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Introduction: Fossil fuel and electricity-based irrigation practices contribute to greenhouse gases and add substantial costs to water access. Solar-powered irrigation is spreading globally, notably in developing countries, as a solution to the rising energy and climate concerns related to agriculture. This policy perspective devoted to examining the impact of the solar irrigation facilities (SIF) adoption on irrigation cost and return on investment (ROI) based on seven years of panel data seeks to contribute to the efforts to propel solar irrigation toward delivering on the myriad of promises.
Methods: Panel logistic regression was employed to analyze adoption determinants, while adoption impact was evaluated through the propensity score matching with the difference-in-difference (PSM-DID) method. In addition, the time and panel fixed effect DID and doubly robust DID model was also used for robustness check.
Results: The result reveals that SIF adoption significantly increased ROI by 20% to 30% and reduced irrigation costs by 21% to 30%.
Conclusion: The findings call for further research and analysis on evidence-based best practices for solar irrigation solutions at the farm level so that the dissemination of this revolutionary technology, apart from contributing to the advancement of the energy sector, also plays a vital role in driving us towards establishing a more equitable and sustainable world.
Keywords: Energy, Solar Irrigation, Adoption Impact, Panel Data, Difference-in-Difference method, PSM-DID, Fixed effect DID, Doubly robust DID
1 INTRODUCTION
The world is confronting a reckoning regarding the energy issue. Despite decades of pleas to minimize dependence on non-renewable energy, nations have intensified the usage of coal, oil, and gas to fuel their economies (WFP, 2022). The consequences of the extensive burning of fossil fuels have intensified the carbon emissions issue and created a globalized world in which food and energy systems are highly concentrated—making them extremely vulnerable to disruption. The world now grapples with consecutive waves (i.e., heat waves, the millennium drought, poverty impacts from COVID-19, and ongoi`ng supply chain challenges due to war) that negatively impact agriculture and have been the instigator of a potentially severe food crisis. These interlocking crises have contributed to global energy and food price spikes and have placed agriculture and irrigation in a precarious position where energy-efficient technology use has become obligatory (UNSDG, 2022; WFP, 2022).
The impact is severe in developing countries, especially Asia, where diesel and electric-based irrigation plays a vital role in domestic food security and poverty alleviation (Sunny et al., 2022a). While Myanmar and Pakistan’s daily consumption sits around 2.7 million liters and 3.5 billion liters of diesel, respectively, Nepal’s Eastern Indo-Gangetic Plains only have 20% of its irrigation pumps non-diesel reliant (Qureshi, 2014; Foster et al., 2019; Phillips, 2021). Clearly, the region has learned and adapted to the challenges of inconsistent power generation for rural agricultural work, illustrating flexibility and resilience within the sector. However, reliance on such a non-renewable resource may cause some new challenges in the future. In India, for instance, of the total electrical power generated, 18% goes to agriculture; similarly, 5% of the total diesel in the country is allocated for just irrigational purposes (IRENA, 2016). Though not sounding too dire, one must consider what concentrations of which demographic find themselves heavily reliant on diesel as a substitute for the lack of national electrical grid energy supplies. This is a profound question, especially since 1.6 billion people live without electricity in developing countries—most in Sub-Saharan Africa and South Asia (The World Bank, 2018). The struggle to meet energy demands leads to load shedding that disrupts planning and resource management and, more specifically, interrupts the irrigation process (Hoque et al., 2016).
Energy security is one of the major global concerns, as energy deficiencies and resulting economic factors may generate socio-political issues. To ensure food security, enhance energy security, prevent local pollution, and increase climate benefits, the policy manifesto for most developing countries with similar issues has the impetus for adopting reliable, cost-effective, and clean energy irrigation technologies (Schwanitz et al., 2014; Rentschler and Bazilian, 2016; Sarker and Ghosh, 2017).
