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Abstract: In recent years, the policy discourse in South Asia has increasingly focused on reducing
pressure on groundwater use in irrigated agriculture and reducing irrigation energy subsidies, without
making farmers worse off. In an environment where pricing water and energy is administratively and
politically challenging, much hope is placed on the widespread adoption of irrigation technologies that
improve irrigation efficiency. This paper highlights knowledge gaps in this discourse, to identify avenues

where research could inform evidence-based decision-making.
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1. Introduction

South Asia is one of the largest users of groundwater in agriculture. Most wells are privately installed and
owned by farmers. Governments support these farmers by rarely charging for the use of groundwater and
by subsidizing electricity for irrigation pumps. While the abundant use of groundwater has helped to
make the region more food secure, it has also created a few challenges. Groundwater depletion is an
increasing concern, as are the financial losses that electric utilities must continue to bear in order to
supply subsidized electricity to farmers. Governments are keen to increase groundwater irrigation
efficiency without necessarily increasing abstraction', and to reduce the subsidy burden of utilities. The
conundrum is how to achieve these outcomes in ways that are economically, socially, and politically

feasible.

Pricing water and reducing subsidies on electricity are potential solutions for improving irrigation
efficiency but implementing them in a context where millions of privately installed groundwater wells
have supplied subsidized electricity for decades, and which have never been metered for water (and often
not for electricity either) is a regulatory, enforcement and political challenge. Limiting abstraction of
groundwater from wells (through determining quotas and enforcing them; or by regulating where wells
are installed) are challenging for similar reasons. Options such as paying farmers to not pump water are
fiscally expensive for governments to implement and can be justified only if the value-added from the
unpumped water is higher than its value-added when pumped; this will depend on the alternative uses of

water in different geographies.

In this context, hope is increasingly being placed on irrigation technologies that have the potential to
improve irrigation and energy efficiency. This paper examines four irrigation technologies that have
received comparatively more attention in South Asia— drip irrigation, alternative wet-and-dry irrigation
for rice, solar-powered irrigation, and wastewater reuse in agriculture. Drawing from theory and the
empirical literature, this paper examines knowledge gaps where rigorous research can generate important
evidence for smallholder agricultural policy. Among these technologies, the adoption of solar-powered
irrigation has been rapid and significant, while the other three technologies currently have limited

adoption.

Section 2 provides a brief overview of irrigation in South Asia, the role of groundwater in irrigated

agriculture and a brief background on why groundwater management options such as pricing and quotas

! Increases in irrigation efficiency almost always leads to increases in water use, unless measures are put into place
to prevent such an expansion in water use. Improvements in efficiency are an intensive margin change, which
invariably leads to extensive margin changes in behaviors that involve more water being used (unless moratoriums
on land use, land use conversion and water use are also put into place and enforced). This is popularly referred to as
the Jevon’s paradox. See Grafton et al. 2020 and Fishman et al. 2023.



are challenging to implement. Section 3, 4, 5 and 6 identify knowledge gaps in drip irrigation, alternative
wet-and-dry irrigation for rice, solar-powered irrigation, and wastewater reuse in agriculture, where
rigorous research can inform policy and investments. Section 7 makes a case for collaboration across
disciplines and between researchers and policymakers for improving efficacy of policy-oriented research,

as well as for policy making informed by evidence.
2. Groundwater is critical for irrigated agriculture especially in South Asia

While the share of agriculture in gross domestic product (GDP) has fallen steadily over the last 20 years
in South Asia, the sector remains an important source of livelihood (Figure 1). Agriculture’s share in
employment remained at around 42 percent in South Asia in 2022, even though its share in GDP was only

16.5 percent. (Figure 1).
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Figure 1: Share of agriculture, forestry, and livestock in GDP, and agriculture’s share in total employment

(Source: World Bank Indicators)

Irrigated agriculture is important for global food production. Although it takes place on only 20 percent of
cultivated land, it contributes to 40 percent of global food production (Ringler and Zhu, 2015). South
Asian countries are particularly reliant on irrigated agriculture, as the highest shares of irrigated areas in

low- and middle-income countries (LMICs) are found there (Figure 2).



