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Abstract
Energy poverty is prevalent in resource-limited settings, leading households to use inefficient fuels
and appliances that contribute to household air pollution. Randomized controlled trials of
household energy interventions in low and middle income countries have largely focused on
cooking services. Less is known about the adoption and impact of clean lighting interventions. We
conducted an explanatory sequential mixed methods study as part of a randomized controlled trial
of home solar lighting systems in rural Uganda in order to identify contextual factors determining
the use and impact of the solar lighting intervention. We used sensors to track usage, longitudinally
assessed household lighting expenditures and health-related quality of life, and performed
cost-effectiveness analyses. Qualitative interviews were conducted with all 80 trial participants and
coded using reflexive thematic analysis. Uptake of the intervention solar lighting system was high
with daily use averaging 8.23± 5.30 h d−1. The intervention solar lighting system increased the
EQ5D index by 0.025 (95% CI 0.002–0.048) and led to an average monthly change in household
lighting costs by−1.28 (−2.52,−0.85) US dollars, with higher savings in users of fuel-based
lighting. The incremental cost-effectiveness ratio for the solar lighting intervention was $2025.72
US dollars per quality adjusted life year gained making the intervention cost-effective when
benchmarked against the gross domestic product per capita in Uganda. Thematic analysis of
qualitative data from individual interviews showed that solar lighting was transformative and
associated with numerous benefits that fit within a social determinants of health (SDOH)
framework. The benefits included improved household finances, improved educational
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performance of children, increased household safety, improved family and community cohesion,
and improved perceived household health. Our findings suggest that household solar lighting
interventions may be a cost-effective approach to improve health-related quality of life by
addressing SDOH.

1. Introduction

Energy poverty is prevalent in resource limited set-
tings [1], leading households to use inefficient fuels
or appliances that contribute to household air pollu-
tion (HAP). HAP is among the top ten risk factors
contributing to the global burden of disease [2], is
associated with acute and chronic respiratory diseases
in women, and is a leading cause of pneumonia in
children. Most studies of the health impact of HAP
focus on mitigating pollution exposure through pro-
motion of more efficient stove technologies and fuels.
The health benefit of these measures have beenmixed
[3–7], although trials of cleaner cooking fuels such as
liquid petroleum gas (LPG) are ongoing [8].

Qualitative methods have been applied to stud-
ies of improved cookstoves to elucidate use and
end-user experiences [9]. Cost, taste, social norms,
and adequate training strongly impact utilization of
cookstoves [10, 11]. Importantly, although improved
cookstove trials have been designed as a health inter-
vention, in qualitative studies trial participants often
view intervention stoves’ primary benefits in terms
of reduced cooking times [12] and reduced fuel
consumption [13] rather than for potential health
benefits.

An often-overlooked but important source of
HAP in some resource-constrained areas is kerosene-
based lighting. Simple open-wick kerosene lamps and
other fuel-based appliances are widely used in some
off-grid households as a primary lighting source [14]
and have been shown to contribute to HAP [15, 16].
Notably, fuel-based lighting is often most prevalent
among the most impoverished and remote house-
holds; for example, in a recent observational study
in Uganda, each increase in wealth quintile was asso-
ciated with a decrease in the odds of using open
wick kerosene lamps by 0.90 (0.84–0.96), p = 0.001
[17]. Early research suggests that existing solar light-
ing technologiesmay be a viable replacement for fuel-
based lighting. Some of these studies have focused on
the potential role of solar lighting in reducing expos-
ure to HAP [17–19], while others have focused on
high adoption rates, improved user satisfaction, long
term cost savings on energy expenditure, and poten-
tial educational benefits for children [20–24]. Studies
suggest that addressing energy poverty may improve
overall well-being [25, 26].

The impact of public health interventions can be
measured using various scales that assess domains
of health-related quality of life among individuals.
The EQ-5D instruments [27] are one of the most
widely used health-related quality of life surveys that

accounts for the domains of mobility, self-care, activ-
ities of daily living, pain/discomfort, and anxiety/
depression in eliciting how an individual perceives
their health status. The EQ-5D is the preferred instru-
ment for global economic evaluations of health care
due to the widespread availability of country-specific
valuation sets that allow conversion of EQ-5D sur-
vey responses into quality adjusted life years (QALYs),
a standardized measure of health status with one
QALY being equivalent to 1 year of perfect health.
QALYs are often used as the health utility measure
in cost-effectiveness analyses to aid policy makers in
decisions regarding resource allocation.

