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Abstract

Solar lighting is an alternative to polluting kerosene and other fuel-based lighting devices

relied upon by millions of families in resource-limited settings. Whether solar lighting provides
sustained displacement of fuel-based lighting sources and reductions in personal exposure to

fine particulate matter (PM, 5 ) and black carbon (BC) has not been examined in randomized
controlled trials. Eighty adult women living in rural Uganda who utilized fuel-based (candles,
kerosene lamps) and/or clean (solar, grid, battery-powered devices) lighting were randomized

in a 1:1 ratio to receive a home solar lighting system at no cost to study participants
(ClinicalTrials.gov NCT03351504). Among intervention group participants, kerosene lamps were
completely displaced in 92% of households using them. The intervention led to an average
exposure reduction of 36.1 pg/m3 (95% CI —70.3 to —2.0) in PM, 5 and 10.8 pg/m3 (95%
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Cl -17.6 to —4.1) in BC, corresponding to a reduction from baseline of 37% and 91%,
respectively. Reductions were greatest among participants using kerosene lamps. Displacement
of kerosene lamps and personal exposure reductions were sustained over 12 months of follow-up.
Solar lighting presents an immediate opportunity for achieving sustained reductions in personal
exposure to PM5 5 and BC and should be considered in household air pollution intervention

packages.
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INTRODUCTION

Household air pollution is responsible for 2.2 million deaths per year and is among the top
ten risk factors for premature mortality in low and middle income countries' 3. In some
regions, identifying and mitigating sources of high emissions originating in households
will be critical for addressing national burdens of disease #°, improving air quality 6 and
providing near-term mitigation of short-lived climate forcers ’-°. Energy poverty leads
household to choose inefficient fuels or appliances with high emissions, and there is a
growing recognition that energy poverty is part of a vicious cycle that worsens health

and educational disparities®11, Interventions that address sources of household emissions
present an opportunity to increase access to essential energy services and have the potential
to address broader social and economic inequities that influence social determinants of
health1213, Access to adequate and affordable energy services have also been shown to
deliver social benefits that improve the wellbeing of families1?. In resource-limited settings,
women are exposed to higher levels of household air pollution compared to men and
represent a vulnerable subgroup* who would benefit from targeted interventions.

At least 789 million people living largely in resource-limited settings lack access to
electricity 15, while another 1.5 billion lack access to reliable electricity 16. In the absence of
electricity, households may turn to kerosene lamps, candles, and other polluting fuel-based
lighting devices as a stopgap technology for illuminationl”. Most of these households are
likely to concurrently rely on solid fuels for cooking8-19. Kerosene lamps, particularly
open (simple) wick lamps, are potent sources of indoor fine particulate matter (PM5 5)
composed of mostly black carbon (BC) 20-22, Inhaled fossil fuel-derived particles have been
found to have high tissue deposition and penetration into the systemic circulation 2324, and
may be more toxic than particles resulting from biomass burning 1725, This possibility is
supported by a recent randomized control trial of ethanol stoves in pregnant women, where
the intervention reduced diastolic pressure in baseline kerosene but not baseline biomass
stove users 26, The idea that emissions from kerosene are as or more toxic than emissions
from biomass fuel is further supported by observational studies showing strong associations
between household kerosene use and tuberculosis but not household biomass fuel use and

tuberculosis 2728, and between household kerosene use and acute lower respiratory infection
29
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Recent cross-sectional and pre-post studies provide evidence that fuel-based lighting can
contribute meaningfully to exposure and that off-grid solar lighting products available

in local markets are viable replacements that may reduce air pollution exposure. In an
observational study conducted in rural southwest Uganda, participants using open wick
kerosene lamps had 1.91 times higher PM, 5 and 4.7 times higher BC concentrations in
living rooms as compared to participants using solar-based lighting, even after adjusting for
household wealth 19, In a pre-post study among Kenyan households using kerosene as a
primary lighting source, introduction of three portable solar lamps per household displaced
kerosene lamp use by over 90% over a three-month follow-up period and reduced personal
PM, 5 exposure by 50% among women and 73% among teenage pupils, despite continued
use of solid fuels for cooking.

We conducted a randomized controlled trial of indoor solar lighting systems in rural
southwest Uganda in order to examine the longer-term effect of introducing a home solar
lighting system on PM> 5 and BC personal exposure among women living in households
using a mix of lighting solutions, which is common in many rural communities. We
hypothesized that introduction of a home solar lighting system, even before implementing a
cookstove intervention, would lead to displacement of fuel-based lighting sources (such as
kerosene) and reduce personal exposure to PM> 5 and BC.

METHODS
Study design and population

Between 2018 and 2019, we conducted a one-year, randomized, delayed-start controlled
trial of indoor solar lighting systems in Nyakabare Parish, a rural region of southwestern
Uganda (ClinicalTrials.gov Identifier: NCT03351504). Nyakabare Parish is composed of

8 villages with most inhabitants relying on subsistence farming, animal husbandry, and
petty trading for income generation; both food and water insecurity are highly prevalent

in this region3931, A community survey had previously been conducted to enumerate all
households in Nyakabare Parish 32, After community sensitization meetings were held to
disseminate information about the study, a trained fieldworker was paired with a member of
the local village health team to visit homes. Inclusion criterion for this study was women
living in Nyakabare Parish with no prior history of chronic lung disease. Exclusion criterion
was current active tuberculosis in any family member.