Figure 2: Irrigated area as a share of cultivated area is the highest in the areas in red, Indo-Gangetic plain

(Source: FAO AQUASTAT).

Most of the freshwater used in the world (at least 70 percent) can be attributed to agriculture (Perez et al.
2024) In South Asia, between 75-100 percent of freshwater withdrawal is used for agricultural purposes
(FAO AQUASTAT).

Groundwater is an important source of water for agriculture, especially in South Asia. An estimated 42
percent of water for irrigated agriculture comes from groundwater, with South Asia having the greatest
share of area irrigated by groundwater in LMICs (Figure 3). Moreover, the World Bank estimates that
South Asia accounts for around 50% of global groundwater use (World Bank, 2024). Groundwater
depletion is already a recognized challenge in the region (Famiglietti 2014).? Physical groundwater
scarcity (defined as when extraction depletes recharge long enough that the depth to groundwater from
the surface increases) is correlated with geographies where withdrawals for irrigated agriculture have
been highest. Not surprisingly, significant parts of South Asia are characterized by having highest to

moderate physical groundwater scarcity.

2 See https://grace.jpl.nasa.gov/resources/9/grace-sees-groundwater-losses-around-the-world/ for how groundwater
levels have fallen globally between 2003 and 2009.




Figure 3: Share of area irrigated by groundwater (Source: FAO AQUASTAT). Areas in darker shades of
blue have higher shares.

The decline in depth to groundwater is occurring while global populations are projected to increase
(Schmidhuber and Tubiello, 2007) and demand for food is expected to rise between 35-56% between
2010 and 2050 (van Dijk et al 2021). Agricultural systems in South Asia are already at risk due to human
pressures on land and water resources (Figure 4). With population increasing, further strain on water

resources in the future is anticipated in this region.

Figure 4: Agricultural systems at risk from pressures on land and water resources (Source: FAO
AQUASTAT.) Areas in blue are at high risk from physical water scarcity, and those in magenta are at
high risk from both land and physical water scarcity.



With these dynamics at play, reducing pressure on groundwater use is an emerging policy priority in
South Asia (Balasubramanya et al. 2022). A major challenge in doing so in a socially and politically
feasibly manner is that energy is heavily subsidized for agriculture (Badiani and Jessoe, 2011; Badiani et
al. 2012; Briscoe and Malik, 2006). Not only have energy subsidies placed a burden on government
budgets, but they have also contributed to groundwater depletion in the region (Badiani and Jessoe 2019;
Bartik et al. 2017; Badiani et al. 2012; Mitra et al. 2023; Mukherji 2020; Rodell et al. 2009); with
groundwater levels (depth to groundwater from the surface) rapidly falling (Jasechko et al. 2024).

Reducing subsidies on energy and introducing prices on water in South Asia are difficult for several
reasons (Balasubramanya 2024). The implementation costs of such ‘corrections’ are likely to be large in
South Asia, especially if the pricing of water is to be volumetric (Tsur and Dinar, 1997; Grafton et al.
2020; Garrick and Ayward, 2012). It is unclear if correcting energy pricing without water pricing, or the
other way around, would be effective in substantially improving allocative efficiency in both resources
(Tinbergen, 1952). Importantly, implementing either or both effectively increases the costs that farmers
must bear for extracting water, which could negatively affect farm profits, food production and jobs —
these effects are likely to vary by several factors, especially the crop’s elasticity of demand for water,
farm size, and by whether farmers are owners, rentiers, or laborers in the field (Hellegers and Davison
2023; Balasubramanya 2024; Balasubramanya and Buisson 2022; Banerji et al. 2012). Finally, the
political costs of trying to ‘correct’ water and energy prices against a long and sustained history of not

doing so are likely to be significant (Dubash, 2002).