In this study, we employed an explanatory
sequential mixed methods study design as part of
a randomized controlled trial of solar lighting in
rural Uganda in order to understand how contextual
factors, such as poverty, cultural norms and existing
energy infrastructure influence use and the impact
of introduced lighting technologies. We quantitat-
ively assessed utilization, health related quality of life,
and household lighting expenditures and performed
a cost-effectiveness analysis. In order to explain the
quantitative findings, we qualitatively assessed end
user experiences through thematic analyses of indi-
vidual interviews that revealed the solar lighting inter-
vention’s impact on the participants’ social determ-
inants of health (SDOH) [28].

2. Methods

2.1. Study design and population
Between 2018 and 2019, we conducted a 1 year par-
allel group, randomized wait-list controlled trial of
indoor solar lighting systems in Nyakabare parish
of southwest Uganda. We recruited 80 women aged
23–60 years old from seven villages.

Following enrollment, home visits were con-
ducted prior to randomization, and at 3, 6, and
12 months after randomization to administer sur-
veys and gather data on use of the intervention light-
ing systems. At 9 months following randomization,
we began conducting qualitative interviews with trial
participants. At 14 months, approximately 2 months
after the installation of solar lighting systems in the
control group, a final field study visit was conducted.

2.2. Randomization andmasking
Randomization was performed in a 1:1 ratio using
a random number generator stratified by the par-
ticipant’s primary lighting source (national elec-
trical grid or battery-powered devices, solar lamps
or systems, candles, hurricane kerosene lamps, and
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open wick kerosene lamps). Intervention participants
received an indoor solar lighting system at the time of
randomizationwhile control participants received the
solar lighting system approximately 12 months after
randomization. The nature of the study intervention
prevented blinding of participants and field staff.

2.3. Procedures
The study intervention was an indoor solar light-
ing system costing $158 US dollars (USD) which was
purchased by study staff from a local vendor based
in Mbarara township (Allmar Solar Systems). The
solar system comprised of a 30 watt-peak (Wp) solar
panel, 18 Amp-hour (Ah) battery, 5 Amp charge con-
troller, four lighting points, installation services, and
included a 2 year servicewarrantywhich covered costs
of repairs and consumables such as lightbulbs. Parti-
cipants selected the location for each of the four bulbs
in their homes at the time of installation. These light-
ing systems were deployed in the intervention house-
holds between February and April 2018. To provide
equitable treatment for study participants, the con-
trol group also received the same solar lighting system
between June and July 2019.

2.4. Quantitative methods
2.4.1. Monitoring of solar system utilization
At the time of solar system installation, we incorpor-
ated a sensor to track use. These four channel event
loggers (Onset UX120-017) continuously monitored
the dates and times when each light bulb for the inter-
vention solar system was switched on and off for the
entire study period. The hours of lighting use per day
from each light bulb was subsequently calculated.

2.4.2. Administration of surveys
At baseline, 3, 6, 12, and 14 months after the study
intervention, trained research assistants administered
surveys in Runyankole, the local language, with
responses recorded on an Android tablet using an off-
line survey app (QuickTapSurvey). Surveys admin-
istered included questions eliciting demographics
characteristics, household assets, cooking practices,
lighting practices, use of lighting sources, monthly
expenditures on lighting, and health status using the
EQ-5D-5L instrument. The EQ-5D-5L is a stand-
ardized instrument used worldwide to elicit an indi-
vidual’s rating of their overall health at the time of
survey completion in the domains of mobility, self-
care, activities of daily living, pain/discomfort, and
anxiety/depression [29], and combined with country
or region specific valuation sets, is used in economic
evaluations of health care interventions.

2.5. Qualitative methods
Individual interviews were conducted from Janu-
ary to July 2019 with all 80 participants enrolled in
the randomized controlled trial. Ugandan research

assistants conducted the interviews in the parti-
cipant’s preferred language (typically Runyankole),
using a semi-structured interview guide. All inter-
views were translated and transcribed into English
verbatim within 72 h of the interview (see sup-
plement for an example transcript). Following a
reflexive thematic analysis approach, an in vivo cod-
ing framework was developed with codes grouped
based on similarity of meaning into themes reflecting
participants’ experiences with solar lighting. Reflex-
ive thematic analysis of qualitative data emphasizes
openness, questioning preconceptions and adopting
a reflective attitude to understand meaning within
the context of participants’ lived experiences [30–32].
During weekly conference calls between the US and
Ugandan teams, patterns in the data were discussed,
and coding discrepancies resolved through con-
sensus. Discrepancies in identified themes were rare,
and in these instances, discrepancies were resolved
through group discussion and consensus among the
study team. A final list of themes was created, and
study transcripts were coded using the final them-
atic scheme via Dedoose (Version 8.0.35). Participant
quotations illustrating these themes were selected and
are presented here to demonstrate concepts relevant
to our study.

