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Executive Summary

Introduction

This is the report of a small study, carried out in Busia County, Kenya, and intended primarily to quantify
changes in exposure to particulate matter (PM) and carbon monoxide (Cagjaded with introducing

solar lamps into household using kerosene lamps as their primary lighting source. Popularity and sales
of solar lighting have been increasingly rapidly in developing countries, particularly-8abalban Africa

and South Asia. Weéther there are health benefits to families using solar lamps rather than kerosene
lamps has not been scientifically investigated. Evidence has been increasing, however, that uses of
kerosene lighting and cooking devices in households are associatedenits health effects,

particularly involving the lungs, but possibly also the eyes and to unborn babies. Evidence also suggests
that these effects are caused by exposure to the pollutants emitted by these devices when they are
operated.

The level of plution to which an individual is exposed is often used as an indicator of health risk. Thus,
any reduction in exposure resulting from the removal of kerosene sources would provide a first
approximation of potential health benefits. The size of exposhinges is also a critical input in the
design of any health study intended to directly measure health impacts. Such-fealted studies
typically require large sample sizes. This input on exposure changes was what the present study was
intended to oliain as well as to confirm the acceptability of the solar lamps as kerosene lamp
replacements and to test some questions in a questionnaire and a few other procedures that might be
used in such a larger study.

This research was commissioned by the Lorbased internationahon-government organization
(NGQ SolarAid and funded by Google Irelardmited

Methods

¢KS aidzReé KI Rantl LTit SN RRIDSFY NBY ogKAOK RIFOGF gSNB O
enrolled participants before and afterthe M2 RdzOG A2y 2F a2f I NJ f-dzM4eFB o0aol a$s
respectively). Households were provided3 6 SS{1a 2F ol R2LIGA2YEé GAYS GA0K
follow-up exposure measurements.

As we were particularly interested in the impact for school pupilagibomework in the evening, the

basis for selection of participating households was a single secondary school, located a few miles from
the city of Busia. With the eoperation of the school, 20 pupi{and their householdsyere selected

from among thesenior students in the school (Forms 3 and 4) on the basis of several selection criteria.
These included requirements that:

1. The household was not connected to the electric grid and was currently using kerosene
lamps as its main source of lighting.

2. There was at least one nesmoking person, in addition to the selected pupil, who used
a kerosene lamp for specific purposes (e.g., reading, studying or working).
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3. Cooking was not conducted in the main house. This was to reduce the possibility that
emissions from stoves would interfere with interpretation of the lamp emissions data.

After each head of household gave permission, we selected two lamp users for direct participation: the
school pupil doing nightly homework and an adult kerosene lamp udeusehold participation

involved several activities that happened both at baseline, while they were still using kerosene lamps,
and at followup, when they had had the solar lamps for a few weeks;

Questionnaires were administered separately to the heabafsehold, the school pupil lamp user and

the adult lamp user (in almost all cases a female household member involved in the cooking, often the
LJdzLJA £ Qa4 Y2 3G KSNDL & ¢tKSaS jdSaGA2yylANBa 200FAYSR A
means of cooikg and lighting. They also inquired about symptoms experienced by the lamp users.

To measure household concentrations of bothRparticulate matter with an aerodynamic diameter

less than 2.5 microns) and CO (carbon monoxide), instruments were dfiixédiays in 3 rooms (main
fAPAY3I NR2YI &a0K22f LlzLIAf Qad NR2Y | YsBndCQ,OKSYy 0 ® ¢
users wore for 48 hours a vest containing liglgight, unobtrusive PMsand CO monitors. Personal

monitoring provides a bettemeasure of true exposure than the room concentrations because the

monitoring devices move with the wearer and are thus affected by any pollutant source encountered.

Devices were fitted to all the kerosene lamps and the solar lamps to monitor their uSagekerosene
lamp monitors recorded temperature and the solar lamp monitors logged times the lamps were
switched on or off. Kerosene lamp monitors were left in place for the duration of the study after first
interaction with the participating famity up to 2 months. Solar lamps were monitored from the first
day of deployment to the last day of the stugpetween 3 and 5 weeks.