Most groundwater is extracted from privately installed tubewells which were installed by farmers
themselves. In India, private installing of tubewells was encouraged by governments through subsidies
and technical training to support well drilling to increase the production of food, under the auspices of the
Green Revolution, several decades ago. Implementing measures such as controlling the number of wells
through permits, well spacing and well buybacks; or regulating abstraction from existing wells through
metering of or quotas for water is impractical against this history, and it also likely to be fiscally

expensive to implement and enforce (Molle and Closas, 2016).

Consequently, much hope is being placed on irrigation technologies that have the potential to increase
irrigation and energy efficiency as part of an effort to move towards sustainable intensification (Jain et al.
2023).% Irrigation efficiency in South Asia is low and there is room for considerable improvement. For

example, only around 38 percent of pumped or diverted water reaches the root zone of the plants in India

3 Options such as aquifer recharge and supplementing groundwater with surface water transfers have been proposed
and are in use in India. Experts agree that such ‘supply side augmenting’ measures are not likely to solve the
problem of groundwater depletion, which will require abstraction to decrease.



(National Water Mission, 2023) and in Pakistan (Caldera et al. 2021), which is well below the global
average of 56 percent (Dinar et al. 2019). Promising irrigation technologies that could be deployed at
scale include drip irrigation, alternative wet-and-dry irrigation for rice, solar irrigation, and wastewater

reuse in agriculture.

3. Bundling drip irrigation with other policy approaches

Drip systems consist of a series of main pipes with uniformly spaced emitters that deliver pressurized
water to the roots of the plant. In traditional methods of irrigation, a significant amount of water must be
applied to the field even though consumptive use (the water used by the plant) is small, since most water
percolates into the aquifer, evaporates or runs off. By delivering water to the roots of the plant through
channels on top of or under the soil, percolation, evaporation, and runoff are reduced, effectively reducing
the amount of water that needs to be applied in the field and improving irrigation efficiency (usually

defined as ‘more crop per drop’). Thus, irrigation efficiency is an intensive margin change.

However, theory suggests that resource use reduction that is achieved through increases in resource use
efficiency at the intensive margin, could be subsumed by changes at the extensive margin, a phenomenon
popularly known as the Jevon’s paradox. For instance, if more land were brought under cultivation, or if
the farmer moved to a more water-intensive crop, then any improvements in irrigation efficiency would
also be accompanied by expansion of water use. Drip irrigation increases the productivity and efficiency
of not just water, but also of energy and other inputs, thus incentivizing expansion of agricultural activity
by increasing irrigated land or shifting to more water-intensive crops (Grafton et al. 2018; Ward and

Pulido-Velazquez, 2008).

Since adoption of irrigation technologies is endogenous, causal studies on drip irrigation have been few.
In one recent study on drip irrigation in the state of Andhra Pradesh in India, researchers randomly
assigned subsidies to farmers to purchase drip irrigation kits, and found that over a three-year period, drip
irrigators experienced increases in irrigation efficiency; but in line with theory, this was also accompanied
by larger expansions in cultivated area of water-intensive horticultural crops and larger increases in sales
of groundwater to neighboring farms compared to the control group (Fishman et al. 2023). The authors
were able to establish that more water was extracted from the ground, since even though irrigation
efficiency increased, the expansions in cultivated area and increases in production were large enough to
offset any water savings from improved irrigation efficiency. In the study site, the source of energy for
irrigation was highly subsidized electricity; the expansion in water extraction also meant an expansion of

energy use, which increased the government’s subsidy burden. Drip irrigators also experienced significant



increases in incomes and livelihoods, due to efficiency improvements and agricultural production

expansion at the extensive margin.

Drip irrigation, by itself, may increase irrigation efficiency, but it is not likely to reduce groundwater
extraction or the burden of energy subsidies. Thus, drip irrigation may need to be ‘bundled’ in
conjunction with other policy approaches to reduce incentives to expand the use of water and energy.
Since prices on water and reduced energy subsidies are likely to be hard to implement in South Asia,
restrictions on land use expansion and conversion may need to be implemented. This, however, could
negatively impact farmers’ incomes and livelihoods. Ex-ante studies that seek to understand the effects of
these ‘bundled’ approaches on groundwater and energy use and farmer livelihoods need to be assessed
against the implementation costs of these approaches, in part by accounting for heterogeneity in
smallholder farming. Further, since drip irrigation reduces return flows into soil and runoff, it may be
inappropriate for use in geographies where conjoined use of surface and groundwater is prevalent (Ward
and Pulido-Velazquez, 2008). As such, empirical work on the geographic viability of such ‘bundled’

approaches is also needed.