Randomization and masking

We recruited a total of 80 women who were based in 8 villages and randomized them in

a 1:1 allocation ratio using a computerized random number generator (see Supplemental
Figure 1 for the CONSORT diagram). Only women were recruited because they often
serve as the primary cooks in the house and the purpose of the trial was to assess the
effect of a lighting-only intervention on a sub-population that was also highly exposed

to household air pollution from other sources, i.e., cooking. To avert chance imbalances
by primary lighting source, we generated separate randomization schedules for subsets

of study participants defined by strata of baseline primary lighting source, namely: fuel-
based (hurricane or open-wick kerosene lamps, candles) vs. clean (national electrical grid,
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battery-powered devices, solar lamp or solar lighting system). Households assigned to the
intervention group received an indoor solar lighting system at the time of randomization

free of charge, while households assigned to the delayed-start control group received an
indoor solar lighting system after one year (i.e., at the end of the study). Primary lighting
source was determined at the time of recruitment using a single-item question, “What is your
primary source of lighting?” We did not exclusively recruit kerosene lamp users, because our
prior observational study® demonstrated significant seasonal variation in primary lighting
source that was dependent on household finances, kerosene costs, and electrical grid failures.
Participants reporting use of solar lighting systems were also included because lamp
stacking is common in this context: most solar systems are too small (have too few light
sources) to meet all lighting needs on an exclusive-use basis or are paid for on a monthly
basis with the company remotely terminating the function of the solar system in the event of
missed payments. Blinding of participants and field staff was not possible due to the nature
of the study intervention.

The study intervention was an indoor solar lighting system purchased from a local vendor
based in Mbarara Town (Allmar Solar Systems) that was composed of a 30 watt-peak (Wp)
solar panel, 18 Amp-hour (Ah) lead acid battery, 5 Amp charge controller, 1-Watt LED
bulbs, switches, wiring for 4 lighting points, and installation services. Participants were
allowed to choose, based on their needs, the location where each of the 4 bulbs were placed.
The solar lighting systems were provided free of charge to study participants and were
procured from a local distributor for the unit market price of Ugandan shillings (UGX)
$559,171 (approximately US dollars (USD) $158). The purchase price of each system
included a two-year service contract where solar systems were repaired within 48 hours

of notification of system failure. At the time of solar installation, and three months after
solar installation, participants were provided with hands-on training and education about
the proper care and use of the solar system. Besides the provision of the solar systems, no
attempts were made to alter participants’ choices of household fuel for lighting or cooking
although during the consent process, participants were informed that fuel-based lighting may
contribute to household air pollution. All intervention solar lighting systems were deployed
between February 7, 2018, and April 2, 2018.

Study procedures

Field visits to participants’ homes were conducted at baseline prior to randomization, and at
three, six, and twelve months after the intervention. During these field visits, surveys were
conducted, lamp usage monitors were installed on the participant’s reported original primary
fuel-based lighting source for a two-week period and living room and personal sampling

for pollution exposure was conducted as described in more detail below. For intervention
participants, the baseline study visit was conducted one week prior to solar lighting system
deployment in order to capture short term changes in kerosene lighting use before and

after the intervention (lamp monitors are placed on kerosene lamps for a two-week period).
\Woltage loggers were used to assess the use of solar lighting sources powered by the solar
lighting system in intervention households.
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A modified version of the World Bank Indoor Air Pollution District Survey Questionnaire

33 was administered to measure variables that may affect indoor pollutant levels, such as
sources of ventilation, stove and kitchen location, primary and secondary lighting sources,
household fuel use, trash-burning, and use of mosquito coils or heating devices (of which the
latter two are extremely rare in our study site).

At each visit, all lighting sources in use by the household were catalogued. To assess

usage of fuel-based lighting sources, a combined light and temperature monitor (HOBO
Pendant Temperature/Light logger UA-002-64, Onset, Cape Cod, MA) was affixed to each
fuel-based lighting source with a logging interval of one minute and deployed for two
weeks. Loggers were placed in a location that did not interfere with the use of the lighting
source (see Supplemental Figure 2). Participants were instructed to continue with their
normal daily activities. At the end of each two-week period, field officers returned to retrieve
the loggers, download the data, and inspect temperature and lighting plots. If the plots
appeared unusual (e.g., no lighting events noted based on changes in temperature or light)
the field officer cross-referenced participant report of lamp use in the previous two-week
period to determine the possibility of monitor malfunction. Lighting events based on this
approach could only be reliably calculated for kerosene-based lamps and were defined as
increases in lighting intensity accompanied by a rise in recorded temperature. This was
determined with an algorithm that uses threshold values for the rate at which the temperature
changes and cross-references the lumen sensor reading in order to infer whether the lamp

is on or off18, allowing for the duration of a lamp lighting event to be calculated. Lighting
events were summed on a per-day basis to obtain the duration of lamp lighting events for
each day.

Monitoring of intervention solar light sources

At the time of installation of the indoor solar system, we incorporated a sensor to track use
of each light bulb (Supplemental Figure 3). These voltage loggers (HOBO 4-Channel Pulse,
Event, State and Run-Time Data Logger UX120-017, Onset, Cape Cod, MA) were powered
by an internal lithium battery and recorded the dates and times when each light bulb was
switched on and off throughout the one-year study period. The hours of lighting use per day
was subsequently calculated. While more than one light bulb could be used at any given
time, the daily duration of lighting use accounted only for whether any light bulb was in use
at that time thus the maximal duration of lighting use was 24 hours per day.

Exposure assessment

Exposure assessment was performed using integrated stationary and personal samplers
deployed for 48-hour periods (Supplemental Figure 4). Samplers were custom built and
consisted of a compact multistage cascade impactor 34 with a 2.5 pm cutpoint. Particles
larger than the cutpoint are collected onto silicone grease as an impaction substrate, allowing
for particles smaller than 2.5 um to be collected onto a pre-weighed 37 mm, 2.0 um

pore size Teflon filter (Pall Life Sciences; Teflo). The sampler was attached to a lithium
battery-powered pump operating at 0.8 liters per minute. Flow was measured by a flowmeter
(Omron, Hoffman Estates, IL), with flow and time of use data recorded onto a HOBO
datalogger (Onset, Cape Cod, MA). Area samplers were positioned 1.2 meters above ground
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level in the living room, which was self-defined by the participant and in all cases was a
location separate from cooking and sleeping areas. Personal samplers were incorporated into
commercially available running vests to allow the participants to comfortably wear the vests
for a long period of time and during periods of heavy manual labor as many participants
were subsistence farmers. Participants were asked to remove vests only when sleeping or
bathing; during these activities participants were instructed to keep the vests within one
meter of their persons. The samplers were positioned on the vest in the breathing zone. All
collected environmental samples were labelled with a unique identifier, and details of sample
collection were recorded onto a standardized field log.

