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Abstract This review systematically traces the context
and evolution of climate-smart irrigation (CSI) in four
South Asian countries—Bangladesh, India, Nepal, and
Pakistan. CSI technologies and practices strive to address
two main objectives: (1) sustainably enhance agricultural/
water productivity and rural farm incomes to build
community and farm-level resilience to climate change
and (2) enable adaptation/mitigation to climate change
across different scales through irrigation technologies and
water resources management. These innovations also pose
various social and environmental challenges. This review
extracts findings from existing literature related to potential
societal and environmental benefits and risks associated
with CSI and outlines opportunities for responsible
innovation to elaborate robust and democratic roles of
CSI technology and engender equitable technological
change. We identify three drivers (climate variability and
GHG mitigation, cost savings and support structure, and
water conservation and management) and five barriers
(financial support, high initial cost, inadequate practice-
based research, lack of knowledge and/or access, and
structures of power).
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INTRODUCTION

South Asia faces an urgent need for sustainable water and
agricultural practices given the heightened effect of esca-
lating drought and flood risks in the region (Khatri-Chhetri
and Aggarwal 2017; IPCC 2021). In 2022 alone, floods in
Pakistan displaced 33 million people and damaged prop-
erty in excess of $30 billion (New York Times 2022).
Many of those who were displaced by the floods are
dependent on small-scale crop and livestock farming for
their income and food security. Overall, South Asia as a
region has high economic dependence on agriculture and
faces wide-scale food insecurity and malnourishment that
particularly impacts women and youth (Aggarwal 2015).
Given the magnitude and severity of climate change-driven
impacts, organizations like the Asian Development Bank
(Ahmed and Suphachalasai 2014) and the World Bank
(Agarwal et al. 2021) identify that through innovative cli-
mate-smart technologies and policies, countries in the
Global South may be able to address the grand challenges
of the twenty-first century. Climate-smart irrigation (CSI),
as a proposed innovation to address this global sustain-
ability challenge, carries potential to increase agricultural
production while conserving soil and water resources in
this region. CSI technologies use localized weather and soil
moisture data to allow farmers, water managers, and reg-
ulators to make improved irrigation management decisions.
CSlI includes both analog and digital irrigation technologies
and practices to tackle two main objectives: (a) sustainably
enhance agricultural productivity, water productivity, and
rural farm incomes to build community and farm-level
resilience and climate change, and (b) enable adaptation,
mitigation and resilience to climate change across different
scales through irrigation technologies and water resources
management (Goap et al. 2018). CSI technologies can use

@ Springer


http://orcid.org/0000-0002-2196-9764
http://orcid.org/0000-0001-5252-797X
http://orcid.org/0000-0002-6218-3725
http://orcid.org/0000-0003-0915-2652
https://doi.org/10.1007/s13280-023-01895-4
https://doi.org/10.1007/s13280-023-01895-4
https://doi.org/10.1007/s13280-023-01895-4
https://doi.org/10.1007/s13280-023-01895-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s13280-023-01895-4&amp;domain=pdf

Ambio

localized data to allow farmers, water managers, and reg-
ulators to make improved irrigation management decisions
(Taneja et al. 2019).

While challenges in CSI management are place-specific
(Molle 2003), from the 1980s onward, groundwater pumps
have played a significant role in South Asia for irrigation.
Proliferation is in large part due to technological advances
in micro-irrigation which have come with decreases in size
and price (Barker and Molle 2004). Use of tubewells grew
particularly prominent in India and Pakistan, part of a
broader trend in Asian metropolitan areas (Foster et al.
1998). Since 2011, scholarly writing on CSI has generally
become more diverse vis-a-vis inclusion of a broader range
of technologies.

Researchers, nation states, and non-governmental orga-
nizations (NGOs) herald CSI’s potential to bolster sus-
tainable agriculture if successfully adopted by smallholder
farmers (Shilomboleni 2020). However, concerns remain
about low levels of use of CSI among farmers in South
Asia; socioeconomic status is a major determinant to CSI
adoption, as these technologies are quite expensive to
implement and maintain. These innovations also pose
various social and environmental challenges. For instance,
solar irrigation pumps can enable both the mitigation of
climate change and adaptation of vulnerable farmers, but
may inadvertently exacerbate over-extraction of ground-
water, thereby entrenching existing inequalities and injus-
tices related to water access (Closas and Rap 2017; Wong
2019). It is important, therefore, to examine possibilities by
which inclusive modes of innovation governance can steer
CSI technologies and practices to socially and environ-
mentally responsible and adaptive outcomes.

