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A B S T R A C T

This paper investigates the effect of borrowing constraints on the pricing of solar home system loans for
rural households. We use a unique cross-sectional dataset that includes a sample of 626,761 borrowers’ loan
transactions over six years (2013–2018) from the market-based solar home system program in Bangladesh.
We estimate that a 10 percent increase in down payment, which we use as a proxy measure for borrowing
constraints, reduces the average total cost of the loan by 0.181 percentage points. We also find that
highly constrained borrowers pay more than relatively unconstrained borrowers, with average total costs of
loans reduced by 0.102 and 0.343 percentage points, respectively, for every 10 percent increase in down
payments. The borrowing constraint seems to generate distributional inequality in the pro-poor solar home
system program, increasing the financial cost of market participation for these highly constrained borrowers.
Constrained borrowers in poor rural areas therefore pay a poverty penalty. We recommend that governments,
policymakers, and development donors deploy targeted intervention mechanisms that continue and update
financial support for both lenders and borrowers in order to eradicate persistent energy poverty in developing
countries.
1. Introduction

The majority of the 789 million people without electricity in de-
veloping South Asia and Sub-Saharan Africa live in rural villages that
are too remote to connect to national electricity grids (Lee et al.,
2016; UN, 2020). These poor rural households in electricity access
deficit countries are particularly affected by vulnerabilities arising from
energy poverty. Furthermore, their energy poverty is considered to
be a violation of distributive justice (Sovacool et al., 2016). National
governments and policymakers thus support off-grid renewable en-
ergy sources as a short-to-medium term solution to alleviating energy
poverty (Yadav et al., 2019; Sievert and Steinbuks, 2020). In association
with local private organizations and international donors, they have
been implementing market-based programs,1 such as Lighting Africa
and Lightening Asia, to promote solar home systems that produce

∗ Corresponding author.
E-mail address: rafia.zaman@uni-graz.at (R. Zaman).

1 A market-based program, also known as the multi-stakeholder programmatic model, involves local suppliers and/or financial institutions that sell and install
solar home systems for households (Nygaard, 2009; Steel et al., 2016). Such programs include consumer financing models, such as the weekly repayment-based
pay-as-you-go model, or the monthly repayment-based microcredit model, that allow households to pay for solar home systems in periodic installments. Financing
schemes also provide a capital buy-down subsidy or an interest rate subsidy to make solar home systems affordable for rural households.

electricity at the point of household consumption (Lee et al., 2016;
Conway et al., 2019; Turner, 2019).

Despite record sales of 30 million solar home systems since 2010,
which indicates a noticeable improvement in energy affordability,
market-based programs remain controversial due to the emerging in-
equalities in the distribution of electricity access (Samarakoon, 2019;
Rysankova et al., 2020). Laufer and Schäfer (2011), for instance,
find that poor Sri Lankan households cannot afford expensive solar
home systems even in the presence of microloans, and that they also
lack financial resources for regular operation and maintenance ser-
vices. Mainali and Silveira (2012) report that poor households in Nepal,
owing to limited access to credit, cannot afford solar home systems,
leading to uneven penetration of renewable energy across the rural
population. Similarly, Palit (2013) states that the lowest strata of the
rural society in Bangladesh find it challenging to purchase solar home
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systems using the currently available credit-based financing schemes.
Based on empirical evidence in Rwanda’s rural villages, Grimm et al.
(2020) report that poor households are not in a position to pay more
than 55 percent of the market price of off-grid solar devices (up to
20 watts). Barry and Creti (2020) also conclude that while wealthy
rural households in electrified areas of Benin can afford to pay weekly
installment loans, the households in the non-electrified areas, i.e., those
most in need of electricity access, cannot. These studies suggest that
it is relatively difficult to reach out to the remaining non-electrified
population through a pure market-based program.

Those off-grid credit markets that lack adequate information about
borrowers’ payment characteristics provide access to collateral-free so-
lar home system loans. Like other asset-financing products (Bester and
Hellwig, 1987; Acolin et al., 2016), these loans involve down payment
requirements for which borrowers cannot borrow the entire amount
required to purchase a solar home system even if they are willing to pay
higher interest rates. Given inherent lending risks, lenders set the cost
of credit based on the size of the down payment because this signals
borrowers’ creditworthiness and commitment to loan repayment (Giné
and Karlan, 2014; Baurzhan and Jenkins, 2016; Stacy et al., 2018).
Down payment is considered a well-defined borrowing constraint in
electricity access, particularly for those borrowers who lack wealth to
meet down payment requirements (Wong, 2012; Palit, 2013; Conway
et al., 2019).2 Borrowers who are limited to small down payments
eed extended maturity periods and pay higher annual interest rates,
ncluding service charge percentages (Miller, 2011; Baurzhan and Jenk-
ns, 2016; Khan et al., 2019). This raises the total sum required for
epayment and makes a solar home system loan even more costly for
oor households. Consequently, the highly constrained borrowers pay a
overty penalty for their participation in the solar home system market
ecause the cost of loan is not equitably distributed (Mendoza, 2011;
udon and Ashta, 2013; Samarakoon, 2019). Such heterogeneity is an

mportant consideration in consumer financing (Karlan and Zinman,
008).

Assuming that access to affordable credit may be considered a
egitimate and justice-based claim for poor rural borrowers (Hudon
nd Sandberg, 2013), then the fairest distributional pattern is one that
aximizes the welfare of the worst-off borrowers, as stressed in Rawls’

Difference Principle’ (Van Wee and Geurs, 2011; Sandberg, 2012;
ereira et al., 2017). That is, inequalities in solar home system loan
ricing are acceptable as long as such inequalities require that worst-
ff households pay a lower total cost for their loans than better-off
ouseholds. Following Morduch (1999), McIntosh and Wydick (2005),
nd Khandker et al. (2013), it can be argued that lenders in a com-
ercial solar home system market are expected to cross-subsidize the

otal cost of loans for the worst-off households by drawing on the
rofits generated by loans to better-off households. However, this is not
niversally supported; some in development policy circles look askance
t cross-subsidization and believe that poor rural borrowers simply
eed to be provided with access to credit, not necessarily to cheap
redit, and that borrowers are quite willing to compensate lenders
or the true cost of lending (Dehejia et al., 2012; Sherratt, 2016). In
his view, there is nothing inappropriate about the poorest borrowers
aying the highest prices for loans.

In this paper, we look at a market-based solar home system program
mplemented by different lenders and address whether its microcredit

2 The mortgage market literature (e.g., Rosenthal, 2002; Barakova et al.,
003, 2014) highlights three types of financing or borrowing constraints: a
ealth constraint (loan-to-market value ratio), an income constraint (monthly
ayment-to-income ratio), and credit quality (credit scoring based on the
ollateral value of homes). We connect our solar electrification study with
he wealth constraint, which implies borrowers must have the ability to pay a
ertain percentage at the time of purchase. In this paper, we use down payment
2

equirements as a proxy for borrowing constraints. l
model distributes the financial cost of loans equitably across indi-
vidual rural borrowers, some of whom face borrowing constraints.
In particular, we provide empirical evidence for the causal effect of
down payments, as a proxy for the borrowing constraint, on the to-
tal cost of loans for solar home systems for individual borrowers
within each lender over time. We further investigate which specific
group of borrowers is more affected by the imposition of a down
payment. As a case study, we consider the solar home system program
in Bangladesh, one of the key electricity access deficit countries. This
provides an example of market-based credit access used to scale up
off-grid electrification (IEA et al., 2020). The Bangladeshi program
provides microcredit-based consumer loans to support rural borrowers
through partner organizations,3 and has already installed over four
million solar home systems in rural off-grid areas.4

We use a unique cross-sectional dataset with a sample of 626,761
borrowers, recording every single credit sale of 49 lenders or partner
organizations across different administrative areas from 2013 to 2018.
We use an instrumental variable estimator with spatial and temporal
fixed effects to address potential endogeneity concerns that might bias
the estimated causal effect of down payments upward. Additionally,
we use the Lewbel’s (2012) heteroskedasticity-based instrument as a
robustness check to ensure that our results are robust to endogeneity
concerns. We also use Oster’s bound analysis to deal with potential bias
from omitted unobserved factors (Oster, 2019). As a proxy measure
of the borrowing constraint, we find a 10 percent increase in down
payment reduces the average total cost of the loan by 0.181 percentage
points. We find highly constrained borrowers are strongly affected –
for every 10 percent increase in down payments, the average total cost
for their loans is reduced by only 0.102 percentage points. In contrast,
at the same level of increasing down payments, the average total cost
of loans for relatively unconstrained borrowers is reduced by 0.343
percentage points.

This paper contributes to an emerging literature (e.g. Samarakoon,
2019; Aklin et al., 2020; Barry and Creti, 2020; Pelz et al., 2020;
Sievert and Steinbuks, 2020) on off-grid electricity access in developing
countries that integrates evidence-based findings on financing con-
straints and energy justice perspectives. Recent empirical studies (e.g.,
Acheampong et al., 2021) investigate the impact of energy access
on human development using the macro-level data in energy-poor
countries. There are also a few studies dealing with microcredit-based
loan data (e.g., Karlan and Zinman, 2008; Dehejia et al., 2012), but
none of these studies explain how borrowing constraints or wealth
effects introduce price dispersion or impede energy accessibility. To
our knowledge, we are the first to use a novel loan transaction dataset
to estimate the impacts of lender-imposed borrowing constraints on
market-based loan pricing for off-grid solar electrification.

Our study provides an important evidence-based policy insight on
distributive equity in pricing market-based solar home system loans. In
line with Barry and Creti (2020) and Grimm et al. (2020), we argue that
constrained borrowers inevitably pay a poverty penalty in getting solar
home system based electricity access through a market-based program
even though, such a program is intended to support these borrowers.
The need for risk reduction and long-term financial viability seems to
overturn the intended pro-poor policies and impair electricity access
for the least well off. We recommend that a hybrid policy instrument,
including both lender subsidies and borrower subsidies, be formulated
to scale up off-grid electrification further.

