2 

27 1247042.4 13138 1.313769 15.21 T9 

28 1153830.8 12156 1.215570 14.07 T7 

29 1797992.3 18942 1.894199 21.92 T6 

30 2184870.3 23018 2.301778 26.64 T5 

31 4439996.9 46776 4.677571 54.14 T8 

32 2848656.6 30011 3.001082 34.73 T39 

33 4027881.3 42434 4.243404 49.11 T38 

34 3133143.4 33008 3.300791 38.20 T24 

35 3435060.9 36189 3.618863 41.88 T25 

36 2063183.5 21736 2.173580 25.16 T23 

37 1383506.8 14575 1.457535 16.87 T20 

38 2433821 25640 2.564049 29.68 T36 

39 3206538.3 33781 3.378113 39.10 T37 

40 3557013.8 37473 3.747342 43.37 T40 

41 765867.05 8068 0.806847 9.34 T19 

42 1590653.4 16758 1.675766 19.40 T21 

43 3328978.9 35071 3.507105 40.59 T34 

44 3990408.3 42039 4.203926 48.66 T35 

45 4189381.1 44135 4.413546 51.08 T22 

46 3385643.3 35668 3.566802 41.28 T33 

47 3123513.4 32906 3.290646 38.09 T32 

48 1447454.5 15249 1.524905 17.65 T26 

49 1671734.9 17612 1.761186 20.38 T31 

50 2830422.8 29819 2.981872 34.51 T27 

51 1913961.1 20164 2.016373 23.34 T28 

52 1777740.4 18729 1.872863 21.68 T29 

53 1839321.6 19377 1.937740 22.43 T30 

54 2453664.4 25850 2.584955 29.92 T74 

55 1368917.6 14422 1.442165 16.69 T86 
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56 2084189 21957 2.195709 25.41 T97 

57 2282147.5 24043 2.404260 27.83 T96 

58 2500989.3 26348 2.634812 30.50 T100 

59 1541881.5 16244 1.624384 18.80 T101 

60 3118487.2 32854 3.285351 38.02 T99 

61 3396722.6 35785 3.578474 41.42 T94 

62 2391007.8 25189 2.518945 29.15 T102 

63 954602.48 10057 1.005681 11.64 T50 

64 8870194.4 93448 9.344819 108.16 T98 

 
To find out industrial demand data of water consumption published by Government of 
India was considered and different scenarios like business as usual and business not as 
usual was considered for Makarpura GIDC. The demand determinations from selected 
sample industries were carried out physically for verification.  Area of Makarpura GIDC 
worked out exactly from Google earth profile and total demand for Makarpura GIDC was 
found out to be 3.23 MLD. These data were used to find nodal demands.  

For finding out agricultural demands Banana crop is considered. The values of water 
requirement for drip irrigation was considered from Shete (2000) and nodal demands 
were worked out. 

3.4 Formation of Transportation Problem 

For agricultural blocks the allocation of treated water from different sewage treatment 
plant was obvious due to clear vicinity of agricultural blocks to the particular sewage 
treatment plant. But in case of residential and industrial blocks they were scattered all 
over VUDA region making it difficult to allocate reclaimed water from different sewage 
treatment plants to the particular blocks. To solve this problem tableau of transportation 
problem was considered and analysis was carried out to find out optimum allocation. 

3.5 Determination of Transportation Cost to Each Node 

To form the transportation tableau the cost of transporting treated sewage from particular 
plant to particular node is required to be calculated. To do this first of all the proposed 
reclaimed water distribution networks prepared in QGIS were imported in WaterNetGen 
software and optimum sizing of pipeline is done by simulated annealing method. The cost 
of pipeline was found out using GWSSB schedule of rates for all the activities involved in 
pipe laying operation like excavating trenches, lowering, laying and joining pipelines, 
backfilling of trenches etc. complete and cost per m length of pipeline was obtained. 