Recent research in responsible innovation (RI) builds on
studies of controversies surrounding emerging technologies
and provides insight into deep uncertainty and knowledge
asymmetry associated with the future social implications of
technologies. RI postulates that research and innovation
should be attuned to societal needs. Specifically, through
meaningful engagement with a range of stakeholders and
decision-makers in the ‘upstream’ or early stages of tech-
nology development, RI aspires to enable emerging tech-
nologies to become mutually responsible and responsive to
environmental changes and social and political demands
(Stilgoe et al. 2013; Von Schomberg 2013; Gardezi et al.
2022). As a development approach to new technologies, in
recent years, the RI framework has been applied to
investigate the innovation processes of several emerging
technologies, such as nanotechnology (Fisher and Rip
2013), geoengineering (Stilgoe et al. 2013), synthetic
biology (Tucker and Zilinskas 2006), and precision agri-
culture (Gardezi et al. 2022).
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Given RI’s limited current application toward new
technologies in agriculture in South Asia, and for
addressing challenges of sustainability (L’Astorina et al.
2015; Bogner and Torgersen 2018; Pant 2019; Frankelius
et al. 2019; Barrett and Rose 2020; Klerkx and Rose 2020;
Mamidipudi and Frahm 2020; Tricarico et al. 2020;
Simelton and McCampbell 2021), there is a need for full
consideration of the social and ethical implications of
CST’s implementation. Furthermore, how CSI technologies
are coming into practices in the Global South and the
barriers and challenges associated with CSI adoption are
little documented.

Against this background, this paper contributes to the
gap in existing research on responsible innovation of
emerging agricultural technologies in the Global South.
This paper uses a systematic mapping (SM) to specifically
trace the context and evolution of CSI in four South Asian
countries—Bangladesh, India, Nepal, and Pakistan. Our
research questions are as follows: (/) How have innova-
tions in CSI technologies evolved in South Asia between
2011 and 2021?; (2) What have been the drivers of and
barriers to CSI adoption and implementation during that
time?; (3) What country-specific outcomes (positive and
negative) have come from CSI use? Overall, our study
focuses on the evolution, drivers, barriers, and regional
outcomes of CSI. In the following sections, we first over-
view our methodological approach (Section “Method”),
then describe our findings (Section “Results”), and explain
the relevance of our findings for South Asia (Sec-
tion “Discussion”). Lastly, we conclude our study and
discuss new avenues for future research
(Section “Conclusion”).

METHOD
Rationale for systematic mapping

SM allows us to assess where the existing literature is
already robust and, by proxy, what scholarship needs fur-
ther exploration on the barriers and drivers of CSI in South
Asia. We saw specific potential in a SM to investigate
societal and environmental implications of emerging CSI
technologies by subjecting existing literature to a critical
sociotechnical analysis. Our mapping followed the ROSES
protocol (RepOrting standards for Systematic Evidence
Synthesis in environmental research), a systematic
approach with particular salience toward topics of social
and environmental sustainability (Haddaway and Macura
2018). The ROSES protocol—while translatable to various
topics and disciplines—was built to address such questions
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and thus warrants use here (ROSES 2017). The next sub-
section details the steps of the SM following this protocol.

Data collection and screening

To start, the SM included six search queries (detailed in
supplementary protocol document) that were run within
two database collections: (a) Scopus and (b) Web of Sci-
ence. Scholarly appraisal of the fit of these databases
within the environmental sciences informed the selection
of these two databases (Vij et al. 2021). The design of the
six queries among the co-authors was carefully considered
for aggregating all search results that could carry potential
relevance under the scope of our research questions.
Though one can find more detail in our supplementary
material, in addressing CSI, articles had to refer to tech-
nological innovations aiding irrigation practices and being
implemented with the intent to combat food insecurity and/
or advance sustainability. By sustainability, we refer to
agricultural and food system advancements that balance the
needs of economic systems, ecosystems, stakeholders, and
societies (USDA 2011).

Next, the authors collaborated to screen articles based on
their titles, abstracts, and keywords. Our initial body of lit-
erature included 2085 results from Scopus and 3053 results
from Web of Science. Our article list (n = 3282) to begin
reviewing was finalized following removal of duplicates
(n = 1411). Our inclusion/exclusion criteria stipulated that
articles must (1) focus on one of four South Asian countries
(Bangladesh, India, Nepal, and Pakistan); (2) focus on a
technology that falls under CSI (i.e., solar pumps, drip irri-
gation, precision agriculture, drones, satellite images, laser
land leveling, wind pumps, and nutrient management); and
(3) apply discussions of CSI technology to advance sus-
tainability (be it in the reduction of greenhouse gas emissions
or other environmental footprints of agriculture practice that
could prove harmful to the environment). Studies had to
meet all three criteria to be included in the SM. For instance,
articles that focused on solar technology as applied to agri-
culture in India, but for purposes of heating crops rather than
for irrigation were excluded.