Finally, the adoption of drip irrigation in South Asia is low, and where is does exist, it is usually used in
the production of horticultural crops. While it is technologically possible to cultivate wheat and rice using
drip irrigation kits, a couple factors may constrain their adoption. Drip lines for cereals need to be re-laid
every season post-harvest, unlike in the case of fruit trees and vegetables. More effort may need to be
applied towards weeding in the case of rice production, since lowering the application of water in rice
cultivation makes it harder to remove weeds (Rahman and Bulbul, 2015; Howell et al. 2015); thus, more
labor or weedicides may need to be deployed. Coupled with the cost of drip systems, their potential for
use in cereal production may be restricted to larger farms, such as those in Punjab and Haryana states in
India. A promising factor in these two states is that since almost all cultivable land in Punjab and Haryana
is already cultivated with wheat and rice and is already irrigated, the potential for extensive margin
expansion with drip irrigation is low. Exploring the agronomic and economic viability of drip irrigation in
cereal production in these two states, where groundwater is particularly at risk, is a promising area of

research.

4. The role of heterogeneity, uninsured risk, and labor costs in adoption of alternate-wet-and-

dry irrigation

Alternate wet-and-dry irrigation (or AWD) is a system of irrigation, predominantly for lowland rice, using

techniques of intermittent irrigation, rather that continuous flooding (the most frequently practiced



method of irrigation in rice cultivation). The most popular variant is called safe or moderate AWD, where
a small pipe, usually about 30 centimeters long and 7-10 centimeters wide, is installed in the field in a
manner such that about 20 centimeters of the pipe is below the ground. This latter section is perforated, in
order to allow water to enter the pipe. Water is then applied to the field when the water level in the pipe
drops 15 centimeters below the ground (Alauddin et al. 2020; Bowman et al. 2007). This reduces the need

to keep the field continuously flooded, without water-stressing the rice crop.

Studies based on experimental plots (either in greenhouses, pots, or farmers’ plots) suggest that AWD can
reduce water use. Estimates range from a 40-70% reduction in water use as compared to continuous
flooding (Singh et al. 1997) and 15-18% reduction as compared to transplanted rice (Geethalakshmi et al.
2011) in India; 20-70% reduction as compared to continuous flooding in Bangladesh (Rahman and
Bulbul, 2015); and 57% reduction as compared to continuous flooding in Nepal (Howell et al. 2015).

These estimates, however, are based on small samples and cannot be interpreted as causal.

Evidence from the few causal estimates of the reduction in water use from using AWD in real-world
conditions is distinctly different from agronomic estimates. A panel data study in Bangladesh, where the
irrigation practices of 2,000 farmers who were randomly assigned AWD were compared to those of 2,000
comparable control farmers, found that on average AWD did not significantly reduce water use; however,
for plots with volumetric pricing of water, farmers used 19 percent less water (Chakravorty et al, 2023).
Howell et al. (2015) find that groundwater governance regimes in Nepal, where farmers do not face prices
for water, provide farmers with very few incentives to reduce water use, and hence few incentives to use
AWD. Although not from South Asia, a study from the Philippines using cross-sectional data and
propensity-score matching found that AWD adopters self-reported 38% fewer hours of irrigation (Rejesus
et al. 2011). However, the authors of the study also acknowledge the potential effects of unobservable
confounders (e.g., see Altonji et al. 2005), and caution that selection bias due to such unobservables may
eliminate the estimated effect (Rejesus et al. 2011). Whether AWD can have significant reductions in
water use without volumetric pricing of water and energy (following the Tinbergen rule where multiple

distortion may need to be addressed to solve a problem) need studying.