3 In this paper, we use the terms lenders, suppliers, microcredit institu-
ions, and partner organizations interchangeably. The term household refers
o borrowers or customers who sign the loan agreement for purchasing
olar home systems. We use the terms borrowers, customers, and households
nterchangeably.

4 The majority of the installations account for solar home systems with a
apacity of 30–60 watts and provide a wide range of energy services, including

ighting, mobile charging, mass communication, and air conditioning.
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Policymakers should provide financial support, such as low-cost
commercial funds, supply distribution expansion grants, long-term
maintenance service contracts, etc., so that lenders can maintain com-
mercial viability. This will ultimately reduce the cost of financing solar
home system loans for highly borrowing-constrained households. The
elimination of loan pricing inequalities is half of the solution. The
governments should allocate more subsidies to increase the purchas-
ing power of highly constrained borrowers through energy allowance
schemes or vouchers for energy loan relief payment. The lenders can
also design an innovative loan mechanism, such as an ‘80-20 loan’, as
a down payment assistance program.5 All these targeted intervention
mechanisms will enable millions of rural people in the ‘last mile’ to
escape the energy poverty trap.

The paper is structured as follows: Section 2 summarizes the mi-
crocredit lending model for solar energy with a brief introduction to
Bangladesh’s market-based solar home system program. Section 3 de-
scribes the data, and the empirical strategy is outlined in Section 4. Sec-
tion 5 includes the main results, discussion, and robustness exercises.
Section 6 presents our final conclusions.

2. Microcredit framework and pricing of solar home system loans

Market-based solar home system programs include consumer financ-
ing models that enable poor rural households to purchase asset-based
products like solar home systems, while providing necessary opera-
tional service to maintain those systems. This energy financing model
is primarily adapted from the microcredit framework.6 However, what
appears to be theoretically appropriate loans often become expensive
for poor rural borrowers (Glemarec, 2012).

The microcredit for solar home systems incorporates a down pay-
ment requirement designed to cover installation cost, depreciation, and
de-installation cost in the case of payment failure (Moner-Girona et al.,
2016). Such a down payment is intended to provide a shield to lenders
against default risk and adverse selection and to increase the ‘sense
of ownership’ among borrowers. The cost of a loan for a solar home
system generally includes both interest expenses and service charges in
the form of an annual interest rate for a given loan maturity. Interest
rate is often set at a relatively high rate in order to overcome the
cost barriers associated with serving poor rural borrowers (Dehejia
et al., 2012; Morduch and Ogden, 2019). The assumption is that poor
rural borrowers are bankable, that is, they can pay for electricity
access if the loan pricing is appropriate such that it does not affect
their consumption of other necessities (Cull et al., 2009; Karlan and
Morduch, 2010; Wong, 2012). They seem to be ‘price inelastic’ due to
the limited availability of credit (Karlan and Zinman, 2008; Sherratt,
2016; Khan et al., 2017), particularly to escape energy poverty.

The energy microcredit model is of two types: a ‘one-hand model,’
such as in Bangladesh, involves local suppliers who are solely respon-
sible for providing loans, installations, and maintenance services and a
‘two-hand model,’ such as in Sri Lanka, in which financial institutions
offer loans to customers and local suppliers install and maintain solar
home systems (Moner-Girona et al., 2016).

5 An ‘80-20 loan’ involves a primary loan up to 80 percent of the solar home
ystem price and a secondary loan for a 20 percent down payment (Chambers,
012).

6 A traditional microcredit model is somewhat different than the energy mi-
rocredit model. The former disburses very small loans directed to productive
ctivities under a group liability framework. The loan is repaid within a year
hrough periodic installments, allowing other group members to be eligible
or loans. In contrast, the latter model issues loans to individual borrowers
urchasing solar home systems under the program financing mechanism.
orrowers repay loans and interest amounts in small installments over a year
nd own the purchased solar home systems once the loans are fully repaid.
nlike the traditional model, the energy microcredit model issues loans for
single time purchase, and borrowers need to pay a deposit at the time of

urchase.
3

2.1. Bangladesh Solar home system program

As a part of the ‘Rural Electrification and Renewable Energy De-
velopment Project,’ the solar home system program in Bangladesh was
implemented by a state-owned financial intermediary company, ID-
COL.7 IDCOL appoints partner organizations that are local microfinance
nstitutions, non-governmental organizations, and commercial firms to
istribute solar home systems in rural villages. The World Bank, along
ith other international donors, grants partial subsidies8 to reduce

the initial price of solar home systems and to provide refinancing
to partner organizations that provide installation, credit, and after-
sales maintenance support to rural households. The program has been
implemented in two phases: the first phase was started in late 2002 and
installed about 1.23 million solar home systems by 2012. The program
was then extended further in 2013 with a cumulative installation target
of six million solar home systems (World Bank, 2012, 2013b).

The IDCOL program aims to advance rural electrification and to
develop commercially viable solar home system markets in off-grid
areas (World Bank, 2012). In principle, the program is intended to serve
the worst-off and marginally creditworthy households. Nevertheless,
it also targets better-off rural households in off-grid areas in order to
cross-subsidize those in need.9 The partner organizations set the price
of a solar home system after deducting the capital buy-down subsidy.
Partner organizations initiate a sales agreement in which borrowers do
not need to provide any collateral. However, partner organizations im-
pose a minimum down payment, generally 15 percent of the solar home
system price, excluding any subsidy, and irrespective of panel capacity
(10–130 watts). Particularly in the second phase, partner organizations
often encourage borrowers to buy small solar home systems (up to 30
watts) in order to minimize down payment. The remaining balance is
converted into loans to be paid back at a given annual interest rate,
including service charge percentage for the maintenance of installed
systems, over a certain maturity.

In general, partner organizations set interest rates, while then al-
lowing borrowers to choose the repayment scheme involving monthly
payments and a preferred maturity period to pay off the loans. Nor-
mally, the loan maturity is a minimum for 12 months, and the upper
limit of the annual interest rate is 15 percent.10 The annual interest rate
remains flat over loan maturity, but it tends to vary across borrowers
widely. The flat rate calculation method allows partner organizations
to charge a fixed interest rate on the initial loan amount every year.11

A fixed-payment loan agreement requires interest payments at the
beginning years of the loan agreement, while the loan amount is to be
back-loaded (Chambers, 2012). Finally, borrowers gain ownership of

7 Infrastructure Development Company Limited; for details see https://
dcol.org/.

8 These are fixed capital buy-down subsidies offered to each partner orga-
ization selling solar home systems. The subsidy amount covers a minimal
ortion of a particular solar home system procurement cost. It decreases
ver time as sales increase across markets: initially, each solar home system
eceived a subsidy to the value of 70 USD. This was later reduced to 20 USD.
he subsidy is not calculated on a per watt basis. Thus, the solar home system
rogram remains a largely unsubsidized market.

9 For details, please see: Installation of Solar Home Systems in
angladesh at https://cdm.unfccc.int/ProgrammeOfActivities/poa_db/
SI6WP0ODGRQ8UYKXB3MHTL957JVAE/view
10 Partner organizations generally follow IDCOL guidelines for setting loan
greement features. However, the guidelines are not binding for them, and the
rinciple of open market operation allows partner organizations to structure
oan pricing.
11 For example, a borrower is charged a 5 percent flat annual interest rate

or a loan amount of 15,000 Bangladeshi Taka (≈177 USD), which has to
be paid back over two years. Regardless of the repayments after one year,
interest is always calculated on the original loan amount and total repayment
equals 16,500 BDT, including the total interest payment of 1500 BDT [15,000
+ (15,000 × 0.05 × 2) = 16,500 (≈195 USD)].

https://idcol.org/
https://idcol.org/
https://cdm.unfccc.int/ProgrammeOfActivities/poa_db/ZSI6WP0ODGRQ8UYKXB3MHTL957JVAE/view
https://cdm.unfccc.int/ProgrammeOfActivities/poa_db/ZSI6WP0ODGRQ8UYKXB3MHTL957JVAE/view
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solar home systems once they pay off the loan amount and scheduled
payments within the stipulated loan maturity period.

3. Data and descriptive statistics

Our research data is based on IDCOL’s market-based solar home sys-
tem program in Bangladesh. Upon placing an official request to IDCOL,
we obtained access to the loan agreement details of around 800,000
borrowers who purchased solar home systems from different partner
organizations in two administrative divisions over the last 17 years
(2002–2018).12 These two administrative divisions, Chittagong and
Rangpur, are subdivided into 151 thanas that contain 1435 unions
in total. These divisions are geographically distinct as many lower
level administrative areas either contain hill tracts or riverine islands.
Additionally, we combined our dataset with geo-referenced boundary
information at the union level, obtained officially from the Survey of
Bangladesh.

The IDCOL database lacks socio-demographic information for the
first phase of the program. Our empirical analysis is therefore based on
the second phase of the program. Upon omitting incomplete observa-
tions, we observe loan transactions for a sample of 626,761 borrowers
served by 49 partner organizations across 1435 unions from 2013 to
2018. Each observation records respective borrowers’ gender, occupa-
tional group, income category,13 and place of residence in a particular
dministrative area (i.e., division, district, thana, and union). The name
f the partner organizations issuing loans and installing solar home
ystems, the loan agreement month, and the year of installation are also
eported. With regards to loan transactions for each of the borrowers,
ata includes solar panel capacity (in watts), price of the solar home
ystems (in BDT), down payment and loan amount (in BDT), annual
nterest rate, and loan maturity (in years).14

For our empirical analysis, we computed the total cost of a loan
variable by multiplying the respective borrowers’ annual interest rate
by the loan maturity. The annual interest rate set by partner organiza-
tions also includes the service charge percentage for the maintenance
of installed systems. We take both the flat annual interest rate and loan
maturity into account in order to capture variations in the total cost of
loans. This is because two similar borrowers might purchase the same
panel capacity but prefer different maturities to pay off loans. Partner
organizations may also charge different annual interest rates due to
perceived differences in borrower credit risk.