Other common themes among excluded articles inclu-
ded use of solar technologies in the countries of focus in
terms of sustainable energy systems but not irrigation
practice, CSI implementation outside the study region, and
implementation of climate-smart technologies not explic-
itly geared toward irrigation. To bound the scope of our
mapping for richer comparative analysis, we focus on the
Hindu Kush Himalayas specifically rather than South Asia
broadly. We define the Hindu Kush Himalayas through
four specific South Asian countries—Bangladesh, India,
Nepal, and Pakistan. In the corpus of literature our search
queries yielded, research focusing on other South Asian
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countries (Afghanistan, Bhutan, Sri Lanka, and the Mal-
dives) was excluded. Our focus on Bangladesh, India,
Nepal, and Pakistan specifically emanates from their high
ranking for South Asian countries most impacted at this
time by climate change, changes in monsoon patterns, and
accelerated glacial melting, and where stakes are high in
terms of the large portion of national GDP generated by
agriculture (Khatri-Chhetri and Aggarwal 2017). The four
countries are home to about 2 billion people, which con-
stitutes a quarter of the world population (Khatri-Chhetri
and Aggarwal 2017), with high levels of poverty and
dependence on agrarian livelihoods. As such, the prolifer-
ation of CSI is occurring in the context of food and water
insecurities in the region, both of which are becoming more
acute because of the climate crisis.

Lastly, full-text review, critical appraisal, and extraction
were split between the co-authors. 2952 articles were
excluded at the former step, with 210 additional removed
articles at full-text review. Both stages employed the three
aforementioned criteria for advancement. 26 articles did
not meet the criteria our team set for critical appraisal. As
part of our critical appraisal, we looked for specific
explanations of methods. This removed, for instance, broad
literature reviews that did not specify precisely how the
review was conducted or pieces that were more editorial in
nature rather than statistical or case-based research.

Analytic approach

Data extracted from each of the 79 articles analyzed
included but were not limited to CSI technologies men-
tioned; discussions of drivers and risks cited in imple-
mentation; barriers to adoption; challenges in governance
and management mentioned; discussions of race, class,
gender, and caste in adoption; development goals men-
tioned; and countries of focus in the mapped research. We
combined deductive and inductive coding approaches fol-
lowing extraction, which is when the first author also coded
for each theme explored in our Results section based on the
co-authors’ findings. Themes emerged from the ground up
with the co-authors’ assessment of how mapped literature
addressed categories included in the extraction table.
Initial categories were based on operational definitions
of drivers and barriers in RI literature, including categories
of social difference (race, class, caste, gender, and place)
that factor into local and regional technology adoption. We
then used inductive analysis to identify key phrases and
insights from the literature to forge links back to opera-
tional definitions of drivers and barriers. This approach,
endorsed by Bingham and Witkowsky (2022), then builds
the central points of our results and discussion sections.
Our coding of drivers and barriers comes from operational
definitions in RI literature. In categorizing drivers from our
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corpus of literature, we aim to identify frequently discussed
building blocks which move the needle for CSI implemen-
tation, innovation, and adoption. By invoking barriers, we
pinpoint what authors describe as prohibiting uptake of CSI
practices and associated technologies (Thapa et al. 2019).

Limitations

Our focus on peer-reviewed journal publications ensured
sufficient scholarly vigor and appraisal to articles included
in our mapping. It may, however, exclude relevant con-
ference papers and book chapters that may have received a
similarly high degree of vetting. Our final database con-
stituted a corpus of research written and published in
English. These decisions were necessary for reasons of
practicality and out of adopting a commonly accepted
scholarly standard that could be used to narrow the initial
corpus of literature to the most pertinent results.

In addition, given that most CSI research thus far has
mainly focused on solar irrigation pumps, our search
queries often incorporated terms like “solar pump,” “solar
irrigation,” and “solar technology.” We did have a broad
search query meant to fetch all articles with the terms
“climate-smart” and “agriculture” within our publication
span, and in search queries using terms focused on solar,
we also incorporated “precision irrigation” as a broader
search term. With that said, we recognize our decisions
may have skewed toward solar applications.

We acknowledge that our use of “climate-smart” may
exclude some relevant literature on techniques more often
described as “climate-resilient” instead such as use of farm
ponds and other initiatives pushed under climate-resilient
agriculture We must also note that the relevant literature
can treat CSI and climate-smart agriculture (CSA) as
synonymous. While our inclusion/exclusion criteria man-
dated applications to irrigation specifically, we realize that
the inextricable treatment of these two terms may mean
some discussions we collected intended to reference a
broader suite of applications under CSA rather than the
particular challenges of CSI (Fig. 1).