After collection, filters were batched for shipment from Mbarara, Uganda to the Harvard
T.H. Chan School of Public Health in Boston, Massachusetts where they were first
conditioned in a temperature- and humidity-controlled room for 48 hours prior to weighing
on an electronic microbalance (MT-5 Mettler Toledo). Following gravimetric measurement,
Teflon filters from living rooms were analysed for indoor black carbon (BC) concentrations
by measuring filter blackness using a smoke stain reflectometer (model EEL M43D,
Diffusion Systems Ltd., London, United Kingdom). We used the standard black-smoke
index calculations of the absorption coefficients based on reflectance 3°. We assumed a
factor of 1.0 for converting the absorption coefficient to BC mass 36:37, which was then
divided by the sampled air volume to calculate average BC exposure concentration. Field
blanks were used to account for potential bias in filter weight due to sampling methods.

Statistical analysis

This study was powered to detect a 50% reduction in PM, 5 and BC exposure based on data
from our prior observational study of the contribution of fuel-based lighting to household air
pollution exposurel®. The primary analysis used intention to treat principles; all participants
with at least one follow-up measurement of living room and personal PM, 5 and BC levels
after the intervention were included. We fitted population-averaged linear models to the data,
using the method of generalized estimating equations (GEE) to estimate the efficacy of the
intervention on duration of kerosene lamp use, and personal exposure to PM, 5 and BC.
Randomization was stratified by primary lighting source at baseline (fuel-based vs. clean)
and therefore was adjusted for in the regression models. We fitted linear GEE regression
models of the form:

E[YijJ =b( + bjgroupg; + by post; + b3 groupg; * postj + by season; + aTzij

where Yjj is the pollution measure for subject i at time j, groups; is the indicator for

group assignment, post; is an indicator variable for post-(versus pre-) randomization for

a given visit, and zjj is a vector of potential confounders in the event of imbalance in
randomization. There were no group imbalances in randomization so in final models we
only adjusted for baseline primary lighting source (which was included to account for the
stratified randomization design) and season (wet /dry), which is represented by a categorical
variable with 4 levels: Dry season (June — August), Wet Season (March — May), Wet
Season (September — November) and Dry season (December — February). December —
February is taken to be the intercept. The groupsj * postj term is the term of scientific
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interest and represent how post vs pre randomization changes in pollution exposure differ
between intervention and control arms. Creation of summary statistics, figure generation
and statistical analyses were performed in R version 3.6.1. The R package geepack 38 was
used for statistical modeling. Two-sided p-values of <0.05 were considered statistically
significant.

RESULTS

This study included 80 women from distinct households who were randomized ina 1:1
allocation ratio to the intervention vs. control (delayed-start intervention) groups (see
Supplemental Figure 1 for CONSORT diagram). There was only one participant who was
lost to follow-up (a control group participant at six months). There was no evidence of
imbalance on observed covariates (Table 1). The average age was 39.7 years with most
having either no formal education (13.8%) or having only a primary school education
(62.5%). The average self-reported time spent indoors was 16.1 hours per day with 97.5%
reporting that they had primary responsibility for food preparation, spending an average of
4.1 hours per day cooking. All but one participant reported using either firewood (95%)

or charcoal (3.8%) as their main cooking fuel. Participants estimated that they used 4.75
hours of light a day, with 43.8% reporting primary fuel-based lighting (all but two reporting
use of either open wick or hurricane lamps) while the rest reported primary clean lighting
sources (flashlights, solar-based, or electricity from the national grid). Notably, use of
kerosene-based lighting as a secondary lighting source was common, with 52.5% reporting
secondary use of open wick kerosene lamps and 27.5% reporting secondary use of hurricane
kerosene lamps.

Using light and temperature sensors to measure use of kerosene light devices, we found that
the solar lighting intervention led to a complete displacement of kerosene lighting in 92%
(N = 32) of intervention participants that used kerosene at baseline. At baseline, kerosene
lamp usage was 2.22+1.36 hours/day among kerosene users, with a slight trend towards
higher usage in the intervention group (control group 2.09+1.69 hours/day, intervention
group 2.38+0.84 hours/day, p = 0.56). On serial measurement of kerosene-based light usage
(Figure 1), the reduction in average daily kerosene lamp use by an intervention participant
was sustained over the 12-month study period. Average daily lamp usages in the intervention
group are as follows: 0.52+0.70 hours at one week, 0.26:0.67 hours at three months,
0.16+0.50 hours at six months, and 0.06+0.15 hours at 12 months. With baseline daily usage
of kerosene lamps at 2.22 hours in intervention households, the results also indicate that
most reduction in kerosene usage occurred sometime within the first three months following
the solar lighting intervention — and for most households within the first week following

the intervention. Control group kerosene users also had an overall decrease in kerosene
usage, with average daily usages of: 1.73+1.79 hours at three months, 1.77+2.62 hours at
six months, and 1.40+1.59 hours at 12 months. Using a linear GEE regression model, the
intervention decreased kerosene lamp usage by 1.66 hours per day (95% ClI: —2.53 to —0.80,
p = 0.0002). Among all prior kerosene users there was a trend towards decreased kerosene
light usage during the post-intervention period (—0.46 hours/day, 95% CI: — 1.19 to 0.27 to,
p=0.22).

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallach et al.

Page 8

The lamp use data also indicated that the proportion of any kerosene light use in the post-
intervention as compared to the pre-intervention period decreased in both the intervention
and control groups, although the proportion of participants who stopped using kerosene
entirely was greater in the intervention compared to the control groups. The percentage of
intervention participants using any kerosene-based lighting was 68% at baseline, 32% at
one week, 14% at three months, 14% at six months, and 8% at 12 months. In contrast, the
percentage of control participants using any kerosene-based lighting was as follows: 67% at
baseline, 44% at three and six months, and 41% at twelve months.

For intervention participants, the most common locations for light bulb placement were

the living room (36 participants), master bedroom (35 participants), outdoors as a security
light (32 participants), and kitchen (20 participants). Voltage sensors embedded in the
intervention solar lighting system confirmed that uptake of the intervention was high, with
an average daily use of 8.23 £ 5.30 hours per day (out of a maximum possible 24 hours per
day) in the intervention group. During the one year study period, we recorded three instances
in which the study solar panel or the battery required replacement. This was covered by the
existing service warranty.