Like other developing economies, the agriculture sector is regarded as one of the critical drivers of Bangladesh’s economy. As a catalyst for sustainable growth of the country, the sector accounts for 12.92% of the gross domestic product (GDP) and 38 percent of the labor force (The World Bank, 2021; The World Bank, 2022). Around 70% of Bangladesh’s population’s livelihood depends on agricultural activities (Imdad, 2021). The country’s natural inheritance of favorable soil, climate, and groundwater availability has alleviated farmers’ opportunities to grow tropical and temperate crops on over two-thirds of cultivatable land twice or more annually. Rice (Oryza sativa) is the staple food that accounts for approximately 75 percent of the total harvested area and contributes around 95 percent of the total food grain (Shew et al., 2019; Alam et al., 2021). Irrigation is a fundamental operation unit in rice production and is essential for the agriculture life cycle system (Ali, 2018). Even though insufficient rainfall in the dry season and scarcity of surface water has hampered rice productivity in many parts of Bangladesh, especially the northern regions, groundwater utilization has played a vital role in ameliorating agricultural development (Biswas and Hossain, 2013; Hasnat et al., 2014). The development of groundwater policies has resulted in the expansion of Low Lift Pumps (LLP), Shallow Tube Wells (STW), and Deep Tube Wells (DTW) usage in Bangladesh (BGEF, 2016). The first two systems run on diesel, while the latter runs on electricity from the national grid. The maximum capacities of the LLP are 7.5, SWT is 12.5, and DWT is 55 horsepower (hp) (Hossain et al., 2015). These water extraction technologies have greatly aided Bangladesh in attaining near self-sufficiency in rice production. The downside, however, has been the massive energy demand increase (Sunny et al., 2022a; Sunny et al., 2022b). Presently, approximately 1.6 million diesel pumps consume at least one million tons per year to satisfy irrigation needs (Prothom Alo, 2021). When this is estimated in monetary terms, the sum reaches a conservative total of $900 million (Ershadullah, 2021). Between the transportation, added pollution through transportation of the fuel and the use of it at its endpoint, and the potential calamities that could occur environmentally along the production chain - a second thought should be given to diesel as a primary fuel source for extracting ‘clean renewables’ like water. Recent estimates indicate that even though irrigation consumes 4.58% of the total electricity generated in the nation (ADB, 2018), the electricity demand in the forthcoming irrigation season is projected to rise from 14,097 MW to 15,500 MW (The Business Standard, 2022). The national grid can not ensure regular power without frequent outages, voltage flickering, and constantly increased tariffs and rates (Doby, 2018). The result is major disruptions in irrigation activities and, thus, revenue streams. In some situations, farmers have been forced to adapt by irrigating during low-peak hours (at night) when the power is more stable (Odarno, 2017). Other farmers have chosen to take control of their power provision by investing in diesel pumps, which carry their deficiencies. These pumps are at the mercy of fuel prices, technical defects, service gaps, and mismanaged usage and can sometimes be more problematic than the national grid (Energypedia, 2020; Mirta et al., 2021).
Concerns for alternatives have been raised regarding agricultural sustainability in defying these challenges. Hence, like other emergent nations,’ Bangladesh has also embraced the idea of sustainable agriculture practices alongside the overarching concept of sustainable development. Sustainable agriculture advocates adopting measures to conserve the natural environment and resources through technically appropriate, economically viable, and socially accepted approaches (FAO, 1989). It also integrates the ideology of enhancing resilience to shocks and stresses over more prolonged periods and addresses more comprehensive economic, social and environmental outcomes from the local to the global level (Pretty, 2008). Sustainable agriculture is central to attaining many sustainable development goals (United Nations, 2015; FAO, 2019). The key to achieving agricultural sustainability is by ameliorating productivity through adopting technology and practices that remediate the environment from poor agricultural practices abuse and drive the welfare of the food producers (Zilberman et al., 1997; Pretty, 2008). Therefore, besides improving strategic and operational farm management, the government has highlighted up-scaling renewable energy-based irrigation systems. If current climate change estimates were to add sufficient motivation for action, then the proposition holds to establish 50,000 solar irrigation pumps by 2027. The results would be an estimated reduction in greenhouse gas (GHG) emissions by up to 15% by 2030 (Mirta et al., 2021). Apart from that, 10% of conventional energy would be replaced, and fossil fuel reserve depletion would rapidly regress while ensuring sustainable water management in agriculture sectors (Kanojia, 2019; Sajid, 2019; Rana et al., 2021a). Despite the significant potential, solar irrigation technologies promotion has been sluggish, and the penetration of solar pumps faces the challenge of competing against other conventional systems (SREDA, 2015; Rana et al., 2021a). Given this context, this work attempts to answer the following research questions.
• What key determinants influence our study area farmers to adopt SIF?
• How do SIF adoption impact farmers’ irrigation cost and ROI?
• What are the associated challenges to the sustainability of SIFs and the measures to overcome the challenges?
2 LITERATURE REVIEW
Several studies have documented the advantage of solar-based irrigation system adoption over conventional systems. For instance: the performance and reliability test of different types of solar-powered water pumping systems in the United States and Spain revealed that these systems are cheaper alternatives for rural, with high performance, ensure customer satisfaction, and are an environmentally-viable energy source for pumping in irrigation networks (Chowdhury et al., 1993; García et al., 2019). A study conducted in northern Benin revealed that compared to non-adopters, commercial-scale solar-powered drip irrigation systems adopters were able to significantly increase production (Alaofè et al., 2016). Likewise, the adoption of solar-based water pumping systems in china has resulted in ameliorating forage productivity, meeting local demand, and minimizing carbon emissions (Campana et al., 2017). Besides, SIF adoption impact analysis in the Philippines revealed that the adoption not only aided in GHG emissions reduction by up to 26.5 tons CO2eq/ha/year but also contributed to the energy sector by savings between 11.4 and 378.5 L/ha of diesel per year with an average of 315% returns on investment (Guno and Agaton, 2022). Furthermore, SIF adoption in Pakistan has significantly contributed to reducing operational costs, increased farmers’ income, reduced 17,622 tons of CO2 emissions per year, and saved 41% of water usage (Raza et al., 2022). In addition, apart from irrigation purpose usage and meeting electricity needs, SIFs adoption contributes to facilitating drinking water requirements in water-scarce regions and contributes toward gender empowerment by alleviating the burden of labor-intensive diesel system operation and allowing women to utilize their time for productive purposes (IRENA, 2016; Agrawal and Jain, 2018).