Fig. 1 presents the spatial distribution of average loan share across
unions of both divisions, with the darker color representing a higher
average loan share as a percentage of the solar home system price. A
total of 9.94 billion BDT in loans was disbursed for an installed solar
home system capacity of 22.27 megawatts in sample divisions during
the second phase of the program. A few unions in the south, west-
northern, and eastern Rangpur, as shown in Fig. 1(a), report borrowings
within a range of 84 percent to 90 percent of the solar home system
price. The north-western and southern parts of Chittagong in Fig. 1(b)
include many small clusters of unions where borrowers take up higher
average loan shares. Higher average loan shares indicate the presence

12 Bangladesh has eight administrative divisions, and each of the divisions
ontains several districts, subdivided again into smaller administrative units,
nown as thanas. Each thana comprises unions, the next administrative level,
nd these include many small villages. There are 64 districts, 492 thanas, 4554
nions, and 80,000+ villages. However, these villages do not have an official
oundary on the Bangladesh map. We thus consider the union level as the
owest geographic boundary in this study.
13 The five income group range from cover the lowest income group with

ess than or equal to 5000 BDT per month, up to the highest income group with
ver 30,000 BDT per month. The income range is based on what borrowers
tate, without further verification, and the income classification is therefore
omewhat random.
14 Fig. B1 in the Appendix presents a correlation matrix for the key variables.
4

of borrowing constraints as they are associated with lower average
down payment shares for borrowers.

Fig. 2(a) presents a histogram that shows the skewed distribution
of down payments. How down payments of different borrower groups
are related to the total cost of loans are shown in Fig. 2(b). The
borrowing-constrained groups are ordered in terms of down payment
size while taking the size of solar home systems, as represented by panel
capacity in watts, into account.15 Following Balarama et al. (2020),
we compute the median value of down payment per watt and classify
borrowers with a down payment of over 87 BDT (≈ 1.02 USD) per
watt as relatively unconstrained. The bivariate relationship suggests
a statistically significant difference between two borrowing groups. In
particular, it is the highly constrained borrowers who, on average, pay
a higher total cost for their loans.

At the same time, partner organizations, given the risk of default,
often require these highly constrained borrowers to pay higher down
payments. This is consistent with the descriptive statistics presented in
Table A1 in the Appendix. Additionally, most borrowers in these groups
purchase solar home systems with a capacity of fewer than 50 watts
and fall into the low-income category. Interestingly, borrowers with
manual jobs (e.g., a rickshaw puller, hawker, porter, driver, barber, day
laborer, etc.) comprise merely 3 percent of the sample observations,
while borrowers in agriculture occupation account for 47 percent of
solar home system loans. This may pose a social equity concern since
partner organizations in a market-based program focus on relatively
affluent borrowers in business- or service-based occupation, and tend
to neglect others.

Overall, we observe a heterogeneous pattern in loan pricing struc-
ture across borrowers who have different down payment capacities. The
variations in down payments across unions suggest the existence of a
binding borrowing constraint among a group of borrowers in rural com-
munities. This could be caused by borrowing constraints (using down
payment as a proxy indicator) or be driven by operational differences
in partner organizations or temporal shocks. We aim to disentangle the
impact of down payments from such (unobserved) factors.

4. Empirical strategy

4.1. Empirical regression and endogeneity concern

We hypothesize a negative relationship between the down payment,
a proxy measure of the borrowing constraint, and the total cost of
a solar home system loan. This can be tested applying the ordinary
least squares (OLS) regression approach, as specified in Eq. (1), on
a cross-sectional dataset that includes a sample of 626,761 borrower
observations. For a borrower, 𝑖, the coefficient estimate, 𝛽1 captures
the effect of borrowing constraints on the total cost of a loan, holding
other factors, 𝐶𝑖, constant.

total cost of loan𝑖 = 𝛽1log(down payment)𝑖 + 𝛽2C𝑖 + 𝜀𝑖, (1)

However, the imposition of a down payment requirement by lenders
or partner organizations may endogenously shift a borrower’s choice
of annual interest rates, and maturities (Engelhardt and Mayer, 1998;
de Araujo et al., 2020). In a market-based solar home system program,
endogeneity primarily stems from omitted variable bias and reverse
causality. The omitted variable bias occurs when the endogenous vari-
able of interest, log(down payment)𝑖 is correlated with the regression
error term, which summarizes all unobserved factors that may impact
the total cost of a loan. The estimated effect in the specification (1)

15 In the traditional microcredit settings, the size of loans indicates a
borrower’s poverty level. In our study, borrowers buy solar home systems that
vary in terms of panel capacity watts. As Fig. B1 shows, panel capacity and
loan amount are strongly correlated.
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Fig. 1. Spatial distribution of average loan share as a percentage of the solar home system price in Rangpur and Chittagong division over 2013–2018.
is inconsistent because the true causal effect is distorted by an unob-
served bias resulting from this correlation. The reverse causality is not
straightforward because poor rural households often do not understand
the entire payment mechanism due to their lack of financial liter-
acy (Moner-Girona et al., 2016; Khan et al., 2019). In addition, partner
5

organizations tend to avoid transparency concerning the actual interest
being charged for a given loan (Mukherjee et al., 2020). Instead,
they inform a borrower concerning the choice of solar home system,
and set monthly fixed payment according to the borrower’s cash flow
while keeping loan maturity flexible enough (Wimmer, 2014). In the
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Fig. 2. Exploratory analysis.
mortgage market context, Basten and Koch (2015) report no reverse
causation between imposing limits on loan supply and associated fi-
nancing cost because loan offers are made after borrowers file a request
to lenders. However, several empirical studies dealing with traditional
microcredit, document that borrowers are sensitive to an interest rate
increase, thus decreasing their demand for loans substantially (e.g.,
Karlan and Zinman, 2008; Dehejia et al., 2012; Bogan et al., 2015).
6

This raises a reverse causality concern in the specification (1), leading
to an over-estimation of the causal effect of borrowing constraints.

To address endogeneity concerns in identifying the causal relation-
ship between down payment and the total cost of a loan, we employ
a two-stage least squares (2SLS) estimation approach with one instru-
mental variable, including a rich set of fixed effects. A good instrument
must be well correlated with the endogenous variable of interest and
excluded from the model so as to affect the outcome variable only
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through its impact on the endogenous variable of interest (Acheampong
et al., 2021). However, finding a good instrument is quite challenging
here, particularly one that works with the cross-sectional data avail-
able. Reed (2015) proposes an identification strategy that uses a lag
of the endogenous regressor as an instrumental variable when endo-
geneity arises due to simultaneity or reserve causality. As described
in Section 3, our cross-sectional dataset includes spatial and time
information on each borrower’s installation. This allows us to create
a lagged instrumental variable for the down payment and to control
for unobserved heterogeneous factors that vary across groups but do
not vary over time within each group. Narayanan and Nair (2013)
also apply a similar strategy in their study, drawing on a panel-like
cross-sectional dataset.

4.2. IV regression

We base our argument for a lagged instrumental variable on the
informational influence of past borrowers on down payment behavior.
Several studies (e.g., Bollinger and Gillingham, 2012; Lay et al., 2013;
Graziano and Gillingham, 2015; Rode et al., 2020) document the
relevance of a spatial peer effect16 and of the informational influence
in expediting the adoption and use of new technology. In the same
vein, Banerjee et al. (2013) report that participants of a microfinance
program tend to pass information about loan products onto others.
The purchase of new technology is associated with uncertainties both
in economic and technical terms, making the decision-making costly
for poor rural borrowers. They thus accept information obtained from
relevant others, e.g., previous buyers in close geographic proximity,
and tend to imitate their behavior (Gardete, 2015; Fornara et al.,
2016; Wolske et al., 2020). We thus assume that the distribution of
down payments made by other borrowers, 𝑗, in the previous month,
𝑡𝑖−1, positively influences the down payment behavior of an individual
borrower, 𝑖, living in the same union, 𝑢𝑖.17 We compute the instrumental
variable in Eq. (2), where 𝑁𝑢𝑖 ,𝑡𝑖−1 presents the total number of past
borrowers in the preceding month in a given union:

lagged mean down payment𝑢𝑖 ,𝑡𝑖 =
∑𝑁𝑢𝑖 ,𝑡𝑖−1

𝑗=1 down payment𝑗
𝑁𝑢𝑖 ,𝑡𝑖−1

(2)

Our main identification strategy relies on the instrumental vari-
ble (IV) estimator with spatial and time fixed effects. As specified
n Eqs. (3) and (4), i denotes an individual borrower. C𝑖 is a vector
f indicator variables, such as income level, occupational group, and
ender of borrower, 𝑖.18 Additional time-invariant thana-level controls,
uch as poverty rate and distance, are also included.19 We include

16 Also known as installed-base, social influence, social contagion, or
eference group influence.
17 We define a reference group or spatial peer as a set of borrowers who

ive in the same union and have purchased solar home systems from partner
rganizations in the previous month. Individuals living in the same union are
ikely to know each other very well, and they are thus subject to common
hocks.
18 We categorize income into low, medium, and high income groups consid-
ring the average monthly income per rural household (9648 BDT ≈ 116 USD),
s stated in the 2010 Household Income and Expenditure Survey. For further
etails, see http://203.112.218.65:8008/WebTestApplication/userfiles/Image/
atestReports/HIES-10.pdf. In our sample, the low income group has an
verage monthly income ≤ 10,000 BDT (≈ ≤120 USD), whereas 10,000–20,000
DT (120–236 USD) and >20,000 BDT (≈ > 236 USD) are for the medium and
igh income group, respectively. We exclude small and large solar panel type
s control variables because they are highly correlated (𝜌 = ±0.748) with the
own payment, as shown in the Fig. B1.
19 Thana-level distance is obtained from the Survey of Bangladesh
pon placing an official request. The poverty rate represents the
ercentage of the poor population at the thana level with an average
er capita expenditure below the upper poverty line. We obtained poverty
7

partner organization dummies, 𝛾𝑝 that eliminate unobserved variations
between partner organizations. The time dummies, 𝜃𝑡, include year-
uarter (i.e., 2013-Q1, . . . , 2018-Q4) specific unobservable shocks.
inally, 𝜈𝑖 and 𝜀𝑖 are the error terms, and we cluster standard errors
t the union level. To look for differences between borrower groups,
e carry out separate estimations for highly constrained borrowers and

elatively unconstrained borrowers.
First-stage regression:

log( ̂down payment)𝑖 = 𝛼0 + 𝛼1log(lagged mean down payment)𝑢𝑖 ,𝑡𝑖
+ 𝛼2C𝑖 + 𝛾𝑝 + 𝜃𝑡 + 𝜈𝑖,