2.6. Statistical analysis
To estimate the effect of the study intervention on
quality of life, we first converted EQ5D-5L survey
responses to health utility scores. We used valuation
weights from Ethiopia [33] given that these are the
only valuation weights for Africa currently endorsed
by the EuroQol group for the EQ5D-5L instrument.
The resulting EQ5D index has a maximum score of 1
which indicates the best possible health state, whereas
a score of 0 is deemed to be a health state equivalent
to death.

Summary statistics were aggregated using mean
(standard deviation) or number (percentage). The
supplement contains a detailed discussion of the stat-
istical analyses. To identify correlates of use of the
intervention solar system, and to determine the effect
of the solar lighting intervention on health-related
quality of life as measured by the EQ5D index and on
monthly lighting expenditures, we used mixed effects
models in order to account for repeated measures
at the household or individual level. Cost effective-
ness analyses from both the individual and societal
perspectives, as well as analyses focused on the indi-
vidual and governmental policy impacts of a conver-
sion from kerosene to solar based lighting are further
detailed in the supplement.

3. Results

3.1. Characteristics of the study population
In January 2018, 88women living inNyakabare parish
were assessed for eligibility, and 80 were successfully
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Figure 1. CONSORT study flow diagram.

enrolled. Forty women were randomized to the inter-
vention arm, and 40 to the control (figure 1). Baseline
characteristics of the study cohort stratified by trial
arm is depicted in table 1. The cohort was com-
posed of all women, 98.8% of whom were married or
cohabiting, 13.8% with no and 86.2% with primary
school level of education. Household assets such as
car or motorcycle ownership were rare. On average
16.1 (standard deviation, 2.9) hours each day were
spent indoors, with 4.8 (3.1) hours of self-reported
baseline light use daily. The most common primary
source of lightingwas kerosene (41.2%) or solar based
(33.8%), though simultaneous use of multiple light-
ing sources was common. Only 16.3% of participants
had access to the national electrical grid. One parti-
cipant was lost to follow-up (a control group parti-
cipant at 6 months). There were no sensor failures
leading to missing data in solar lighting use.

3.2. Solar lighting patterns of use
The location of light bulb placement chosen by parti-
cipants is shown in table 2. In the intervention group,
based on sensor data, solar lighting was used for 8.2

(5.3) hours per day; 1.4 (2.5) hours was used during
the day and 6.8 (4.2) hours at night, with daytime and
nighttime determined based on sunrise and sunset
times. Figure 2 depicts the usage pattern of each light
bulb stratified by light location and time of day. The
most heavily utilized light location was the outdoor
security light (5.3 (4.9) hours per day), followed by
the kitchen (3.20 (3.87) hours per day), master bed-
room (3.09 (3.85) hours per day), living room (2.81
(2.62) hours per day), and children’s bedroom (2.56
(3.45) hours per day). Trends in light use over the
1 year study period are depicted in supplemental
figure 1 (available online at stacks.iop.org/ERL/17/
015002/mmedia). Using mixed effects models, there
was no decline in the number of hours of lighting use
per day over the entire study period overall (beta= 0.0
[0.0–0.0], p = 0.310) indicating sustained use over
time. There were no statistically significant differ-
ences in the overall number of hours of light used
per day between participants who already possessed
clean lighting technology (solar panels, electrical grid
access) and those who did not (kerosene and candles)
at the time of randomization (p= 0.638).
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Table 1. Characteristics of study participants. Note only women were recruited for this study.

Control Intervention

N 40 40
Age (mean (SD)) 38.06 (7.38) 41.30 (9.45)
Education (%)
None 4 (10.0) 7 (17.5)
Primary 1–2 12 (30.0) 10 (25.0)
Primary 3–6 15 (37.5) 13 (32.5)
Primary 7 9 (22.5) 10 (25.0)

Marital status (%)
Married 35 (87.5) 36 (90.0)
Cohabiting 4 (10.0) 4 (10.0)
Separated/divorced 1 (2.5) 0 (0.0)

Land ownership (%) 39 (97.5) 39 (97.5)
Number rooms in house (mean (SD)) 4.35 (1.23) 4.20 (1.64)
Owns a radio (%) 31 (77.5) 31 (77.5)
Owns a motorcycle (%) 6 (15.0) 4 (10.0)
Owns a car (%) 0 (0.0) 1 (2.5)
Access to a ventilated improved pit latrine (%) 1 (2.5) 1 (2.5)
Home has cement floors (%) 6 (15.0) 12 (30.0)
Wealth quintile (mean (SD)) 2.90 (1.24) 3.08 (1.46)
Hours spent indoors daily (mean (SD)) 15.81 (3.56) 16.43 (2.11)
Self-reported hours of light use daily (mean (SD)) 4.35 (2.81) 5.15 (3.36)
Primary lighting source (%)
Candles 1 (2.5) 1 (2.5)
Kerosene (open-wick) lamp 12 (30.0) 12 (30.0)
Kerosene (hurricane) lamp 4 (10.0) 5 (12.5)
Flashlight 3 (7.5) 2 (5.0)
Solar panel powered bulbs 14 (35.0) 13 (32.5)
Electrical bulbs (national grid) 6 (15.0) 7 (17.5)