The literature on SIF adoption analysis in the context of Bangladesh revealed that if the economic return is considered based on the internal rate of return (IRR), then the most profitable option would be establishing small-sized SIF (20%), followed by large-sized (10%). On the other hand, the net environmental benefit per kilowatt peak (kWp) is highest (86,000) for the small SIFs, followed by medium SIFs (67,184 kWp) and large SIFs (65,392 kWp) (Islam and Hossain, 2022). Other research findings suggested that SIF adopters could reduce irrigation costs by a maximum of 2.22%, obtain 4.48%–8.16% higher ROI, and reduce nearly 1% of total production cost compared to non-adopters (Sunny et al., 2022a). Another study stated that even though the initial investment cost of SIF was found to be higher than a diesel-powered system, the low maintenance and zero fuel costs make it a cheaper option in the long run (Rana et al., 2021b).
This study compares to others contributing to literature in several ways. Firstly, this study used panel data to assess the impact of SIF adoption on irrigation cost and return on investment (ROI). As the return on investment variable considers the gross revenue of farm production and the production costs, it can better reflect the efficiency of farm performance (Kleemann et al., 2014; Zheng and Ma, 2021). Secondly, we employed propensity score matching (PSM) with the difference in difference (DID or DD) models to estimate adoption impact and address the selection bias issue, which also differs from other related studies (Barreto and Bell, 1994; Coady, 1995; Duflo et al., 2011; Dong et al., 2012; Fanus et al., 2012; Martey et al., 2013; Zhou and Abdullah, 2017; Kumar et al., 2019; Kumar et al., 2020; Sanap et al., 2020). We also used fixed effect DID and doubly robust DID for robustness checking. Finally, examining the role of solar irrigation technology on welfare outcomes is of great significance to policy formulation to tackle future climate vulnerability while enhancing farm productivity, food security, and poverty reduction.
3 MATERIALS AND METHODS
3.1 Study area, and sampling procedure
This study focuses on the drought-prone area of the northern region of Bangladesh that receives merely 372 mm of rain from November to May, compared to 546 mm during the same time in the whole country. The average annual rainfall of this region is 21.83% lower than the country’s average annual rainfall. Inadequate rainfall and limited surface water have created high dependence on groundwater for irrigation in these areas (Hossain et al., 2021; Rahman et al., 2022). Nearly 1.6 million diesel pumps (Prothom Alo, 2021) and 3.20 lakh electricity pumps (Ershadullah, 2021) that are operating in the country, a significant proportion is operating in the northern region (Hossain et al., 2021).
For this study, multistage sampling techniques were employed. At first, the Dinajpur district was selected for several reasons. Dinajpur is the largest district among all sixteen districts situated in the northern part, and according to the international ‘Köppen climate classification,’ the district has a tropical wet-dry climate. The annual average temperature is 25 °C. The average precipitation from November to March is below 20 mm, April and October are below 100 mm, and the remaining 5 months are over 200 mm (Encyclopedia, 2018). Due to the low precipitation rate, the district is considered one of the top drought-prone areas of Bangladesh (Afrin et al., 2019; Islam et al., 2022a; Rahman et al., 2022), where the food insecurity and poverty rate are high (BBS and WFP, 2020). This district is also one of the top districts where more solar irrigation pumps are installed (SREDA, 2022). We used a simple random sampling method to select 3 of 13 sub-districts from the Dinajpur district in the second stage. The randomly chosen three sub-districts were Birganj, Khanshama, and Kaharol. The combined population of these three sub-districts is 643,431 (Population and BBS, 2011).
We then used Krejcie and Morgans’ (Krejcie and Morgan, 1970) table to determine the optimal sample size. A sample of 384 farmers was determined based on the population size. However, a 5% additional sample was collected to avoid unexpected future issues such as farmers’ discontinuation of SIF or land rented to others. Thus from 50 different solar irrigation sites in three sub-districts, eight farmers were randomly chosen for control and treatment groups. These farmers were interviewed each year between February and April, starting from 2015 till 2021.
The baseline of this study was 2015 and 2016, the treatment period stated in the year 2017, and the end line was 2021. Hence finally, we obtained a panel of (50*8 = 405*7) 2,835 farmers. The Boro season (starting in December and ending in June) was chosen since the maximum rice is produced in this season (BBS, 2020), and irrigation demand is very high. The interview schedule was translated into the local language for implementation. Our interview schedule included farmers’ demographic and socioeconomic characteristics, environmental, agroecology, technology-related knowledge, fee opinion, service quality, and infrastructure-related questions.
3.2 Analytical technique
3.2.1 Theoretical framework
This study is based on the random utility theory developed by McFadden in 1974 (McFadden and Zarembka, 1974), which is consistent with Lancaster’s economic theory of value and neoclassical view that hypothesize individuals would choose alternatives that maximize their utility (Lancaster, 1966; Manski, 1977; Hoyos, 2010; Hess et al., 2018). Based on this theory, we would like to see if solar irrigation adoption compared to other irrigation mediums is beneficial or not.