(3)

Second-stage regression:

total cost of loan𝑖 = 𝛽0 + 𝛽1log( ̂down payment)𝑖 + 𝛽2C𝑖 + 𝛾𝑝 + 𝜃𝑡 + 𝜀𝑖,

(4)

In the first stage regression, we use our instrument,
og(lagged mean down payment)𝑢𝑖 ,𝑡𝑖 , to exploit variation in the endoge-
ous variable of interest, log(down payment)𝑖. This part of the variation
s arguably random and is not correlated with the unobservables affect-
ng both the endogenous variable of interest and the total cost of loan.

e expect coefficient estimate 𝛼1 to be non-zero, implying a positive
ffect of the reference group’s mean down payment on the individual
orrower, 𝑖’s down payment. Nonetheless, the estimated effect of past
orrowers’ payment behavior, as specified in Eq. (3) is confounded
y correlated unobservables and reflection bias. Following Nair et al.
2010), Narayanan and Nair (2013), and Graziano and Gillingham
2015), we apply a fixed effects structure in our model specifications
o account for potential confounding factors:

The presence of correlated unobservables may affect the down
ayments of both the individual borrower and the reference group
imilarly. For example, partner organizations may promote their ser-
ices by targeting some specific rural communities with relatively
ittle chance of getting a grid connection in the next 5–10 years,
r by targeting households from specific occupational groups with
inancial solvency. We include partner organization fixed effects, 𝛾𝑝
hat control for unobserved systematic differences which are time-
nvariant and specific to partner organizations. These factors include
he type of firm (i.e., microfinance, non-governmental, commercial),
erceived differences in credit risks, product offerings, technical ca-
acity, etc. Cull et al. (2018), for instance, report that commercial
icrofinance organizations that issue large loans tend to charge a lower

nterest rate than the rate charged by the non-governmental organiza-
ions that primarily disburse small loans. Following Nair et al. (2010),
e assume that the partner organization fixed effects also capture

ocation-specific unobserved variations that are time-invariant because
artner organizations operate at the thana level and deliver installation
nd maintenance services across unions. Furthermore, we include time
year-quarter) fixed effects, 𝜃𝑡 that absorb time-varying shocks, such
s changes in the subsidy policy, prices, increasing awareness of off-
rid solar electrification, seasonal business cycles and variation in panel
utput, etc.

The reflection problem may occur when the individual borrower,
hom the peer influences, also affects the payment behavior of the
eer. This might generate an upward bias in the estimate of a spatial
eer effect. We use the lagged mean down payments, which are made
y the other borrowers in the peer group, as our instrument. There
s thus no contemporaneous linkage in the payment decisions. The

rates from the Bangladesh poverty maps available at the Bangladesh
Bureau of Statistics website (http://www.bbs.gov.bd/). We consider
2010 as the base period for the upper line poverty rates retrieved
from http://203.112.218.65:8008/WebTestApplication/userfiles/Image/
LatestReports/Bangladesh_ZilaUpazila_pov_est_2010.pdf. For further details

concerning poverty line and rate estimation, please see World Bank (2013a).

http://203.112.218.65:8008/WebTestApplication/userfiles/Image/LatestReports/HIES-10.pdf
http://203.112.218.65:8008/WebTestApplication/userfiles/Image/LatestReports/HIES-10.pdf
http://www.bbs.gov.bd/
http://203.112.218.65:8008/WebTestApplication/userfiles/Image/LatestReports/Bangladesh_ZilaUpazila_pov_est_2010.pdf
http://203.112.218.65:8008/WebTestApplication/userfiles/Image/LatestReports/Bangladesh_ZilaUpazila_pov_est_2010.pdf
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temporal ordering in the relationship between the endogenous variable
of interest and the lagged instrumental variable is assumed to become
apparent after one month. That is, the average down payment of other
borrowers at time 𝑡−1 can affect the borrower’s at time 𝑡 down payment,
but not vice versa.

In the second stage, the outcome variable, total cost of loan𝑖, is re-
ressed on the predicted value of log(down payment)𝑖, estimated using
nly exogenous variables in the first stage, replacing the endogenous
ariable of interest that the outcome variable partially determines.
he coefficient 𝛽1 is, therefore, estimated using only the exogenous
ariation present in the log(down payment)𝑖. We expect coefficient
stimate 𝛽1 to be non-zero, indicating that a change in the total cost
f a loan is negatively associated with a percentage change in down
ayment. Higher down payment protects partner organizations against
dverse selection, i.e., potential default of borrowers willing to pay
igher interest rates. Also, it signals borrowers’ preparedness to repay
oans at a later time (Engelhardt and Mayer, 1998; Rosenthal, 2002).
imultaneously, a higher down payment is more binding for those
ighly constrained borrowers who may find it relatively difficult to
eet the eligibility requirement (Barakova et al., 2014).

Our identification assumption is that unobserved partner
rganization-specific factors are fixed across all year-specific quarters
nd that unobserved shocks within a quarter in a given year are
ommon to all partner organizations. Based on these fixed effects,
ur identifying variation then comes from differences in the down
ayments made by all individual borrowers within each partner or-
anization over time. The relevance of the instrument can be tested
sing the first-stage F-statistics. The exclusion restriction condition
s not testable; rather, the instrument’s validity depends on theory,
esearcher’s intuition, and contextual knowledge (Pokropek, 2016).
ollowing Dang and La (2019) and Sedai et al. (2021), we can argue
hat the lagged mean down payment of the reference group does not
irectly affect the total cost of a loan for the individual borrower. The
ssumption is that the total cost of a loan generally depends on the level
f down payment made by the borrower, his or her maturity preference,
ncome levels, and other relevant factors. We are thus able to interpret
ur parameter estimate of down payment causally.

Lag identification replacing the explanatory variable with its lagged
alue to address endogeneity concerns is commonly used in the empir-
cal literature dealing with panel data. However, lagging the explana-
ory variable for causal identification is controversial (Bellemare et al.,
017). Using the lagged variable to obtain a causal estimate assumes
he existence of temporal dynamics in the explanatory variable and,
t the same time, no temporal dynamics among unobservables. The
ssumption of no temporal dynamics among unobserved confounders
s not testable. Bellemare et al. (2017) justify lagged identification
n the grounds of reverse causality, which requires that there are no
ynamics in the outcome variable and that there are dynamics in the
ndogenous variable of interest. Reed (2015) recommends using lagged
xplanatory variable as an instrument if (i) the lagged variable itself
s not included in the estimated equation and (ii) it is sufficiently
orrelated with endogenous explanatory variable. Given the limitation
f our cross-sectional loan transaction dataset that includes spatial
nd time information, we follow the Reed (2015) approach. We use
agged mean down payment as an instrument, as explained in Eq. (2).
n our study, individual rural borrowers only engage in single loan
ransactions with partner organizations because credit is not available
o upgrade installed capacity. We assume that rural borrowers are not
orward-looking and the temporal ordering in the down payment comes
rom the past borrowers to the current individual borrower in the same
eer group. And, any changes in the total cost of loans are due to
own payments made by rural borrowers, controlling for the partner
rganization specific time-invariant factors and year-quarter specific
hocks. As a robustness check of our instrument in Section 5.2, we
pply the 2SLS estimator with the Lewbel’s heteroskedasticity-based
nstrument and the leave-out mean instrument. Additionally, we apply
8

ster’s bound analysis to test omitted variable bias.
. Results and discussion

.1. Main results

The effects of a borrowing constraint on the total cost of the loan,
s specified in Eq. (4), are summarized in Table 1. The baseline model
pecification is shown in column (1), which includes the down payment
s a proxy measure of the borrowing constraint and the borrower’s
ncome level as a control variable. In columns (1) through (3), we build
p to our preferred model specification sequentially adding borrower
evel control variables. Column (3) shows our preferred model speci-
ication; this includes down payment and a set of indicator variables,
uch as income level, occupational group, and gender. Columns (4) and
5) show the alternative model specifications that extend our preferred
pecification in column (3) by adding additional time-invariant regional
ontrol variables, such as poverty rate at the thana level and distance
n kilometers between a thana and its respective unions, in order to
nsure that our estimate on the down payment is not biased due to
mitted unobserved factors that may affect the total cost of a loan. In
ll models in Table 1, the estimation results are based on the full fixed
ffect structure. The spatial fixed effects structure includes unobserved
ime-invariant characteristics that are specific to partner organizations.
ime fixed effects control for broader trends and common shocks to
particular year-quarter combination. Across all specifications, we

luster standard errors at the union level.
Our results provide strong evidence supporting a negative and

ighly statistically significant effect of a borrowing constraint. Down
ayment, our parameter of interest, is significant within the 1% signif-
cance level in all specifications. In our main specification in column
3), we find that a 10 percent increase in the down payment decreases
he average total cost of a loan by 0.181 percentage points, holding all
ther factors constant.20 A low down payment in a pure market system
s associated with a higher total cost of a loan and suggests a relatively
ow level of borrower creditworthiness. Rural borrowers with limited
ealth are constrained in how much they can borrow for solar home

ystems. As Best et al. (2021) document, the wealth effect is likely to
e an important barrier given the high upfront cost of solar panels.