Personal exposure to PM, 5 and BC throughout the study period is shown in Figure 2.
While there were no significant differences in baseline exposure levels between the control
and intervention groups (Table 1), participants using primarily fuel-based lighting had
significantly higher average personal PM, 5 exposure compared to participants using clean
lighting (97.6 [IQR 54.6, 150.7] vs. 36.9 [IQR 26.6, 66.8] pg/m3, fuel-based vs clean
lighting, p = 0.001) and black carbon (10.9 [IQR 5.2, 21.2] vs. 3.61 [IQR 2.4, 4.9] pg/m?3,
fuel-based vs. clean lighting, p <0.001). Living room levels of PM, 5 and BC were also
significantly higher among participants primarily using fuel-based as opposed to clean
lighting (PM 5 levels 55.5 [IQR 18.5, 75.1] vs. 24.2 [IQR 13.2, 35.2] pg/m3, fuel-based
vs clean lighting, p = 0.009; BC levels 13.32 [IQR 3.0, 23.4] vs 2.9 [IQR 2.1, 3.7] pg/m?,
fuel-based vs. clean lighting, p 0.001).

The effect of the solar intervention on personal air pollution exposure concentrations is
depicted in Table 2. Using a linear GEE regression model, introduction of the solar lighting
system led to a 36.1pg/m3 reduction in personal exposure to PMs 5 (95% Cl: =70.3 to -2.0,
p = 0.038) and a 10.8 ug/m3 reduction in black carbon (95% Cl: —=17.6 to —4.1, p = 0.0017).
These reductions corresponded to an average reduction relative to baseline of 37% for PM; 5
and 91% for BC.

The effect of the solar intervention on personal exposure on PM, 5 and BC was greater
among households using fuel-based lighting (largely kerosene, with two primary fuel-based
lighting participants using candles). Among this user group, exposure concentrations fell by
44.3 ug/m3 (95% Cl: —103.7 to 15.0 to p = 0.144) for PM, 5 and 20.7 pg/m3 (95% CI: —33.2
to —8.3, p = 0.0011) for BC as a result of the intervention. These reductions corresponded

to a 33% and 100% reduction in PM, 5 and BC relative to the intervention group’s baseline,
respectively.
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The effect of the study intervention on living room air pollution levels is depicted in Figure 3
and Table 3. Of note, living room levels of PM5 5 and BC decreased in the post-intervention
period for both the control and intervention groups. PM, 5 decreased by 20.0 ug/m3 (95%
Cl: -34.3t0o -5.8, p = 0.0059) and BC decreased by 3.7 pg/m3 (95% CI: -8.5t0 1.1, p

= 0.13). The study intervention did not lead to additional decreases in living room levels

of PM, 5 and BC in the post-intervention period when comparing the intervention vs. the
control groups and controlling for primary light source and seasonality.

DISCUSSION

In this one-year randomized, delayed-start controlled trial conducted in a rural region

of southwestern Uganda, an indoor solar lighting system intervention had high uptake,
reduced kerosene-based lighting use, and led to reduced personal exposure to BC and
PM, 5 over the one-year study period. Reductions in BC and PM, 5 exposure concentrations
were observed despite continued use of solid fuels for cooking. Participants who reported
at baseline relying primarily on fuel-based lighting experienced greater reductions in air
pollution exposure compared to those who reported it as a supplemental light source.

There was an overall decrease in exposure to PM5 5 and BC in the entire cohort in the
post-intervention compared to the pre-intervention period, likely as a collateral effect of
clinical trial participation (i.e., the consent process educated participants about the potential
adverse health effects of air pollution exposure leading to decreased fuel-based lighting
usage among participants assigned to the control group).

Our results provide further evidence that alternatives to fuel-based lighting may need to

be considered as part of a package of household energy interventions aimed at reducing
exposure and disease burden from household air pollution. Exposure reduction estimates
from this study suggest that fuel-based lighting sources accounted for approximately one
third of the daily PM> 5 exposure burden among the average participant, and three quarters
of their BC exposure. Results from a published before-after pilot study of solar lamps
conducted in rural Kenya suggest the contribution to PM, 5 could be much greater for
household members that do not perform cooking tasks!®. To date, interventions aimed

at mitigating exposure to indoor air pollution occurring in households have focused
predominantly on strategies to alter cooking practices, with far less focus on potential
exposures from other household energy sources. Scalable cooking solutions that are effective
at delivering meaningful and sustained reductions to exposure have proven elusive in many
settings, particularly among the most disadvantaged and remote “last mile” communities.
Reasons for program ineffectiveness vary but include low adoption and use of the
intervention stoves, low displacement of incumbent polluting devices, and unreliability

of intervention stoves (largely improved biomass stoves) to reduce emissions to a level
thought to be effective for health improvements in the field setting 3940, Modern cooking
solutions such as liquid petroleum gas (LPG) stoves and electric appliances show promise
for achieving greater exposure reductions*142 compared with improved biomass stoves,
but scaling these solutions beyond trial settings will present new challenges; notably those
related to reliability of fuel supplies and issues around affordability 43-46. While home
solar lighting systems require an upfront investment for households, on a per-lumen basis
solar lighting is less costly than fuel-based lighting as fuel-based lighting burns efficiently,

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallach et al.

Page 10

allowing customers to eventually recoup their investment in a solar home system. In a
separate publication from this trial, we have estimated that based on participant self-reported
household lighting costs, assuming participants paid the up-front costs of the solar system
used in this study, households converting from kerosene to solar lighting would recoup
their investment after 2.76 years13. A study performed in Uganda for a more expensive
home solar system than the one used in our study estimated a break-even point after

3.14 years*’ as well as additional benefits such as near-complete elimination of fires and
burns attributed to fuel-based lighting. Other studies have corroborated that the potential
benefits of a transition to solar lighting extend well beyond reductions in pollution exposure
to include savings on household expenditures, increase in income generating activities,
gender empowerment, social inclusion, and improved education due to more time spent

on homework12.13, The benefits of kerosene lighting displacement observed in this study,
combined with high adoption rates and widescale availability of solar lighting devices

in resource-limited settings, suggest that coupling thermal (stove-related) and illumination
services within household energy programs may be complementary.