3.2.2 Empirical approaches of adoption determinants
To estimate the factor that influences our study area farmers’ adoption or non-adoption decision of SIF, we consider the following logistic regression model (Neuhaus et al., 1991):
[image: image]
Where [image: image] is the binary outcome variable, [image: image] is the predictor variable, [image: image] is constant, and [image: image] is the population parameter.
3.2.3 Empirical approach of impact assessment
Prior studies on impact assessment suggested that a significant hurdle while conducting related research is constructing appropriate counterfactuals. Because a set of observable and unobservable factors influences the adoption process, failure to do so will cause the corresponding impact estimates to be biased (Mendola, 2007; Wu et al., 2010). Therefore, studies have used various methods to assess the impact of technology adoption that considers selection bias (Mendola, 2007; Becerril and Abdulai, 2010; Wu et al., 2010; Asfaw et al., 2011; Asfaw et al., 2012; Khonje et al., 2015; Alem and Broussard, 2018; Khonje et al., 2018; Nakano et al., 2018; Islam et al., 2019; Manda et al., 2020).
This study, in mitigating the selection and time-invariant source of bias issue and in measuring the adoption impact of SIF on farmers’ irrigation cost and their return on investment (ROI), has adopted difference in difference estimation with propensity score matching (PSM-DID). This approach compares two populace groups (the treated and the non-treated) based on the time sequence of before and after-action states. The effectiveness of the treatment (a course of action) is considered adequate toward the outcome when the intervention group shows off better or worse trends over their controlled counterpart (considering other influencing factors such as ceteris paribus) (Islam et al., 2022b).
The single DID setting proposed by Villa (Villa, 2016) is presented as follows:
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Where the baseline period is [image: image] follow-up is [image: image]; a treated group to which the treatment is delivered is [image: image] and a control group to which the treatment is not provided denotes as [image: image]. ([image: image] is the treatment indicator that requires in the absence of any intervention in the baseline for either group, and it commands the intervention to be positive for the treated group in the follow-up [image: image]. For a given outcome variable, [image: image], the population DID treatment effect is given by the difference in the outcome variable for treated and control units before and after the intervention.
If additional covariates are combined with the single DID setting, the model will be:
[image: image]
The DID is a flexible form of causal inference because it can be combined with other procedures, such as kernel propensity score matching (Heckman et al., 1997) and quintile regression (Meyer et al., 1995). Propensity score matching (PSM) helps estimate treatment effects as this method can balance measured covariates across groups (treatment and control) and better estimate the counterfactual for treated individuals (Rosenbaum and Rubin, 1983; Imbens, 2004; Austin, 2011). Kernel propensity-score weights complement the DID treatment effect model. This matching technique (also known as kernel weighting) is beneficial when other matching strategies are not viable for analyzing survey data with sampling weights or continuous or multilevel categorical treatments (Garrido et al., 2014). Villa (Villa, 2016) suggested that, by following Heckman, Ichimura, and Todds’ study (Heckman et al., 1997; Heckman et al., 1998), besides the inclusion of control variables, observed covariates can be used to estimate the propensity score (the likelihood of being treated) and calculate kernel weights. Thus, this alternative approach matches treated and control units based on their propensity score instead accounting for control variables. Each treated unit is matched to the whole sample of control units instead of a limited number of nearest neighbors. To begin, one obtains the propensity score [image: image] for both groups and [image: image]
As explained by Heckman, Ichimura, and Todd, kernel matching is an averaging method that reuses and weights all the comparison group observations in the treatment sample (Heckman et al., 1997). Comparison individuals are weighted by their distance in propensity score from treated individuals within a range, or bandwidth, of the propensity score (Garrido et al., 2014; Villa, 2016). Thus, the kernel weights can be defined,
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In Equation 3, [image: image] is the kernel function, and [image: image] is the selected bandwidth.
To obtain a kernel propensity-score matching DID treatment effect, the kernel weights (presented in Eq. 3) are then introduced into Equation 1 is presented below:
[image: image]
However, in increasing the internal validity of the DID estimand, it is possible to restrict (Phillips, 2021) to the common support (the overlapping region of the propensity for treated and control groups) of the propensity score for both groups. This sample of [image: image] units can be restricted to the region defined as,
[image: image]
Blundell and Dias have stated that in case of inability to follow treated and control units over the baseline and follow-up phases, the DID treatment effects can be estimated with repeated cross-sections (Blundell and Dias, 2009). This is very common when a treatment has been administered to specific regional or demographic groups over several cross-sections. The kernel propensity score matching with repeated cross-section DID treatment effects thus can be expressed as, 
[image: image]
Here, [image: image] and [image: image] represent the kernel weights for the control group in the baseline and follow-up periods, respectively. [image: image] on the other hand, symbolizes kernel weights of the treated groups’ baseline period.