Secondary lighting sources
Candles 5 (12.5) 3 (7.5)
Kerosene (open-wick) lamp 23 (57.5) 19 (47.5)
Kerosene (hurricane) lamp 13 (32.5) 9 (22.5)
Flashlight 1 (2.5) 2 (5.0)
Solar panel powered bulbs 14 (35.0) 15 (37.5)
Electrical bulbs (national grid) 5 (12.5) 4 (10.0)

Primary cook in house (%) 40 (100.0) 38 (95.0)
Cooking fuel type (%)
Charcoal 1 (2.5) 2 (5.0)
Firewood 39 (97.5) 37 (92.5)
LPG/natural gas 0 (0.0) 1 (2.5)

Table 2. Frequency and location of solar bulb placement selected
by intervention arm households. Each of the 40 intervention
households was provided with four solar bulbs. This table
summarizes a total of 159 bulb placement locations; one
participant’s home was small and there was no location to place a
fourth bulb.

Bulb location Frequency (%)

Living room 36 (22.6%)
Master bedroom 35 (22.0%)
Outdoor security light 32 (20.1%)
Kitchen 20 (12.6%)
Child’s bedroom 17 (10.7%)
Storage room 8 (5.0%)
Dining room 6 (3.8%)
Guest bedroom 2 (1.3%)
Home office 1 (0.6%)
Corridor 1 (0.6%)
Chicken coop 1 (0.6%)

3.3. Health-related quality of life
Results of the EQ5D-5L survey administered longit-
udinally to both the intervention and control groups
are detailed in supplemental table 1. The EQ5D-5L
responses were converted to the EQ5D index using
valuation weights derived from Ethiopia [33] as valu-
ationweights do not exist forUganda. Boxplots of raw
data stratified by group assignment and follow-up
period are depicted in figure 3. In mixed effects mod-
els, the intervention solar lighting system increased
the EQ5D index by 0.025 (95% CI 0.002–0.048),
p = 0.038. Higher values represent better health-
related quality of life.

3.4. Costs
Raw monthly household expenditures on light-
ing are depicted in figure 4. In mixed effects
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Figure 2. Time and location of use of intervention solar lighting system. Boxplot of the number of minutes (out of a maximum
60 min for each hour of day), stratified by time of day and light bulb location. Outliers are not shown to enhance the
interpretability of the plot. Plots are sorted by location of heaviest use, being highest for the outdoor security light followed by the
kitchen, master bedroom, living room, and children’s bedroom. Light was used most frequently at night, between 7 PM and 8 AM.

Figure 3. EQ5D index over time, stratified by intervention group. Y-axis is the EQ5D-index, where an index of 1 represents full
health and an index of 0 represents a health state as bad as death. At baseline no group had received a solar lighting system. At 7 d,
the intervention group had received a study solar system. At 14 months the control group had also received a solar lighting
system. In a mixed effects model, the solar lighting intervention led to a 0.025 (95% CI 0.002–0.048, p= 0.038) increase in the
EQ5D index value. C= control group. I= intervention group.
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Figure 4.Monthly lighting expenditures over time, stratified by intervention group. Y-axis is the monthly total expenditure on
lighting in US dollars. At baseline no group had received a solar lighting system. At 7 d, the intervention group had received a
study solar system. At 14 months the control group had also received a solar lighting system. In mixed effects models, the solar
lighting intervention led a change in household lighting expenditures by−1.28 (−2.52,−0.85) US dollars per month. Cost
savings were higher in participants using kerosene-based lighting, with a change in household lighting expenditures by−2.77
(−3.87,−1.67) US dollars per month.

models, the solar lighting intervention led to a
change in household lighting expenditures by −1.28
(−2.52, −0.85) US dollars per month. Cost sav-
ings were higher in participants using kerosene-
based lighting, with a change in household lighting
expenditures by−2.77 (−3.87,−1.67) US dollars per
month.

