
- 26 - 
 

Evaluating Cost-Effectiveness of Rainwater Harvesting for Irrigation in 

Arid Climate of Gujarat, India 

 

Deepesh Machiwal1*, Sanjay Kumar2 and Devi Dayal1 

1ICAR-Central Arid Zone Research Institute (CAZRI), Regional Research Station, Kukma, Bhuj – 

370105, Gujarat, India 

2Krishi Vigyan Kendra, ICAR-CAZRI, Bhuj – 370105, Gujarat, India 

*Email of the Corresponding Author: dmachiwal@rediffmail.com 

Tel.: +91-2832-271238; Fax: +91-2832-271238 

 

Abstract 

Small reservoirs have proved as successful rainwater harvesting systems in semi-arid regions; 

however, their dependability in arid regions is not tested. This study aimed at evaluating cost-

effectiveness of small reservoir used for supplying irrigation water to wheat and mustard 

crops in an arid region of India by employing three performance indicators, i.e., benefit-cost 

(B-C) ratio, net present value (NPV) and internal rate of return (IRR). In addition, sensitivity 

analysis of the variables influencing the economics of the reservoirs is also carried out. The 

actual water requirements for wheat and mustard crops over their entire life span of 110 and 

95 days, respectively are computed as 319 and 227 mm, respectively in comparison to 

existing practice of excessively irrigating the crops. Fixed cost, i.e., cost of construction of 

the reservoir is estimated as Rs. 1,033,349 for a total storage capacity of 29,184.5 m3, 

whereas, the running cost, i.e., cost of cultivation for wheat and mustard is worked out to be 

Rs. 41,800 and 31,100 per ha. The net benefit of Rs. 28,901 and 38,835 for wheat and 

mustard crops clearly indicated that mustard is 34% economical over the wheat. The 

optimistic, pessimistic and average unit costs of stored rainwater over 30-year period is 
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calculated as Rs. 1.51, 3.03 and 2.27 m-3, respectively, which suggests that small reservoir is 

a viable option for rainwater management in the arid regions. This finding is further 

supported from the optimum values of B-C ratio (1.01), NPV (Rs. 10,093) and IRR (10.12%). 

This study considered scenario of demand-based efficient irrigation supplies with improved 

values of the B-C ratio (2.18), NPV (Rs. 1,330,558) and IRR (24%). Furthermore, sensitivity 

analysis revealed that the grain yield is the most-significant variable affecting the cost-

effectiveness of the reservoir system, which needs to be monitored carefully and enhanced in 

order to increase reservoir dependability in arid regions. Finally, the findings of this study are 

very useful for planners and decision-makers to formulate appropriate strategies for 

managing scarce rainwater in the study area as well as in other arid climate regions of the 

world. 

Key Words: Arid region; Economic evaluation; Rainwater harvesting; Optimistic and 

Pessimistic Unit Cost of Rainwater Harvesting; Sensitivity analysis; Small 

reservoir. 

 

1. Introduction 

Water demand for food production is expected to rise for the burgeoning global population, 

which is expected to hit the 9.28 billion mark by 2050 from the current 7.35 billion (United 

Nations, 2015). In order to enhance the future food production on a sustainable basis, the 

concurrent efforts will have to be made for increasing contributions of the green water 

substantially (Wisser et al., 2009); green water is defined as the amount of water used as 

consumptive use or evapotranspiration for plant growth or biomass production. Given the 

diverse environmental and social issues associated with the large-scale irrigation that rely on 

blue water (Fraiture et al., 2007), rainwater harvesting and supplemental irrigation with a 
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major focus on the small-scale irrigation is an appropriate strategy to enhance productivity of 

the rainfed areas (Wisser et al., 2009). 

 

Rainwater harvesting (RWH) for small-scale irrigation is broadly defined as a method of 

inducing, collecting, storing, and conserving rainwater and local surface runoff generated 

during the rainy season for its subsequent utilization for agricultural production (Boers and 

Ben-Asher, 1982; Ngigi et al., 2005; Kahinda et al., 2008; Rockström et al., 2010). The RWH 

is being practiced worldwide from the ancient times as evident from possibly the oldest two 

examples found for the Neolithic Age in the mountains of southern Jordan (Bruins et al., 

1986) and the Indus Valley civilization at Dholavira in the Great Rann of Kachchh, India 

(Kavarana, 2006). 

 

Small reservoirs are the traditional RWH systems, which have been successfully adopted in 

semi-arid regions by the smallholder farmers to deal with droughts and to improve 

agricultural productivity (Critchley et al., 1994). On the other hand, for the dry and arid 

regions, a general perception is that the small reservoirs as RWH systems cannot be effective 

and dependable source in providing agricultural water supplies due to low magnitude of the 

monsoon flows (Pisharoty, 1990). It is revealed from the literature that there exist plentiful 

studies investigating various aspects related to small reservoirs of semi-arid regions (e.g. 

Meigh, 1995; Güntner et al., 2004; Antonino et al., 2005; Liebe et al., 2005; Annor et al., 

2009; Liebe et al., 2009; Krol et al., 2010; Da Silva et al., 2011; Malveira et al., 2011; Papa et 

al., 2016). However, studies dealing with the issues of the small reservoirs in arid regions are 

quite rare (e.g. Machiwal et al., 2017). 
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In India, it is estimated that the small reservoirs supply water to 20% of irrigated lands (Li 

and Gowing, 2005) although the majority of them are established in the southern part of the 

country. The number of small reservoirs in the Indian drylands, encompassing arid, semi-arid 

and dry sub-humid regions, are continuously increasing at 60% annual growth rate, and about 

120,000 small reservoirs supply irrigation water to more than 4.12 Mha land (Downing et al., 

2006). A considerable part of the Indian arid lands, about 19.6%, is situated in the northern 

