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Abstract: Insufficient rainfall in the dry season and scarcity of surface water has resulted in firms’
reliance on groundwater for agriculture in the northern part of Bangladesh. Most irrigation systems
in the country are diesel or electric, which raises the cost and demand for energy and pollutes the
environment. Utilizing the abundant sunshine and disseminating solar-based irrigation systems
is expected to be a fittingly rewarding experience for irrigation purposes. Therefore, this study
identifies the factors influencing the adoption of solar irrigation facilities (SIFs) and the impacts of
their adoption on irrigation cost, return on investment (ROI), and production costs, using survey
data collected from 405 rice farmers of Dinajpur district. The study employed three treatment effect
estimators, namely inverse probability weighting (IPW), regression adjustment (RA), and inverse
probability weighted regression adjustment (IPWRA), to address the potential selection bias issue.
The results revealed that farming experience, knowledge, environmental awareness, soil fertility, and
irrigation machinery ownership significantly influenced adoption decisions. The treatment effect
model result indicated that farmers who adopted this method could minimize irrigation costs by
1.88 to 2.22%, obtain 4.48 to 8.16% higher ROI, and reduce total production cost by 0.06 to 0.98%
compared to non-adopters. Our findings suggested that policy interventions targeting scaling up
SIFs should consider focusing on government and stakeholders’ greater attention on designing more
appropriate schemes through experimentation and multiple iterations.

Keywords: solar irrigation; sustainable irrigation; treatment effect estimators; return on investment
(ROI); Bangladesh; renewable energy

1. Introduction

An ecosystems resiliency in sustaining people’s livelihoods depends on the interaction
between society and the environment. Better resource management and conservation
approaches are considered the most potent way to enhance and sustain livelihood condi-
tions [1]. In developing economies where food insecurity is prevalent, effective agricultural
practices potentially play a vital role in enabling and sustaining livelihoods [2]. However,
studies have indicated that in meeting rising populations’ food demand, most developing
countries intend to enhance agricultural production capacity and productivity by adopting
modern production technologies that promote intensified agriculture practice putting stress
on the environment [1,3,4]. This is particularly noticeable in irrigated landscapes where
mainly diesel and electric-based irrigation systems are operated. Apart from consum-
ing intensive energy, these systems pollute the environment by emitting carbon dioxide
(CO2) [5]. Furthermore, abiotic constraints such as drought due to increasing temperature
and decreasing precipitation negatively impact evapotranspiration demand, surface water
availability, food production, nature, and socio-economics of developing countries [6,7].
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The increased warming rate has exacerbated aridity, and extreme drought events have
increased significantly in various parts of Asia [6,7].

Studies have reported that 77% of the total irrigation in Myanmar is achieved through
diesel-powered pumps [8]. Likewise, India utilizes 18% its of total electricity and over
5% of the total diesel for irrigation purposes [9]. Nearly 6 billion kWh of electricity and
3.5 billion liters of diesel are used to operate irrigation pumps in Pakistan [10]. It is worth
mentioning that around 1.6 billion people live without electricity in developing countries,
and among them, approximately one billion people are from Sub-Saharan Africa and
South Asia [11]. Inability to meet energy demand results in higher load shedding, and
unreliable energy services affect the pumping requirements for irrigation for small and
large farmers [12]. In addition, fossil fuel has particularly adverse effects on the balance
of payments in oil-importing countries, and the overall soaring oil prices are considered
an unsustainable financial burden to governments [13]. Apart from economic and social
costs, fossil fuel usage is associated with severe negative externalities on the environment,
adversely affecting economic development in the long term. Studies have revealed that
as the greenhouse gas (GHG) emissions from agriculture are much higher in low-income
(over 50%) and developing countries (35%), compared to developed countries (12%) [14],
it is anticipated that by 2050, there will be a 13% and 15% drop in irrigated wheat and
rice yields, respectively, in developing countries [15]. Therefore, the policy manifesto
for most developing countries with similar issues has the impetus for adopting reliable,
cost-effective, and clean energy irrigation technologies to enhance energy security, prevent
local pollution, and increase climate benefits [13,16,17].