AWD is an inexpensive technology to purchase and install, and yet its adoption is low and slow
(Chakravorty et al. 2023). While AWD is supposed to reduce water use without affecting yields, its
performance under real-word conditions suggests uncertainties about the impact on yields, leading to a
potential tradeoff where reduction in water use could also cause a yield penalty. A meta-analysis of rice
yields and water use under AWD, with one-third of the studies based in South Asia, one-third in China

and the rest in Southeast Asia, found that AWD reduced yields on average by 5.4%. Although yield losses



were considerably lower under safe or moderate AWD, losses were higher in alkaline soils and in soils
with low carbon (Carrijo et al. 2017). In a global meta-analysis of AWD, Gao et al. (2024) found a
1.56% reduction in yield, with soil properties again playing a critical role. In Pakistan, a yield penalty was
reported for basmati cultivars using AWD (Jabran et al. 2015). In another meta-analysis from studies in
India and Philippines, Bowman and Tuong (2001) found yield reductions in 92% of the 32 studies they
analyzed, with yield penalties ranging from 0% to 70%. Yield losses are likely explained by soil type and
topography, combined with prevailing weather conditions, since they affect percolation and seepage
losses (Carrijo et al. 2017; Humpherys et al. 2005). From a behavioral perspective, uncertainty may be
driving low AWD adoption and use rates. Farmers may be hesitant to use AWD because, given this
heterogeneity, the ‘optimal’ interval between irrigations where AWD reduces water use but does not
impact yields likely varies from plot to plot and may also vary on the same plot over time as weather

condition and soil composition change (Chapagain and Yamaji, 2011).

At the same time, uncertainty due to spatial heterogeneity in yields from AWD use may be related to its
low adoption rates (Suri, 2011); since farmers cannot learn by observing others. A critical area of research
in this regard is how training and extension can be adapted to deliver locally relevant information to
farmers on irrigation timing and monitoring soil inundation. This will require production and supply of
publicly funded information on soil type at fine-enough resolutions and weather information in real time
that may affect irrigation decisions; coupled with training farmers to use such data for decisions in real-

time (Pingali et al. 1998; Alauddin et al. 2020)

Temporal heterogeneity in yields associated with AWD, where getting a stable yield on the same plot
may be difficult especially as climate change induces greater variation in temperature and precipitation
during a growing season, creates ambiguities and hence uninsured risk, thus compromising adoption of
technologies that are beneficial (Ali et al. 2020; Karlan et al 2014; Balasubramanya et al. 2023; Bryan
2019; Barnett et al. 2008). An important area of research here is to pilot whether insurance bundled with
AWD during a transition period where farmers experiment to identify irrigation intervals and inundation

depth on their plots can increase demand for and appropriate use of AWD.

The role of labor in AWD also merits examination. Continuous flooding of rice fields lowers weed
growth, and hence reduces weeding efforts and costs (Balasubramanian and Krishnarajan, 2001). With a
lack of flooding, AWD may increase weeding efforts either because weed growth increases or because
weeds are harder to extract as soils are drier (Rahman and Bulbul, 2015; Howell et al. 2015).

Alternatively, farmers may have to increase use of weedicides, which would increase production costs. A



systematic understanding of labor requirement, weedicides, and AWD may also help extension services in

the diffusion of this technology.
5. Reducing groundwater use and improving irrigation efficiency while using solar pumps

Solar-powered irrigation (referred to as solar irrigation hereafter) is rapidly expanding in South Asia as
the prices of solar technologies decrease. There are broadly three approaches to expanding solar
irrigation. The first is where solar panels are attached to small standalone pumps that are fit for use by a
single farm. In this case, subsidies offered by governments accrue to the farmers, in the form of a capital-
cost subsidy that reduces the farmers’ out-of-pocket expenses for purchasing the pump and panels .* The
second is where solar panels are attached to a large pump that is installed by either a public or private
sector enterprise which sells irrigation services to farms in the vicinity of the pump. In this case, subsidies
offered accrues to the enterprise, typically in the form of a modest capital cost subsidy again.’ The third
approach is to add solar-generated power into the agricultural feeders of the electric grid by installing
solar plants to increase the share of renewable energy; this is akin to any other renewable or non-

renewable energy generation project.