Gujarat where Kachchh district, the largest district of Gujarat State and the second-largest 

district of the country, exists. Rainfall in Kachchh district is highly variable at both spatial 

and temporal scales; for example, variability of the annual rainfall recorded at a raingauge 

station located in Kukma catchment of Kachchh over 28-year (1988-2015) period is 

illustrated in Fig. 1. Recently identified gradual trends and abrupt changes in the annual 

rainfall of this arid region indicated that the annual rainfall is significantly increasing after the 

year 2002 (Machiwal et al., 2016a; Machiwal et al., 2018). Furthermore, it is observed that a 

major fraction of the annual rainfall ranging from 32 to 76% occurs within a single or 

consecutive 2-4 days in the area based on 10-year (2007-2016) data. The condensed rainfall 

events have adverse effects on crop yields during rainy season, and also a major part of this 

immense rainwater gets easily escaped out of the area due to topographic characteristics 

(Revadekar and Preethi, 2010). In the middle portion of the district, there are ridges of hills 

stretched in east-west direction with their slopes towards the northern and southern 

directions. Thus, a major portion of the runoff generated from the rainfall falling over the 

middle/central portion, is drained by the seasonal streams or small rivers to either the 

northern side where the Great Rann of Kachchh is situated or the southern side where it 

ultimately goes to the Gulf of Kachchh (Machiwal et al., 2016b). Looking at the prevailing 

surface water shortages, arid and hot climate, steep topographic slopes, and recently 

heightened rainfall rise in the area, few small reservoirs are constructed in the region in order 
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to harvest the rainwater, store it, and then to utilize it for providing irrigation to winter season 

crops. Nevertheless, cost-effectiveness of these small reservoirs is not evaluated, and 

therefore, their economic feasibility in the arid region still remains unaddressed. 

 

To the authors’ knowledge, no study to date has ever been conducted to evaluate cost-

effectiveness of the small reservoirs in arid regions. Therefore, this study aimed at evaluating 

cost-effectiveness of the small reservoir situated in arid region of Gujarat, India by employing 

three economic indicators, i.e., net present value, benefit-cost ratio and internal rate of return. 

The study also performed sensitivity analysis to find out the most-sensitive input variable 

having the largest impacts on the reservoir economics. 

 

2. Materials and Methods 

2.1 Study Area and Climatic Conditions 

The Kukma catchment (study area), located from 23°10′ to 23°14′ north latitude and from 

69°46′ to 69°49′ east longitude encompassing an area of 10.45 km2, is situated in arid lands 

of Kachchh district, Gujarat, India (Fig. 2). Kachchh experiences a tropical and hot arid 

climate with an aridity index of more than 40% indicating almost dry desert conditions over 

the entire lands (Prusty, 2012). The campus of Regional Research Station, Central Arid Zone 

Research Institute (CAZRI) exists within the study catchment (Fig. 2), where experimental 

research fields of the station are also situated.  

 

The mean annual rainfall in the study area is 389 mm for 37-year period (1988-2015), which 

is received within 13 mean rainy days (Fig. 1). The area receives a large portion of the scanty 

rainfall from the southwest monsoon during June to August months. The long-term mean 

monthly maximum and minimum temperatures for 102-year period (1901-2002) vary from 
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22.1 oC (January) to 31.9 oC (May) and from 8.8 oC (January) to 22.7 oC (June), respectively 

(India Water Portal, 2009). Relative humidity during the monsoon season remains more than 

80% over the coastal lands and more than 65% in inland. In summer and winter seasons, the 

air generally remains dry, and thus, the relative humidity falls below 25% in afternoon. The 

potential evapotranspiration (PET) varies from 1750 mm/year in the coastal area of Naliya, 

Mandvi and Mundra to 1900 mm/year towards Bhuj and Anjar. Towards the north and north-

east, the PET values decrease to 1800 mm/year and less. In general, the PET is 4-5 times 

higher than the precipitation, leaving a large deficit in the water availability (Singh and Kar, 

1996). 

 

2.2 Experimental Setup Details 

Before the year 2001, there was no source of surface water within the CAZRI campus 

situated in the study area to meet drinking and irrigation requirements. At that time, the 

runoff water generated during the monsoon season from high-intensity and short-duration 

rainfall storms escaped quickly from the area. Thus, in the year 2001, a surface reservoir (Fig. 

2) of 20,000 m3 storage capacity was constructed in the northwest corner of the CAZRI 

campus for harvesting, storing and utilizing runoff water, which was previously going as 

waste without any use. The site for the reservoir was appropriately selected over a drainage 

line within the sub-catchment of the Kukma catchment carrying the runoff water towards the 

lowest land elevation. This sub-catchment extends over 71.12 ha land encompassing entire 

CAZRI campus (Fig. 2) along with a small area in the southern portion of the CAZRI 

campus. The reservoir stored vast quantities of the surface runoff generated in the catchment 

over the past 17 years. The stored water was utilized for both drinking and irrigation purposes 

during the few initial years after reservoir construction. However, after having municipal 

water supplies from Narmada canal to meet drinking water needs, the reservoir water is 
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solely used for providing supplemental irrigation to winter and summer season crops. As the 

magnitudes of the annual rainfall have been rising in the area after the years 2001-2002 

(Machiwal et al., 2016a), it has been observed that surplus runoff water escapes out of the 

reservoir during the excess rainfall years. Hence, the storage capacity of the reservoir is 

augmented by excavating additional volumes of 4,803 and 4,381.5 m3 in the years 2008 and 

2009, respectively. Initially, the gross water storage capacity of the reservoir was 29,184.5 m3 

with approximate size of 180 m × 90 m and less than 3 m depth. However, the present actual 

water storage capacity is estimated by conducting a topographical survey within the 

submergence area of the reservoir, which revealed that the maximum storage capacity of the 

reservoir got reduced to 24,879 m3 due to sedimentation (Machiwal et al., 2015). In general, 

size of the reservoir with storage capacity of less than 50×106 m3 can be considered as small, 

according to the criteria defined in Güntner et al. (2004).  