Among the control variables in column (3), the low income level
s statistically significant. We also observe that all occupational groups
xcept borrowers in agriculture are charged a lower average total cost
f loans than borrowers in a service occupation, which is omitted as
he reference group. However, we do not find any significant difference
etween borrowers in the manual job, such as rickshaw puller, hawker,
nd day laborers, and service. This is consistent with the micro-credit
iterature (e.g., Mallick, 2012), which documents that interest rate
eems to vary between occupational groups. Borrowers’ gender also im-
acts the total cost of a loan; however, the magnitude of the coefficient
s small. In columns (4) and (5), we additionally control for thana-
evel poverty and thana-level distance variables. This is because the
perating costs of partner organizations also depend on the borrower
ocation since, for instance, heterogeneous terrain may further increase
he installation cost (Srinivasan, 2009; Sherratt, 2016). We find thana-
evel distance variable is positive and statistically significant within the
0% significance level, although the size of the magnitude is small. Our
stimate on down payment remains unaffected.

The first-stage F-statistics in column (1) suggests that the null
ypothesis is rejected and the instrument is relevant. The Anderson–
ubin confidence interval also suggests that the coefficients estimated

or the variable of interest are robust. The first-stage regression results
re presented in Table A2 in the Appendix. The average effect of
he lagged instrumental variable in column (1) shows a statistically
ignificant impact on the down payment. If the mean down payment of

20 A 10% change in down payment implies a change in the total cost of
loans: −1.903 × log(1.10) = −0.1813753 or, −0.181 percentage points.
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Table 1
IV estimation results for the effect of borrowing constraints on the total cost of loans.

Outcome variable: total cost of loan (%)

(1) (2) (3) (4) (5)

Log( ̂down payment) −1.811∗∗∗ −1.904∗∗∗ −1.903∗∗∗ −1.916∗∗∗ −1.944∗∗∗

(0.166) (0.163) (0.163) (0.163) (0.164)
Reference: medium income group (10,000–20,000 BDT)
Low income group (≤ 10,000 BDT) −0.122∗∗∗ −0.206∗∗∗ −0.208∗∗∗ −0.209∗∗∗ −0.213∗∗∗

(0.039) (0.038) (0.038) (0.038) (0.038)
High income group (> 20,000 BDT) −0.022 0.009 0.013 0.015 0.023

(0.065) (0.065) (0.065) (0.065) (0.064)
Reference: service occupational group
Agriculture 0.255∗∗∗ 0.261∗∗∗ 0.260∗∗∗ 0.254∗∗∗

(0.048) (0.048) (0.048) (0.048)
Business −0.317∗∗∗ −0.312∗∗∗ −0.313∗∗∗ −0.316∗∗∗

(0.045) (0.045) (0.045) (0.045)
Housewife & remittance −0.161∗∗∗ −0.223∗∗∗ −0.220∗∗∗ −0.220∗∗∗

(0.049) (0.052) (0.052) (0.052)
Professional job −0.809∗∗∗ −0.806∗∗∗ −0.806∗∗∗ −0.803∗∗∗

(0.115) (0.115) (0.114) (0.115)
Manual job 0.037 0.043 0.038 0.035

(0.072) (0.072) (0.072) (0.073)
Reference: female
Male −0.150∗∗∗ −0.147∗∗∗ −0.144∗∗∗

(0.041) (0.041) (0.041)
Thana-level poverty (%) −0.002 −0.001

(0.002) (0.002)
Thana-level distance (in km) 0.012∗

(0.007)

Partner organization fixed effects Yes Yes Yes Yes Yes
Year-quarter fixed effects Yes Yes Yes Yes Yes

Observations 626,761 626,761 626,761 626,761 626,761
R-squared 0.582 0.583 0.583 0.583 0.583
F-test (1st stage) 27,433.286 27,461.143 27,475.709 27,295.506 26,925.500
F-test (1st stage), 𝑝-value 0.000 0.000 0.000 0.000 0.000
Wu–Hausman 10.189 22.776 23.039 24.724 28.572
Wu–Hausman, 𝑝-value 0.001 0.000 0.000 0.000 0.000
Anderson–Rubin confidence interval (−1.932, −1.690) (−2.025, −1.783) (−2.025, −1.782) (−2.038, −1.794) (−2.066, −1.821)

Notes: We estimate the causal effect of the borrowing constraint, as measured by down payments, on the total cost of a solar home system loan, applying the
two-stage least squares estimator with one instrumental variable. Following Narayanan and Nair (2013) and Reed (2015), we construct a lagged instrument
that denotes the average down payments of other borrowers in the preceding month in a given union. All columns report second-stage regression results for
the average causal estimations of fitted down payments. As specified in Eq. (4), Column (3) is our preferred specification and controls for borrower specific
characteristics, such as income level, occupational group, and gender. We build up to our preferred specification by sequentially adding household-level controls
in columns (1) through (3). Columns (4) and (5) subsequently control for additional thana level characteristics, such as poverty rate and distance. Across all
specifications, we use partner organization fixed effects and year-quarter fixed effects. We cluster standard errors at the union level, and clustered standard errors
are in parentheses. ∗, ∗∗, ∗∗∗ indicate 10%, 5%, and 1% significance levels, respectively. Constant is included but not reported.
he reference group in the previous month increases by 10 percent, the
ndividual borrower’s down payment, on average, increases by 3.827
ercent.21 This indicates that information passing between borrowers in
he reference group positively influences the down payment behavior
f the individual borrower, who prefers to be the owner of the installed
olar home system.

As mentioned in Section 1, the borrowing constraint may potentially
ave different effects on borrowers with different down payment capac-
ties. In line with the distributive principle, a market-based program
s expected to charge highly constrained borrowers, who seem to be
he worst-off members in the society, a lower cost of credit than the
elatively unconstrained borrowers. To test the average causal effects of
orrowing constraints by borrower groups, we repeat the instrumental
ariable estimation on the borrower group samples, as described in
ection 3. We report estimations for highly constrained borrowers and
elatively unconstrained borrowers in columns (1) to (2) and columns
3) to (4), respectively, in Table 2. Based on Eq. (4), columns (1) and
3), which are our preferred specifications by borrower groups, include

21 A 10% change in lagged mean down payment implies a change in the
verage down payment: 1.100.394 − 1 = 0.0382662 or, 3.827 percent.
9

all borrower level observed characteristics and control for partner
organization specific time-invariant factors and year-specific quarterly
shocks. Columns (2) and (4) additionally control for thana-level char-
acteristics, such as poverty rate and distance. In all specifications, we
find that coefficient estimates of down payments are negative and
statistically significant within the 1% significance level, all else held
constant. However, the effect is more pronounced for the relatively
unconstrained borrowers. A 10 percent increase in down payments
reduces their average total cost of loans by 0.343 percentage points in
column (3). In contrast, the highly unconstrained borrowers experience
an average cost reduction of only 0.102 percentage points at the same
level of increasing down payments in column (1). Thus, given the
higher payment capacity of the relatively unconstrained borrowers, our
empirical findings appear to be incompatible with the guiding principle
of distributive justice mentioned earlier, i.e. our findings run counter
to Rawls’ ‘Difference Principle’.

The partner organizations tend to charge a higher price (i.e., interest
rate and service charge percentage) in order to cover the higher operat-
ing costs associated with collecting monthly payments of (small) loans
and providing regular maintenance services in remote areas. The higher
total cost of loans mainly affects the highly constrained borrowers,
who are price-sensitive and tend to adjust their lighting demand in
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Table 2
IV estimation results for the effect of borrowing constraints on the total cost of loans by borrower groups.

Outcome variable: total cost of loan (%)

Highly constrained borrowers Relatively unconstrained borrowers

(1) (2) (3) (4)

Log( ̂down payment) −1.069∗∗∗ −1.077∗∗∗ −3.595∗∗∗ −3.722∗∗∗

(0.178) (0.182) (0.313) (0.317)
Reference: medium income group (10,000–20,000 BDT)
Low income group (≤ 10,000 BDT) −0.164∗∗∗ −0.165∗∗∗ −0.055 −0.062

(0.040) (0.041) (0.051) (0.051)
High income group (> 20,000 BDT) −0.198∗∗∗ −0.196∗∗∗ 0.119 0.143

(0.064) (0.064) (0.094) (0.093)
Reference: service occupational group
Agriculture 0.187∗∗∗ 0.186∗∗∗ 0.489∗∗∗ 0.472∗∗∗

(0.050) (0.050) (0.069) (0.070)
Business −0.213∗∗∗ −0.214∗∗∗ −0.369∗∗∗ −0.376∗∗∗

(0.051) (0.051) (0.065) (0.066)
Housewife & remittance −0.021 −0.020 −0.375∗∗∗ −0.360∗∗∗

(0.054) (0.054) (0.076) (0.075)
Professional job −0.526∗∗∗ −0.526∗∗∗ −1.115∗∗∗ −1.104∗∗∗

(0.106) (0.105) (0.156) (0.155)
Manual job −0.089 −0.091 0.180∗ 0.158∗

(0.071) (0.071) (0.093) (0.094)
Reference: female
Male −0.118∗∗∗ −0.117∗∗∗ −0.230∗∗∗ −0.215∗∗∗

(0.044) (0.044) (0.056) (0.056)
Thana-level poverty (%) −0.001 −0.005∗∗

(0.002) (0.002)
Thana-level distance (in km) 0.003 0.021∗∗

(0.007) (0.009)

Partner organization fixed effects Yes Yes Yes Yes
Year-quarter fixed effects Yes Yes Yes Yes

Observations 317,242 317,242 309,519 309,519
R-squared 0.665 0.665 0.601 0.601
F-test (1st stage) 14,126.179 13,838.939 9,606.607 9,472.904
F-test (1st stage), 𝑝-value 0.000 0.000 0.000 0.000
Wu–Hausman 119.588 119.876 9.790 4.669
Wu–Hausman, 𝑝-value 0.000 0.000 0.002 0.031
Anderson–Rubin confidence interval (−1.199, −0.9384) (−1.209, −0.946) (−3.847, −3.343) (−3.976, −3.468)

Notes: We estimate the causal effect of the borrowing constraint, as measured by down payments, on the total cost of a solar home system loan by borrower
groups, applying the two-stage least squares estimator with one instrumental variable. We split the samples into highly constrained and relatively unconstrained
borrowers based on the median value of down payment per watt (87 BDT or, ≈ 1.02 USD). That is, the down payment value of each borrower is divided
by respective panel capacity size to normalize differences between borrowers. Following Narayanan and Nair (2013) and Reed (2015), we construct a lagged
instrument that denotes the average down payments of other borrowers in the preceding month in a given union. The second-stage regression results for the
average causal estimations of fitted down payments are reported for highly constrained borrowers and relatively unconstrained borrowers in columns (1) to (2)
and columns (3) to (4), respectively. Based on Eq. (4), columns (1) and (3) are our preferred specifications and control for borrower-specific characteristics, such
as income level, occupational group, and gender. Columns (2) and (4) report estimations including additional controls. Across all specifications, we use partner
organization fixed effects and year-quarter fixed effects. We cluster standard errors at the union level, and clustered standard errors are in parentheses. ∗, ∗∗, ∗∗∗

indicate 10%, 5%, and 1% significance levels, respectively. Constant is included but not reported.
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esponse to an increasing electricity price (Balarama et al., 2020).
dditionally, extending loan maturity for such borrowers leads to an

ncreased lending risk for partner organizations, who have imperfect
nformation on the repayment characteristics of borrowers.