RESULTS
Evolution and trends in CSI in South Asia

We organized our results to document technologies iden-
tified and discussed (as shown in Table 1). We specifically
examined the growth of relevant literature between 2011
and 2021, drivers and barriers most commonly cited in the
literature, and a summary of findings organized by country.
Discussions in the mapped literature range from solar and
wind technologies to linking with technologies that enable
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site-specific nutrient management and laser land leveling
(Fig. 2). The first three years of publication mostly dis-
cussed technologies related to solar and wind pumps for
irrigation. Between 2015 and 2021, the reviewed literature
expands to other technologies, such as precision irrigation,
mobile-enabled remote irrigation technologies, and tech-
nologies that are driven by artificial intelligence (Al) and
the Internet of things (IoT).

Drivers of CSI in South Asia

We found three themes that were driving the adoption of
CSI in South Asia. The first theme of climate variability
and GHG mitigation includes research articles citing
potential climate impact as the driving force of adoption
and implementation. Specific drivers under this theme
include climate effects on Pakistan’s cotton cultivation
(Jamil et al. 2021), the impacts of extreme weather events
in Bangladesh like greater frequency and magnitude of
cyclones, higher salinity levels, and worsening cold and
fog in winter (Jost et al. 2016), and seasonal variation in
India (Kishore et al. 2017).

The second theme of cost savings and support structure
captured articles that herald potential reduction in input
costs for farming via CSI adoption and implementation.
These costs include—but are not limited to—inputs asso-
ciated with diesel, electricity, and cost of travel for farmers
to secure water for crops (Khalil et al. 2019; Kalita et al.
2021). Articles grouped in this theme also prominently
discussed subsidies as a public policy tool for making CSI
more affordable to farmers (Djanibekov and Gaur 2018;
Shah et al. 2018; Sharma 2021).

The third theme of water conservation grouped articles
that examined CSI as a strategy for improving water use
efficiency. One challenge that emerged in this theme is to
foster more efficient use of water without running the risk of
over-extraction or over-withdrawal (i.e., Gupta 2019;
Sharma et al. 2022). Other studies included in this theme
discussed efficient management of irrigation water (Rizwan
et al. 2018; Pal et al. 2021) and new approaches to crop
cultivation in water scarce contexts (Deelstra et al. 2018).
Figure 2 below shows that the frequency of each theme was
fairly consistent across each country enrolled in our map-
ping. Cost savings and support structure were among the
most prominent themes, followed by climate considerations.
For specifics on the articles included in our driver and barrier
themes, we invite readers to consult the tables in the sup-
plementary material for this article (Figs. 3, 4).

Barriers to CSI in South Asia

We found five themes that served as barriers to CSI’s
adoption in South Asia. The first theme of financial support
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Fig. 1 Identification, selection, and inclusion process for systematic mapping

highlighted the need for more capital availability for
farmers to use CSI. The focus of these articles was on
government incentives, such as subsidies (Shah et al,
2014, 2018), and stressed how incumbent it is for gov-
ernments and international NGOs to assist with installation
costs (Zhou and Abdullah 2017). Financial support was
commonly cited in research articles where public policies,
such as agricultural subsidies were not in effect or managed
ineffectively (Tankha et al. 2019). In contrast, the second
theme of high initial cost (while related as a financial
prohibition) speaks to the point of adoption at the farmer
level. This theme signals that upfront costs provide a bar-
rier even if there is the prospect of savings in the long run.

Farmers need sufficient capital at the outset in order to
implement CSI.

The third theme of inadequate practice-based research
shows a lack of sufficient studies to date to inform deci-
sions adequately or illuminate how to pair CSI with other
practices or technologies. In the specific case of solar
pumps, more research is particularly necessary on how
these technologies work best in the field (Kishore et al.
2017). However, with the broader suite of approaches
falling under CSI in mind, this theme additionally includes
calls for policy-driven science (Jat et al. 2019), more vig-
orous research at both the farmer and the policy level
(Haque et al. 2021), and more systematic investigations of
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Table 1 Search queries used in the systematic mapping. The abbreviation “TS” in the Web of Science queries stands for term and fixes the topic
field