 

The rainwater harvested in the reservoir is usually withdrawn at the end of monsoon season 

from two outlet points by using diesel-operated 5-hp centrifugal pumps. The water is 

conveyed from the reservoir to the crop fields through flexible section pipes, and thereafter, 

flooding method is used for irrigating the crops raised in 3.5 ha. It is a general practice to 

raise wheat and mustard crops by excessively irrigating from the reservoir water.  

 

2.3 Estimating Crop Water Requirements 

The harvested rainwater, stored inside the reservoir, is utilized for irrigating wheat and 

mustard crops. The actual crop water requirements for these two crops were estimated by 

using CROPWAT 8.0 software. All kind of data required for estimating the crop water 

requirements, i.e., climate, rainfall, crop and soil data are either measured/monitored in the 

study area or collected from different sources, which have been specified ahead. The climate 
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data of maximum and minimum temperatures, relative humidity, wind velocity, and sunshine 

hours are collected for five-year period (2008-2012) from the annual reports of the Regional 

Station, CAZRI, Gujarat. The crop coefficient values and duration for initial, development, 

mid-season and end season stages, rooting depths, depletion fractions, and yield response 

factors are obtained from the published literature (i.e. Raut et al., 2010), which are further 

verified from the values suggested by the Food and Agriculture Organization (FAO), Rome 

(Allen et al., 1998), and were slightly adjusted according to the local conditions (Table 1). 

The values of total available soil moisture, maximum rain infiltration rate, and initial soil 

moisture depletion are taken for the study area from Rao and Trivedi (2012); the values of the 

soil characteristics used in this study are given in Table 1. Generally, the wheat is planted at 

the end of October month, and the mustard is planted in the first week of November in the 

area. 

 

2.4 Calculating Costs and Benefits 

2.4.1 Computing Cost of Reservoir Construction 

Initially, the reservoir was constructed with a capacity to store 20,000 m3 of rainwater under a 

scheme of the Gujarat Land Development Corporation (GLDC), Government of Gujarat, 

where only 10% of the total construction cost is paid by the CAZRI, and the rest is borne by 

the GLDC. However, in this study, entire cost incurred in the construction of the reservoir is 

considered to compute the actual total cost of reservoir construction. Furthermore, the cost 

involved in enhancing the storage capacity of the reservoir in years 2008 and 2009 is also 

considered in calculating the total cost of the reservoir construction.   

 

2.4.2 Computing Cultivation Costs for Crops Irrigated from Reservoir Water 
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The reservoir water is utilized to irrigate two winter season crops, i.e., wheat grown in 1.5 ha 

and mustard grown in 2 ha, nearby the reservoir. Both the crops are raised in the area by 

providing all inputs, e.g., land preparation, seed sowing, fertilizer, plant protection measures, 

intercultural operations, irrigation, harvesting, threshing and transportation by following the 

general practice adopted by the farmers of the region. Details about the existing farmers’ 

practice of using input for crop cultivation are acquired by conducting a survey of 30 local 

farmers through a questionnaire. The same practice is adopted for cultivating wheat and 

mustard crops in 3.5 ha area in this study. In addition, the cost of diesel used for lifting the 

harvested water from the reservoir through 5-hp engine, and maintenance costs of engines 

and centrifugal pumps are also considered under the irrigation. Costs of all inputs applied for 

cultivating both the crops, i.e., wheat and mustard, in 3.5 ha area are monitored over four-

year period (2011-2014), which are subsequently used to compute the cost of cultivation for 

the crops. 

 

2.4.3 Estimating Benefits Acquired from Crop Production 

In this study, the grain and straw yields of the wheat and mustard crops are measured along 

with monitoring of their existing market rates for four years. The gross economic returns 

acquired by selling of the crops is estimated separately for each crop based on their crop 

yields, their acreages and the prevailing market rates for four-year period. Thereafter, the net 

economic return for each crop is computed by subtracting the total cost involved in their 

cultivation from the gross returns. Finally, the total net return for the rainwater harvesting 

system from both the crops is obtained by summing up individual net returns of two crops. 

 

2.5 Assessing Unit Cost of Harvested Rainwater 
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This study assessed unit cost of the rainwater harvesting under two scenarios: (i) best-case 

(reservoir is always full), and (ii) worst-case (reservoir is 50% full). Assessment of the unit 

cost under the best-case scenario does not consider water losses from the reservoir due to 

evaporation under arid climate and withdrawal of water for supplemental irrigation. Hence, 

the unit cost of rainwater harvesting may be considered optimistic. On the other hand, the 

worst-case scenario with 50% reservoir storage may provide a pessimistic cost estimate. An 

average of both the optimistic and pessimistic unit costs may represent the realistic unit cost 

of the rainwater harvesting over 30-year life-span of the reservoir where rainfall in few of the 

years may be deficient. 

 

2.6 Evaluating Economic Feasibility of Reservoir 

It is necessary to find the economic feasibility of the reservoir for better decision-making 

especially in the arid regions (Machiwal et al., 2004). Hence, this study adopted three widely-

used economic indicators, i.e. benefit-cost ratio, net present value, and internal rate of return, 

to evaluate cost-effectiveness of the reservoir. Furthermore, this study evaluated economic 

feasibility of the reservoir under two scenarios: (i) excessive irrigation to the crops following 

the existing practice, and (ii) moderate irrigation according to the actual crop water demand. 

Overall, the first scenario considers total available supplies made from the reservoir without 

looking at the demand side management, whereas the second scenario takes care for the 

available supplies as well as for the crop water demands.  

 

2.6.1 Benefit-Cost Ratio 

The benefit-cost (B-C) ratio basically compares the present worth of the total net returns to 

the present worth of the total costs (including both the fixed and operating costs), and is 

expressed as (Brooks et al., 1998): 
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Where, Bt = benefit in year t, Ct = cost in year t, r = discount rate, and n = number of years 

for which the B-C ratio is computed. The reservoir is considered economically feasible only 

when the value of the B-C ratio is greater than 1, which means that the present value of the 

total benefits is greater than the present value of total costs. 