Despite being a river realm country, Bangladesh faces a severe water crisis during
the dry season [18,19]. Human intervention, variations in climate, inadequate rainfall,
and drought have affected surface water recharge and have created a high dependency
on groundwater for irrigation, especially in the northern part of Bangladesh [20]. The
substantial effect of drought in the northern area over the last two to three decades has
adversely impacted the ecosystem and crop productivity [20,21]. Low Lift Pump (LLP),
Shallow Tube Well (STW), and Deep Tube Well (DTW) are mainly used for irrigation in the
country [22]. These pumps either operate by diesel (i.e., LLP and SWT) or electricity (i.e.,
DTW). The maximum capacity of DWT is 55 hp, SWT 12.5 hp, and LLP 7.5 hp [17]. Presently,
nearly 1.6 million diesel pumps are operating for irrigation purposes [23] and consume at
least 1 million tonnes of diesel per year, worth around USD 900 million [24]. Furthermore,
diesel fuel is challenging to transport and prone to pollution. It has been reported that a
4HP diesel engine emits about 3744 kg of carbon dioxide every year and is also liable for
sound pollution during operation [17]. On the other hand, around 3.20 lakh pumps run on
electricity to irrigate crops on a total of 5.45 million hectares in the dry season, consuming
approximately 2000 megawatts (MW) of electricity for irrigating rice fields [24]. According
to recent estimates, irrigation consumes about 4.58% of the total electricity generated in the
nation [25], and the electricity demand in the 2022 upcoming irrigation season is expected
to rise from 14,097 MW to 15,500 MW [26]. Even though electric irrigation is less harmful
to the environment, the country suffers from energy deficiencies [27]. Frequent power
outages, voltage fluctuations, and increasing tariffs impact farmers’ earnings and hamper
production. The power outage issue also hinders farmers’ nightlife and forces them to
operate pumps at night when grid electricity demand is lower [28]. Likewise, diesel-driven
pumps increase farmers’ operation costs and are prone to service gaps due to an insufficient
fuel supply and technical defects [5]. In addition, both systems’ limited area coverage
ability in the peak season negatively affects crop productivity [29].

In the face of these challenges, concerns have been raised around tackling human ac-
tivities’ negative impact of exploiting natural resources while protecting the ecosystem and
achieving agricultural sustainability in Bangladesh. Therefore, like many other developing
countries, Bangladesh has also embraced the sustainable development goals that, apart
from emphasizing ameliorating critical issues, also highlights the importance of under-
standing complex and evolutionary links between ecosystems and human societies, the
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changing environmental paradigms, and advocates for the uptake of green technology and
improved farm management strategies to achieve sustainability for the present and future
generations [3]. Thus, being primarily an agrarian economy, the country has prioritized
enhancing water supply to boost agriculture productivity and food security by implement-
ing robust and well-managed irrigation systems. In continuation of promoting affordable,
reliable, and environmentally sustainable technologies, the government initiated a solar
energy-based irrigation project (SIP) in 2010 with a target to install 50,000 solar irrigation
pumps by 2025 in order to minimize the energy crisis and reduce depletion of fossil fuel
reserves while ensuring sustainable water management in agriculture sectors [30,31].

Solar energy is known as one of the most secure and low-cost sources of electricity,
and in a country such as Bangladesh with abundant sunshine for most of the year, sourcing
energy from the sun rays should be a fittingly beneficial experience for irrigation purposes.
Since the need for water is the highest on hot sunny days, this technology is an obvious
choice [32]. Studies have revealed that solar irrigation technology is more economical than
the diesel system and can cover larger areas and provide water to more farmers at the same
time during peak season compared to diesel and electric facilities, due to higher capacity,
the option of buried pipelines, and operational advantage of the number of risers [29].
Likewise, replacing diesel and electric irrigation systems with solar is expected to reduce
17,261 tons of carbon dioxide emissions annually [25] and to enhance the present and future
energy mix by replacing 10% of the conventional energy [33]. So far, 2223 solar irrigation
pumps are operational with an installed capacity of around 45.076 megawatts per hour [34],
providing water on more than 27,024.91 hectares of land for rice cultivation [30].

However, despite the significant potential, promotion activities for SIF have been
slow [33,35]. Even though there have been extensive studies on analyzing feasibility [17],
the technical prospects [19], techno-economics and challenges [36], or financial [37] aspects,
only two studies [33,38] have focused on determinants and impact evaluation. Compared
to other studies, this study contributes to the literature in several ways.

Firstly, the study attempts to unravel factors that have influenced farmers’ adoption
and non-adoption behavior. Secondly, this study assessed the impact of adoption on
irrigation cost, return on investment (ROI), and production costs. Other studies have
focused on crop yields or farm profit without considering the ROI [33,38]. 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 [39,40].

Finally, the empirical approach of this study also differs from previous studies as we
choose treatment effect models to address the selection bias issue, whereas previous solar
irrigation studies have not taken the selection bias issue into account [33,38,41–44].

2. Materials and Methods
2.1. Study Area, Sampling Procedure, and Data Source

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 period in the whole country. The average annual rainfall is estimated to be
21.83% lower than the country’s average annual rainfall. Inadequate rainfall and limited
surface water have created high dependence on groundwater for cultivation and irrigation
in these areas, leading to significant declines in groundwater levels [20,45].