3.5. Cost-effectiveness
At baseline, kerosene-using households spent $4.80
USD per month on lighting, while solar-using
households spent $0.02 USD per month. From the
individual perspective, assuming the government
installed a household’s solar lighting system, the
change from kerosene to solar lighting is a dominant
strategy (that is, less costly with more health benefit).

In keeping with other studies of economic assess-
ments of health interventions, we calculated the incre-
mental cost-effectiveness ratio (ICER) for the solar
lighting intervention. In this analysis, the ICER rep-
resents the ratio of the marginal cost of an interven-
tion to its marginal benefit—where ‘benefit’ in our
case, means QALYs gained. Based on willingness to
pay thresholds recommended by the World Health
Organization (WHO) [34], an intervention is deemed
cost-effective if the ICER is less than three times the

gross domestic product (GDP) [34] per capita in
Uganda USD $2451.12 in 2020, the latest year for
which data are available [35]. It is deemed very cost-
effective if the ICER was less than one times the GDP
per capita (USD $817.04). The societal incremental
cost-effectiveness (ICER) ratio for a change from ker-
osene to solar lightingwas $2025.72 perQALY gained,
making it a cost-effective intervention.

There are an estimated 4 489 500 households in
Uganda currently using kerosene as their primary
lighting source [36]. To upgrade all of these house-
holds to solar lighting systems would cost approxim-
ately USD 710 million, or 2% of the country’s 1 year
GDP.

We also estimated the break-even date if house-
holds paid for the transition from kerosene to solar
lighting. To calculate the break-even date, the full cost
of outfitting a household with a solar lighting sys-
tem, USD $158.20, was assigned to day 1, to which
average daily solar lighting costs of USD $0.000 55
accrued. We compared these cumulative costs with
those faced by a household spending USD $0.157 per
day, the average cost of kerosene lighting. Households
converting to solar lightingwould recoup their invest-
ment after 2.76 years, on day 1011 (supplemental
figure 2).
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3.6. Qualitative interviews
Qualitative interviews revealed that the solar lighting
intervention was a transformative household energy
technology, with a broad array of benefits attributed
by participants to the solar lighting system. We iden-
tified five themes in the dataset: (a) improved house-
hold finances; (b) improved educational perform-
ance; (c) increased household safety; (d) improved
family and community cohesion; and (e) improved
household health. Themes from our qualitative data
closely parallel well-described domains in the SDOH
framework. SDOH are the social, physical and eco-
nomic conditions into which people are born and live
that impact their health and are responsible for health
inequities [28]. We will consider each theme below,
with supportive examples.

One of the most frequently described bene-
fits of the solar lighting intervention was improved
household finances (69% of participants). Parti-
cipants reported decreased expenditures for house-
hold energy, increased time for income-generating
activities, and the ability to divert funds to pay for
other household expenditures. For example, parti-
cipants used savings towards competing expenses
such as household goods or for children’s school
tuition and books.

This solar has helped a lot on minimiz-
ing home expenditures. We used to buy
kerosene a lot but these days, instead of
buying kerosene, we can use that money
to do other things…items like wash-
ing soap, or saving money for school
fees so the children are not sent home.
[Nyakabare village, 37 years-old]

The money I used to spend on paraffin
[kerosene]…before my children used to
go to school without books. When I
got the study solar, the money that
would go on paraffin was shifted to buy-
ing children’s books. [Bushenyi village,
44 years-old]

The solar lighting system also contributed
to improved finances by extending the workday,
whether it was enabling the delay of household chores
until the evening or allowing income-generating
activities to be performed at night.

As I’ve told you, what I use that solar
for…if I am still outside, [now] I can
see for stone quarrying. Yes, I work. I hit
those stones and at times I stop at 11PM.
[Nyamikanja village, 40 years-old]

Second, 81% of participants noted that solar
lighting systems improved educational performance
among their children. Prior to receiving solar lighting,
participants describe rationing lighting fuel which
prevented their children from completing homework.

There is a huge change [after receiving
solar lighting] because before the chil-
dren say, ‘[teachers] told us to read our
books’. Then you would tell them, ‘No
please, we don’t have enough kerosene.’
[Bukuna village, 41 years-old]

With the receipt of the solar lighting system,
light no longer needed to be rationed and the ability
for children to do homework after sunset translated
into tangible academic improvements among parti-
cipants’ children, and less worry among parents.

They [my children] were performing
very badly [in school], they would be
the last ones in class. I was very wor-
ried and I was about to get [high] blood
pressure. I was worried about getting
school fees and the performance of my
kids at school was also discouraging. It
all looked like money is being wasted.
But now, I am very okay… I see that
when they [my children] come back they
spare some time to read books and they
are performing very well these days. The
school reports are good. [Bukuna vil-
lage, 41 years-old]

Third, lighting was intrinsically linked with
improvements to the participants’ home and neigh-
borhood. Specifically, 68% of participants reported
an increased perceived sense of safety after installa-
tion of the solar lighting, stating that the solar light-
ing system was instrumental in preventing crimes at
night.