Sr.  Scopus query No. of WoS query No. of
no results results
1 TITLE-ABS-KEY ( “South Asia”) AND ( TITLE-ABS- 8 TS = (South Asia)AND TS = (solar pump OR solar 82
KEY ( “solar pump”) OR TITLE-ABS-KEY ( “solar irrigation OR solar technology OR solar technology
irrigation”) OR TITLE-ABS-KEY ( “solar technology”) pumps OR solar-based pumps OR precision irrigation)
OR TITLE-ABS-KEY ( “solar technology pumps”) OR
TITLE-ABS-KEY ( “solar-based pumps”) OR TITLE-
ABS-KEY ( “precision irrigation”)) AND
PUBYEAR > 2010 AND PUBYEAR < 2022
2 TITLE-ABS-KEY(“Bangladesh”) OR TITLE-ABS- 106 TS = (Bangladesh OR India OR Nepal OR Pakistan)AND 1445
KEY(“India”) OR TITLE-ABS-KEY(“Nepal”) OR TS = (solar pump OR solar irrigation OR solar technology
TITLE-ABS-KEY(“Pakistan”) AND TITLE-ABS- OR solar technology pumps OR solar-based pumps OR
KEY(“solar irrigation”) OR TITLE-ABS-KEY(“solar precision irrigation)
technology”) OR TITLE-ABS-KEY(“solar technology
pumps”) OR TITLE-ABS-KEY(“solar-based pumps”)
OR TITLE-ABS-KEY (“precision irrigation”) AND
PUBYEAR > 2010 AND PUBYEAR < 2022
3 TITLE-ABS-KEY(“Bangladesh”) AND TITLE-ABS- 0 TS = (Bangladesh AND India AND Nepal AND 2
KEY(“India”) AND TITLE-ABS-KEY(“Nepal”) AND Pakistan)AND TS = (solar pump OR solar irrigation OR
TITLE-ABS-KEY (“Pakistan”) AND TITLE-ABS- solar technology OR solar technology pumps OR solar-
KEY(“solar irrigation”) OR TITLE-ABS-KEY(*“solar based pumps OR precision irrigation)
technology”) OR TITLE-ABS-KEY(“solar technology
pumps”) OR TITLE-ABS-KEY(“solar-based pumps”)
OR TITLE-ABS-KEY(“precision irrigation”) AND
PUBYEAR > 2010 AND PUBYEAR < 2022
4 TITLE-ABS-KEY(“South Asia”) AND TITLE-ABS- 68 (TS = (South Asia)) AND TS = (climate smart OR climate- 136
KEY(“climate smart” OR “climate-smart” OR “smart”) smart OR smart)
AND PUBYEAR > 2010 AND PUBYEAR < 2022
5  TITLE-ABS-KEY ( “climate-smart” AND agric*) AND 1117 TS = (climate-smart AND agriculture) 849
PUBYEAR > 2010 AND PUBYEAR < 2022
6  TITLE-ABS-KEY(“solar pump”) OR TITLE-ABS- 786 TS = (“solar pump” OR “solar irrigation” OR “solar 539

KEY(“solar irrigation”) OR TITLE-ABS-KEY(“solar
technology pumps”) OR TITLE-ABS-KEY(*“solar-based
pumps”) OR TITLE-ABS-KEY/(“precision irrigation™)
AND PUBYEAR > 2010 AND PUBYEAR < 2022

technology pumps” OR “solar-based pumps” OR
“precision irrigation”)

Solar irrigation;

Solar and wind Solar irrigation; Cycle e 1
Solar and wind irrigation pump; stop valve irrigation; < y? 55 "‘_’ :a V? >
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irrigation; Rainwater
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. pump; Micro- irrigation Rainwater rainwater harvesting, e 3 irrigtion pumps;
solarand wind irrigation; technologies; harvesting; Laser conservation ponds, fznvseljvatmn; Bioros lanu. iovelln; 5 Y“e,’“ Controlirrigation;
PumEs for Rehabilitated  Precisionsurface land leveling irrigation channels, drip  Irmgation; of Rice Intensification  »griygitaics; and
irrigation o B Gt irrigation Watersense devices (SRi) laser land levelling

2016 2017 2018

201-201 2015

2019 2021

N
o
N
o

Fig. 2 Temporal trends in CSI technologies in the publications identified and reviewed

CSI that can inform more targeted approaches (Kakraliya
et al. 2021). What distinguishes this theme is its identifi-
cation of standing knowledge gaps in current scholarship.

Our next theme, in turn, focuses on resource gaps at the
farmer level. The fourth theme of lack of access identifies
limited extension services, limited mobility, limited
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Fig. 3 Categorization of articles by drivers of CSI adoption and country

technology, and limited training as barriers in CSI imple-
mentation. There were cases, for instance, where “policies
and their implementations are controlled by the non-market
players and farmers are reluctant” to adopt (Jamil et al. 2021).
There is a need to think more critically about how information
is shared and disseminated so as to bolster awareness and
understanding about CSI (Mittal and Hariharan 2018). More
concrete changes to expand access include improved training
facilities (Pal et al. 2021) and installation technicians (Rathore
et al. 2018). When farmers are disconnected from the market
and extension services, adding an additional cost considera-
tion in terms of transportation was also highlighted as barrier
to adoption of CSI (Aryal et al. 2018b). Research signals the
need to facilitate extension services and outreach to distant
farmers, who may not be well connected to the road and
telecommunication infrastructure.