For this study, multistage sampling techniques were employed. At first, the Dinajpur
district was selected (Figure 1) 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 below 100 mm, and in the remaining five months over 200 mm [46]. Due
to the low precipitation rate, the district is considered one of the top drought-prone areas of
Bangladesh [21,45,47], where the food insecurity and poverty rate are high [48]. This district
is also one of the top districts where more solar irrigation pumps are installed [34]. In the
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second stage, a simple random sampling method was used to select 3 out of 13 sub-districts
from the Dinajpur district. The randomly chosen three sub-districts were Birganj, Khan-
shama, and Kaharol. The combined population of these three sub-districts is 643,431 [49].
We then used Krejcie and Morgans’ [50] table to determine the optimal sample size. A
sample of at least 384 farmers was determined based on our population size. However, to
minimize unexpected errors that may arise due to respondents’ non or partial response, we
felt collecting additional 5% samples. Hence, to sample an equal number of respondents,
we finally collected 405 samples comprising 135 respondent farmers from each sub-district.
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Figure 1. Overview of the study region within Bangladesh and the study areas in Dinajpur district.

Face-to-face interviews were conducted between February and April 2021 to collect
the necessary data using a semi-structured interview schedule. The Boro season (December
to June) was chosen, since the greatest amount of rice is produced in this season [51],
and irrigation demand is very high. The interview schedule was translated into the local
language for implementation and was pretested before finalization. The interviewed
respondents were rice-producing farmers. Our interview included farmers’ demographic
and socioeconomic characteristics service and infrastructure-related questions. We also
asked farmers about their adoption or non-adoption behavior, knowledge sources, fee
opinion, environmental consciousness, and agro-ecology-related questions.

2.2. Analytical Technique
2.2.1. Theoretical Framework

For this study, we adopted the random utility theory developed by McFadden in
1974 [52], which is consistent with Lancaster’s economic theory of value and the neoclassical
view that posit that individuals derive utility from the features of goods or services rather
than directly from the good or service as a whole [53,54]. The random utility approach
links the deterministic model with a statistical model of human acts [55] and allows
elicit preferences for complex multidimensional goods or services, from which models of
preferences can be estimated. The assumption is that individuals would choose alternatives
that maximize their utility [56]. Following this theory, the utility that an individual n gains
from alternative j, identified as Unj, is expressed as a function of attributes (X):

Unj = βnXnj + εnj (1)
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where Unj is the net gain from adoption, βn is the systematic or measurable component that
is a function of observable attributes Xnj and a random component capturing variations in
preferences in the population due to unobservable stochastic error term εnj.

2.2.2. Empirical Approach
Factors Influencing Adoption

Most of the studies that have investigated farmers’ adoption decisions regarding a
single technology have used binary logit or probit models as these methods are considered
the most suitable approaches that can provide more comprehensive details of both adopters
and non-adopters [57–59]. For this specific study, we used the logit model to investigate
factors influencing the acceptance of solar irrigation facilities because the adoption process
itself is logistic (a farmer who accepted the practice is, considered as an adopter and
assigned a score of 1, otherwise assigned to 0) and is consistent with the literature on
adoption [60,61]. Furthermore, the Logit model is preferred over the probit model in this
paper for its mathematical simplicity and ease of use [62] while also being common across
similar studies [60,63,64]. The empirical model for the logit model estimation is specified
as follows:

Zi = log
pi

1− pi
= α + βXi + εij (2)

where, Xi is the explanatory variables and log pi
1−pi

is the logarithm of odds of farm house-
holds’ decision to adopt solar irrigation facility (Zi = 1) versus not adopt (Zi = 0).

Impact Assessment

Prior studies [57,65] have suggested that in the absence of prior intervention data,
the impact of technology adoption can be assessed through instrumental variable-based
regression or treatment effect models. However, this study employed treatment effect
models to estimate the impacts due to the lack of valid instruments, because choosing an
inappropriate instrumental variable may raise the omitted variable or bias issue [66].

The present study used three different treatment effect models: inverse probability
weighting (IPW), regression adjustment (RA), and inverse probability weighted regression
adjustment (IPWRA). The IPW estimator in calculating the average value of the outcome
variable uses the inverse of the propensity score as weights [67,68], while the RA model
uses the differences of the averages of treatment-specific predicted outcomes [69]. On the
other hand, the IPWRA model with double-robust property uses probability weights in
obtaining outcome regression parameters to account for the missing-data problem. The
adjusted outcome-regression parameters are employed to calculate averages of treatment-
level predicted outcomes. The contrasts of these averages provide assessments of the
treatment effects [69,70]. The IPWRA allows the outcome and the treatment model to
account for misspecification [71].