Besides, the balancing property of the treated and the control can be tested through DID estimates. Given the availability of observable covariates, it can be shown that in the absence of the treatment, the outcome variable is orthogonal to the treatment indicator given the set of covariates. In other words, the balancing property can be tested in the baseline as,
[image: image]
DID estimation also necessitate satisfying the ‘parallel or common trend’ test. Under the trend assumption, in the absence of treatment, the average outcome changes from any pre-treatment period to any post-treatment period for the treated is equal to the equivalent average outcome change for the controls. In pre-treatment trend differentials, it is customary to adjust the econometric specification to try to accommodate for those differences (Mora and Reggio, 2015).
The parallel trends assumption can be tested graphically or by performing a test on the linear-trends model coefficient that captures the differences in the trends between treated and controls. The specification of the linear-trends model test, adapted from the study conducted by Cai (Cai, 2016), is as follows:
[image: image]
Where [image: image] is the dependent variable; [image: image] is the time trend over the pre-treatment period; [image: image] is a binary variable that equals 1 for households in the treatment group and 0 otherwise; [image: image] is a vector of control variables, and the [image: image] is the error term. If the estimated parameter were not statistically significant at conventional levels, it would mean that the treatment and the control households followed parallel trends prior to treatment.
Finally, to grasp the impact of solar irrigation on farmers’ irrigation costs, we consider the following econometric expression:
Irrigation cost,
[image: image]
Besides, the econometric illustration of estimating adoption impact on ROI can be expressed as:
[image: image]
In Equations 9, 10, the variable ‘Y′ is the outcome variable for ‘Irrigation cost’ and ‘ROI,’ respectively. ‘Year’ represents time trend. “Treatment” represents treated and control groups. The “Year*Treatment” variable denotes the DID estimand; “Explanatory variables” represent respondents’ socio-economic characteristics, and [image: image] symbolizes the random-error term.
3.3 Measurement of key variables
Table 1 in below, presents the DID basic variables Year and Treatment (Card and Krueger, 1994; Villa, 2016). The “Year” variable denotes the pre-treatment, treatment start, and follow-up periods. The end line of the research is the year 2021. The “Treatment” variable is the segmentation by the treatment and control groups.
TABLE 1 | Variables used in different models.
[image: Table 1]The outcome variables for this study are irrigation cost and ROI. The irrigation cost for solar and electricity-based irrigation system adopters was calculated based on the fee that individual farmers paid per 50 decimals. For diesel irrigation adopters, the cost was calculated based on diesel machine rent that the farmer pays each season and the total diesel cost per 50 decimal. However, for a farmer who owns a diesel machine, the cost was calculated based on the total amount of diesel used per 50 decimal and the repairing cost that an individual farmer paid each season. All cost is measured in Taka (the Bangladeshi currency) and then converted to logarithmic forms to calculate the cost increase or decrease percentage. On the other hand, the ROI is the ratio of total return to the variable costs, calculated based on the study conducted by the Bangladesh Rice Research Institutes (BRRI) agricultural economic division entitled ‘Estimation of costs and return of MV rice cultivation at the farm level’ (BRRI, 2021).
The explanatory variables chosen for this study were based on the existing literature on technology adoption (Albrecht and Ladewig, 1985; Caswell et al., 2001; Pandey and Mishra, 2004; Simtowe and Zeller, 2006; Tiwari et al., 2008; Deressa et al., 2011; Idrisa et al., 2012; Genius et al., 2013; Reza and Hossain, 2013; Challa and Tilahun, 2014; Mottaleb et al., 2016; Chuchird et al., 2017; Ntshangase et al., 2018; Sunny et al., 2018; Zeng et al., 2018; Sarker et al., 2021; Sunny et al., 2022a; Sunny et al., 2022b; Sunny et al., 2022c), and their description are given in Table 1.
3.4 Data analysis
The Chi-square and F-test were performed to check if any significant difference exists between the treatment and control groups. Panel logit regression using the “xtlogit” command was performed to determine the influential factors of adoption. In order to satisfy the pre-requisite of DID estimation parallel trend test was conducted. This test asserts that the group participating in the program would have experienced a similar change in the outcome variable between the pre-program and the post-program periods as those not participating. If this assumption holds and we can credibly rule out any other over-time changes that may confound the treatment, then the estimators are highly reliable ((Lechner, 2011). We used the ‘diff’ command to estimate PSM-DID (Villa, 2016). We chose kernel matching with the Epanechnikov kernel function and used the bandwidth .03 and .06 (DiNardo and Tobais, 2001; Caliendo and Kopeinig, 2008; Islam et al., 2019). The bootstrapped application was applied with 1,000 repetitions of resampling (Wooldridge, 2012). Besides checking overlap and common support, we also conducted balancing tests on the differences in means after matching. For the robustness check, the ‘xtdidregress’ command was used to estimate the time and panel fixed effect DID and ‘drdid’ for estimating doubly robust DID (StataCorp, 2021; Sant’Anna and Zhao, 2020). All the analysis was performed through software for statistics and data science (STATA) version 17.0. Finally, these analysis results have been presented using frequency tables and cross-tabulations.