 

2.6.2 Net Present Value 

Net present value (NPV) indicates the present value of the net returns, and is computed by 

using the following equation (Brooks et al., 1998): 
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If NPV is more than zero, the proposed scenario is accepted, otherwise, it is unfeasible. Thus, 

the positive value of the NPV suggests that the construction of reservoir for raising crops in 

arid regions a viable option. 

 

2.6.3 Internal Rate of Return 

The internal rate of return (IRR) is computed by equating the difference between the present 

worth of total costs and the present worth of total net returns to zero, and solving the equation 

for the IRR as shown below (Yuan et al., 2003): 
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The value of IRR is acceptable, if it is found to be greater than the minimum expected interest 

rate. 

 

2.7 Analyzing Sensitivity of Parameters 

In this study, sensitivity analysis of the four parameters, i.e., cost of cultivation, grain yield, 

market rate of grain, and discount rate, is performed to test comparative robustness of the 

considered parameters, and to find the most sensitive parameter among them. The sensitivity 

analysis also helps finding the most critical parameter, which needs to be first addressed in 

order to enhance the economic feasibility of the rainwater harvesting. The sensitivity is 

examined by considering perturbation of ± 10% for the cost of cultivation, grain yield and 

market price of the grains, and ±1% for the discount rate. The discount rate can be defined as 

the rate at which the enterprise is able to borrow the money (Gittinger, 1982), and for the 

cost-benefit analysis, the interest rate is usually considered from 5% to 15% (Kunze, 2000). 

In this study, a discount rate of 10% is considered looking at its adequacy at the national as 

well as international levels (Mushtaq et al., 2007). 

 

3. Results and Discussion 

3.1 Rainfall Occurrences and Water Demands 

In the study area, only 32 mm of the annual rainfall occurs during the growth period of wheat 

and mustard crops, and thus, the crops are dependent to a great extent on the supplemental 

irrigation. The water requirements of wheat and mustard crops over their entire life span of 
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110 and 95 days, respectively are 319 and 227 mm, respectively as obtained from the 

CROPWAT 8.0 software. However, based on 5-year (2008-2012) data, the rainfall during the 

crop growth period is only 32 mm. Distribution of rainfall occurrences and the crop water 

demand over different months is illustrated in Fig. 3. It is clearly seen that a major portion of 

the rainfall duration occurs before the crop growing period, and this highlights the need of 

providing irrigation to sustaining the crops. The groundwater irrigation, if made through 

tubewell supplies, incur huge costs mainly due to very deep (more than 600 feet from 

surface) groundwater levels, which makes the agriculture unsustainable in the area. The 

severely degraded groundwater quality due to the presence of salinity further aggravates the 

problem. Hence, rainwater harvesting through surface reservoirs and irrigation to crops is 

imperative solution in the area. 

 

3.2 Cost Analysis of Reservoir Construction and Crop Cultivation 

The costs considered in this study are of two types, i.e., fixed and operating costs. The fixed 

cost comprises the initial construction cost of the reservoir along with the cost involved in 

extending the reservoir twice after its construction. The reservoir constructions costs along 

with earthwork involved for the original and extended volumes are shown in Table 2. It is 

seen that the total construction costs of the reservoir is Rs. 1,033,349 with a total earthwork 

of 29,184.5 m3. 

 

The operating cost includes costs of all the inputs required for cultivating the crops. Details of 

all the inputs, their quantities, financial rates and costs involved during the entire growth 

period of wheat and mustard crops are provided in Table 3. The average total cost of 

cultivation for the wheat and mustard crops for 1 ha area is obtained as Rs. 41,800 and 

31,100, respectively. The existing practice is to provide excessive number of irrigations to the 
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crops in spite of the fact that the water is scarce in this water-short arid region. The major 

factors acting behind the unusual number of irrigations are soil type, extreme temperatures, 

and high wind velocity. The soil of the study area is sandy loam, which readily drains the 

moisture gained from the irrigations to deep layers beyond the root zone. In addition, the high 

temperatures and wind blowing at high speed cause elevated evapotranspiration losses in the 

soils (Machiwal et al., 2016b). Hence, the crops are needed to be frequently irrigated to avoid 

any stress in the yields.   

 

3.3 Yields, Market Rates and Net Returns 

The outputs of the rainwater harvesting and irrigation system include average grain and straw 

yields, total productions, prevailing market prices, etc. for both the wheat and mustard crops, 

and the same are mentioned in Table 4 for the four-year period. The average grain yields for 

wheat and mustard crops are 2,643 and 1,858 kg ha-1, respectively, whereas the straw yields 

are 5,947 and 2,787 kg ha-1, respectively. Wheat is a water-intensive crop, and thus, its 

cultivation does not look to be a healthy practice for this arid region due to inadequate and 

short availability of surface water resources, and deep availability and degraded quality of 

groundwater resources. However, in arid region of Gujarat, wheat is a very important crop as 

almost every farmer grows it at least for self-domestic use. Therefore, wheat crop is 

considered for this study, which is irrigated from the rainwater harvested in the reservoir in 

order to see cost-effectiveness of the reservoir for the existing practice of the region. The 

straw or crop residue that remains left in the field, after collecting grains by threshing, is very 

valuable to feed the livestock in this fodder-deficit arid region, where animal husbandry is the 

major enterprise of the people for their livings with animal population more than human 

population (Singh and Kar, 1996). The net returns obtained from the wheat and mustard crops 

are computed as Rs. 28,901 and 38,835 per ha area, respectively (Table 4). Thus, it is clearly 
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indicated that growing mustard is about 34% more economical than growing wheat for this 

water-scarce arid land. 