To examine the impact of solar irrigation, we estimate the average treatment effect on
treated (ATT). The ATT estimates the expected causal effect of the treatment for individuals
in the treatment group. The IPW is assessed through weighting the observations based
on the inverse probability of being treated, and the probability of being treated can be
expressed as [72]:

p(X) = Pr(Ti = 1|X) = F{h(X)} = E(Ti|X) (3)

In this equation, ′X′ is the vector of covariates and F {.} is a cumulative distribution
function. This model is used to create a synthetic sample in which the distribution of
measured baseline covariates is independent of treatment assignment. However, in defining
weights, we first follow Manda et al.’s, [73] study where inverse weights are ascribed to
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1 for the treated and p(x)
1−p(x) for the non-treated, and then follow Hirano and Imbens [74]

study. Hence, the ATT for IPW is defined in a combined way as:

wi = Ti + (1− Ti)
p(x)

1− p(x)
(4)

In this equation, p(x) exemplifies the estimated propensity scores.
On the other hand, the RA estimator through the linear regression model obtains the

treatment effects [73]. The ATT for the RA model can be expressed as [70]:

ATTRA = n−1
A

n

∑
i=1

Ti[rA(X, δA)− rN(X, δN)] (5)

where, nA denotes number of adopters rA(.) and rN(.) is the proposed regression model
for the adopters and non-adopters (N) based on observed covariates X and parameters
δi = (αi, βi), (j = A, N). Finally, combining the regression adjustment Equation (5) with
weighting Equation (4), ATT for the IPWRA estimator can be expressed as:

ATTIPWRA = n−1
A

n

∑
i=1

Ti[r∗A(X, δ∗A)− r∗N(X, δ∗N)] (6)

where δ∗A =
(
α∗A, β∗A

)
and δ∗N =

(
α∗N , β∗N

)
are the estimated inverse probability-weighted

parameters obtained from the weighted regression methods for adopters and non-adopters
of solar irrigation facilities, respectively:

min
α∗A ,β∗A

N

∑
i=i

wi(yi − α∗A − Xβ∗A)
2/ p̂(X, γ̂) (7)

min
α∗N ,β∗N

N

∑
i=i

(1− wi) (yi − α∗N − Xβ∗N)
2/(1− p̂) (X, γ̂) (8)

The IPWRA estimator, compared with RA, uses weighted regression coefficients in
calculating ATT, where weights are the estimated inverse probabilities of treatment [69].
Hence, IPWRA is considered a double robust estimator [40]. It is essential to mention
that the IPWRA method relies on two assumptions: conditional independence or uncon-
foundedness and overlap condition or common support assumptions. The first assumption
states that once we have controlled all the observable covariates, the potential outcomes are
independent of the treatment status. The second assumption is that conditioning on a set
of covariates increases the probability of each individual being treated or untreated [73,75].

2.3. Measurement of Key Variables

The outcome variables for this study are irrigation cost, ROI, and production costs.
Irrigation cost is measured in BDT (BDT is Bangladeshi currency, USD 1 = BDT 86 approxi-
mately). The ROI is the ratio of net earnings to the production costs, defined in accordance
with previous studies [39,40]. The production costs include seeds, fertilizer, pesticides,
irrigation, and other input costs, measured at BDT/50 decimal. The treatment variable for
this study is a dummy variable, which is equivalent to 1 if a farmer has adopted the solar
irrigation facility and 0 otherwise. The explanatory variables chosen for this study were
based on the existing literature and prior expectation [59,76–99]. The description of the
variables is presented in Table 1.
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Table 1. Variables used in different models.

Variables Measurement Unit Description

Outcome Variables
Irrigation cost BDT/50 Decimal Total costs of Irrigation

ROI Ratio of net returns to the production
costs Return on investment

Production costs BDT/50 Decimal Total costs of production
Treatment Variable

Adoption Dummy variable 0 = Farmer have not adopted SIF,
1 = Farmers have adopted SIF

Explanatory Variables

Age Dummy variable 1 = Young aged farmers, if age is ≤30 years,
2 = Old aged farmers, if age is >30 years

Education Dummy variable 0 = Illiterate (can only sign the name),
1 = Literate (can read, write and sign)

Land Ownership Dummy variable 0 = Farmer does not have land ownership rights
1 = Farmer has full land ownership rights,

Land Typology Dummy variable 0 = Low land, 1 = Highland
Farming

Experience Years Respondents farming experience in years

Household Size Dummy variable 1 = Respondents household number is ≤4 persons,
2 = Respondents household number is >4 persons

Family Labor Number Number of household labor
Farm Size Decimal Respondents farm size in decimal

Knowledge of SIF Dummy variable 0 = Farmer possess partial knowledge of SIF,
1 = Farmer possess proper knowledge of SIF

Fee Opinion Dummy variable 0 = Respondent thinks fee is not high,
1 = Respondent thinks fee is high

Soil Fertility
Perception Dummy variable

2 = Respondent perceives their farmland as fertile,
1 = Respondent perceives their farmland

as infertile

Cash Availability Dummy variable

1 = Respondent had cash constraints during the
cropping season,

2 = Respondent had no cash constraints during the
cropping season

Soil Water Retention condition Dummy variable 1 = If the soil can hold water long,
2 = If the soil unable to hold water for long

Irrigation machine ownership Dummy variable 0 = Farmer do not own diesel or electric pump,
1 = Farmer own diesel or electric pump

Close
Acquaintances adoption Dummy variable

1 = Respondents close acquaintances have
adopted SIF,

0 = Respondents close acquaintances have not
adopted SIF

Environment Awareness Dummy variable

1 = The farmer knows SIFs adoption aids the
environment,

0 = The farmer does not know SIFs adoption aids
the environment

3. Result and Discussion
3.1. Basic Household Characteristics of the Survey Respondents

Table 2 presents selected characteristics differences between adopters and non-adopters.
The mean difference suggested significant differences between adopters and non-adopters
in terms of selected household characteristics.
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Table 2. Characteristics of the adopters and non-adopters.