4 RESULT AND DISCUSSION
4.1 Basic household characteristics of the survey respondents
Prior studies have suggested that the technology adoption among smallholder farmers is generally influenced by their socio-economic, environmental, and institutional profiles (Albrecht and Ladewig, 1985; Feder et al., 1985; Alauddin and Tisdell, 1988). Descriptive statistics of respondents’ important socio-economic characteristics were analyzed to understand the factors affecting adoption decisions. Among the total respondents, 51.4% belong to the treatment group. The χ2 and F-test result in Table 2 below indicates significant differences between treatment and control groups based on irrigation cost, ROI, educational background, land ownership, farmlands typology, farming experience, knowledge level, fee opinion, soil water retention condition, irrigation machinery ownership, close acquaintances’ adoption, environmental awareness, and secondary income status.
TABLE 2 | Descriptive statistics of the treatment and non-treatment groups.
[image: Table 2]The mean irrigation cost of the control group is higher than the treatment group, but their ROI is lower than the treatment group. Among the total respondents, 47.98% of the treatment group respondents’ age is higher than 30 years, and the treatment group respondents’ literacy rate is nearly 2.7% higher than the control group. 79.75% of farmers cultivate on mid-low land, while 5.43% do not possess land ownership rights. The average farming experience and the farm size for control group farmers is 7.34% higher and .87% larger than the treatment group. Among 42.89% of households with more than four members, 22.50% belong to the treatment and the rest, 20.39%, belong to the control group. Even though 40.04% of treatment and 35.41% of control group farmers hold proper knowledge of SIF technology, 56.65% of total respondents, including 61.49% control and 52.06% treatment respondents, did not know SIFs adoption aids the environment. Regarding fee opinion, 22.47% of control and 30.51% of treatment group farmers, compared to the rest (47.02%), think the acquisition cost is not high. 45.68% of our respondent farmers have also reported owning other irrigation machinery. Among 1,059 respondents whose close acquaintances have adopted SIF holds, 13.44% belong to the control and 23.92% to the treatment group. In addition, 85.61% of farmers’ seasonal off-farm income is more than 25,000 Taka.
4.2 Determinants of adoption
The factors influencing farm households’ adoption of solar irrigation facilities were analyzed through panel data logit models, and the results are presented below (Table 3). The marginal effects were estimated, as the coefficient result does not express the probability or magnitude. The calculated Variance Inflation Factor (VIF) ranged from 1.06 to 1.84—well below the conventional threshold of 10, suggesting no issue of multicollinearity (Maddala, 1983).
TABLE 3 | Factors affecting the adoption of solar irrigation facility: Panel logit estimates.
[image: Table 3]The estimated marginal effect for the age variable indicates that the receptiveness toward solar irrigation technology increase by .27% if the farmers’ age is below 30 years. Similar findings from prior work (Sunny et al., 2018; Sunny et al., 2022a) suggested that younger farmers’ more vehement nature invigorates them in trying newer innovations. In contrast, higher experience farmers’ cautiousness in technology choices is more highly associated with their knowledge of the technology and the expected return against investment aspects.
Land typology results demonstrate that farmers cultivating in mid-high land are 19.8% more likely to adopt SIF than low-midland cultivators. A prior study states that at higher relative landscape positions, water tends to drain more quickly (Krupnik et al., 2017), and Boro rice cultivation requires an adequate and timely water supply (Sunny et al., 2022c). Therefore, farmers cultivating in mid-high land are more likely to adopt SIF.
The negative marginal effect value signified that the adoption chance of SIF decreases to .15% when a household size is more than four people. Similar findings suggested that the consumption need of a larger household tends to compete with the investment of new technology adoption (Sunny et al., 2022a).
As expected, the marginal effect value suggests that farmers possessing proper SIF knowledge have a .9% higher probability of adopting the technology. Our result matches with prior study findings that suggested knowledge about a specific technology helps farmers to develop insights into the consequences of each option and can counterbalance the negative effect of a lack of years of formal education in the overall decision to adopt a technology (Sunny et al., 2018).
The marginal effects result of the ‘Fee opinion’ predictor indicates that farmers who urge for more reduced service fees are .07% more likely to adopt SIF. Our descriptive statistics also revealed that approximately 54% of control farmers believed that solar irrigation service fees were excessive. Therefore, the relevant authorities must take appropriate measures regarding acquisition fees so that the scheme can attract more farmers and operational organizations and farmers’ possibility of achieving higher economic returns does not diminish.
The negative and significant ‘Soil fertility’ predictor indicates that a farmer with the greater belief that their farmland soil is fertile is .06% less likely to adopt SIF. This result is coherent with findings stating that soil fertility perceptions for Bangladeshi farmers are not fundamentally based on scientific classifications of soil composition (e.g., soil nutrient composition) but on perceived yield (Sunny et al., 2022b).
The marginal effect of “secondary income” indicates that the likelihood of adoption is .67% higher for farmers with higher secondary income than their counterparts. This result confirms earlier studies’ findings that higher off-farm income influences new technology adoption (Rahman et al., 2021; Sunny et al., 2022b)). However, farmers having no cash constraints during the cropping season have .37% less probability of being SIF adopters. This finding is meaningful because loan availability does not indicate that the farmers have utilized that money for irrigation purposes and not to avail other essential inputs (i.e., fertilizer, pesticide, and herbicides) (Rizwan et al., 2019; Ouattara et al., 2020).