To our knowledge, this is the first randomized controlled trial to evaluate the effect of

an indoor solar lighting system on personal exposure to household air pollution. We have
previously shown in an observational study at this study site that primary lighting source
was associated with higher living room levels of PM, 5 and BC 19, While we did not
observe an impact on living room levels of PM, 5 and BC, this may be attributed to the
decrease in living room PM, 5 and BC in the post-intervention period compared to the
pre-intervention period for both control and intervention group participants, as well as
changes in where participant spent their time as the intervention lighting system provided
four lighting points. In addition, results from a pre-post comparison of personal PM; g
exposure after introduction of pico-solar lamps in peri-urban Kenya showed both high
uptake of the solar lamps as well as average reductions in excess of 50% to personal

PM, 5 exposure among exclusive kerosene lamp users over a short three-month follow-up
period 18, The trial findings presented here extend our prior findings, using a randomized
controlled design, to confirm that fuel-based lighting contributes to household air pollution
exposure, and showing for the first time that a sustained decrease in personal BC and PM> 5
exposure can be achieved, even without changes to cooking practices. Our result suggests,
however, that the exposure benefits resulting from solar lighting technology are largely
isolated to families primarily reliant on fuel-based lighting: kerosene light sources, and to a
lesser extent, candles. In areas where use of fuel-based lighting is prevalent, clean lighting
solutions may be an important and necessary component of the intervention strategies to
reduce exposure to household air pollution.

Our study provides further confirmation that solar lighting technology is a viable and well
received alternative to fuel-based lighting in resource-limited settings. In our trial, 36.8% of
control participants primarily using kerosene-based lighting at study enrollment stopped
using kerosene by the twelve-month follow-up period. In exit interviews with control
participants, they cited greater awareness of air pollution as a reason for transitioning away
from kerosene-base lighting. While this transition away from fuel-based lighting in all study
participants reduced the calculated effect size of the study intervention on pollution exposure
for intervention compared to control group participants in our study, it also suggests that
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the barriers to adoption of cleaner lighting technology are low relative to cooking and other
household energy measures. Moreover, it may suggest that this transition can occur quickly
and perhaps accelerated through focused policies and measures that lower economic barriers
to accessing solar lighting solutions.

It is not surprising that the intervention led to greater reductions in exposure to BC as
compared to PMs 5. Emissions from kerosene are composed predominantly of BC, making
it unigue among other common particulate sources found in homes2L. Similarly, it is not
surprising that the reductions in personal exposure concentrations were greater than area
monitoring of the living room. The dim light produced by kerosene lamps necessitates
participants to sit in close proximity the light source where pollutant concentrations are
higher20, increasing the pollutant intake fraction and leading lighting sources to account for
a larger fraction of total exposure than might be assumed from source emission rates alone.
This near-field exposure effect, combined with the ability for lamps to be moved to different
rooms of the house where environmental monitors may not be present, likely led to personal
exposure monitoring being a far more accurate assessment of exposure in the context of the
solar intervention. While the effect of the solar lighting intervention on pollutant exposure
was largely driven by primary fuel-based light users, secondary use of fuel-based lighting
sources was widely prevalent even among those who had access to the electrical grid or
solar lighting due to frequent grid outages, insufficient lighting points from clean lighting
sources, or due to payment interruptions leading to service termination of pay-as-you-go
solar lighting devices.

Our study has several strengths. Our study population is representative of the broader rural
population in Uganda where 70% of participants use kerosene lamps for light and where
90.2% of participants either cook outdoors or have a separate dedicated kitchen*849, Group
assignment was balanced across age and socioeconomic status, and all but two participants
served as the primary cook in their household. We were able to objectively measure
kerosene-based lighting usage and uptake of the intervention solar lighting system using
sensors rather than relying on self-report; these novel approaches to monitoring lighting use
may be helpful for other investigators performing household lighting studies. Finally, we
measured device usage and personal exposure to PM, 5 and BC longitudinally over the one
year study period in order to assess sustained impact.

Interpretation of our findings nonetheless should be considered in light of several
limitations. First, a non-trivial proportion of control group participants abandoned fuel-based
lighting after trial enrollment. This would lead to an underestimate of the effect of the
intervention on air pollution exposure and indoor air quality. Second, several intervention
participants who relied on kerosene-based lighting at baseline continued to have infrequent
use of kerosene-based lighting at 12 month follow-up. On exit interviews, some participants
noted the need for a mobile source of lighting. For example, one participant owned a shop

a short distance from her house and so continued to use her kerosene lamp at night in her
shop while it was in operation. This suggests that, in some cases, the addition of a portable
solar lamp in conjunction with an indoor solar lighting system may be more efficacious in
displacing all fuel-based lighting. Third, this was a trial designed as a “proof of concept”
study to determine the uptake of a solar lighting intervention and to identify the effect
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size on personal pollution exposure independent of cooking interventions. A larger sample
size, and inclusion criterion restricted to participants primarily using fuel-based lighting,
would have provided better precision of the effect estimate for clean lighting solutions
targeted to fuel-based lighting users and allowed for exploration of outcomes that require
longer-term follow-up, such as health outcomes. Fourth, the generalizability of our findings
may be context-dependent as kerosene lamp use may be less prevalent in other geographic
locations, as would other factors such as presence, location, and proximity of other sources
of household air pollution such as cooking to indoor locations where participants spend the
majority of their time. Finally, the primary unit of measure for this study was women who
in most instances were the primary cooks for their families. As a result, exposure benefits
measured here are not necessarily indicative of all household members, and in particular
would underestimate the magnitude of reduction in those that do not regularly contribute to
cooking duties. As with polluting cooking fuels, the burden of exposure likely varies along
gender lines and roles within the household!4. Results from a previous study in Kenya!®,
for example, showed that the relative reduction in PM, 5 exposure following introduction
of portable solar lamps among teenagers was 1.5 times greater than the primary cook on
average.