Characteristics Adopters Non-Adopters Mean Difference χ2 Value/t-Value

Age 1.878 1.885 −0.007 χ2 = 0.047
Education 0.873 0.845 0.028 χ2 = 0.664

Land Ownership 0.941 0.950 −0.009 χ2 = 0.144
Land Typology 0.239 0.165 0.074 χ2 = 3.435

Farming Experience 26.927 29.105 −2.178 ** t = 2.282
Household Size 1.439 1.475 −0.036 χ2 = 0.528

Family Labor 1.140 1.137 0.003 t = 0.070
Farm Size 93.234 94.265 −1.031 t = 0.127

Knowledge of SIF 0.693 0.385 0.308 *** χ2 = 38.591
Fee Opinion 0.307 0.460 −0.153 *** χ2 = 9.990

Soil Fertility perception 1.341 1.300 0.041 χ2 = 0.799
Cash Availability 1.590 1.570 0.020 χ2 = 0.170

Soil Water Retention 1.351 1.295 0.056 χ2 = 1.462
Irrigation Machine Ownership 0.434 0.485 −0.051 χ2 = 1.054
Close Acquaintances Adoption 0.683 0.400 0.283 χ2 = 32.658

Environment Awareness 0.659 0.550 0.109 ** χ2 = 4.990

Note: ** and *** denote significance of mean difference at 5% and 1% level respectively.

The χ2 and t-test value denotes prevailing significant differences between adopters
and non-adopters concerning farming experience (p < 0.05), Knowledge of SIF (p < 0.10),
Environment Awareness (p < 0.05), and Fee Opinion (p < 0.10), which also indicates that the
two groups are not directly comparable, and justifies the use of the treatment effect model.

3.2. Factors Affecting Adoption

The factors influencing farm households’ adoption of solar irrigation facilities were
analyzed using binary logistic regression, and the results are presented below (Table 3).
Since the coefficient result only expresses the direction of change and not the probability or
magnitude of change, the marginal effects were also analyzed and included in the table.
The calculated VIF value for all the variables is well-below the conventional threshold of
10, indicating no severe collinearity [100].

Table 3. Factors affecting the adoption of a solar irrigation facility.

Variables Coefficient Marginal Effects
(dy/dx) Standard Error VIF

Age 0.309 0.061 0.081 1.43
Education 0.253 0.050 0.065 1.06

Land Ownership −0.083 −0.017 0.089 1.07
Land Typology 0.500 0.099 0.072 1.78

Farming Experience −0.031 ** −0.006 0.003 1.46
Household Size −0.364 −0.072 0.046 1.05

Family Labor 0.063 0.013 0.054 1.13
Farm Size −0.001 −0.000 0.000 1.45

Knowledge of SIF 1.267 *** 0.251 0.041 1.12
Fee Opinion −0.411 * −0.082 0.047 1.08

Soil Fertility perception 0.768 *** 0.152 0.057 1.39
Cash Availability 0.550 ** 0.109 0.055 1.51

Soil Water Retention 0.168 0.033 0.066 1.90
Irrigation Machine Ownership −0.566 ** −0.112 0.049 1.16
Close Acquaintances Adoption 0.997 *** 0.198 0.042 1.07

Environment Awareness 0.442 * 0.088 0.045 1.04

Number of observations = 405; LR chi2 (16) = 78.06; Prob > chi2 = 0.000; Log likelihood = −235.396; Pseudo
R2 = 0.1614; Note: *** represents 1% (p < 0.01), ** 5% (p < 0.05) and * 10% (p < 0.1) significance level.



Energies 2022, 15, 2460 9 of 17

Among the variables shown above (Table 3), farmers’ age was found to be insignificant
to adoption, which is similar to other studies conducted in Nepal and Niger [77,101]. This
result indicates further study on more heterogeneous farmers’ age groups, as there seem
to be complementarities between the human capital of younger and older farmers. For
instance, younger generations’ higher engagement with ICT connects them across vast
geopolitical barriers and helps them gather information about new technologies. In contrast,
the older generation has more experience and better knowledge of the intra-firm structure
and the operating process.