Finally, the marginal effect indicates that farmers knowing that SIF acceptance will aid in carbon footprint reduction are .12% more likely to adopt SIF. This result matches previous research outcomes suggesting that environmental knowledge positively impacts environmental attitudes and environmental attitudes influence behavioral intentions towards the environment. Thus, behavioral intentions toward the environment positively affect pro-environmental behavior (Liu et al., 2020).
4.3 Impacts of SIF adoption
Before finalizing, we tested the appropriateness of the models. Hence, we first checked the parallel trend assumption through the graphical representation. The observed means and the linear-trends model over the pretreatment periods indicate that the trends are parallel (Figures 1A,B). Besides, the insignificant F value for the ROI (.73) and Irrigation cost (.32) in Table 4 also suggested the appropriateness of employing the difference-in-differences method. Besides, within the PSM-DID framework, we check the matching quality based on the common support. The common support is the overlap interval of the propensity scores for the treated and control groups. The findings revealed a significant overlap in the propensity scores of treatment and control group respondents, suggesting better matching quality condition is met showed in Figure 2; Figure 3 (before and after matching). The balancing test was also performed to compare the balance of the pre-existing variables between the treatment and the control groups after matching. The test result indicated that the mean bias reduces from 12.7 to 4.2 after matching, which indicates that the propensity score matching method reduces the differences between treatment and control groups and eliminates the biases (Table 5; Table 6).
[image: Figure 1]FIGURE 1 | Graphical representation of parallel trends for ROI (A) and Irrigation Cost (B).
TABLE 4 | Parallel test assumption table.
[image: Table 4][image: Figure 2]FIGURE 2 | The common support of propensity scores.
[image: Figure 3]FIGURE 3 | The kernel matching of propensity scores.
TABLE 5 | The bias of the mean of the explanatory variables before and after kernel matching.
[image: Table 5]TABLE 6 | Sample matching methods and the results of balance tests.
[image: Table 6]Tables 7 below represent the PSM-DID estimates for the impact of SIF adoption on ROI and irrigation cost. The findings show that ROI increased by 20%–30% and irrigation costs reduced by 21%–30% for treatment group farmers (adopters) compared to the control group. The findings match studies documenting solar irrigation adoption benefits in water-stressed areas (Hossain and Karim, 2020; Sunny et al., 2022a).
TABLE 7 | Impacts of SIF adoption: PSM-DID model estimation.
[image: Table 7]The positive impact of adoption has significant contributions to the energy sector. The recent energy crisis is not unexpected when considering global geopolitical matters. About 320,000 pumps are run by electricity to irrigate crops on a total of 54.48 lakh hectares in the dry season, which consumes approximately 2000 MW of electricity (Kanojia, 2019). Due to Bangladesh’s energy crisis, the government has decided not to sanction new electricity connections for irrigation. A recent cost comparison study shows that with falling prices, solar irrigation systems have become competitive with grid electricity, while with increasing diesel prices, diesel-based irrigation is getting more expensive (Haque, 2022). Hence, Bangladesh must strongly take initiatives to keep the agricultural sector free from the negative impact of global diesel and other fossil fuel prices’ oscillation and availability issues. The country uses between 15% and 20% of the grid electricity for irrigation purposes. Hence, installing enough solar-based irrigation systems to offset this loss and utilize this energy in other sectors seems more logical.
Studies in India revealed that solar irrigation system adoption not only satisfies farmers’ water requirement for irrigation but also provides an incentive to economies for their energy and contributes to the energy sector by supplying unused energy to the grid (Patil, 2017). Another study revealed that the total power needed for irrigation in southern Europe is 16 GW; substituting this with solar power could offset over 16 million tons of CO2 yearly (Gillman, 2017). Likewise, adopting a solar irrigation system in Spain has increased yield by 35% and reduced energy consumption by 478 MW h annually, delivering 52 TEUR/year financial savings (Danfoss, 2020). Therefore, scale-up SIF adoption can contribute significantly to enabling a sustainable supply of food, energy, and water, particularly in water-stressed areas.
4.4 Robustness checks
We conducted several robustness checks to confirm our main results using fixed effect DID and doubly robust DID estimation methods presented in Table 8.
TABLE 8 | Impacts of SIF adoption: DID robustness estimation.
[image: Table 8]Even though Table 7 result in the above slightly differs from Table 8 results in terms of the magnitude of the ATT, the results are similar in terms of ATT’s sign and effect. Both tables’ results suggested that SIF significantly increases ROI and reduces irrigation costs, confirming that the PSM-DID estimates are robust.
4.5 Adopters’ perception of service quality and operators’ view on associated challenges
Table 9 below shows that before 2018 none of the farmers complained about service quality. However, 7.3% of adopters in 2018, 11.7% in 2019, 10.7% in 2020, and 20% in 2021 stated dissatisfaction with the site operators’ behavior and performance. These farmers reported that many site operators practice partiality by providing water to their close acquaintances first, and sometimes they do not care about farmers’ priority.