The market-based approach ostensibly aims to serve poor rural
ouseholds without electricity access by providing financial inclusion
nd other maintenance support. Barry and Creti (2020) consider cus-
omer repayment behavior as the key to enabling partner organizations
o provide competitive financing in the long run. However, we find
hat market-based efforts may not necessarily eliminate distributional
nequality. Loan pricing effects are heterogeneous, and borrowers lim-
ted in their down payment capacity end up paying a higher total cost
f loans in a market system.

.2. Robustness checks

As a robustness check of the conventional instrumental variable
stimator, we apply Lewbel’s (2012) identification strategy based on
10

he heteroskedastic covariance restriction. The idea is that a vector e
𝑖, that includes a set of observed exogenous variables in demeaned
orm, is used to internally construct instrument(s), [𝑍 − 𝐸(𝑍)] × 𝜈𝑖,
iven that some heteroskedasticity exists in the data, 𝐶𝑜𝑣(𝑍𝑖, 𝜈2𝑖 ) ≠ 0
nd that 𝑍𝑖 is uncorrelated with the product of the two error terms
n the regressions (Mishra and Smyth, 2015; Umberger et al., 2015;
cheampong et al., 2021). Use of the Lewbel estimation does not
equire that the standard exclusion restriction condition be satisfied.
his condition assumes that the instrument should not be correlated
ith an 𝜖𝑖, which determines the total cost of a loan, once the ex-
lanatory power of the instruments on the outcome variable through
he endogenous variable of interest is accounted for in the second-
tage regression (Jæger, 2008). We combine the internally constructed
nstrument(s) with our main instrument in order to increase the effi-
iency of the estimated effect of borrowing constraints. The relevance
ondition of the instrument(s) is met when heteroskedasticity is present
n the first-stage regression. This can be tested using the Breusch–
agan test. However, the Lewbel heteroskedastic-error approach has
ts limitations. For example, it is sensitive to the selection of 𝑍𝑖, as
his depends on the researchers’ judgment. Additionally, the Lewbel
stimates are based on the higher-order moments and may not be as
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Table 3
Alternative IV estimation results for the effect of borrowing constraints on the total cost of loans.

Outcome variable: total cost of loan (%)

Lewbel’s heteroskedasticity-based instrument Leave-out mean instrument

All borrowers Highly constrained
borrowers

Relatively unconstrained
borrowers

All borrowers Highly constrained
borrowers

Relatively unconstrained
borrowers

(1) (2) (3) (4) (5) (6)

Log( ̂down payment) −1.901∗∗∗ −1.053∗∗∗ −3.591∗∗∗ −1.400∗∗∗ −0.941∗∗∗ −2.788∗∗∗

(0.153) (0.165) (0.258) (0.184) (0.198) (0.334)
Reference: medium income
group (10,000–20,000 BDT)
Low income group (≤ 10,000
BDT)

−0.208∗∗∗ −0.161∗∗∗ −0.055 −0.158∗∗∗ −0.148∗∗∗ −0.012

(0.037) (0.040) (0.049) (0.038) (0.044) (0.051)
High income group (> 20,000
BDT)

−0.013 −0.200∗∗∗ 0.118 −0.082 −0.223∗∗∗ −0.002

(0.065) (0.063) (0.088) (0.067) (0.066) (0.097)
Reference: service
occupational group
Agriculture 0.261∗∗∗ 0.188∗∗∗ 0.489∗∗∗ 0.286∗∗∗ 0.181∗∗∗ 0.510∗∗∗

(0.047) (0.050) (0.068) (0.049) (0.054) (0.069)
Business −0.312∗∗∗ −0.211∗∗∗ −0.369∗∗∗ −0.277∗∗∗ −0.207∗∗∗ −0.331∗∗∗

(0.044) (0.051) (0.064) (0.045) (0.047) (0.066)
Housewife & remittance −0.223∗∗∗ −0.021 −0.375∗∗∗ −0.236∗∗∗ −0.027 −0.411∗∗∗

(0.053) (0.054) (0.075) (0.053) (0.055) (0.077)
Professional job −0.806∗∗∗ −0.526∗∗∗ −1.115∗∗∗ −0.825∗∗∗ −0.535∗∗∗ −1.159∗∗∗

(0.115) (0.106) (0.156) (0.113) (0.105) (0.156)
Manual job 0.043 −0.087 0.180∗ 0.095 −0.092 0.254∗∗∗

(0.070) (0.070) (0.093) (0.071) (0.071) (0.094)
Reference: female
Male −0.150∗∗∗ −0.119∗∗∗ −0.230∗∗∗ −0.175∗∗∗ −0.115∗∗∗ −0.269∗∗∗

(0.041) (0.044) (0.056) (0.041) (0.044) (0.057)

Partner organization fixed
effects

Yes Yes Yes Yes Yes Yes

Year-quarter fixed effects Yes Yes Yes Yes Yes Yes

Observations 626,761 317,242 309,519 626,761 317,242 309,519
Breusch–Pagan test 723.115 210.358 4,674.337
Breusch–Pagan test, 𝑝-value 0.000 0.000 0.000
F-test (1st stage) 15,637.863 7,286.679 6,284.104 20,964.307 14,606.095 5,677.997
F-test (1st stage), 𝑝-value 0.000 0.000 0.000 0.000 0.000 0.000
Wu–Hausman 25.084 118.059 13.090 8.419 85.621 51.023
Wu–Hausman, 𝑝-value 0.000 0.000 0.000 0.004 0.000 0.000
Sargan test 0.012 1.846 0.005
Sargan test, 𝑝-value 0.912 0.174 0.944

Notes: We estimate the causal effect of the borrowing constraint, as measured by down payments, on the total cost of a solar home system loan, applying the two-stage least
squares estimator with the Lewbel’s heteroskedasticity-based instrument in columns (1) to (3) and with the leave-out mean instrument in columns (4) to (6). Columns (1) and (4)
report average causal effects on the full sample. To look for borrower group differences, we split samples into highly constrained and relatively unconstrained borrowers based on
the median value of down payment per watt (87 BDT or, ≈ 1.02 USD). Columns (2) to (3) and columns (5) to (6) report average causal effects by borrower groups. In columns
(1) to (3), we combine heteroskedasticity-based instruments, i.e., low income group (≤ 10,000 BDT) and high income group (> 20,000 BDT), with the conventional instrument in
our main identification strategy in Eq. (4) using the REndo package in R. Across all specifications based on the Lewbel approach, we use partner organization fixed effects and
year-quarter fixed effects. Based on Eq. (4), we present an alternative IV approach in columns (4) to (6). We use leave-out mean down payment as the alternative instrument and
include partner organization fixed effects and year-specific month fixed effects. In all models, we include a full set of borrower level controls, such as income level, occupational
group, and gender. Across all specifications, we cluster standard errors at the union level, and clustered standard errors are in parentheses. ∗, ∗∗, ∗∗∗ indicate 10%, 5%, and 1%
significance levels, respectively. Constant is included but not reported.
reliable as the conventional instrumental variable estimator. Even with
these limitations, the Lewbel approach is being increasingly applied in
the literature as a robustness check (e.g., Churchill and Smyth, 2020;
Asadullah and Xiao, 2020).

The results are summarized in Table 3. Columns (1) to (3) report
estimations based on Lewbel’s heteroskedastic-error approach. We use
a fixed effects structure that includes partner organization fixed effects
and year-quarter fixed effects. Across all specifications, we cluster
standard errors at the union level. Column (1) provides strong evidence
of the negative and statistically significant average causal effects of
the borrowing constraint on the total cost of loans for solar home
systems. The coefficient estimates across borrower groups in columns
(2) and (3) are statistically significant and negative. However, pricing
inequality does lead to a situation in which the relatively unconstrained
borrowers pay a substantially lower total cost of the loan than the
11
highly constrained borrowers at a given percentage increase in the
down payments. The Breusch–Pagan test for heteroskedasticity remains
highly significant across all specifications, satisfying the heteroskedas-
ticity assumption in our data. We cannot reject the null hypothesis in
the over-identification test, and thus, the instruments are uncorrelated
with the residual in the second-stage regression.

We also calculate the 2SLS estimator with the leave-out mean instru-
ment applying an alternative fixed effect structure. The leave-out mean
down payment is the average down payment of all borrowers in the
union, 𝑢𝑖 at a given year, 𝑡𝑖 leaving out borrower 𝑖’s down payment in
the same reference group. The exclusion of borrower 𝑖 in the leave-out
mean eliminates any changes in the total cost of a loan for individual
borrower 𝑖 correlating with the instrument. This identification strategy
is also applied in several empirical studies (e.g., Dang and La, 2019;
Petach and Tavani, 2019; Sedai et al., 2021). Columns (4) to (6) in
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Table 4
IV estimation results for the effect of borrowing constraints on the real total cost of loans.