The insignificant association between farmers’ literacy level and decision to accept
SIF may be due to most rural families’ decision-making norm that usually involves the
whole family in the decision process. So, if most family members lack the knowledge to
understand the benefits of the solar irrigation system, the family may not decide to adopt
the technology. This result is consistent with other adoption studies conducted in Thailand
and China [78,102].

Land ownership does not influence the adoption process, which is anticipated as being
due to the knowledge deficiency of the landowner farmers about the long-term productivity
advantage of uptaking SIF [79,103]. Likewise, land typology also exhibits non-statistically
significant effects on the probability of SIF acquisition. A probable explanation for this may
be that the adoption of modern irrigation technologies more likely depends on the land’s
quality and water-holding capacity. The result is in line with previous studies [82,104].

Farmers’ farming experience was statistically significant (p < 0.05) but negatively
correlated to adoption, indicating that more experienced farmers are less likely to adopt
solar irrigation facilities. The marginal effect depicts that a unit increase in farmers’ farming
experience decreases the probability of solar irrigation acceptance by 0.6%. Similar discov-
eries indicated that younger farmers are more vigorous in trying out newer innovations,
while farmers with more experience are more likely to stick with the conventional methods
they are familiar with [59].

The non-impact of household size on SIF acceptance could be due to the consumption
need of a larger household which tends to compete with the investment of irrigation
cost. This finding was in harmony with the observation of other studies that reported no
significant influence of household size on technology adoption [85,105].

Family labor availability was found not to be associated with the adoption decision.
This result may indicate that the ratio of the household laborer to the hired worker is
smaller in our study area [86]. The result is meaningful because, out of 405 respondents,
only 13% of the adopted households have reported having an extra family member who
helps them in the field. However, this does not indicate the availability of household fixed
labor because most rural youths, instead of engaging in agriculture, prefer working in
public or private organizations due to social recognition [106]. As a result, even they go to
the field, they do not work full-time, and the household credit constraints issue does not
become resolved. For hard work, the family still needs to hire paid labor.

The probable non-significant association [105] between farm size and SIF adoption
could be due to either adaptation being plot-specific, meaning that not the size of the farm
but other characteristics of the farm dictates the need for a specific adaptation method [88],
or that large farms are often associated with lower management and information costs
per unit of output [79]. Thus, future research that accounts for farm characteristics could
reveal more information about factors dictating adaptation to climate change at the farm or
plot level.

As expected, farmers with proper knowledge of solar irrigation facilities were a
significant determinant (p < 0.01). The marginal effect indicated that the tendency of
adopting SIF increases to 25.1% if a farmer possesses proper knowledge of the facility. Our
result confirmed Bairagi et al.’s [90] and Kabunga et al.’s [107] studies.

Fee opinion is significant (p < 0.01) but negatively related to adoption. Results on
marginal effects show that a unit increase in fees will decrease the chance of adoption
rate by 8.2%, ceteris paribus. Although this result is consistent with another study [59],
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it may probably indicate farmers’ credit constraint issues, a lack of understanding of the
long-run benefit of these facilities, or the lack of adequate publicity by government and
service providers [59,76].

Soil fertility was positively and significantly associated with solar irrigation adoption.
The marginal effect indicated that the adoption probability of farmers with a fertile plot
is 15.2% higher than those cultivated in the less fertile plot. This result is consistent
with Kassie et al.’s [91], and Ndiritu et al.’s [108] studies that revealed that soil fertility is
associated with adopting different sustainable intensification practices (SIP).

Cash availability was positive and significantly associated with solar irrigation adop-
tion. The marginal effect indicated that farmers’ SIF accepting probability increases to
10.9% if the farmer faces no cash constraints during the cropping season. This result is con-
sistent with other studies that pointed out that access to credit can ease farmers’ liquidity
constraints, alleviate households’ risk-bearing conditions, and thus increase the adoption
chances of new technology [92,93].

Soil water retention was insignificant and not correlated to adoption. The result may
be due to farmers’ soil-moisture-detection process through above-ground plants instead of
measuring in-depth soil water-retention conditions, or their knowledge deficiency regard-
ing adopting innovative irrigation technology that can assure efficient water supply [94,95].

Farmers’ machinery ownership was negative but significantly (p < 0.05) associated
with SIF acceptance. The marginal effect indicated that farmers’ solar irrigation adoption
probability decreases to 11.92% if the farmer owns any irrigation system.

Close acquaintances’ adoption of SIF significantly (p < 0.01) influenced the adop-
tion decision of respondents. The marginal effect indicated that farmers’ solar irrigation
adoption probability increases to 19.7% if the close acquaintances also adopt. The result
matches Mendola’s [97] and Krisnan and Patnams’ [109] studies that has stated that close
acquaintances’ acceptance of a new technology positively affects farmers’ decision-making
process to accept that technology.

Environmental awareness was found to be positive and significantly associated with
the acceptance of SIF. The marginal effect indicates that the probability of adoption increases
by 8.8% if farmers know that acceptance will aid in carbon footprint reduction. This result
matches our expectations and with previous research outcomes [99].