Once baseline procedures hbden completedn a household, it was provided at no charge with 3 Sun
King Eco solar lamps anden instruction in their proper use.

Households participated in study procedures at the rate of 5 per week. Once baseline procedures had
been completed in 20 households (4 weeks), the team returned for fallpywrocedures, with

households participatingnithe same order as for baseline procedures. Folligwrocedures were

similar to the baseline proceduregjuestionnaires to the lamp users, room monitoring of Rlind CO

for 4 days and personal monitoring of lamp users for 48 hours.

At conclusion of fébw-up procedures across all participating households, lamp use monitors were
removed, but households were permitted to keep their solar lamps.

Data analysis focused on determining differenibesveen baseline and followp for symptoms
experienced, usagef lighting devices, and room concentrationfs and personal exposurex lamp
usersto, PMxsand CO

Results
All 20 households fully participated in the study with the exception that a solar lamp used by a pupil was
misplaced, so that only 19 schoolpls participated in the followp.

The mediarhousehold size was 6 peoplacluding Skerosene lamp users. All 20 households used
cooking fires with biomass (19) or charcoal (1) as their primary cooking fuel. Of the 20 homes, 12
exclusively used kerose for lighting; the other 8 reported usssoof the light of the wood fire, cell



phone lights or rechargeable battery lights. Lamps were used for reading, studying, cooking and other
work.

At baseline, high symptom prevalences were reported for respiyaéind eye irritation symptoms.
However, at followup, when inquiring about the same symptoms, all participants reported that they no
longer experienced any of these symptoms.

Usage data showed that solar lamps almost compldimigre than 906in terms d the hours of usage
replaced kerosene lamp use at follayp, for a dailyaverageat follow-up of about 5 hours per solar
lamp (15 hours per household for the 3 lamps provideglar lamp monitoring data showed peak
usage in the evening (maximal at amali7:00 pm) and a smaller peak in the morning (maximal at
around 6:00 am)similar to what was observed with the kerosene lamps

Comparing baseline and follewp PM s concentrations in the three household rooms showed little

change in the kitchens, sintlee concentrations there were dominated by cooking smoke, but there was

I YSFY NBRdAzZOGAZ2Y 2F Ttd» Ay GKS LlzLIAf&aQ NR2Ya | yR
these reductions were highly statistically significant (p < 0.00Bg average ftdw-up indoor PMs

f S@Sta Ay GKS YIFAY fAGAYy3a NR2Ya I yR LlzLlvhiahQ 0 SRNZEP
would be expected in the absence of indoor sources of smoke.

Both baseline and followp CO concentrations were low in terms of reciagad health standards, and
were unlikely to have been greatly influenced by the change to using solar lamps, as kerosene lamps
have been shown to produce relatively little CO. Monitoring of CO was not carried out in the kitchens.

Personal monitoring of PM showed an average reduction in exposure of 73% between baseline and
follow-up for school pupils (p = 0.003) and 50% reduction for adult lamp users (p = 0.002). Personal CO
monitoring showed average reductions of 16% and 33% for school pupils and, adsftectively. P

values for both were > 0.1 and, again, both baseline and falipwoncentrations were below

recommended health standards.

Discussion

As far as we are aware, this is the first fiblsed assessment of personal exposures to #Mm

kerosene lamps, and the first to estimate the extent to which such exposures can be reduced by
transitioning to solar lamps. Research into kerosene combustion exposures and their possible health
impacts has been greatly overshadowed by research into expssnd health effects associated with
cooking with solid fueis biomass and coal probablyin part because of the clouds of visible smoke that
solid fuels produce when burned in an indoor stove withiogproved combustion and/oa chimney.
However, epidentlogical evidence has been increasing thatPpoduced by kerosene may be more
toxic than the equivalent mass of B¥produced by solid fuel combustion. The reason for that is
presently unknown, but may be related to factors associated with the sizeraposition of the

particles.