The fifth theme of structures of power outlines inequi-
ties at the farmer level surrounding caste, class, gender,
landholding status, and place-based difference. Seeing
potential disruptions in wider CSI adoption as solely
technical and not more appropriately as sociotechnical can
prove myopic. Whereas the technical perspective sees
simple “access to resources” as a panacea for farmers’

© The Author(s) under exclusive licence to Royal Swedish Academy of Sciences 2023
www.kva.se/en

B Water conservation and management

M Climate variability and GHG mitigation

adoption of CSI (Aryal et al. 2020), the sociotechnical
perspective recognizes that access alone does not address
distributional challenges brought forward by new tech-
nologies. Instead, social inequalities can create risks for
those who are already marginalized and underrepresented
in the CSI innovation ecosystem. Indeed, access is distin-
guishable as an “ability to derive benefits from things” that
thus entails “means, relations, and processes that enable
various actors to derive benefits from resources” (Ribot
and Peluso 2003). There is a need to develop social
infrastructure around CSI accordingly to account for rela-
tions and processes that can truly benefit the underserved in
South Asia (Dhital et al. 2016).

Country-specific results

In research focused in Bangladesh, we found a specific
focus in the mapped studies on mechanisms needed to
smooth the burden of high initial costs of solar pumps,
despite significant future cost savings afforded to farmers
(Sarkar and Ghosh 2017; Shoeb and Shafiullah 2018; Rana
et al. 2021). CSI implementation efforts succeeded when
the focus of technology was on adaptation (Jost et al.
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m High initial cost

M Financial support M Lack of access

Fig. 4 Categorization of articles by barriers to CSI implementation and country

2016), where it led to collaboration among local technol-
ogy partners and created new jobs (Kibria et al. 2017), and
when government focused on providing financial support
for transitioning to sustainable and reliable energy for the
people of Bangladesh (Rana et al. 2021). Gaps that inhibit
wide adoption of CSI technologies included an absence of
national policies on CSI that created challenges for sub-
national policy implementation (Rana et al. 2021), an
absence of resources toward upscaling of CSI (Aggarwal
et al. 2018), and overreliance on multinational financial
institutions for technology transfer from the Global North
to South (Sarkar and Ghosh 2017).

Research papers on India exhibited a need for co-pro-
duction of robust and knowledge-based resources to
understand how CSI can aid with achieving India’s adap-
tation and mitigation goals. Articles mapped indicated that
public policies and programs for solar irrigation (Shah
et al. 2014, 2018; Santra 2021) focused mainly on public—
private partnerships that aimed to bolster farmers’ access to
financial and lending markets (Pal et al. 2021). Discussions
of limited access (Alam and Sikka 2019; Dutta et al. 2019),
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knowledge gaps (Aryal et al. 2018a; Dutta et al. 2019), lack
of capital (Djanibekov and Gaur 2018), and policy-driven
science focused on a range of energy technologies as part
of a growing net-zero carbon commitment were some of
the factors influencing CSI’s adoption in India (Jat et al.
2019). At the same time, several challenges associated with
CSI adoption were highlighted, including the need for well-
defined regulation of these technologies for smallholders
(Kalita et al. 2021); inclusion of water pricing to manage
extraction (Kishore et al. 2017), and more attention to
smallholders’ inclusion in this technological revolution
(Lopez-Ridaura et al. 2018).

While the same need for cost savings also emerged out
of studies from Nepal, structures of power and lack of
capital also remained strong challenges in CSI's imple-
mentation efforts. The gender gap affects availability of
land and resources between different gender identities
(Paudyal et al. 2019; Khatri-Chhetri et al. 2020). The lit-
erature on Nepal shows that management of CSI succeeds
when there are concerted and coordinated efforts at mul-
tiple levels of government (Adhikari 2018) and when it is
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attuned to needs for female empowerment (Khapung 2016;
Paudyal et al. 2019). Obstacles for CSI governance cited in
the research mapped were primarily economic, i.e., greater
financial incentives for farmers could incentivize them to
be more productive and use less water (Adhikari 2018;
Paudyal et al. 2019; Foster et al. 2021).

Studies on Pakistan indicated that high initial costs were
one of the key challenges for uneven adoption of CSI.
Without a financial safety net for interested farmers, those
with more “education, access to credit, tubewell owner-
ship, farming experience, and access to extension services”
are more likely to adopt, excluding those without these
resources and capacities (Jamil et al. 2021). Though arti-
cles focused on Pakistan did not often discuss matters of
management, exceptions included articles that focused on
adaptive capacity and capacity building (Khan et al.
2021a, b) as well as campaigns toward awareness and
improved access (Imran et al. 2018), especially among
smallholders as enabling governance (Jamil et al. 2021).
Primary barriers to CSI adoption include inadequate
resources (Dhakal et al. 2021) and a “dire need to develop
adoption policy to keep in mind the perspective and
adoption capacity of the real stakeholders (farmers)*
(Jamil et al. 2021).