More than half a million small standalone solar pumps are already installed in South Asia, which accounts
for 80 percent of solar pumps globally (Balasubramanya et al. 2024). There are ambitious plans to expand
use. India, for example, intends to install two million standalone solar pumps and solarize 1.5 million
existing electric pumps by 2026. Bangladesh has implemented 1,515 enterprise projects that sell irrigation
services and is aiming to scale them to 10,000 by 2027, and Nepal is looking at expanding use of
standalone pumps in the flatlands in the south of the country, where around 2,000 such pumps are
currently in use. In all three countries, governments are playing an active role in supporting adoption and

diffusion of this technology.

As energy needs in agriculture increase, solar irrigation offers a way to change the nature of subsidy
provided. Rather that increase energy access using a perpetual variable cost subsidy on electricity tariffs,®
a one-time fixed capital cost subsidy on the pump and panels has potential to reduce the subsidy burden of

governments.

4 In some cases, like in Nepal, the government might contract with private enterprises to install the small standalone
pumps on the fields of farmers, however, the subsidy recipient is the farmer. Enterprises are paid for their services.

5 In the case, the enterprise installs the community pump and runs a business of supplying irrigation services to
farms nearby, levying irrigation charges on recipients (often levied on a season-crop basis).

¢ Subsidized electricity is usually also rationed. However, from a financial perspective, free (but rationed) subsidy in
perpetuity is likely to be a greater fiscal burden on the government, than a one-time capital cost subsidy (even when
panels tend to be oversized).
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While solar pumps can reduce the energy-price subsidy burdens faced by governments, they may
exacerbate groundwater depletion. With the marginal cost of pumping groundwater using solar pumps
being zero, theory suggests that irrigation efficiency with solar pumps would be lower than when using a
fuel pump where the farmer faces some cost for energy. For this same reason, groundwater extraction
would likely increase. A range of empirical studies on solar irrigation record such increases in
groundwater extraction (e.g., see Gupta et al. 2019; Durga et al. 2021; Bassi 2018; Kafle et al. 2024),
where farmers expand agricultural production either by expanding cultivated area or switching to
horticultural crops that are water intensive. Since solar pumps enable costless extraction of groundwater,
all such increases in water use significantly increase farmer incomes (Gupta et al. 2019, Durga et al. 2021,
Kafle et al. 2024). Changes in irrigation efficiency have not been empirically studied yet, and filling this

knowledge gap is important.

An important knowledge gap pertains to how farmers using solar pumps could be regulated or
incentivized to rationalize groundwater extraction. Some observers have suggested connecting solar
pumps to the electric grid, so that farmers could increase incomes not just by irrigating and cultivating,
but also by selling solar energy (Mitra and Mukherji, 2022); yet the cost-effectiveness of this approach is
not known and likely needs studying (Mantri et al. 2020). Others have suggested using internet-of-things
(IoT) approaches where sensor-enabled solar pumps can monitor water use and ration water extraction, in
line with current approaches in South Asia where farmers using electric pumps receive rationed hours of
electricity every day (Al-Ali et al. 2019). However, since rationing is inefficient, especially when trade is
not possible (Ryan and Sudarshan, 2022), it is not obvious ex anfe that this approach is optimal. The
economic and administrative feasibility of these approaches needs assessing. Further pilot studies are
needed to examine the effects that these approaches have on groundwater extraction and farmer incomes
keeping in mind the heterogeneity of smallholder households and farms, and to compare them to their

fixed, variable and implementation costs (Balasubramanya et al. 2024).
6. Uncertainties in wastewater reuse

Wastewater, particularly from residential use, has been suggested as an option to augment supply of water
for irrigation. Wastewater can be used in agriculture in several ways: it can be used untreated, directly by
farmers who divert flows from drains and sewers into cultivated land; it can be treated by a utility and
supplied to farmers for agricultural use; or it can be released—treated or untreated—into water bodies
from where farmers obtain irrigation water (Thebo et al. 2017). Wastewater reuse in agriculture is poorly
documented and understood; with most studies examining such use in urban and peri-urban areas. A
global analysis of cultivated land within 40 kilometers of urban areas suggests that in 2017, 35.9 Mha
were irrigated by wastewater, most of which (81%) had little to no treatment (Thebo et al. 2017). The use

11



of wastewater, especially untreated, is likely large but difficult to track due to the informal and

unregulated nature of the activity (Wichelns et al. 2011; Rutkowski et al. 2007).