The longeiterm objective of this study is to research the question of whether or not replacing kerosene
lamps with solar lamps will bring health benefits to the lamp users. To do that it will be necessary to
carry out a radomized trial, comparing health experience associated with kerosene lamp use with
health experience associated with solar lamp use. To design such a study, particularly to decide on the
appropriate ample sizeinformation on the extent to which providgsolar lamps would reduce

exposure to PMsis needed Thisstudy has provided that information.



Another important objective of this stueyo prove the acceptability of the solar lamps to famiiaas

also been achieved, as is demonstrated by thegag#ata, showing an average of 5 hours per lamp per

day, or 15 solar lamp hours per day per household (for the 3 lamps provided each household). Provision
of 3 lamps ensured a high level of kerosene lamp displacement, although perhaps not 100% in all
houssholds, and ensured that the school pupils would have a solar lamp when doing their homework in
the evenings.

A third study objective of this study was to test the usefulness of some basic symptom questions. We
did not expect to be able to detect with sistical confidence any changes in health status associated
with the change from kerosene to solar lamps. However, we found a complete remission of symptoms
reported at baseline.

This reduction in ocular and respiratory symptoms is difficult to interpually symptoms of the type

we inquired about have multiple causes and we would not expect replacement of the kerosene lamps by

solar lamps to completely eliminate all such symptoms. Therefore, it is possible that the reported

symptom reduction was, deast in part, a manifestation ofthe ol f t SR a1l I i K2NYyS STFS
knowledge of the investigation and assumptions about what the investigators hoped to see influenced
symptom reporting. In any case, there is no obvious way to distinguishassihlity from a real

reduction in symptom etiology. Despite this uncertainty, we believe that the questions were properly
understood and, with some modificationspuld be useful in a fither study. Such a study would likely

include more objective meases of health status, less susceptible to a Hawthorne effect.

We believe that this study has been successful in almost all of the ways that we had hoped. Most
importantly, this study has shown (i) that kerosene lamp use in Busia county, Kenya, isedsuitia
substantial measureable exposure to Pvboth in adult and school pupil lamp users, (ii) these

exposures are of such a magnitude that they have high potential to cause adverse health effects, and (iii)
provision of at least 3 solar lamps per lsehold provides a potentially very successful means of

reducing these exposures and likely mitigating health impacts of household air pollution.

In conclusion, we believe that thresults of this studyrovide prima facieevidence of likely health harm
from kerosene lamp use and benefits of providing solar lamps to displace kerosene lamp use.

Demonstrating such health improvements and the sustainability of any such solar lamp intervention
would require a much larger and more sustained study, for whiclpteeent study provides a basis for
design and sample size calculation.



Introduction and Background

We report the resultsof a small study, carried out in Kenya, which sought to quamtif@gngesin
exposure to particulate mattePM) and carbon monoxie (CO)associated withintroducing solar
lightinginto nonrelectrified households relying on kerosene for light

Sales of solapowered lighting devices in the developing worilacluding susaharan African countries,
have risen exponentially in recegears, suggesting that it may be a promising Aeam solution for
providing clean lighting services to homes and business inetemntrified regions, or regions with
frequent supply interruptions.Despitethis, there is still little information on thémpacts, particularly

for health, of replacing kerosene lamps, candles and other inefficient and potentially harmful light
sources, with solar lights or otheleetric light sources

This study is a step towarddtaininginformation for decisions omwhether introduction of solar lamps
could provide meaningfuhuman health benefits It seeks tmbtain the necessarynputsto justify the

need for, and design of, a larger study to investigate potential health effects associated with kerosene
lamp use.Building a stronger evidence base will quantify the benefits of investment in solar technology
and provide a foundation for policy recommendations and advocacy to shape development objectives.