Elevated service reservoir to distribute treated sewage was designed using mass curve 
method and volume and height of ESR for each different case was found out. The cost of 
ESR was calculated using GWSSB schedule of rates. The pump capacity required to fill 
the ESR was also calculated and the cost of pumps were obtained from reputed vendors. 
Now the operation and maintenance cost was calculated for Piping, ESR and Pump. 
These costs were distributed to each node base on the weighted average of demands on 
the nodes. Further the cost of sewage treatment plants including their O & M were 
calculated from the data obtained from VMSS to the base year of 2020. The cost of 
additional treatment required after treatment in conventional sewage treatment plant was 
also calculated from the case study of Bamroli sewage treatment plant, Surat. These costs 
are also considered for the year 2020 for running the scheme upto 2050. The use of 
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sinking fund factor, capital recovery factor and future value calculation is done to find out 
these costs. 

These costs were also charged on each node as per weighted average of demands on 
nodes. The calculation was carried out for various scenarios like- 

 considering all plants separate catering to the demand to their nearby nodes,  
 considering all plants combined network catering to all demands,  
 the group of Tarsali, Kapurai and Gajarawadi plant catering to the demands of 

their nearby nodes and rest plants as separate plants,  
 the group of Kapurai,Gajarawadi and Rajivnagar plant catering to the demands of 

their nearby nodes and rest plants as seprate plants, 
 the group of Atladara and Chani plant catering to the demands of their nearby 

nodes and rest plants as separate plants, and  
 the group of Kapurai and Gajarawadi plant catering to the demands of their 

nearby nodes and rest plants as separate plants. 

In the present paper due to constraint of space only the screenshot of WaterNetGen 
software network run is shown for combined networks with Atladara plant distributing 
reclaimed water to all nodes in Figure 3. To form the transportation problem the cost of 
supplying the reclaimed water from each plant to each node was calculated. The MS-
Excel files and WaterNetGen files as mentioned above are available with authors but not 
displayed due to constraint of space. The sewage treatment plant at Sayaji Garden is 
neglected in present study as it is having only 8.5 MLD capacity and the treated water is 
supplied to Sayaji Garden for gardening purpose from that plant. 

 

 

Figure 3: WaterNetGen analysis of combined network Atladara Command 

3.6 Preparation of Cost Tableu and Solving with AMPL software 
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For the network shown in Figure 3 the cost table is prepared in MS-Excel as explained 
above and then transportation tableau is prepared for solving in AMPL software. Same 
process is repeated for each of the option and each plant. The dummy node was added to 
make supply and demand equal as shown in Table 3. 

Table 3: Tableauof transportation cost to each node from each plant for combined network 

option with details of demands and supply 

Source/Destina-

tion Names 
T1 T2 T3 T4 . D(Dummy) 

Supply IN 

LPS 

Atladara 1103972 1119644 1122277 1136761 . 0 995.37037 

Chani 1195688 1211360 1211373 1227765 . 0 243.055556 

Gajarawadi 1062067 1077740 1057585 1054502 . 0 763.888889 

Kapurai 1073886 1089558 1088000 1110326 . 0 1192.12963 

Rajivnagar 1126683 1142356 1140798 1155282 . 0 902.777778 

Tarsali 1050545 1066217 1068850 1091176 . 0 601.851852 

Demands in LPS 21.77 19.82 14.12 12.68 . 2639.514075  

 
The demo version of AMPL software was used for the solution of these transportation 
problems having more than 70 nodes and 6 supply destinations as manual calculation is 
impossible. The software was downloaded from http://ampl.com/. The software is 
having readymade code available for transportation problem and in data file the values of 
cost tableau were required to be added.On solving the problem the allocation model with 
optimum objective cost was obtained as shown in Figure 4. 

http://ampl.com/
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Figure: 4 Allocation of Treated Sewage Flow from Different Plants to Different Nodes for 
Combined Networks Option 

 

4. RESULTS AND DISCUSSION 

MINOS 5.51: optimal solution found

209 iterations, oobjective 2263761593

ampl: display Tra ns;

Trans [*,*] (tr)