 

3.4 Unit Cost of Rainwater Harvesting under the Best and Worst Scenarios 

It is experienced during the past 10-12 years that on occurrence of 250-300 mm of annual 

rainfall in the area, the constructed reservoir with the present storage capacity of 24,879 m3 

gets entirely filled with water as the reservoir receives water from sub-area of the Kukma 

catchment in addition to rainwater directly falling inside the reservoir. It is further seen that 

the reservoir got filled up to its full capacity at least once a year in most of the years since its 

establishment. For the average reservoir life of 30 years, the optimistic unit cost of the 

rainwater volumes harvested in the reservoir under the best-case scenario is worked out to be 

only Rs. 1.51 for every 1 m3 of stored water (Table 5). On the contrary, the pessimistic unit 

cost of the harvested rainwater for the worst-case scenario is assessed as Rs. 3.03 for 1 m3 of 

stored water. Furthermore, the average unit cost of the rainwater representing the realistic 

situation is Rs. 2.27 per m3 of water. The values of the optimistic, pessimistic and average 

unit cost of rainwater are all rational, which clearly suggests the economic viability of the 

small size reservoir for rainwater harvesting in this arid region.  

 

3.5 Economic Feasibility of Reservoir under Existing Practice 

Furthermore, net incremental returns and total costs along with their present worth for the 

average life of the reservoir (30 years) are presented in Table 6. This study considered 10% 

discount rate, and 1% of the initial investment in the reservoir construction as the annual 

maintenance cost of the reservoir. The maintenance of the reservoir includes the activities of 

repair and desilting. It is reported that the sedimentation occurs in the reservoir at a mean rate 

of 358.8 m3 in a year (Machiwal et al., 2015). The present worth of both net incremental 
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return and total cost per annum are computed for 30 years after construction of the reservoir 

by considering a discount rate of 10% per annum using the expression of the net present 

value as  t

t r1B   and  t

t r1C   (Table 6). The values of three economic indicators, i.e., 

B-C ratio, NPV and IRR, computed for 30-year period is found to be 1.01, Rs. 10,093 and 

10.12%, respectively (Table 6). The positive value of the NPV and B-C ratio of more than 1 

indicates that the crops raised by supplemental irrigation through rainwater harvesting is an 

economical enterprise in the arid area of Gujarat, India. In addition, the value of IRR is more 

than the expected minimum interest rate of 10%, which further confirms the economic 

feasibility of the rainwater harvesting and supplemental irrigation in the area. 

 

3.6 Reservoir Cost-Effectiveness for Demand-Based Irrigation Supplies 

This study considered a scenario of efficiently managing reservoir water supplies by allowing 

moderate irrigations to the wheat and mustard crops to meet their actual/exact water 

requirements, i.e., 320 and 230 mm, respectively over the entire growing season. As the water 

is applied by using flood irrigation method, an efficiency of 65% is considered in estimating 

the gross water requirements, i.e., 492 and 354 mm, respectively. The area to be covered by 

each crop is calculated by maintaining their cropped area ratio similar to the existing practice, 

i.e., mustard to wheat ratio as 2/1.5 = 1.33. This cropped area ratio is then utilized to allocate 

a total 24,879 m3 of the reservoir water for the two crops depending upon their respective 

water requirements. The results indicated that the wheat and mustard crops grown in 2.6 and 

3.4 ha lands, respectively, can be successfully irrigated from the rainwater harvested and 

stored in the reservoir. This finding revealed 73, 70 and 71% increase in the areas covered by 

wheat and mustard crops, and total cropped areas, respectively. Hence, the existing practice 

of providing excessive irrigations needs to be replaced with the beneficial water-efficient 

practice of providing moderate irrigations to the crops according to their actual water 
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demands. Adoption of this practice may bring additional areas under irrigation, which may 

lead to enhanced crop production and net benefits. 

 

The economical performance indicators are also employed to evaluate the feasibility of the 

practice of managing reservoir water supplies as per the actual crop water requirements, and 

their calculation and results are shown in Table 7. It is evident that the B-C ratio, NPV and 

IRR for the water-efficient system are 2.16, >100 and 2.39 times better than that for the 

existing practice. Furthermore, it is seen that the B-C ratio and NPV curves, plotted for 

individual years over the average life of the reservoir, extend beyond the lines of 0 and 1 

values (Fig. 4) in the 29th year under the existing practice of excessive irrigations. On the 

other hand, when the water-efficient practice of moderate irrigations is adopted then both the 

curves cross their non-economical zone very early, i.e., in the 6th year, in comparison to that 

with existing practice. The significantly higher increase (more than 100%) in the values of 

the B-C ratio, NPV and IRR further proves the efficacy of the approach for managing 

reservoir water supplies according to the actual water demands of the crops.  

 

3.7 Sensitivity Analysis 

The sensitivity of the four parameters having profound effect on the net economic returns is 

analyzed by changing their values by ±10% or ±1% in order to see their relative impact on 

the reservoir economics. It is worth-mentioning that when value of one parameter is 

perturbed, the values of the all other parameters are kept intact, and the economical indicators 

are employed to find the economic feasibility of the system. Also, the existing system of 

irrigation is adopted for testing the sensitivity of the parameters.  
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The results of the sensitivity analysis are presented in Figs. 5(a-d). It is depicted from the Fig. 

5 that increase in the grain yield and market price of the grains, and decrease in the cost of 

cultivation and discount rate is always economical in any of the year as indicated by the 

higher position of their curves over the curves for the reverse conditions. It is seen from Fig. 

5a that when the value of the cost of cultivation for the wheat and mustard crops are changed 

from 10% increase to 10% decrease, the corresponding values of the B-C ratio, NPV and IRR 

increased from 0.90, Rs. (-) 107,653 and 8.73%  to 1.11 (23% increase), Rs. 127,831 (>100% 

increase) and 11.46%  (31% increase), respectively. Also, the NPV and B-C ratio curves for 

10% decrease in the costs exceed the non-economic values in 20th year. However, both the 

curves even could not touch the economic values in case of 10% increase. Likewise, in case 

of perturbing the current values of the grain yield from 110 to 90% (Fig. 5b), the values of the 

B-C ratio, NPV and IRR changed from 1.21 to 0.80 (34% decrease), from Rs. 241,916 to Rs. 