In conclusion, we found that a clean lighting intervention was highly effective in displacing
fuel-based lighting, had high uptake, and led to significant reductions in personal exposure
to BC and a trend towards reduction in PM, 5. Longitudinal measurements conducted over
a 12-month period show that benefits are sustained. The effect of solar lighting on reducing
in personal exposure was observed despite an overall decrease in exposure among controls,
likely resulting from the control group’s own displacement of fuel-based lighting. Our study
provides further confirmation that when present, fuel-based lighting can be an important
contributor to household air pollution exposure that may need to be addressed alongside
efforts to mitigate high emissions from cooking and other stove-related (thermal) service
needs. As such, future strategies aimed at addressing household air pollution exposure
should consider complementary service bundles, such as clean lighting in addition to clean
cooking, as part of the intervention package. While studies have suggested that kerosene-
based emissions are more toxic than biomass-fuel based emissions 25-28, the health effects
of clean lighting interventions are unknown and should be assessed in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

PSL conceptualized, designed, and secured funding for the study. JV and JGA designed environmental monitoring
devices. PSL, EN, DM, and MT collected the data. EW, NL, and PSL analyzed and interpreted the data. EW, NL,
and PSL wrote the original draft of the manuscript, and all authors contributed to writing, review and editing. All
authors approve of the final manuscript.

We wish to acknowledge the contribution of Douglas Mwesigwa, Joseph Mugerwa, Catherine Nakasita, Hellen

Nahabwe, and John Bosco Tumuhimbise for their assistance with recruitment of study participants and with
coordinating and performing fieldwork and study visits.

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallach et al.

Fu

Page 13

nding: Funding was provided by National Institutes of Health grants K23 ES023700 (PSL) and RO1MH113494

(ACT), Harvard School of Public Health National Institute of Environmental Health Sciences and Center for
Environmental Health (P30ES000002) Pilot Project Grant (PSL), American Thoracic Society Unrestricted Grant
(PSL), the Massachusetts General Hospital Department of Medicine Transformative Scholars Award (PSL), and

Fri

ends of a Healthy Uganda (ACT).

REFERENCES

1.

10.

11.

12.

13.

Smith KR, Bruce N, Balakrishnan K, et al. Millions dead: how do we know and what does it mean?
Methods used in the comparative risk assessment of household air pollution. Annu Rev Public
Health. 2014;35:185-206. [PubMed: 24641558]

. Gordon SB, Bruce NG, Grigg J, et al. Respiratory risks from household air pollution in low

and middle income countries. The Lancet Respiratory medicine. 2014;2(10):823-860. [PubMed:
25193349]

. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries and

territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 2019. Lancet.
2020;396(10258):1223-1249. [PubMed: 33069327]

. India State-Level Disease Burden Initiative Air Pollution C. The impact of air pollution on deaths,

disease burden, and life expectancy across the states of India: the Global Burden of Disease Study
2017. Lancet Planet Health. 2019;3(1):e26—e39. [PubMed: 30528905]

. Conibear L, Butt E, Knote C, et al. A complete transition to clean household energy can save

one—quarter of the healthy life lost to particulate matter pollution exposure in India. Environmental
Research Letters. 2020;15(094096).

. Chowdhury S, Dey S, Guttikunda S, Pillarisetti A, Smith KR, Di Girolamo L. Indian annual

ambient air quality standard is achievable by completely mitigating emissions from household
sources. Proceedings of the National Academy of Sciences of the United States of America.
2019;116(22):10711-10716. [PubMed: 30988190]

. Shindell D, Kuylenstierna JC, Vignati E, et al. Simultaneously mitigating near-term climate change

and improving human health and food security. Science. 2012;335(6065):183-189. [PubMed:
22246768]

. Klimont Z, Kupiainen K, Heyes C, et al. Global anthropogenic emissions of particulate matter

including black carbon Atmos Chem Phys. 2017;17(14):8681-8723.

. Bond TC, Streets DG, Yarber KF, Nelson SM, Jung-Hun Woo JH, Klimont Z. A technology-based

global inventory of black and organic carbon emissions from combustion. Journal of Giophysical
Research Atmospheres. 2004;109(14):1-43.
Banerjee R, Mishra V, Maruta AA. Energy poverty, health and education outcomes: Evidence from
the developing world. Energy Economics. 2021;101:105447.
Sule IK, Yusuf AM, Salihu M-K. Impact of Energy Poverty on Education Inequality and Infant
Mortality in Some Selected African Countries. Energy Nexus. 2021;In Press.
Lemaire X Solar home systems and solar lanterns in rural areas of the Global South: What impact?
WIRESs Energy Environ. 2018;7:e301.
Sundararajan R, D’Couto H, Mugerwa J, et al. Use, cost-effectiveness, and end user perspectives of
a home solar lighting intervention in rural Uganda: a mixed methods, randomized controlled trial.
Environmental Research Letters. 2021;Accepted Dec 1, 2021.

14. Okello G, Devereux G, Semple S. Women and girls in resource poor countries experience much

greater exposure to household air pollutants than men: Results from Uganda and Ethiopia. Environ
Int. 2018;119:429-437. [PubMed: 30029097]

15. IEA, IRENA, UNSD, World Bank, WHO. Tracking SDG 7: The Energy Progress Report (2020).

Washington DC.: World Bank. License: Creative Commons Attribution—NonCommercial 3.0
IGO (CC BY-NC 3.0 1G0).2020.

16. Lam N, Wallach E, Hsu C-W, et al. The Dirty Footprint of the Broken Grid: The Impact of

Fossil Fuel Backup Generators in Developing Countries. Washington, DC: International Finance
Corporation; September 2019 20109.