Kerosene has been used for lighting since around the middteeafd" Century. In developed countries
it was mostly replaced long ago by electric lighting. Nonetheld&sosene lighting remains the only
option for many families in low and middiecome countries, particularly in rural areas of Asia and
Africa. In some areas kerosene stavare used for cooking.A benefit of keroseneis that it can be
purchased in @ry small quantities if fundsra limited. In some countrieshousehold access to kerosene
hasincreasedas a result of long standirgpvernment subsly programs that once in placeare difficult

to remove Poisoning, burnand explosions from kerosengeawidelyrecognized problems, butntil
recently, kerosene had generalbeenregarded as a cleabnurning fuel This was especially so since
keroene lamps are used in darkness add not obviouslyfill rooms with visible smoke, ado the
biomassburning stoves often used in the sanm®useholds(Lam et al. 2018). Despite that, the
tendency of kerosene lamps to deposit soot on t&lings of roomsn which it is burned,si welt
established. In fact these soot particles, when heated, provide the incandescent light of the kerosene
flame.

Recent epidemiologic studies have cast doubt on the assumption that kerosarae@n burninguel
(Pokhrel etal. 2010; Bates et al. 2013; Epstein et al. 2013pme studies suggest that kerosene is
associated with health effects comparable with those of biomass burning for cooking, although a wider
evidence base is needed to firmly establish this. If kerosmmabustion products are confirmed as
having health impacts comparable with, @engreater than, those of biomass burning, then this may

be because it produces very fine partic@anatter with compositioral characteristicslifferent to those

from biomasscombustion There is also evidence that, when cooking with kerosene, mothers are more
likely toremainin the kitchenthan when cooking with biomagsand their children will stay with them
(Bates € al. 2013; Saksena et al. 2003This behaviouis likel to substantially increase exposute
kerosene combustion products.

Although there are still few epidemiologic studies of the health impacts of kerosene use for cooking and
lighting, the existing evidence is strongly suggestiveA growing body of evidee has associated
household keroseneise with adverse health outcomes including tuberculosigPokhrel et al. 2010)
low birth weight and neonatal deatfEpstein et al. 2013andpneumonia(Bates et al. 2013)This has



led the World Health Organizatido recommend discontinuing household kerosene ,uséile calling
for additional studies to strengthen the evidence b@é¢HO 2014)

Until recently, the options for poor families who wished to replace kerosene for lighting have been
limited. Some fam#is who could not afford kerosene have relied on the light of the cooking fire.
Others have the option of candles, although a disadvantage of tisetbat they must be purchaseab
whole candlesunlike kerosene whichan be purchaseth extremely small gantities whenfunds are
limited. Also, candles are similar to kerosene in some ways in that they burcaarmoduce sooty
particles that may have health impac{Zai et al. 2006; Fine et al. 1999; C Fan and J Zhang, 2001)
althoughthat hasbeen littleinvestigatedn a developing country context

For several reasons, includilmral noravailabilityand unaffordable onnectionand maintenance costs,
the electricity grid is beyond the reach ofamy or mostpoor families Thisis particularly true in rany
parts of subSaharan AfricaEven when connectetb the grid frequent supply interruptionsoften
require houses to continueeliance on kerosentor lighting(Lam et al. 2016)Because of battery costs,
battery-powered lightsare alsooften unaffordable for extensive periods.

More recently, an extensive range of pisolar lamps have become available, often at prices
(sometimesgovernmentsubsiized) affordabled & LJ2 2 NJ Fl-&Af A SB ONB BINMEO20G2 ay
solar units.Unlike household@ar systems, picgolar devices are often charged by a small independent
photovoltaic cell, providing a smaller range of energy servategreatly reducedip-front cost of the

device. These offer a clean alternative to kerosene lamps and canyieiedly with much betterlight

guality andno operatingcoss.

lf 6K2dAK GKSNB SEA&G YIyeée &idzRAéhdauseBofitechridbgies if 3 K S| f
energy poor regions, most have focused anoking activities.These gidies have generally eraned

exposure to biomass combustion productsith little evaluation of kerosene oother cooking fuels

Even fewer studies have looked at lighting activities, let alone kerosene lighting.