(-) 221,738 (>100% decrease) and from 12.73% to 7.34% (42% decrease). Furthermore, it is 

seen that the NPV and B-C ratio curves in case of 10% increase in the grain yields exceed the 

non-economical values in 16th year; however, these curve could not achieve the economical 

values in case of 10% decrease in the grain yield values (Fig. 5b). Similarly, changing the 

current grain price from 10% increase to 10% decrease altered the values of the B-C ratio, 

NPV and IRR from 1.18, Rs. 200,926 and 12.28% to 0.84 (28% decrease), Rs. (-) 180,748 

(>100% decrease) and 7.84% (36% decrease), respectively (Fig. 5c). Besides, the B-C ratio 

and NPV curves approached the economical values in 17th year with 10% increase; however, 

none of the indicator could be found economical with 10% decrease in the market price of the 

grains (Fig. 5c). In the similar manner, on modifying the values of the discount rate from 1% 

increase to 1% decrease, the values of the B-C ratio and NPV inclined from 0.94 to 1.09 

(16% increase) and from Rs. (-) 71,058 to Rs. 103,812 (>100% increase), respectively (Fig. 

5d). In addition, it can be observed from Fig. 5d that the curves defining the B-C ratio and 
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NPV indicators attained the economical values in 22nd year in case of decreasing discount 

rate by 1% and could not arrive at the economic values in case of increasing the rate by 1% 

(Fig. 5d). 

 

It is apparent from the above discussion and from Fig. 5 that the most sensitive parameter is 

the grain yield where the range of the B-C ratio and NPV between the 10% increase and 10% 

decrease is the highest, i.e., 0.41 and Rs. 463,654, in comparison to that for other parameters. 

On the contrary, the least sensitive parameter is found to be the cost of cultivation showing 

the lowest range of the B-C ratio, i.e., 0.21, and the smallest change in the NPV, i.e. Rs. 

235,484, among other parameters. The discount rate showed a little variation of the B-C 

ration and NPV towards the perturbations although the change is only ±1% in the values. 

These findings suggested that the grain yield of the crops should be carefully measured as a 

little uncertainty in the value may cause large changes in the reservoir economics. At the 

same time, it may also be concluded that in order to increase the economy of the reservoir 

irrigation, emphasis should be given for increasing the grain yields that will have the 

relatively large impact on the economic returns. 

 

4. Conclusions 

In this study, cost-effectiveness of rainwater harvesting for irrigation is evaluated for a small-

size reservoir situated in arid climate of Gujarat, India. During crop growing season in winter, 

only 32 mm of the annual rainfall occurs, which suggests the need of rainwater harvesting for 

subsequent irrigation to winter season crops. Based on the costs and benefits, the net returns 

indicated that mustard is 34% more economical than wheat for the arid area; water 

requirement for the wheat is also very large in comparison to that for the mustard. The 

optimistic, pessimistic, and average unit costs of the rainwater harvested in the reservoir are 
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found very economical, i.e., Rs. 1.51, 3.03 and 2.27, respectively for every 1 m3 of the stored 

rainwater. This finding further supports that the rainwater harvesting through small reservoirs 

is a viable option for the arid area. The optimum values of the three economic indicators, i.e., 

1.01 for B-C ratio (>1), Rs. 10,093 for NPV (positive), and 10.12% for IRR (>10%), confirm 

the feasibility of the reservoir construction to achieve the economic returns from the 

agriculture. It is also observed that the cropped area under irrigation can be augmented by 73 

and 70% under wheat and mustard crops through application of irrigation water based on 

their actual water demands, and this will also add to the total net returns. With demand-based 

irrigation water management, the performance of the rainwater harvesting-cum-irrigation 

system is found to be better than the existing practice of excessive irrigations as indicated by 

the values of B-C ratio (2.18), NPV (Rs. 1,330,558), and IRR (24.23%). The payback period 

with the demand-based irrigation practice is achieved in 6th year as compared to the existing 

practice where the payback period is 29th year. These findings clearly pointed that the 

supplies from the small reservoirs of the water-short arid regions need to be optimized 

according to the actual water demands of the crops for enhancing the total net returns. 

Furthermore, sensitivity analysis indicated that the grain yield is the most-sensitive input 

variable, which should be tried to enhance in order to maximize the net economic returns. 

Moreover, this study concludes that the rainwater harvesting through small reservoirs for 

irrigation purpose is definitely an excellent and cost-effective practice, which may enhance 

productivity, production, and economic returns in the arid region of Gujarat, India. The 

findings of this study are useful for the policy and decision makers in order to formulate 

appropriate strategies for the efficient water resources management and improving 

agricultural productivity of the arid regions.  
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Table 1. Crop and soil information used in computing water requirements for wheat and mustard crops 
 

Parameter Stage Wheat Mustard 

Crop Coefficient Value Initial 0.28 0.28 

 Mid-season 1.15 1.05 

 Late-season 0.20 0.32 

Crop Stage Duration (Days) Initial 15 (1 November – 15 November) 20 (29 October – 17 November) 

 Development 25 (16 November – 10 December) 25 (18 November – 12 December) 

 Mid-season 45 (11 December – 24 January) 30 (13 December – 9 January) 

 Late-season 25 (25 January – 18 February) 20 (10 January – 29 January) 

Rooting Depth (m) Initial 0.30 0.30 

 Late-season 1.40 1.20 

Critical Depletion (Fraction) Initial 0.60 0.50 

 Mid-season 0.60 0.60 

 Late-season 0.90 0.70 

Yield Response Factor Initial 0.20 0.20 

 Development 0.60 0.40 

 Mid-season 0.50 0.30 

 Late-season 0.50 0.40 

 Total 1.18 0.40 

Total Available Soil Moisture (mm m-1) 150 

Maximum Rain Infiltration Rate (mm day-1) 80 

Initial Soil Moisture Depletion (%) 40 

 



- 27 - 
 

Table 2. Cost of construction of the reservoir 

 

Phase of Reservoir 

Construction 

Year Earthwork 

(m3) 

CAZRI’s 

Share @ 10% 

Cost (Rs.a) 

Initial 2001 20,000 – 800,000 

First Extension 2008 4,803 11,648 116,473 

Second Extension 2009 4,381.5 11,687 116,876 

Total 29,184.5  1,033,349 

Note: aRs. = Indian Rupees (66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002).
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Table 3. Average cost of cultivation for wheat and mustard crops 
 

S. 