3.3. Adoption Impact

Before finalizing the models, we have checked the balancing property and overlap
assumption of the models. The insignificant value of X2 (χ2 = 7.99567, Prob > chi2 = 0.9666)
indicates that covariates are balanced. Likewise, the balancing summary estimates outlined
in Table 4 report the model-adjusted difference in means and ratio of variances between the
treated and untreated for each covariate. The result indicates that standardized differences
and variance ratio of all the variables were close to zero and one, respectively. This result
confirms that balancing property is satisfied.

Further, in testing the overlap assumption, we used overlap plots (Figure 2). The
graphical diagnostic result indicated that all the estimated densities had most of their
respective masses in regions in which they overlap each other.

The adoption impact results in Table 5 show that the adoption of solar irrigation has a
significant impact on irrigation cost, ROI, and production cost. Specifically, farmers who
adopted solar irrigation facilities could minimize irrigation cost by on average 1.88 to 2.22%,
obtain 4.48 to 8.16% higher ROI, and reduce production cost by 0.06 to 0.98% compared
to non-adopters. Our findings align with previous studies that document the significant
impact of technology adoption on irrigation cost, ROI, and production cost [40,110,111].
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Table 4. Covariates balancing summary.

Variables
Standardized Differences Variances Ratio

Raw Weighted Raw Weighted

Age −0.021 0.027 1.052 0.938
Education 0.081 0.011 0.845 0.977

Land Ownership −0.038 0.008 1.160 0.965
Land Typology 0.185 0.021 1.320 1.034

Farming Experience −0.227 −0.038 0.823 0.871
Household Size −0.072 0.004 0.987 1.000

Family Labor −0.007 0.021 1.018 1.186
Farm Size −0.013 −0.033 1.067 1.051

Knowledge of SIF 0.647 0.023 0.899 0.997
Fee Opinion −0.317 −0.045 0.857 0.978

Soil Fertility perception 0.089 −0.017 1.071 0.987
Cash Availability 0.041 0.041 0.987 0.987

Soil Water Retention 0.120 0.036 1.095 1.029
Irrigation Machine Ownership −0.102 −0.016 0.983 0.997
Close Acquaintances Adoption 0.591 0.035 0.902 0.997

Environment Awareness 0.223 0.033 0.908 0.984
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Table 5. Average treatment effects of solar irrigation adoption on outcome variables.

Outcome
Variables

IPW RA IPWRA

ATT Robust
S. E.

% ↓/↑ than
POM ATT Robust

S. E.
% ↓/↑ than

POM ATT RobustStd.
Err.

% ↓/↑ than
POM

Irrigation cost −0.17 *** 0.042 1.90 ↓ −0.16 *** 0.029 1.88 ↓ −0.20 *** 0.037 2.22 ↓
ROI 0.08 * 0.044 5.49 ↑ 0.12 *** 0.042 8.16 ↑ 0.08 * 0.042 4.48 ↑

Production cost −0.06 0.043 0.57 ↓ −0.06 ** 0.028 0.06 ↓ −0.10 *** 0.037 0.98 ↓
Note: ATT refers to average treatment effects on the treated; S.E. represents Standard Error; ↓ and ↑ Indicates
lower and higher, respectively; POM denotes Potential Outcome Mean; ***, ** and * indicates significance at 1%,
5% and 10% levels, respectively.

3.4. Service Quality Satisfaction Level of the Adopters and Non-Adopters

We wanted to know the adopters’ opinion and non-adopters’ perception of service
quality. Our survey result outlined in Table 6 revealed that 30.37% of adopters reported
overall service quality satisfaction. However, among total respondents, 34.41% (41 adapters
and 100 non-adopters) stated dissatisfaction with the site operators’ behavior and per-
formance. Likewise, 15.12% of adopters were unhappy with the solar irrigation systems’
performance as the system fails to withdraw and supply adequate water in the cloudy pe-
riod, and to mitigate the issue, diesel pumps need reinstating. Similarly, 4.88% of adopters
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expressed disappointment with service providers’ support issues. Further, among half
of the non-adopters, 21% expressed concern about the ability of the system performance,
while the rest, 29%, could not rely on either operator or the service providers.

Table 6. Sentiment of the farmers towards service of the providers.

Thoughts of the Farmers Adopter Non-Adopter Total

Satisfied 123 0 123
Operator issue 41 100 141

Water issue in cloudy weather 31 42 73
Service provider support delay 10 0 10

Failed to convince me 0 58 58
Source: Field Survey Data, 2021.

Since most adopters and non-adopters have complained against site operators, we
thought it would be worth knowing what counterparts think. Among 30 site operators we
interviewed, 63% have stated that not allowing adopted farmers to pay less is the main
reason for their dissatisfaction. Further, 23.33% recounted that it becomes difficult to satisfy
everyone when the water requirement is high in the dry season. The rest, 13.33%, indicated
that occasional delay in repairing work is associated with dissatisfaction.