TABLE 9 | Farmers’ opinion of service quality.
[image: Table 9]Likewise, around 4.9% of farmers in 2018, 7.8% in 2019, 13.7% in 2020, and 15.1% in 2021 were unhappy with the solar irrigation systems’ performance as the system fails to supply adequate water in the cloudy period and to mitigate the issue, diesel pumps require reinstating. Similarly, 2.9% in 2020% and 4.9% in 2021 expressed disappointment with the service providers’ indifferent attitude toward valuing farmers’ views delaying support issues.
Since farmers were not satisfied with site operators, it would be worth knowing what their counterparts think. Among 30 site operators, 63% stated that not allowing adopted farmers to pay less is the main reason for their dissatisfaction. Further, 23.33% expressed that it becomes difficult to satisfy everyone when water requirements are high in the dry season. The rest, 13.33%, indicated that delay in repairing work due to a lack of skilled workforce is associated with dissatisfaction.
While discussing the challenges, five site operators reported that from 2020 they have been encountering steeling issues with cables and solar panels. They reasoned that the diffusion of solar irrigation facilities hampers diesel and electric pump owners’ businesses, making them unhappy. Apart from highlighting the need to deal with theft, these findings also urge initiatives for solar technicians’ skill development training in remote areas.
5 CONCLUSION AND POLICY IMPLICATIONS
This study examines the impact of solar irrigation facilities adoption on rural household welfare indicators (i.e., irrigation cost and ROI), using panel studies data on 2,835 households from 2015 to 2021. The results of the ATT estimates exhibited a positive impact of SIF adoption on irrigation cost and ROI.
This study’s finding has practical policy implications. Firstly, the beneficial effect of SIF adoption highlighted the need for the government, investors, and shareholders greater focus on designing more appropriate schemes through experimentation and multiple iterations. However, to do so, ministries and agencies responsible for reforming and implementing customs duties, tariffs, and tax incentives need to reassess the market condition and find a solution to minimize the bureaucratic complexity for technology producers and distributors. It should be cognizant that the benefactors’ loan repayment and the sustainability of the operating company depend on generating satisfactory revenue, which is only possible through appropriate site selection. Therefore, before finalizing the site, the responsible organizations should extensively study farmers’ seasonal crop-choosing patterns, future underground pipeline expansion plans, soil slope, potential customers’ attitudes regarding acquisition cost and perceptions towards SIF, and the market price of water-intensive crops. Because shifting the solar site from one place to another would not be cost-effective once the installation is done. Anecdotal evidence from service providers and site operators suggested that our study area farmers’ crop cultivation patterns depend on earlier years’ crop market prices. Likewise, private actors and public agencies need more information and tools to access water resource availability and soil water retention condition to enable more effective and sustainable solar irrigation investment planning. National implementing and regulatory agencies require more robust monitoring capacities. At the same time, the education sector needs to contribute to solar development efforts through training programs and capacity building to expand solar energy and solar irrigation. It is also essential to understand that the schemes to scale up of adoption process must be appealing enough to create strong demand from farmers.
Secondly, respondents’ concern regarding SIF performance indicates solar panels’ efficiency issues. Even though the project report states that these’ panels’ estimated shelf life is 10 years, the farmers are experiencing considerable efficiency decreases in the first 5 years of use. Thus, it seems that there is a need to extensively investigate, develop, and improve the technologies involved while emphasizing the technology’s quality and after-sales service support. Likewise, substituting polycrystalline solar panels with copper bismuth oxide absorber-based thin-film solar cells or mono-crystalline panels will avoid reinstating diesel irrigation systems on peak time and can enhance the SIFs efficiency. These adjustments, nevertheless, need extra funding. Therefore, authorities should consider raising the tenure and grace period from 10 years to at least 20 years and facilitating lower interest rates than the banks offer for general projects.
Thirdly, SIF adoption, apart from contributing to farmers’ wellbeing, can play a vital role in resolving future energy crises if the government speeds up the grid-tied Solar System expansion process. Because due to coal and furnace oil supply-chain disruptions, the future electricity production cost is anticipated to rise compared to the present.
Besides, initiatives introducing insurance schemes or safety nets to hedge against potential theft or production risk are expected to boost farmers’ and investors’ confidence and downside risk. In addition, focusing on region-specific installation of the small, medium, and high-capacity SIFs and strict prohibition of mixed types installation in the same region to avoid internal conflicts between services providers should include in policy priority.
Our findings also pointed to the significance of creative management strategies emphasizing field demonstration programs and campaigns to raise environmental consciousness and benefit recipients rather than just adoption. To better understand farmers’ risk management practices, we also call for more research on how people of different ages perceive SIF and their knowledge of environmental severity.
Finally, implementing farm or community-level evidence-based best practices on solar irrigation solutions while considering the watershed scales and founded on principles of natural resource sustainability and equity will advance us towards achieving a sustainable food production sector.
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