Outcome variable: real (inflation-adjusted) total cost of loan (%)

All borrowers Highly constrained borrowers Relatively unconstrained borrowers
(1) (2) (3)

Log( ̂down payment) −1.281∗∗∗ −0.675∗∗∗ −2.520∗∗∗

(0.125) (0.153) (0.226)
Reference: medium income group 10,000–20,000 BDT)
Low income group (≤ 10,000 BDT) −0.171∗∗∗ −0.150∗∗∗ −0.053

(0.029) (0.032) (0.037)
High income group (> 20,000 BDT) −0.006 −0.160∗∗∗ 0.073

(0.049) (0.051) (0.069)
Reference: service occupational group
Agriculture 0.188∗∗∗ 0.163∗∗∗ 0.333∗∗∗

(0.035) (0.039) (0.049)
Business −0.233∗∗∗ −0.149∗∗∗ −0.275∗∗∗

(0.034) (0.042) (0.047)
Housewife & remittance −0.142∗∗∗ 0.014 −0.246∗∗∗

(0.038) (0.040) (0.054)
Professional job −0.592∗∗∗ −0.362∗∗∗ −0.826∗∗∗

(0.086) (0.082) (0.117)
Manual job 0.044 −0.027 0.130∗

(0.053) (0.054) (0.068)
Reference: female
Male −0.130∗∗∗ −0.110∗∗∗ −0.181∗∗∗

(0.031) (0.034) (0.041)

Partner organization fixed effects Yes Yes Yes
Year-quarter fixed effects Yes Yes Yes

Observations 626,761 317,242 309,519
R-squared 0.667 0.770 0.626
F-test (1st stage) 27,475.709 14,126.179 9,606.607
F-test (1st stage), 𝑝-value 0.000 0.000 0.000
Wu–Hausman 15.174 83.407 8.740
Wu–Hausman, 𝑝-value 0.000 0.000 0.003
Anderson–Rubin Confidence Interval (−1.372, −1.190) (−0.777, −0.574) (−2.708, −2.333)

Notes: We estimate the causal effect of the borrowing constraint, as measured by down payments, on the real (inflation-adjusted) total cost of a solar home system loan,
applying the two-stage least squares estimator with one instrumental variable. Following Narayanan and Nair (2013) and Reed (2015), we construct a lagged instrument
that denotes the average down payments of other borrowers in the preceding month in a given union. Based on our main specification in Eq. (4), all columns report
second-stage regression results for the average causal estimations of fitted down payments on the real total cost of loans. Column 1 reports average causal estimates on the
full sample. To look for borrower group differences, we split samples into highly constrained and relatively unconstrained borrowers based on the median value of down
payment per watt (87 BDT or, ≈ 1.02 USD). Columns (2) to (3) report average causal effects by borrower groups. Across all specifications, we use partner organization
fixed effects and time (year-quarter) fixed effects. ∗, ∗∗, ∗∗∗ indicate 10%, 5%, and 1% significance levels, respectively. Constant is included but not reported. We cluster
standard errors at the union level, and clustered standard errors are in parentheses.
Table 5
Bound estimation results.

Outcome variable: total cost of loan (%)

Controlled effects Bound sets Bound sets
[𝛽, (clustered S.E.)] [𝑅𝑚𝑎𝑥 = �̂�2 + (�̂�2 − 𝑅2), 𝛿 = 1] [𝑅𝑚𝑎𝑥 = 1.3�̂�2, 𝛿 = 1]
(1) (2) (3)

Panel A: All borrowers
Log(down payment) −1.613∗∗∗ [−2.769, −1.613] [−4.555, −1.613]

(0.044)
Observations 626,761
R-squared 0.028

Panel B: Highly constrained borrowers
Log(down payment) −0.360∗∗∗ [−0.360, −0.120] [−0.360, −0.172]

(0.041)
Observations 317,242
R-squared 0.005

Panel C: Relatively unconstrained borrowers
Log(down payment) −3.991∗∗∗ [−8.611, −3.991] [−24.418, −3.991]

(0.090)
Observations 309,519
R-squared 0.099

Notes: Following Oster (2019), Bryan et al. (2020), and Clark et al. (2021), we compute bounding sets from controlled and uncontrolled
regressions. We transform our data using within partner organization and within year-specific quarter means. The controlled regression, a
demeaned OLS model, includes a full set of observed controls, such as income levels, occupational group, and gender of individual borrowers.
Column (1) report estimated 𝛽 from the controlled regressions in panel A. Panel B and C report estimated 𝛽 for highly constrained and relatively
unconstrained borrowers, respectively. Columns (2) and (3) report identified bounding set using two 𝑅𝑚𝑎𝑥 values. We cluster standard errors
at the union level across all panels, and clustered standard errors are in parentheses. ∗, ∗∗, ∗∗∗ indicate 10%, 5%, and 1% significance levels,
respectively. Constant is included but not reported.
12
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Table 3 present estimations based on the leave-out mean instrument
with partner organization fixed effects and year–month fixed effects.
Both the average and heterogeneous effects of borrowing constraints
remain robust in terms of statistical significance, although the size of
the magnitudes decreases slightly. Across all specifications, we cluster
standard errors at the union level.

Further, we consider the real total cost of a loan an alternative
measure of loan pricing and repeat IV estimation, as specified in Eq. (4),
to understand the effect of down payments. Both borrowers and partner
organizations can adjust for (expected) inflation. Taking into account
the Fisher effect, if the nominal cost of loans is fixed or relatively low,
the real cost of loans falls with an increase in inflation, thus lowering
consumer’s saving incentives and boosting spending (e.g., demand for
loans) in the current period (Duca-Radu et al., 2021). As rural borrow-
ers may have poor financial literacy, their inflation expectation is not
straightforward. Partner organizations can also set the higher nominal
cost of loans in response to the inflationary environment in Bangladesh,
with a seven-year average inflation rate of 5.708 percent (2013–2019).
The inflation-induced higher nominal cost of loans substantially in-
creases the periodic interest payments that would have been relatively
lower if the loans are issued in real terms (Tschach, 2000). Our empir-
ical strategy cannot fully control for unobserved partner organization
specific factors that vary over time, such as changes in the behavioral
responses of different partner organizations to inflation (volatility). To
address this concern, we computed the real (inflation-adjusted) total
cost of loans by adjusting the size of annual fixed payments of each
loan for the average yearly inflation rate throughout the maturity of
respective loans.22 The IV estimation results are summarized in Table 4.

e find estimated effects of down payments remain robust in terms of
he statistical significance and the economic significance in columns
1) to (3). We cluster standard errors at the union level across all
pecifications.

Our IV estimators incorporate fixed effects that control for time-
nvariant unobservable factors but cannot deal with time-variant unob-
ervables. We use Oster’s bound analysis in order to compute the degree
f potential bias arising from these omitted unobserved factors in the
stimation of 𝛽. This method assumes that bias from observed controls
rovides information on the bias arising from omitted unobservables,
ncorporating how much of the variance in the outcome variable (R-
quared) is explained by the inclusion of observed controls (Bryan et al.,
020). The selection on unobservables is evaluated by the sensitivity
f 𝛽 to the selection on observable controls. To derive bias-adjusted
stimates, we specify controlled and uncontrolled regressions and set
wo parameters (i.e., 𝛿 and 𝑅𝑚𝑎𝑥) under the assumptions described
elow. The controlled regression of the total cost of a loan includes
ur variable of interest, log(down payment) and a full set of ob-
erved controls (i.e., income level, occupational group, and gender of
espective borrowers). The uncontrolled regression uses no observed
ontrols. Following Bryan et al. (2020), we transform our data using
ithin partner organization and within year-quarter means, and both

egressions are the demeaned OLS models for bound analysis. The
irst parameter, 𝛿, measures the relative degree of the selection on
bserved and unobserved factors. We assign 𝛿 = 1, assuming that
nobserved factors are equally important as observed factors and affect
in the same direction. The second parameter, 𝑅𝑚𝑎𝑥, is the maximum
-squared from a hypothetical regression of the total cost of a loan on

he log(down payment) and both observed and unobserved controls. In
rder to calculate bias-adjusted estimates, Oster (2019) suggests using
value of 𝑅𝑚𝑎𝑥 = 1.3𝑅2, in which 𝑅2 is obtained from the controlled

22 We collected 12-month average inflation rates for rural areas from 2013
o 2019 from the Bangladesh Bureau of Statistics. As the annual average
nflation for rural areas is not available for 2020 and 2021, we considered
he 2019 inflation rate for these two years. The inflation rate is available at
ttp://bbs.gov.bd/site/page/29b379ff-7bac-41d9-b321-e41929bab4a1/-.
13
regression. Additionally, we use the value of 𝑅𝑚𝑎𝑥 = 𝑅2 + (𝑅2 − 𝑅2),
n which 𝑅2 is obtained from the uncontrolled regression, because R-

squared values in both regressions do not move much.23 We compute a
bounding set that includes bias-adjusted estimates.24 Table 5 presents
the bound estimates. Column (1) includes the estimated coefficients
from the controlled regressions. The computed bounding sets, based
on two 𝑅𝑚𝑎𝑥 values, are shown in columns (2) and (3). For each of
the statistically significant estimated coefficients in column (1), the
corresponding bounding sets in columns (2) and (3) do not include
zero. Thus our estimated coefficients seem robust to the potential bias
of omitted unobserved variables. Additionally, the width of bound
estimates shows a slightly larger size in the estimated coefficients than
the OLS estimates in column (1). For example, a 10 percent increase
in the down payments reduces the total cost of a loan, on average, by
0.434 percentage points in panel A in column (3). Also, the results for
the relatively unconstrained borrowers are more negative than the OLS
estimates in panel C.

6. Conclusions

Only a few countries, such as Bangladesh and Kenya, have achieved
a large scale installation of solar home systems in commercial off-
grid energy markets. Although the affordability of electricity access
via off-grid solar home systems is a well-known barrier in rural poor
communities, there is relatively little evidence on how borrowing con-
straints affect solar home system loan pricing in a market system.
To address this gap, we analyze a large-scale sample observation of
626,761 borrowers, obtained from the IDCOL market-based program
in Bangladesh, over six years (2013–2018). We find that highly con-
strained borrowers, measured by down payment size, seem to pay a
poverty penalty in terms of the total cost of a loan. This indicates the
presence of distributional inequalities in the solar home system market.