That bulb outside, I don’t know how I
should talk about it [laughing] because
it has done for me many good things.
Even when I am in the house (you know
my husband left me, he is no longer
with us here) I am secure knowing that
whatever is coming to my house, I will
be seeing it since that security light is
on. Anything of whatever size, or a thief.
With my outdoor light on, I will be see-
ing him. I look through my window and
see what is outside. That outdoor bulb
is like my soldier. [Bushenyi village,
44 years-old]

In addition, anxiety about open-flame lighting
sources as a fire hazard were alleviated with solar
lighting systems.

Imagine you have left the children in the
house with something that produces fire
for light. You have to be worried [about
starting a fire in the home]. I am sure
even if I died today, I would die happy
knowing that my children would never
sleep in darkness. Light is secured for
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them because you gave them their solar.
[Bushenyi village, 32 years-old]

Fourth, the solar intervention was reported by
54% of participants to improve family and com-
munity cohesion. Solar lighting was described as
reducing economic stressors associated with purchas-
ing lighting fuel, previously a common source of
conflict. After receiving solar lighting systems, par-
ticipants report improved relationships with their
spouses.

Whenever we would lack kerosene, we
would quarrel almost every day. I would
be like, ‘now that we don’t have ker-
osene, how we will eat meals, lay kids to
bed, or how will kids read their books?’.
Or, at times I had to change kids’ nap-
pies [diapers] in the dark, so conflicts
would never end in my house. It was
really a hard experience…. But now
that I have solar, life is better and con-
flicts are reduced. My family now has
peace. [Bukuna village, 32 years-old]

Lighting also allowed families to spendmore time
together as the duration of waking hours could be
extended.

We used to sleep very early because of
the need to save kerosene usage. How-
ever, after getting the solar, our [family]
relationship has improved because after
eating dinner, we now get time to sit and
chat together … the solar has given us
enough time to talk at night. So, it has
helped us to understand each other very
well. [Bukuna village, 30 years-old]

The solar intervention also was reported to bring
prestige to participants within their communities,
as neighboring households could share the benefits
of the lighting systems. Solar lighting systems were
perceived as status symbols, which served to decrease
social isolation and strengthen relationships between
neighbors.

After getting this solar … neighbors
[who] have got no solar now send their
children to come and study at my house.
They are also benefiting from this study
solar. And by this, their parents are
giving me more respect, which makes
me feel important to the community.
[Bushenyi village, 32 years-old]

Imagine having two [solar] systems
when other people cannot even afford
one, so that will make me big in the vil-
lage. [Bukuna village, 45 years-old]

Finally, with introduction of the solar lighting sys-
tems, 40%of participants noted health improvements
within their households. Participants were aware of

the health dangers of smoke generated from fuel-
based lighting and described how soot would gather
in their children’s noses or in participant’s expector-
ated sputum.

Solar has no bad effect, it has only good
things …. you do not get sick all the
time. You do not spend a lot of money
on the sicknesses of the children and the
old people that live in our household.
[Nyamikanja village, 33 years-old]

Participants were specifically asked about poten-
tial negative aspects of solar lighting. Concerns
centered around the up-front cost of purchasing a
solar system, and potential theft.

Buying solar,…do I have the money, no
I don’t have the money. If it was like
that everyone would be having solar…
A person who does not have money
cannot light solar. [Nyakabare village,
39 years-old]

The battery is my only worry. Because
they [thieves or neighbors] know if they
take the battery, there you just have to
sell the solar because you can’t use it
without a battery. [Nyamikanja village,
37 years-old]

Integration of quantitative and qualitative data
reveal the broad impacts of solar lighting systems on
participant’s lived experiences (table 3). The num-
ber of hours of lighting use in the intervention
group increased from 5.2 h of self-reported use at
baseline as compared to 8.2 h of the study solar light-
ing system with participants reporting in qualitat-
ive interviews the ability to discontinue the prac-
tice of rationing light for cost reasons after the study
intervention. The increase in wellbeing as quantitat-
ively assessed by the EQ5D index after introduction
of the study solar lighting system may be explained
by participant interviews describing wide-ranging
benefits to household economy, education, safety,
family/community relationships, and health. Choice
of lighting locations in the trial correlates with sev-
eral of the benefits described in qualitative inter-
views. Participants’ increased sense of security cor-
related with high utilization of the outdoor security
bulb. Improved educational opportunities for chil-
dren was a frequently mentioned theme, reflecting
frequent placement of a solar lightbulb in the liv-
ing room or children’s bedrooms. Monthly lighting
expenditures decreased after the solar lighting inter-
vention, allowing participants to fund other house-
hold necessities.