Exposures to pollutantemitted from kerosene liglst and their associated health risks are not well
characterized. We know that the smoke emitted lagjnpscommonly found in African homes contains
large quantities of fingarticulate matter (PMs), probably the most important pollutant indicator of
health risks. Frommeasured emission rates &\VLsfrom kerosene lamps, it has been estimated that a
singlelamp usedinside atypical room can easily exceed World Health Organization Indoor Guideline
Concentrations(WHO 2006, 2010;-@ Fan and J Zhang 2001)Along with hese particles, other
potentially healthdamagingchemicals including sulphur dioxid¢SQ), carbon monoxidgCO) and
polycyclic aromatic hydrocarbons (PAH=)e also emittedLam et al. 2018). PM.s emissionsfrom
kerosene lampsare also rich in bldccarbon a highly potent climate warming pollutaassociated with
adverse health outcome@.am et al. 20112). Nearly all of the existing evidence flighting exposure,
however, is based on laboratprexperimentsor indoor air quality modellingSchareand Smith 1995;
Appleet al.2010. This information needsonfirmationwith measurements in homes of actual users
uncontrolled settings

To the best of our knowledgeo previouslypublished study has evaluated the impact on exposure or
health of replacing household keroser®ased lighting with solar lampsApart from likely health (e.g.,
respiratory) benefitdrom eliminating exposure to kerosene lamp emissions, there may be visual and
ocular benefits fom the improved illumination. Although the &idence so fais limited, kerosene
combustion emissions may irrteor otherwise damage the eygkam et al. 2018 and or lighting



can make it difficult to read or perform tasks requiring the seeing of fine detail. Possible consequences
are task avalance, reduced efficiency and visuhscomfort, with symptoms such as headaches and
tired eyes.

Because of this lack of evidenime and understanding of the potential impagsbf kerosene lamp use on
household pollution and healttor of the possible dalth benefits ofkerosene lamgeplacement the
then Research and Impact division of SolarAid, an international NGGaMidttus orsocial enterprise
distributing picesolar lights in rural Africagonceived othis studywith the other authors, and reéeed
funding from Google to conduct the reseafch

A key objectiveof the present study was to collect data on changes in exposure tgsRRd CO but
also preliminary dataon changes irselfreported eye irritation and respiratorgymptoms associated
with replacingkerosene lamps with solar lamps in rural househdhisBusia County, KenyaWe
hypothesized that there would be substantial reductionsoth exposure and symptoms associated
with the changeover in lighting sourcesHowever, it was nobur intention to collect statistically robust
symptom data, as the sample size was small

Also soughtwasinformation for refinement of measurement methodologjésformation on behavioral
changes resulting from the introduction of solar lamps (eadoption and usage habitsand somedata
on visual acuity changessociated with changirigom kerosene to soldighting

Theunderlying purposevas toconduct a study that could act as proof of concept for the relevance of
designing a larger studg investigate health impactassociated with the change from kerosene to pico
solar lampsand, at the same timegather sufficient information for the design and sizingldt study.

We envisagelte larger studyas a randomized intervention triainvolving bah exposureand health
status measurments, includingobjective measuregssuch asespiratory functiontesting Data from the
present study, which v refer to as theexposure studyis important for the design, particularly
determination of thenecessargample sizgof thehealth benefitsstudy.

20 2T NI ARQA& NBaSI NOK Idyail manddelt abtlie ngpgbiNImpaktinvegt@, dcufendza S
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Methods

Ethical approvals

No human subjects work was conducted before approvals for the study procedures were obtained from
the Institutional Review Board of the University of California, Berkeley and fronctestic and Ethics
Review Unit of the Kenya Medical Research Institute (KEMRfter the Head of Household gave
permission for the family to participate,ripr written informed consent was obtained from adult
participants After the consent of the parents was obtainedwritten assent to participate was
obtained from all participants less than 18 years of age.

Study design

¢tKS adGdRé Kl R-andl Tli dNBERREDSTIENLESKSNE SELIRZadaNBa Ay
participants were measuredefore and after the introduction of solar lamps 6 | & St Xy & ddiLE W R
respectively. Households were provided-8 ¢SS1a 2F dal R2LIXGA2Yy ¢ GAYS gAld
follow-up exposure measurementd.he sage of both baseline and interventioechnologiegkerosene

and solar lamps, respectivelylas monitored ineachexposurestudy household from its time of entry

until the endof the study.