On the other hand, 60% of site operators specify that diffusion of solar irrigation
facilities hampers diesel and electric pump owners’ business, making them unhappy. The
remaining 40% of operators, think that non-adopters who cannot access solar irrigation
systems due to capacity issues and those with personal issues complained against them.

4. Conclusions and Recommendations

In this study, determinants of farmers’ adoption of SIF and its impacts at the farm-level
were measured by employing a set of treatment effect models. The results showed that SIF
knowledge, soil fertility perception, cash availability, close acquaintances adoption, and
environment awareness largely influence farmers’ adoption decisions. In contrast, farming
experience, fee opinion, and ownership of irrigation machines were found to be negatively
associated with adoption. Furthermore, the results of the ATT estimates exhibited a positive
impact of solar irrigation adoption on irrigation cost, ROI, and production cost. Since this
study information gathered from 405 interviewed farmers of three districts of Bangladesh,
it does not rule out the possibility of generalizing the results to other regions with similar
climatic and socio-economic conditions.

The findings of this study have practical policy implications. Firstly, the positive
impacts of SIF adoption on irrigation cost, ROI, and production cost highlight the need
for government and stakeholders’ greater concentration on designing more appropriate
schemes through experimentation and multiple iterations. However, the process needs to
be nimble enough to respond to new knowledge gained over time, and the schemes must
be attractive enough to create strong demand from farmers.

Secondly, our respondents’ complaints about SIF performance raise questions on solar
panels’ efficiency. As our field survey took place in 2021, several farmers from various sites
had reported that the present water discharge amount of these systems compared to 2015
(when these systems were first installed) had declined. Undoubtedly, the efficiency will
decline gradually, and replacement is required after a particular time. However, the project
report states that the panels expected life is ten years, but the farmers are experiencing
significant efficiency issue differences within five years. Therefore, emphasis should be
given on regular monitoring of panel efficiency and policy support to upgrade the low-
efficiency solar panels with high-efficiency panels regularly. For instance, at present, we
should consider substituting polycrystalline solar panels with monocrystalline or CuBi2O4
cell-based thin-film solar cells to avoid reinstating diesel irrigation systems in peak time
because reinstating raises conflicts with the government’s strategy of minimizing carbon
footprint initiatives and hindering development initiatives. However, financial incentives
are essential to bear the additional cost of replacing other types of solar panels, and quick



Energies 2022, 15, 2460 13 of 17

scale-up of SIF requires the fee to be at least the same or lower than other technologies.
Hence, for the sake of the sustainability of this sector, policymakers should consider
extending tenure and grace time to at least 20 years (it is currently ten years) and facilitating
lower interest rates than the banks are offering for general projects.

Thirdly, our results suggest the importance of innovative managerial implications that
focus on field demonstration programs and campaigns to promote benefits and environ-
mental awareness rather than merely promoting adoption. Likewise, we urge further study
on heterogeneous age groups’ perception of SIF and their awareness of environmental
severity for a better understanding of farmers’ risk management behavior.

SIFs expansion can reduce the conventional energy demand for agriculture, as unused
power is promptly fed back into the power grid. The government should speed up the grid-
tied solar system expansion process to utilize unused electricity for fertilizer production.
The self-reliance of the fertilizer sector will help retain food autarky and economic growth.
Likewise, the future electricity production cost is anticipated to rise due to coal and furnace
oil supply-chain disruption. Hence, sustainable SIF deployment can play a vital role in
conserving conventional energy sources and resolving future crisis issues.

It should be kept in mind that sponsors’ sustainability in generating satisfactory rev-
enue depends on appropriate site selection. Therefore, while selecting the site, sponsors
should extensively study farmers’ seasonal crop choosing patterns, future pipeline expan-
sion plans, soil slope, potential customers’ attitudes and perceptions towards SIF, and the
market price of water-intensive crops. Because once the installation is completed, shifting
would not be cost-effective. Anecdotal evidence from several service providers and site
operators suggested that when water-intensive crops’ market prices decline, farmers’ crop
cultivation patterns also change, which negatively impacts sponsors’ earnings most of
the time.

Further, initiatives should protect solar sites from vested groups who do not advocate
for SIF expansion. At the same time, policies must consider hedging against the potential
production risk by introducing an insurance scheme or introducing safety nets to cover
against such a downside risk. In addition, focus should be given on region-specific installa-
tion of small, medium, and high-capacity SIFs while restricting the installation of mixed
types in the same region to avoid internal conflicts between service providers.

Despite the fact that this study generates some useful information, it has some certain
drawbacks. Therefore, future research endeavors should consider larger sample sizes and
include other areas of Bangladesh. Likewise, studies should explore the impact of adopting
SIF on the environment and what percent of higher ROI and cost reduction can attract
farmers to become interested in SIF.
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