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallach et al.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 14

Lam NL, Smith KR, Gauthier A, Bates MN. Kerosene: a review of household uses and
their hazards in low- and middle-income countries. J Toxicol Environ Health B Crit Rev.
2012;15(6):396-432. [PubMed: 22934567]

Lam NL, Muhwezi G, Isabirye F, et al. Exposure reductions associated with introduction of solar
lamps to kerosene lamp-using households in Busia County, Kenya. Indoor Air. 2018;28(2):218—
227. [PubMed: 29028275]

Muyanja D, Allen JG, Vallarino J, et al. Kerosene lighting contributes to household air pollution in
rural Uganda. Indoor Air. 2017;27(5):1022-1029. [PubMed: 28267233]

Apple J, Vicente R, Yarberry A, et al. Characterization of particulate matter size distributions and
indoor concentrations from kerosene and diesel lamps. Indoor Air. 2010;20(5):399-411. [PubMed:
20636337]

Lam NL, Chen Y, Weyant C, et al. Household light makes global heat: high black carbon emissions
from kerosene wick lamps. Environ Sci Technol. 2012;46(24):13531-13538. [PubMed: 23163320]

Schare S, Smith K. Particulate emission rates of simple kerosene lamps. Energy Sustain Dev.
1995;2:32-35.

Grigg J Where Do Inhaled Fossil-fuel Derived Particles Go To? Am J Respir Crit Care Med. 2017.

Saenen ND, Bove H, Steuwe C, et al. Children’s Urinary Environmental Carbon Load: A Novel
Marker Reflecting Residential Ambient Air Pollution Exposure? Am J Respir Crit Care Med.
2017.

Thurston GD, Burnett RT, Turner MC, et al. Ischemic Heart Disease Mortality and Long-Term
Exposure to Source-Related Components of U.S. Fine Particle Air Pollution. Environ Health
Perspect. 2016;124(6):785-794. [PubMed: 26629599]

Alexander D, Northcross A, Wilson N, et al. Randomized Controlled Ethanol Cookstove
Intervention and Blood Pressure in Pregnant Nigerian Women. Am J Respir Crit Care Med.
2017;195(12):1629-1639. [PubMed: 28081369]

ElIf JL, Kinikar A, Khadse S, et al. The association of household fine particulate matter

and kerosene with tuberculosis in women and children in Pune, India. Occup Environ Med.
2019;76(1):40-47. [PubMed: 30194271]

Pokhrel AK, Bates MN, Verma SC, Joshi HS, Sreeramareddy CT, Smith KR. Tuberculosis
and indoor biomass and kerosene use in Nepal: a case-control study. Environ Health Perspect.
2010;118(4):558-564. [PubMed: 20368124]

Bates MN, Chandyo RK, Valentiner-Branth P, et al. Acute lower respiratory infection in childhood
and household fuel use in Bhaktapur, Nepal. Environ Health Perspect. 2013;121(5):637-642.
[PubMed: 23512278]

Mushavi RC, Burns BFO, Kakuhikire B, et al. . “When you have no water, it means you have

no peace”: A mixed-methods, whole-population study of water insecurity and depression in rural
Uganda. Soc Sci Med. 2020;245:112561.

Tsai AC, Bangsberg DR, Frongillo EA, et al. Food insecurity, depression and the modifying
role of social support among people living with HIV/AIDS in rural Uganda. Soc Sci Med.
2012;74(12):2012-2019. [PubMed: 22513248]

Takada S, Nyakato V, Nishi A, et al. The social network context of HIV stigma: Population-
based, sociocentric network study in rural Uganda. Soc Sci Med. 2019;233:229-236. [PubMed:
31229909]

Dasgupta S, Wheeler D, Hug M, Khaliqguzzaman M. Improving indoor air quality for poor
families: a controlled experiment in Bangladesh. Indoor Air. 2009;19(1):22-32. [PubMed:
19191925]

Lee Demokritou, Koutrakis. Development and evaluation of personal respirable particulate sampler
(PRPS). Atmospheric environment 2006;40(2):212-224.

International Organization for Standardization (ISO). ISO: ISO 9835, Ambient air - Determination
of a black smoke index. In. Geneval993.

Kinney PL, Aggarwal M, Northridge ME, Janssen NA, Shepard P. Airborne concentrations

of PM(2.5) and diesel exhaust particles on Harlem sidewalks: a community-based pilot study.
Environ Health Perspect. 2000;108(3):213-218. [PubMed: 10706526]

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wallach et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 15

Janssen N, van Vliet P, Aarts F, Harssema H, Brunekree B. Assessment of exposure to traffic
related air pollution of children attending schools near motorways. Atmospheric Environment.
2001;35(22):3875-3884.

Hgjsgaard S, Halekoh U, J Y. The R Package geepack for Generalized Estimating Equations.
Journal of Statistical Software. 2006;15(2):1-11.

Smith KR, McCracken JP, Weber MW, et al. . Effect of reduction in household air pollution

on childhood pneumonia in Guatemala (RESPIRE): a randomised controlled trial. Lancet.
2011;378(9804):1717-1726. [PubMed: 22078686]

Mortimer K, Ndamala CB, Naunje AW, et al. . A cleaner burning biomass-fuelled cookstove
intervention to prevent pneumonia in children under 5 years old in rural Malawi (the Cooking

and Pneumonia Study): a cluster randomised controlled trial. Lancet. 2017;389(10065):167-175.
[PubMed: 27939058]

Clasen T, Checkley W, Peel JL, et al. Design and Rationale of the HAPIN Study: A Multicountry
Randomized Controlled Trial to Assess the Effect of Liquefied Petroleum Gas Stove and
Continuous Fuel Distribution. Environ Health Perspect. 2020;128(4):47008. [PubMed: 32347766]
Checkley W, Williams KN, Kephart JL, et al. Effects of a Cleaner Energy Intervention on
Cardiopulmonary Outcomes in Peru: A Randomized Controlled Trial. Am J Respir Crit Care
Med. 2020.

Cundale K, Thomas R, Malava JK, Havens D, Mortimer K, Conteh L. A health intervention or a
kitchen appliance? Household costs and benefits of a cleaner burning biomass-fuelled cookstove in
Malawi. Soc Sci Med. 2017;183:1-10. [PubMed: 28441633]

Rehfuess EA, Puzzolo E, Stanistreet D, Pope D, Bruce NG. Enablers and barriers to large-

scale uptake of improved solid fuel stoves: a systematic review. Environ Health Perspect.
2014;122(2):120-130. [PubMed: 24300100]

Hanna R, Duflo E, Greenstone M. Up in Smoke: The Influence of Household Behavior on the
Long-Run Impact of Improved Cooking Stoves. American Economic Journal: Economic Policy.
2016;8(1):80-114.