: Atladara Chani Gajarawadi Kapurai Rajivnagar Tarsali    :=

D 851.382 243.05 6   486.229 965.67 93.1778 0

T1 0 0 21.77 0 0 0

T10 0 0 15.35 0 0 0

T100 0 0 0 0 30.5 0

T101 0 0 0 0 18.8 0

T102 0 0 0 29.15 0 0

T11 0 0 12.2 0 0 0

T12 0 0 7.5 0 0 0

T13 0 0 0 7.53 0 0

T14 0 0 8.59 0 0 0

T15 0 0 0 7.9 0 0

T16 0 0 11.53 0 0 0

T17 0 0 11.43 0 0 0

T18 0 0 9.37 0 0 0

T19 0 0 0 0 0 9.34

T2 0 0 19.82 0 0 0

T20 0 0 0 0 0 16.87

T21 0 0 0 0 0 19.4

T22 0 0 0 0 0 51.08

T23 0 0 0 0 0 25.16

T24 0 0 0 0 0 38.2

T25 0 0 0 0 0 41.88

T26 17.69 0 0 0 0 0

T27 34.51 0 0 0 0 0

T28 23.34 0 0 0 0 0

T29 21.68 0 0 0 0 0

T3 0 0 14.12 0 0 0

T30 22.43 0 0 0 0 0

T31 20.38 0 0 0 0 0

T32 3.95815 0 0 0 0 34.1319

T33 0 0 0 0 0 41.28

T34 0 0 0 0 0 40.59

T35 0 0 0 0 0 48.66

T36 0 0 0 0 0 29.68

T37 0 0 0 0 0 39.1

T38 0 0 0 0 0 49.11

T39 0 0 0 0 0 34.73

T4 0 0 12.68 0 0 0

T40 0 0 0 0 0 43.37

T41 0 0 0 0 0 1.88

T44 0 0 1.32 0 0 0

T45 0 0 0 4.83 0 0

T46 0 0 0 11.24 0 0

T47 0 0 0 10.61 0 0

T48 0 0 0 7.05 0 0

T49 0 0 0 12.33 0 0

T5 0 0 26.64 0 0 0

T50 0 0 0 11.64 0 0

T51 0 0 0 6.39 0 0

T52 0 0 0 9.21 0 0

T53 0 0 0 9.56 0 0

T54 0 0 0 14.82 0 0

T55 0 0 0 7.65 0 0

T56 0 0 0 10.01 0 0

T57 0 0 0 8.67 0 0

T58 0 0 0 16.45 0 0

T6 0 0 21.92 0 0 0

T7 0 0 14.07 0 0 0

T73 0 0 0 0 123.63 0

T74 0 0 0 0 29.92 0

T8 0 0 54.14 0 0 0

T84 0 0 0 0 0 37.39

T86 0 0 0 0 16.69 0

T87 0 0 0 0 200.9 0

T88 0 0 0 0 162.04 0

T89 0 0 0 0 23.15 0

T9 0 0 15.21 0 0 0

T90 0 0 0 0 3.05 0

T91 0 0 0 0 1.5 0

T94 0 0 0 41.42 0 0

T96 0 0 0 0 27.83 0

T97 0 0 0 0 25.41 0

T98 0 0 0 0 108.16 0

T99 0 0 0 0 38.02 0
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The outcome of all such transportation problems solution for various options is tabulated 
in Table 4. 

Table 4: Final optimum objective cost of various options and cost per MLD 

 

Abbreviations: TKG- Tarsali, Kapurai and Gajarawadi STP, KGR- Kapurai, 
Garjarawadi and Rajivnagar STP, KG- Kapurai and Gajarawadi STP and AC – Atladara 
and Chani STP 

As observed in Table 4 the cost per MLD for all plants combined network is less than 
cost of separate networks. The total cost of project in case of separate networks is less 
compared to the total cost of project in case of all plants connected network but as 
demand satisfied is higher in case of  combined networks the cost per MLD is less in case 
of combined network. From the table it is clear that 6th option of combining only Atladara 
and Chhani plant networks seems to be best option from economy point of view. The 
demand satisfied is also very much near to maximum demand satisfied as in case of 
combined networks. 

5. CONCLUSION 

For the first time transportation model is formed for water reuse application and 
technique of considering all the cost proportionate to demand on nodes is developed. For 
the geography and demand conditions of VUDA area it is most beneficial to combine 
only network of Atladara and Channi for preparing network for treated sewage reuse. 
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