Solar lighting ‘helps’ in concurrent and intersect-
ing ways. This quote illustrates how solar lighting
affected many aspects of a participant’s lived exper-
ience, including household economy, security, and
community cohesion:
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Table 3. Integration of quantitative trial results and qualitative themes.

Trial results
Qualitative
theme Qualitative example excerpt

% Participants
reporting
theme

Increase in
health-
related
quality
of life

High uptake
of clean
lighting
intervention

↓ Fuel costs Improved
household
finances

‘This solar has helped a lot on
minimizing home expenditures. We
used to buy kerosene a lot but these days,
instead of buying kerosene, we can use
that money to do other things…items
like washing soap, or saving money for
school fees so the children are not sent
home’.

69%

Household
placement of
solar bulb

Improved
educational
performance

‘They [my children] were performing
very badly [in school], they would be
the last ones in class. I was very wor-
ried and I was about to get [high] blood
pressure. I was worried about getting
school fees and the performance of my
kids at school was also discouraging. It all
looked like money is being wasted. But
now, I am very okay… I see that when
they [my children] come back they spare
some time to read books and they are
performing very well these days. The
school reports are good’.

81%

Increased
household
safety

‘[The solar lighting] helps me outside for
security reasons. If it is on, even the thief
cannot hang around my house. They
know that someone may see them and
know who they are. Because of light, the
whole place will clear and you can see
everything. Since there is no darkness,
the thieves fear to come around, and in
that way I benefit from the solar light
outdoors’.

68%

Improved
family and
community
cohesion

‘Whenever we would lack paraffin, we
would quarrel almost every day. I would
be like, “now that we do not have par-
affin, how we will eat meals, lay kids to
bed, or how will kids read their books?”.
Or, at times I had to change kid’s nappies
[diapers] in the dark, so conflicts would
never end in my house. It was really a
hard experience. But now that I have
solar, life is better and conflicts reduced.
My family now has peace’.

54%

Improved
household
health

‘Solar has no bad effect, it has only good
things …. you do not get sick all the
time. You do not spend a lot of money
on the sicknesses of the children and the
old people that live in our household’.

40%

I would sometimes lack money to buy
kerosene, then I would go to the nearby
shop and beg for a debt [store credit].
The shopkeeper would pretend as if he
has not heard my request. Then I would
kneel down and beg him in front of
people, ‘please give me kerosene. My
kids are going to sleep in the dark’. It
was too much shame and humiliation
seeing an old woman kneeling down in
themud before a youngman begging for

kerosene of 1000 shillings ($0.30 USD).
Ever since I got this solar, I have never
asked for salt or a matchbox from the
neighborhood. This solar has helped me
a lot. [Bukuna village, 50 years-old]

4. Discussion

In this randomized wait-list controlled trial of indoor
solar lighting systems in rural Uganda, we found that
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Figure 5. Schematic showing qualitative results as they correspond to selected domains of SDOH.

use of the solar lighting intervention was high. The
intervention was cost-effective when benchmarked
against the willingness to pay threshold recommen-
ded by the WHO, which is three times the per capita
GDP for Uganda. Our qualitative data demonstrate
the transformative nature of solar lighting on par-
ticipants’ daily lives, with positive impacts on mul-
tiple dimensions of lived experiences that fit within a
SDOH framework. These multi-dimensional positive
impacts likely explain the high and sustained uptake
of clean lighting technology as well as the observa-
tion that participants who had already adopted clean
lighting sources (electrical grid, solar) at study enroll-
ment used the intervention solar lighting system just
as much as participants who were using fuel-based
lighting at study enrollment.

In figure 5, we illustrate amodel for how the study
intervention solar lighting systems might improve
SDOH. Our findings resonate with a recent system-
atic review of household solar systems in low and
middle income countries, which found that these
systems were primarily used for light, and that the
impact of these systems on households mirror those
found in our study with positive impacts on health,
education of children, income generation, and cost
savings [22]. Energy poverty has been described as
a source of health inequalities [37]. Our qualitative
interviews suggest that the impact of energy poverty
on health may well be mediated by the relation-
ship between energy poverty and the SDOH. Energy
poverty might impact not just the immediate built
environment but other important factors such as edu-
cation and household finances [38]. Other global
health interventions could similarly be assessed via a
SDOH lens. For example, deworming programs have
been linked to improved school attendance in Kenya
and thus facilitate education as a SDOH [39].