Mobarak AM, Dwivedi P, Bailis R, Hildemann L, Miller G. Low demand for nontraditional
cookstove technologies. Proceedings of the National Academy of Sciences of the United States of
America. 2012;109(27):10815-10820. [PubMed: 22689941]

Chen AZ, Fischer J, Fraker A, Shah NB, Shirrell S, Stein D. Welfare impacts of an entry-level solar
home system in Uganda. Journal of Development Effectiveness. 2017;9(2):277-294.

Uganda Bureau of Statistics (UBOS), ICF. 2016 Uganda Demographic and Health Survey Key
Findings. Kampala, Uganda and Rockville, Maryland: UBOS and ICF;2017.

Uganda Bureau of Statistics (UBOS). The National Population and Housing Census 2014 — Main
Report, Kampala, Uganda. Kampala, Uganda: Uganda Bureau of Statistics (UBOS);2016.

Indoor Air. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wallach et al.

. In geographic areas where fuel-based lighting is common, clean lighting
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PRACTICAL IMPLICATIONS
. Use of fuel-based lighting is widespread and contributes to household air
pollution in many resource-limited settings
. Solar home systems for lighting leads to sustained displacement of kerosene
lamps
. Even without a clean cooking intervention, introduction of solar lighting leads

to a significant reduction in personal exposure to fine particulate matter and
black carbon in women who rely on biomass fuels for cooking

interventions should be bundled with other household clean energy initiatives
to achieve indoor air quality goals
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FIGURE 1:

Kerosene lamp use among control and intervention households across study phases.

Boxplots indicate estimated hours of kerosene lamp use per day measured using light and
temperature sensors
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FIGURE 2:

Personal exposure concentrations of PM2.5 (panel A) and black carbon (panel B) across
study phases among control and intervention households
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Living room concentrations of PM2.5 (panelA) and blackcarbon (panelB) acrossstudyphases

among control and intervention households
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Table 1.

Baseline characteristics of study participants. Note only women were recruited for this trial.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Control Intervention p-value
n 40 40
Age (mean (SD)) 38.06 (7.38) 41.30 (9.45) 0.091
Education (%) 0.754
None 4(10.0) 7(17.5)
P1-P2 12 (30.0) 10 (25.0)
P3-P6 15 (37.5) 13 (32.5)
P7 9 (22.5) 10 (25.0)
Marital status (%) 0.602
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) 1
Owns a radio (%) 31(77.5) 31 (77.5) 1
Owns a motorcycle (%) 6 (15.0) 4 (10.0) 0.735
Owns a car (%) 0(0.0) 1(2.5) 1
Wealth quintile (mean (SD)) 2.90 (1.24) 3.08 (1.46) 0.562
Hours spent indoors daily (mean (SD)) 15.81 (3.56) 16.43 (2.11) 0.352
Self-reported hours of light use daily (mean (SD)) 4.35(2.81) 5.15 (3.36) 0.251
Primary lighting source (%) 0.995
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) 0.709
Kerosene (open wick) lamp 23(57.5) 19 (47.5) 0.502
Kerosene (hurricane) lamp 13 (32.5) 9 (22.5) 0.453
Flashlight 1(2.5) 2(5.0) 1
Solar panel powered bulbs 14 (35.0) 15 (37.5) 1
Electrical bulbs (national grid) 5 (12.5) 4 (10.0) 1
Primary cook in house (%) 40 (100.0) 38 (95.0) 0.474
Hours spent cooking daily (mean (SD)) 3.98 (1.49) 4.18 (1.65) 0.565
Cooking fuel type (%) 0.5
Charcoal 1(2.5) 2(5.0)
Firewood 39 (97.5) 37 (92.5)
LPG/Natural gas 0 (0.0) 1(2.5)
Trash burning (%) 9(22.5) 8(20.0) 1
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Control Intervention p-value

Baseline air pollution measurements
PM, 5 (living room), ug/m3
PM, 5 (personal), pg/m3
Black carbon (living room), pg/m?3

Black carbon (personal), ug/m3

32.93[17.92,55.48]  25.12[13.87,60.72]  0.714
56.20 [37.22, 87.65]  70.39 [28.86,131.47]  0.555
3.10[2.11, 5.38] 3.73[2.49, 13.32] 0.360
448257, 8.68] 4.98[3.16, 14.94] 0.158
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Table 2.

Effect of solar lighting intervention on personal exposure concentrations to fine particulate matter (PM> 5) and

black carbon (BC). Estimates based on an intention to treat analysis using generalized estimating equations to
determine the independent effect of the intervention on personal air pollution exposure.

Outcome Subgroup Participants (N) | Estimate (ug/m3) | 95% confidence interval | p-value
PM, 5 (Personal) | All 80 -36.1 [-70.3, -2.0] 0.04
Clean lighting 45 -16.5 [-45.1, 12.0] 0.26
Fuel-based lighting 35 -44.3 [-103.7, 15.0] 0.14
BC (Personal) All 80 -10.8 [-17.6, -4.1] <0.01
Clean lighting 45 -1.57 [-4.3,1.2] 0.26
Fuel-based lighting 35 -20.7 [-32.2,-8.3] <0.01
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Table 3.

Effect of solar lighting intervention on living room concentrations of fine particulate matter (PM> 5) and

black carbon (BC). Estimates based on an intention to treat analysis using generalized estimating equations to
determine the independent effect of the intervention on personal air pollution exposure. Note that living room
levels of PM, 5 and BC decreased in the post-intervention period for both the intervention and control groups.

Outcome Subgroup Participants (N) | Estimate (ug/m3) | 95% confidence interval | p-value
PM, 5 (Living Room) | All 80 1.2 [-16.5,18.9] 0.89
Clean lighting 45 8.0 [-7.4,23.4] 0.31
Fuel-based lighting 35 1.2 [-33.4, 35.8] 0.95
BC (Living Room) All 80 -1.8 [-8.4,4.8] 0.60
Clean lighting 45 1.6 [-3.0, 6.2] 0.49
Fuel-based lighting 35 -4.4 [-17.2, 8.4] 0.50
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