The use of a market system as a social institution should at least at-
tempt to mitigate distributional inequalities in such a way that financial
burdens for the worst-off households are minimized. The market-based
program is intended to be a pro-poor mechanism, building on social
and financial goals to alleviate energy poverty and achieve commercial
viability. Targeting better-off households enables lenders or partner
organizations to cross-subsidize the worst-off households. In line with
recent studies (e.g. Conway et al., 2019; Barry and Creti, 2020; Grimm
et al., 2020), our empirical findings show that this cross-subsidy actu-
ally works in reverse, albeit for reasons that make perfect commercial
sense on a case-by-case basis. This is a cause for concern when using
a market-based paradigm for ‘last mile’ electrification of the millions
of poor households in Bangladesh. As it still remains challenging for
the IDCOL’s market-based program to reach the poorest ‘non-electrified’
sections of the population, the government has designed a complemen-
tary non-commercial solar home system program that builds on the
market experience of IDCOL partner organizations. However, this non-
commercial program to distribute solar home systems free of charge to
the poorest households is relatively expensive.

Providing financial assistance to highly constrained borrowers in-
stead of a general expansion of credit to all rural households therefore
appears to be crucial (Winter-Nelson and Temu, 2005; Levine et al.,
2018). Designing the right combination of different financing schemes,

23 Oster (2019) also identifies this value of 𝑅𝑚𝑎𝑥 = �̂�2 + (�̂�2 − 𝑅2) based on
the randomized-trial results of Nunn, N. and Wantchekon, L., 2011. The slave
trade and the origins of mistrust in Africa. American Economic Review, 101(7),
pp. 3221–52.

24 We use the robomit package in R to calculate 𝛽∗, and 𝛽 is the estimated
𝛽 from the controlled regression. Depending on the relative size of 𝛽 and 𝛽∗,
the upper or lower bound of the bounding set can be either [𝛽, 𝛽∗ (𝑅𝑚𝑎𝑥, 𝛿 =

∗ ̂
1)] or [𝛽 (𝑅𝑚𝑎𝑥, 𝛿 = 1), 𝛽] (Clark et al., 2021).

http://bbs.gov.bd/site/page/29b379ff-7bac-41d9-b321-e41929bab4a1/-
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such as subsidized down payments, capital buy-down subsidies, suffi-
cient grace periods, flexible payment schedules, and risk-free equiv-
alent low-interest rates, may help address borrowing constraints and
reduce distributional inequalities. Extending our empirical findings,
we suggest that market-based off-grid solar home system programs
be reformed along similar lines, particularly in the top 20 developing
countries with electricity access deficiency.

The government and policymakers may then deploy targeted in-
tervention mechanisms, such as low-cost commercial funds, supply
distribution expansion grants, long-term maintenance services con-
tracts, etc., to improve partner organizations’ financial viability. This
will allow partner organizations to minimize their costs of financing
loans to highly constrained borrowers. Alongside measures that target
suppliers, the government should also allocate borrower subsidies, such
as energy allowance schemes or in-kind vouchers for energy loan relief
payments, in order to increase the purchasing power of constrained
households. In addition, partner organizations can offer down payment
assistance programs, such as 80–20 loans, to further reduce the finan-
cial burden on constrained borrowers. All these enabling mechanisms
will help millions of the ‘last mile’ rural population to escape the energy
poverty trap.
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Table A1
Description and summary statistics of variables.

Highly constrained borrowers Relatively unconstrained borrowers All borrowers

Variables Definition Mean SD Mean SD Mean SD
(1) (2) (3) (4) (5) (6)

Outcome variable
Total cost of loan (%) This denotes the total financial cost in the

form of interest rate, including the service
charge percentage, that a borrower has to
pay over the duration of the loan. The total
cost of a loan is computed by multiplying the
respective borrowers’ annual interest rate (%)
by the loan maturity (in years).

29.315 7.137 29.098 8.581 29.208 7.884

Variable of interest
Down payment Covariate, the amount of down payment in

Bangladeshi Taka (BDT), as a proxy measure
of borrowing constraints, a borrower has to
pay before taking up the remaining solar
home system price as a loan. We use a log
transformation for this variable.

3,128.602 1,712.837 3,051.814 2,056.472 3,090.681 1,890.749

Instrument
Lagged mean
down payment

Covariate, the average amount of down
payment other borrowers in a union have
paid in the preceding month. The past
borrowers’ payment behavior has been used
an instrument to separate exogenous variation
in the amount of down payment of the
individual borrower. We use a log
transformation for this variable.

3,072.417 885.553 3,109.55 928.186 3,090.755 907.046

Controls
Low income group
(≤ 10,000 BDT)

Indicator variable, which takes the value of 1
when a borrower belongs to the income
group of less than equal to 10,000 BDT.

0.606 0.489 0.630 0.483 0.618 0.486

Medium income group
(10,000–20,000 BDT)

Indicator variable, which takes the value of 1
when a borrower belongs to the income
group with 10,000–20,000 BDT. We use this
variable as a reference income group.

0.324 0.468 0.314 0.464 0.319 0.466

High income group
(> 20,000 BDT)

Indicator variable, which takes the value of 1
when a borrower belongs to the income
group of over 20,000 BDT.

0.070 0.255 0.056 0.230 0.063 0.243

Agriculture Indicator variable, which takes the value of 1
when a borrower belongs to agriculture
occupation.

0.466 0.499 0.474 0.499 0.470 0.499

Business Indicator variable, which takes the value of 1
when a borrower belongs to business
occupation.

0.295 0.456 0.299 0.458 0.297 0.457

Service Indicator variable, which takes the value of 1
when a borrower belongs to service
occupation. We use this variable as a
reference occupational group.

0.106 0.308 0.106 0.308 0.106 0.308

Housewife remittance Indicator variable, which takes the value of 1
when a borrower is home-maker or receives
remittance income earned by family members
outside.

0.091 0.287 0.085 0.279 0.088 0.283

Professional job Indicator variable, which takes the value of 1
when a borrower belongs to professional
occupation, such as doctor, teacher, lawyers,
etc.

0.011 0.106 0.010 0.101 0.011 0.103

Manual job Indicator variable, which takes the value of 1
when a borrower is hawker, rickshaw puller,
driver or is in similar occupations.

0.031 0.174 0.027 0.161 0.029 0.168

Female Indicator variable, which takes the value of 1
when a borrower is female. We use this
variable as the reference.

0.076 0.266 0.073 0.261 0.075 0.263

Male Indicator variable, which takes the value of 1
when a borrower is male.

0.924 0.266 0.927 0.261 0.925 0.263

Additional controls
Thana-level poverty
(%)

Covariate, which presents the poverty rate at
the thana-level. This is a time-invariant
variable in our study.

35.401 15.553 34.267 15.007 34.841 15.297

(continued on next page)
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Table A1 (continued).
Highly constrained borrowers Relatively unconstrained borrowers All borrowers

Variables Definition Mean SD Mean SD Mean SD
(1) (2) (3) (4) (5) (6)

Thana-level distance
(in km)

Covariate, which presents distance between
thana, in which a partner organization’s
office is located and union, in which a
borrower lives in. This is a time-invariant
variable in our study.

7.496 4.111 7.649 4.436 7.572 4.275
Table A2
IV estimation results for first-stage regression.

Outcome variable: log( ̂down payment)

All borrowers Highly constrained borrowers Relatively unconstrained borrowers
(1) (2) (3)

Log(lagged mean down payment) 0.394∗∗∗ 0.416∗∗∗ 0.292∗∗∗

(0.013) (0.017) (0.011)
Reference: medium income group (10,000–20,000 BDT)
Low income group (≤ 10,000 BDT) −0.130∗∗∗ −0.166∗∗∗ −0.077∗∗∗

(0.004) (0.004) (0.004)
High income group (> 20,000 BDT) 0.174∗∗∗ 0.174∗∗∗ 0.146∗∗∗

(0.008) (0.010) (0.008)
Reference: service occupational group
Agriculture −0.073∗∗∗ −0.092∗∗∗ −0.043∗∗∗

(0.005) (0.007) (0.007)
Business −0.075∗∗∗ −0.084∗∗∗ −0.052∗∗∗

(0.005) (0.007) (0.007)
Housewife & remittance 0.023∗∗∗ 0.005 0.044∗∗∗

(0.006) (0.008) (0.008)
Professional job 0.037∗∗∗ 0.016 0.054∗∗∗

(0.010) (0.014) (0.012)
Manual job −0.114∗∗∗ −0.123∗∗∗ −0.087∗∗∗

(0.007) (0.010) (0.009)
Reference: female
Male 0.063∗∗∗ 0.064∗∗∗ 0.051∗∗∗

(0.004) (0.005) (0.004)

Partner organization fixed effects Yes Yes Yes
Year-quarter fixed effects Yes Yes Yes

Observations 626,761 317,242 309,519
R-squared 0.147 0.225 0.180
F-test (1st stage) 27,475.709 14,126.179 9,606.607
F-test (1st stage), 𝑝-value 0.000 0.000 0.000

Notes: Following Reed (2015) and Narayanan and Nair (2013), we construct a lagged instrument that denotes the average down payments of other borrowers in
the preceding month in a given union where an individual borrower lives. Based Eq. (3), columns (1) to (3) regress down payment on the lagged mean down
payment. To look for borrower group differences, we split samples into highly constrained and relatively unconstrained borrowers based on the median value
of down payment per watt (87 BDT or, ≈ 1.02 USD). Column (1) reports first-stage regression results on full sample and estimation results by borrower groups
are shown in columns (2) and (3). Across all specifications, we use partner organization fixed effects and year-quarter fixed effects. We cluster standard errors
at the union level, and clustered standard errors are in parentheses. ∗, ∗∗, ∗∗∗ indicate 10%, 5%, and 1% significance levels, respectively. Constant is included
but not reported.
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