No. 

Particulars Unit Wheat Mustard 

Quantity Rate (Rs.a/ Unit) Amount 

(Rs.a/ha) 

Quantity Rate (Rs.a/ Unit) Amount 

(Rs.a/ha) 

1 Land preparation – – Locally calculated 2,470 – Locally calculated 2,470 

2 Seed kg 40 61.75 2,470 2 185.25 370.5 

3 Sowing – – Locally calculated 988 – – – 

4 Fertilizer        

 (i) Urea 50 kg bag 2 741 1,482 2 741 1,482 

 (ii) Di Ammonium Phosphate 50 kg bag 1 2964 2,964 0.5 2,964 1,482 

 (iii) Murate of Potash 50 kg bag 1 790.4 790.4 – – – 

5 Plant protection – – Locally calculated 494 – Locally calculated 988 

6 Intercultural operation Workdays 3  1,852.5 4  2,470 

7 Irrigation Number 12 Labour + Diesel 18,970 10 Labour + Diesel 15,198 

8 Engine Maintenance    617.5   617.5 

8 Harvesting – – Locally calculated 2,964 – Locally calculated 1,235 

9 Threshing and transportation – – Locally calculated 1,976 – Locally calculated 1,976 

    Total (Rs.) 38,038   28,289 

    Interestb @ 10% 3,804   2,829 

    Cost per ha (Rs.) 41,842   31,118 

    Approximatelyc (Rs.) 41,800   31,100 

Note: aRs. = Indian Rupees (66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002); bInterest is the cost of money that is paid on borrowed money or amount one 

could have earned by investing own resources in alternative uses in the market; capproximate cost of cultivation by rounding the value up to hundreds of Indian Rupees.
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Table 4. Calculation of costs, gross returns and net returns from wheat and mustard crops 
 

Costs and Benefits Particulars Wheat Mustard 

(a) Total Cost Area (ha) 1.5 2 

Cost of Cultivation (Rs.a/ha) 41,800 31,100 

Total Cost (Rs.a) 62,700 62,200 

(b) Gross Return from Grain 

Production 

Grain Yield (kg/ha) 2,643 1,858 

Total Grain Production (kg) 3,965 3,716 

Grain Price (Rs.a/100 kg) 2,000 3,314 

Return from Grain (Rs.a/ha) 52,860 61,574 

Total Return from Grain (Rs.a) 79,300 123,148 

(c) Gross Return from Straw 

Produce 

Straw Yield (kg/ha) 5,947 2,787 

Total Straw (kg) 8,920 5,574 

Straw Price (Rs.a/100 kg) 300 300 

Return from Straw (Rs.a/ha) 17,841 8,361 

Total Return from Straw (Rs.a) 26,762 16,722 

(d) Gross Returns from Both Grain 

and Straw (b+c) 

Unit Benefit (Rs.a/ha) 70,701 69,935 

Total Benefit (Rs.a) 106,050 139,870 

(e) Net Return or Benefit (d-a) Unit Net Benefit (Rs.a/ha) 28,901 38,835 

Total Net Benefit (Rs.a) 43,350 77,670 

(f) Total Net Return from Both Crops (Rs.a) = 43,350 + 77,670 = 

121,020 

Note: aRs. = Indian Rupees (66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002). 
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Table 5. Computation of the optimistic and pessimistic unit costs of harvested rainwater in 
the reservoir for reservoir life of 30 years 

 
Year Cumulative Volume of 

Harvested Rainwater (m3) 

Present 

Worth of 

Total Cost 

(Rs.)a 

Present Worth 

of Cumulative 

Total Cost 

(Rs.)a 

Unit Cost of Water 

(Rs.)a 

Reservoir is 

always full 

Reservoir is 

50% full 

Optimistic Pessimistic 

1 24,879 12439.5 1,033,349 1,033,349 41.53 83.07 

2 49,758 24879 9,394 1,042,743 20.96 41.91 

3 74,637 37318.5 8,540 1,051,283 14.09 28.17 

4 99,516 49758 7,764 1,059,047 10.64 21.28 

5 124,395 62197.5 7,058 1,066,105 8.57 17.14 

6 149,274 74637 6,416 1,072,521 7.18 14.37 

7 174,153 87076.5 5,833 1,078,354 6.19 12.38 

8 199,032 99516 5,303 1,083,657 5.44 10.89 

9 223,911 111955.5 4,821 1,088,477 4.86 9.72 

10 248,790 124395 4,382 1,092,860 4.39 8.79 

11 273,669 136834.5 3,984 1,096,844 4.01 8.02 

12 298,548 149274 3,622 1,100,466 3.69 7.37 

13 323,427 161713.5 3,293 1,103,758 3.41 6.83 

14 348,306 174153 2,993 1,106,751 3.18 6.36 

15 373185 186592.5 2,721 1,109,473 2.97 5.95 

16 398,064 199032 2,474 1,111,946 2.79 5.59 

17 422,943 211471.5 2,249 1,114,195 2.63 5.27 

18 447,822 223911 2,044 1,116,240 2.49 4.99 

19 472,701 236350.5 1,859 1,118,098 2.37 4.73 

20 497,580 248790 1,690 1,119,788 2.25 4.50 

21 522,459 261229.5 1,536 1,121,324 2.15 4.29 

22 547,338 273669 1,396 1,122,720 2.05 4.10 

23 572,217 286108.5 1,269 1,123,990 1.96 3.93 

24 597,096 298548 1,154 1,125,144 1.88 3.77 

25 621,975 310987.5 1,049 1,126,193 1.81 3.62 

26 646,854 323427 954 1,127,147 1.74 3.49 

27 671,733 335866.5 867 1,128,014 1.68 3.36 

28 696,612 348306 788 1,128,802 1.62 3.24 

29 721,491 360745.5 717 1,129,518 1.57 3.13 

30 746,370 373185 651 1,130,170 1.51 3.03 

Note: aRs. = Indian Rupees (66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002). 
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Table 6. Economic analysis of reservoir for 30-year average life under the existing practice of 