If wastewater is to be treated and supplied to farmers for agricultural use in South Asia, it is relatively
more feasible, technically and financially, for agricultural lands in peri-urban areas that are located in
proximity to wastewater treatment plants. Households in rural areas usually do not have toilets connected
to sewers that connect to water treatment plants. Even in urban areas, only a fraction of the wastewater is
treated (Bassi et al. 2023; Thebo et al. 2017; Rutkowski et al. 2007). For example, Bassi et al. (2023)
estimate that only 28 percent of wastewater generated in urban areas in India is treated. Reuse of treated
wastewater is economically cost-effective if it does not have to be transported over large distances
(Balasubramanya et al. 2022). Agriculture in urban areas mostly tends to be high-value horticultural
crops such as fruits and vegetables that have limited shelf-life so that transportation and storage costs are
low. Demand for wastewater is often highest for vegetable cultivators in irrigated areas (Martijn and
Redwood, 2005), and yet the contamination risk for food items from being irrigated by wastewater is also
highest for vegetables (Martijn and Redwood, 2005). Given the limited capacity to treat wastewater (both
installed capacity and cost-effective treatments that reduce risks)’ coupled with the patterns of urban
agriculture, reuse of treated wastewater may have, at best, a modest role to play in reducing pressure on
freshwater use in irrigation (Qadir et al. 2010; Neubert 2009). Although it is generally assumed that
wastewater and freshwater are substitutes in agriculture (Bassi et al. 2023; Toze 2006), to the best of my
knowledge there are no studies that examine whether the use of wastewater does in fact decrease the use

of freshwater in peri-urban areas.

An often-stated advantage of using wastewater in irrigation is its nutrient content; nitrogen, phosphorus
and potassium are contained in wastewater (Qadir et al 2010). Consequently, the use of wastewater could
reduce the application of inorganic fertilizer, reduce cultivation costs and subsidies of such fertilizers, and
yet increase yields due to nutrient-rich water (Bassi et al. 2023; Minhas et al. 2022). Whether wastewater
can indeed reduce fertilizer application is debatable. Most wastewater tends to have levels of nitrogen and
phosphorus that are higher than, and levels of potassium lower than, crop requirements (Feigin et al.
1991). This ‘imbalanced’ load can affect yields as well as the quality of fruits and vegetables (Martijn and
Redwood, 2005; Minhas et al. 2022). Unsurprisingly, the evidence on the linkages between use of
wastewater and yield are mixed: some studies suggest increases in yields of wastewater-irrigated crops

due to nutrients (e.g., see Saha et al. 2016; Mukherjee and Gupta, 2011; Murtaza et al 2010; Lal et al.

7 Land-based water treatment technologies using stabilization ponds are considered cost-effective ways to treat
wastewater in South Asia. Use of treated wastewater in vegetable cultivation requires larger stabilization ponds than
those in use currently, which in urban areas may be infeasible due to lack of space and pressures on land (Minhas et
al. 2022).
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2015; Natasha et al. 2020), while others have recorded reductions (e.g., see Yadav et al. 2006; Bradford et
al. 20023; Mukherjee et al. 2013).