Unlike the consistency we found in the drivers across
the region, the barriers vary considerably by country. With
the exception of Nepal, which has a comparatively limited
sample size, structures of power are rather deemphasized
when considered alongside the other prominent themes. In
the case of Bangladesh, more articles left barriers unad-
dressed than recognize the need to address inequity.

DISCUSSION

This review highlighted how innovations in CSI tech-
nologies have evolved in South Asia. We were able to map
CSI technologies and their level of importance for farmers
and policy makers in South Asia. Through an exhaustive
mapping of the literature, we identified different drivers
and barriers to CSI adoption and implementation in South
Asia. We found that CSI technologies are primarily driven
by climate effects, reducing GHG emissions, and intentions
of truncating input costs and water saving. We also
examined how the drivers and barriers of CSI varied across
the region and between four countries: India, Pakistan,
Nepal, and Bangladesh. We found that an adoption of CSI
technologies in Bangladesh takes place when these tech-
nologies are financially incentivized and collaboration with
local partners are facilitated, while in Nepal, CSI adoption
largely depends on concerted efforts at multiple levels of
governance with an additional focus on gender. CSI
adoption in India and Pakistan is influenced by farmers’
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access to financial and lending markets and extension
services. The barriers to CSI adoption varies considerably
across South Asian countries, but we were able to map out
key barriers that are related to financial facilitations, input
costs, access to resources, and existing power relations.

In this section, having noted various limitations in sec-
tion “Limitations”, we discuss three important implications
of our study findings. First, our results reveal the importance of
collaborative learning between countries (Bangladesh, India,
Nepal, and Pakistan) given commonalities and differences in
the drivers to and barriers of CSI adoption in the region.
Countries in this region can benefit from learning about what
kind of institutions and incentives are shaping CSI innovation,
how CSI innovations are facilitating or hindering climate
change adaptation, mitigation, and food security, and how
effective these policies work for those people who have been
historically marginalized and underrepresented in agriculture,
e.g., women, children, ethnic minorities, and landless peas-
ants. Climate change disproportionately affects smallholders,
especially those who are young or identify as female. This is,
often, a ripple effect of exclusion practices—be it who owns
land, has access to needed tools and resources, or gets to voice
their perspectives in policy development (those who are
privileged and in power). If these exclusions continue, one
would expect CSI development to continue to fall short in
reflecting a full span of stakeholder needs and values. As CSI
efforts expand, these deeply rooted contextual dimensions
cannot be ignored if one expects CSI not to further exacerbate
inequity (Taneja et al. 2019; Closas and Rap. 2017).

Second, from an academic and practical perspective for
RI, setting up the means for collaborative learning can help
fill in the broader gap in RI scholarship on how to foster
inclusion specifically in the Global South. Various partic-
ipatory movements from co-design (DiSalvo et al. 2011;
Berthet et al. 2018; Agid and Chin 2019; Ayre et al. 2019;
Baibarac and Petrescu 2019) to living labs (Ballon et al.
2005; Erickson et al. 2005; Niitamo et al. 2006; Almirall
and Wareham 2008; Bergvall-Kareborn and Stahlbrost
2009; Leminen et al. 2012; Dell’Era and Landoni 2014;
Leminen and Westerlund 2019) have found traction as of
late in creating means of different parties surrounding
agricultural innovation becoming mutually responsive and
coordinating across regions. While our findings give cre-
dence to experimentation with and through such approa-
ches around CSI in South Asia to embolden work on
responsible governance in global contexts, they also war-
rant exercising caution to ensure they meet needs that are
identified by our review in terms of a collective effort
toward coordinated research, outreach, and equity efforts
rather than solely capital or profit. This rightfully puts the
focus on building infrastructure and community as a matter
of governance (Zavratnik et al. 2019; Gamache et al.
2020).
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Finally, we highlight the importance of reimagining
what responsibility means in the context of innovation in
South Asia, and how innovation interventions can become
more sensitive to discussions of power and marginalization
of social groups and individuals in rural agrarian commu-
nities. RI scholarship has demonstrated top-down innova-
tion processes yield predictable results: limited social
traction and the extension of standing inequities. Previous
research on CSA broadly indicates that insufficient coor-
dination in institutional interventions and governance
schemes at different levels, along with inattention to gen-
der inequity, are themes in the literature affecting small-
holder adoption (Ogunyiola et al. 2022). In Africa as an
example, literature has yet to take the opportunity to con-
ceptualize responsibility at the level of states and institu-
tions in favor of focusing on suites of technologies and on-
farm adaptation practices, leading to questions of purpose
and interests served in adoption (Vercillo et al 2022). In the
specific case of CSI movement in South Asia, we accord-
ingly found an overall dearth of critically engaged con-
versation on inequalities, smallholder operations, and
needs for community infrastructure.