A truly ‘patient-centered’ approach to household
energy interventions suggests that we should consider

judging the success of an intervention based on the
priorities of the end user rather than those set by
study investigators or sponsors [40]. In prior studies
[17] and based on our qualitative interviews, poverty
is the primary reason why participants choose fuel-
based lighting. Consequently, clean lighting inter-
ventions may break vicious cycles of health inequity
through improving SDOH. Our findings suggest that
a logical next avenue of research is to develop and
validate in different contexts a survey for quant-
itative measures of SDOH to evaluate the efficacy
of interventions, since these aspects are highly val-
ued by the end user, likely variably influenced by
different household energy interventions, and ulti-
mately are a fundamental determinant of health
disparities.

A key challenge in prior HAP interventions in
global health has been uptake as well as sustained
use of introduced products or technologies [41].
Clean lighting technology in the form of solar may
provide direct financial benefits in several ways. First,
clean lighting may increase the time the user spends
on income generating activities. Second, fuel-based
lighting burns inefficiently and thus is ultimately
more costly than solar lighting for each lumen of light
generated [42]. While the initial cost of solar systems
is a concern for our study participants, our analyses
show that households who transition from kerosene
to solar lighting will reach a break-even point after
2.76 years. Our findings are similar to another study
of home solar systems in Uganda where participants
purchased solar lighting systems using a down pay-
ment followed by a monthly payment plan. House-
holds saved on average $1.4 US dollars per week and
reached a break-even point on their purchase after
3.14 years [21]. Thus, initiatives to promote clean
lighting that include up-front cost subsidies, or fin-
ancial services such as community savings schemes
or pay-as-you-go solar lighting services may prove to
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be viable approaches for long term adoption of clean
lighting technologies.

Our study has several strengths. To our know-
ledge, it is the first mixed methods study based on
a randomized controlled trial of a clean lighting
intervention. We monitored use of the solar light-
ing intervention with sensors. For qualitative stud-
ies, our sample size is considered large as individual
interviews were conducted with all 80 trial parti-
cipants. Although mixed methods studies have been
conducted in the context of randomized controlled
trials of improved cookstoves, clean cooking and
clean lighting technology provide fundamentally dif-
ferent benefits. Thus, qualitative results from clean
cooking studies cannot be easily extrapolated to clean
lighting studies, making our findings novel.

Our study has some weaknesses. It is focused
on one parish in southwest Uganda and lighting
preferences may differ in other contexts, although
kerosene-based lighting is widespread in resource
limited settings where there is limited or unstable
access to electricity [14]. For example, based on the
2014 Uganda National census, 61.5% of the popu-
lation (70.3% in rural areas, 34.1% in urban areas)
use kerosene lamps for lighting [36]. While the solar
lighting intervention led to a statistically significant
increase in the EQ5D index, it is not clear if this is
a clinically significant improvement. Minimum clin-
ically important differences in EQ5D index score
vary by country, disease studied, and the method-
ology [43, 44] thus there is no universally agreed
upon threshold value. However, simulation studies
have suggested that the minimally important differ-
ences in EQ5D index ranges between 0.037 and 0.069
[43]; the observed improvement in the EQ5D index
due to the study intervention was 0.025. The EQ5D-
5L, as a generic health-related quality of life sur-
vey, suffers from a well-known ‘ceiling effect’ where
many health conditions do not actually register as a
decreased quality of life [45]. This was apparent in our
study where at baseline 30.2% of participants already
reported perfect health according to their EQ5D-5L
responses. It is possible that the EQ5D-5L instrument
is not sensitive to the things the intervention changed
for the study participants. In our qualitative inter-
views, only 40% of participants mentioned improved
household health as a benefit of the study solar sys-
tem, whereas 81% noted improved educational per-
formance of their children, 69% noted improved
household finances, 68% noted increased household
safety, and 54% noted improved family and com-
munity cohesion. These latter benefits fall within a
SDOH framework thus downstream impacts of the
solar lighting intervention on health may take time
to emerge. Qualitative studies provide novel hypo-
theses that can subsequently be tested with quantit-
ative methods, and our results suggest that an instru-
ment that can quantify the SDOHmay be helpful for
measuring the full impact of future household energy

interventions. Finally, it is possible our responsesmay
be impacted by social desirability bias such that par-
ticipants may have felt unable to express dissatisfac-
tion after being given a solar lighting system, although
interviews were conducted both before and after the
solar systems were installed.

In conclusion, introduction of home solar light-
ing systems has high sustained use, is cost-effective,
and impacts multiple SDOH. Our findings suggest
that household solar lighting interventions may be
a cost-effective approach to improve health-related
quality of life by addressing SDOH.
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