Rural farmers using wastewater in real-world settings have been observed to continue using the regular
amounts of fertilizer rather than reducing application (Ensink et al. 2002). Farmers irrigating with
wastewater in low- and middle-income countries rarely have information on the nutrient loads in the
water (Neubert et al. 2009), and it is likely that they hedge against this uncertainty in nutrient load by
continuing to apply the regular quantities, especially in contexts like South Asia where fertilizers are
heavily subsidized. Whether supplying information on nutrient load would help rationalize fertilizer
application is unclear considering that wastewater faces significant daily and seasonal variations in the
concentration of nutrients, and that the timing of application of fertilizers and that of irrigation are often
different for given crops (Minhas et al. 2022). Information would have to be provided in real time for
farmers to adjust their application of fertilizers on an ongoing basis, a process that is cognitively
challenging. Pilot studies that provide information and study persistence of behavior changes in both
freshwater use and fertilizer application over time in both urban and peri-urban areas, coupled with
estimating the costs of such programs and the challenges of implementing them, are needed to understand
the efficacy of such approaches. If freshwater use in agriculture must decrease, restrictions on its use may
also have to be implemented as wastewater supply is increased. The potential effect of such an approach

may need to be modeled (ex-ante) to examine the potential losses and their distribution.
7. Policy-oriented research agenda

The presence of important knowledge gaps in the role of irrigation technologies in rationalizing
groundwater and energy use in South Asia, without adversely affecting yields and livelihoods, creates
exciting opportunities for research that can generate evidence for informed policy discourse and design. A
common feature across these knowledge gaps is that the heterogeneity of smallholder agriculture
influences the outcomes from technology adoption as well as the costs of implementing policies and
programs. Another feature is that reducing pressure on groundwater through the use of irrigation
technologies may require restrictions on the use of groundwater, which could lead to losses in farmer

incomes and may be non-uniform in how different farmer groups are affected.

Since adoption of these technologies is a farm- or household-level decision, microdata are likely needed
to study them. While the collection of these data is time, labor, and resource intensive, they can provide
important insights. For example, small-sample field-based studies have been useful in identifying factors
that may hinder the efficacy of the technologies and their appropriate use, and thus help to gauge the
potential for scaling. Small-sample stated-preference-based studies have shed light on responses to

uncertainties and uninsured risks, and on preferences for alternative policies with varying outcomes to
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identify comparative ‘attractiveness’ among alternative approaches (e.g. see Hermann et al. 2017).%
Small-scale randomized pilot studies that provide agricultural technologies have improved our
understanding of the adoption and average effects from such interventions, controlling for selection
effects (e.g., see Xiné and Yang; Ward et al. 2020; Bulte et al. 2020; Takahashi et al. 2016). Although
small-sample studies are important for identifying particular insights, large-sample studies (whether
experimental or quasi-experimental, or stated or revealed) are necessary to understand heterogeneity,
which is critical for the efficacy of policy solutions at scale. Due to time and resource constraints, these
are relatively uncommon (e.g., see Balasubramanya et al. 2018). While such field-based approaches have
been used to examine the adoption of seeds, insurance and credit, their use in understanding the adoption
and use of irrigation technologies is only recent (e.g., see Fishman et al. 2023; Balasubramanya et al.

2023; Chakravorty et al. 2023).

Collaborating with scholars who think about behavioral constraints would help better identify policy-
relevant question. The ‘why’ and the ‘how’ of action and inaction (often examined by colleagues how
use qualitative approaches) could provide micro-econometricians important insights into the ability of
technology to produce change or unintended consequences, especially at scale. In addition, institutions
and governance often determine the extent to which technologies are likely to succeed in their intended
goal; collaborating with scholars who engage in such ‘systems thinking’ can be helpful for evaluating the

effectiveness of technologies at scale.

Finally, collaborations between researchers and implementers can be mutually productive and resource
effective. Implementers can benefit from the lessons that theory and empirics have to offer, while
researchers can learn from the challenges and constraints that implementers face in order to more
effectively address policy-oriented questions, the answers to which can inform decision-making. The role
of irrigation in sustainable intensification is an increasingly pressing problem, and understanding barriers

to technology adoption is going to be an important part of this puzzle (Jain et al. 2023).

8 Such studies could also be used if researchers anticipate that farmers could be negatively affected by a policy
solution (e.g. restrictions on land use).
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