Here, we argue that living laboratories (LLs) can be
used to test ideas in rural communities in South Asia,
prior to imagining how they will scale up. This means, in
other words, taking a vertical slice of the innovation
ecosystem and conducting deep sociotechnical assess-
ments of CSI with farming communities in South Asia in
an iterative and interactive manner. We contend that a LL
approach adds much to the conversation as a means of
enacting trust among farmers. LLs place users front and
center, taking advantage of communication technologies
to test innovations in development across sites in every-
day environments of use. Research is beginning to con-
ceptualize trust in rural interventions (Zavratnik et al.
2019), farming (Guzman et al. 2008), open innovation
(Puerari et al. 2018), and co-production methodologies
(Nesti 2017). Rural Living Labs (RLLs) specifically
capitalize on the benefits of rural citizens’ and farmers’
input into design while providing underserved communi-
ties with technology and networking opportunities.
Zavratnik et al. (2019) and Gamache et al. (2020) assert
such labs should start with assessing and building com-
munity first as a matter of equity and focus on sustain-
ability transitions rather than solely focusing on building a
successful or profitable prototype. This may include
constructing new services, reskilling programs, and gov-
ernance structures. Specifically, LLs, in conjunction with
regional governments, can assist in transitions as farmers
seek innovative solutions for agricultural, food, environ-
mental, and social concerns through the facilitation of
new organizational models that organize the provision of
goods and services (Garcia-Llorente et al. 2019).
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In our exploration of the implementation of new tech-
nologies in Global South, we are attuned to several cultural
and geographical blindspots of RI. Specifically, the con-
ceptualization of RI from a Global South perspective has
been weak, leading to assumptions of Western conceptions
of democracy and justice that is used as a lens to evaluate
science and scientific expertise (Prasad 2020). By referring
to these Western conceptions, we mean to acknowledge the
predominance of RI work coming out of Western Europe
specifically as a by-product of funding requirements from
the European Union. Research from Global South by
contrast has highlighted the importance of paying attention
to context and culturally specific construction of RI,
whereby researchers can avoid the trap of assuming social
and political conditions for innovation to be similar to the
Global North (Sharma 2021; Prasad 2020).

CONCLUSION

Our article has mapped the evolution of CSI in four South
Asian countries (Bangladesh, India, Nepal, and Pakistan)
and deployed an RI framework to map drivers and barriers
to better understand the status of CSI in each country. We
identified the following drivers of CSI adoption in South
Asia: climate variability and greenhouse gas mitigation,
cost savings and support structure, water conservation and
management. Regarding barriers to adoption of CSI tech-
nologies, our study identified five themes that include fi-
nancial support, high initial cost, inadequate practice-
based research, lack of knowledge and/or access and
structures of power. Our study also revealed many country-
specific results. In Bangladesh, CSI adoption increased
when linked with climate adaptation and when the gov-
ernment provided financial support. Governance challenges
in Bangladesh included absence of federal policy on CSI,
absence of financial resources to enable adoption, and a
dependency on technology transfers from the global North.
In India, linking CSI with the nation’s broader climate and
sustainability targets improved adoption, as well as public—
private partnerships. Governance challenges for CSI
included insufficient and ambiguous regulation, exclusion
of smallholders in CSI procedures and implementation, and
lack of consistent and effective water pricing to curb over-
extraction and wastage. In Nepal, CSI adoption improved
when governance institutions collaborate across scales
toward implementation and when projects are designed to
facilitate female empowerment. Challenges to CSI gover-
nance in Nepal include the dearth of financial resources
that limits incentives and subsidies for adoption. In Pak-
istan, opportunities for CSI adoption lie in framing the
technologies as enhancing adaptive capacity to climate
change and ensuring increased and equal access to water
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resources for farmers. Challenges to CSI adoption include
high initial costs and inadequate financial resources.

The consistency of the most impactful drivers cited in
research on each country and the variability of the most
pressing barriers from country to country signals that
knowledge-sharing across contexts reasonable stands as the
next step to lessen the impact of barriers, meriting a col-
laborative infrastructure for knowledge exchange. What we
also see from the standing literature confirms the possi-
bility that existing efforts may only continue to privilege
large scale agriculture and wealthy farmers and leave
smallholders behind. In addition, the fact that most of the
literature we found does not at least present, let alone forge
dialogue with, considerations of power and difference
highlights the opportunity and high stakes for critical
research in CSI planning and practices. While the co-pro-
ductive opportunities we present are as susceptible to
similar critiques of Western provenance as RI, we endorse
co-design and LL frameworks as a step in the right direc-
tion in realizing the kind of governance that RI desires that
has found proven application in non-Western agricultural
contexts. We therefore conclude that an opportunity exists
for scholars to experiment with more participatory means
to enact principles of responsible governance in ways that
meet the needs of interested farmers.
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