irrigation 

Years Net Incremental 

Returna (Rs.)b 

Present Worth of 

Incremental Returnc (Rs.)b 

Total Costd (Rs.)b Present Worth of Total 

Coste @ 10% (Rs.)b 

 – – 1,033,349 1,033,349 

1 121,021 110,019 10,333 9,394 

2 121,021 100,017 10,333 8,540 

3 121,021 90,925 10,333 7,764 

4 121,021 82,659 10,333 7,058 

5 121,021 75,145 10,333 6,416 

6 121,021 68,313 10,333 5,833 

7 121,021 62,103 10,333 5,303 

8 121,021 56,457 10,333 4,821 

9 121,021 51,325 10,333 4,382 

10 121,021 46,659 10,333 3,984 

11 121,021 42,417 10,333 3,622 

12 121,021 38,561 10,333 3,293 

13 121,021 35,055 10,333 2,993 

14 121,021 31,869 10,333 2,721 

15 121,021 28,971 10,333 2,474 

16 121,021 26,338 10,333 2,249 

17 121,021 23,943 10,333 2,044 

18 121,021 21,767 10,333 1,859 

19 121,021 19,788 10,333 1,690 

20 121,021 17,989 10,333 1,536 

21 121,021 16,354 10,333 1,396 

22 121,021 14,867 10,333 1,269 

23 121,021 13,515 10,333 1,154 

24 121,021 12,287 10,333 1,049 

25 121,021 11,170 10,333 954 

26 121,021 10,154 10,333 867 

27 121,021 9,231 10,333 788 

28 121,021 8,392 10,333 717 

29 121,021 7,629 10,333 651 

30 121,021 6,936 10,333 592 

Total 1,140,855  1,130,762 

Benefit-Cost Ratio  1.01  

Net Present Value (Rs.)a  10,093  

Internal Rate of Return (%)  10.12  

Note: aincremental return indicates net benefit per annum gained from crop cultivation; bRs. = Indian Rupees 

(66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002); cpresent worth of both ‘incremental return’ 

and ‘total cost’ per annum is computed as Bt/(1+r)t  and Ct/(1+r)t, respectively, where, Bt and Ct = incremental 

return and total cost, respectively, r = discount rate @10%, and t = number of year after reservoir construction; 
dtotal cost’ represents annual maintenance cost (repair and desilting) of reservoir @1% of initial cost. 
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Table 7. Economic analysis of reservoir for 30-year average life under water-efficient 

practice of providing moderate irrigations 

 

Years Net Incremental 

Return (Rs.)a 

Present Worth of 

Incremental Return (Rs.)a 

Total Cost (Rs.)a Present Worth of Total 

Cost @ 10% (Rs.)a 

 – – 1,033,349 1,033,349 

1 261,095 237,359 10,333 9,394 

2 261,095 215,781 10,333 8,540 

3 261,095 196,165 10,333 7,764 

4 261,095 178,331 10,333 7,058 

5 261,095 162,119 10,333 6,416 

6 261,095 147,381 10,333 5,833 

7 261,095 133,983 10,333 5,303 

8 261,095 121,803 10,333 4,821 

9 261,095 110,730 10,333 4,382 

10 261,095 100,663 10,333 3,984 

11 261,095 91,512 10,333 3,622 

12 261,095 83,193 10,333 3,293 

13 261,095 75,630 10,333 2,993 

14 261,095 68,754 10,333 2,721 

15 261,095 62,504 10,333 2,474 

16 261,095 56,822 10,333 2,249 

17 261,095 51,656 10,333 2,044 

18 261,095 46,960 10,333 1,859 

19 261,095 42,691 10,333 1,690 

20 261,095 38,810 10,333 1,536 

21 261,095 35,282 10,333 1,396 

22 261,095 32,074 10,333 1,269 

23 261,095 29,159 10,333 1,154 

24 261,095 26,508 10,333 1,049 

25 261,095 24,098 10,333 954 

26 261,095 21,907 10,333 867 

27 261,095 19,916 10,333 788 

28 261,095 18,105 10,333 717 

29 261,095 16,459 10,333 651 

30 261,095 14,963 10,333 592 

Total 2,461,320  1,130,762 

Benefit-Cost Ratio  2.18  

Net Present Value (Rs.)a  1,330,558  

Internal Rate of Return (%)  24.23  

Note: aRs. = Indian Rupees (66.46 Rs. = 1 US $ on September 5, 2016 according to XE, 2002). 
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Figure Captions 

 

Fig. 1. Distribution of rainfall and rainy days over 38-year period in the study area along with 

mean annual rainfall and fitted linear trend line 

 

Fig. 2. Location map of the study area 

 

Fig. 3. Month-wise distribution of average rainfall occurrences and crop water demands in a 

year 

 

Fig. 4. Net present value and benefit-cost ratio values over different years showing the 

economic and non-economic time horizons for practices of existing and demand-

based irrigations  

 

Fig. 5. Values of net present value and benefit-cost ratio over different years for sensitivity of 

the input variables, (a) cost of cultivation, (b) grain yield, (c) grain price, and (d) 

discount rate 
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Figure 5 