Recruitment of participants

The basis foparticipantNBE ONHzA G YSy i 41 & WNixedSetoSdy Sdikiddk locatetzia 2efy 2 Y A
miles outside the city of Busian BusiaCounty Kenya. As well as the agreement to participate of the
a0K22f Qa LINA y OA LilprbvalltoyinRolve tBel séhiah iy tHe study wasBitained from the
County Director of Hetation, Busia County. The focus around a school vedls because of the
partnership with SolarAid and their distribution methdtirough schools, andbecause we considered it
important to obtain some assessment of the benefits to school pupils doing kteenework in the
evening, although we were also interested in the benefits to adults in the same households.

Twenty pupils were selected froamongthe senior students in the school (Forms 3 and 4) on the basis
of the following selection criteria:
1. Thehead ofhousehold was 18 years of age or older.

2. The household was not connected to the electric grid and was currently using kerosene lamps
asits main source of lighting.

3. There was at least one nesmoking personin addition to the selected pupivho usd a
kerosendamp for specific purposes (e.g., readistydyingor working.

4. The family must be willing to replace use of their kerosene lamps with solar lamps provided
free of chargé.

5. Cooking was not conducted in the main hou3éis was taeducethe possibiity that
emissions from stovesauld interfere with interpretation of théamp emissions data

8 From SolarAid research in Kenya, 60% of rural househoktwigwed through public surveys
(n=2,485) used kerosene as their main source of lighfirige rural electrification rate for Kenya is 7%
(IEA World Energy Outlook 2015).

4 Kerosendightingdevices were not removed from households.

570% of rural houses in Kenya cook in buildings separate from the main living area or dugAdB (
2015. Demographic and Health Surveys.
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Selection of potentially participating pupils and households was done purposively in conjunction with
the Head Teacherand head scienceteacher, whowere familiar with parents and their household
arrangements. Households were approached and a screening questionnaire was used to interview the
Head of Household, to confirm participation eligibility. There were no exclusion criteria based on
gender, raceor ethnicity. However, the youngest age at which participaticas permissiblefor the
purposes of obtaining personal exposure measurements was 13 years.

In return for participation, households were allowed to keep the provided solar Iqpgid for bythe
research grant)at no charge. Other than that, participating families received no other form of
compensation for their participation.

During the laseline period, households were enrolled at a rate5oper week,with two or three
houselolds sampledsimultaneously to obtain 48-hour personalexposure measurementsOne week
after completion ofits baseline proceduregach household wagrovided with threeSunKing Eco solar
lamps(Greenlight Planeinc, U.S.A.Appendix1) and given instruction in #ir proper use.Three lamps
were provided as preliminary investigations had shown thaften several kerosene lamps were
simultaneously useth ahousehotl. We wanted tchave reason tde confident that kerosene uder
lighting could befully displacedin the householdand that there would be at least one solar lamp
available for the school pupil doing his/her nightly homewoYkhenall 20 households had completed
baselineprocedures, follomup procedures began, at a rate ®households per weekin the same order
that they completed baseline procedures. This ensured that each household had a periddiefeks
to become accustomed to using the solar lampShisad & G | 6 A f A T lwashit@ ghsure thi® NA 2 R
houséholdswere accustomedo using the new lapswhen followup testing beganExperience from
previous studes of cookstovessuggested that 34 week periodshould besufficient forfinding a new
equilibrium of usage practicesNe were able teexaminethis objectivelyby using usage sensors tine
solar lamps.

Study Components
As planned,he exposurestudy comprisedfour components

1. Exposure and health questionnaires

2. Personal gposureand indoor air qualityneasurements
3. Monitoring of kerosene and solar lamp use.

4. Visualacuity andilluminancemeasurements.

Each component is described in detail below.

Exposure and Health Questionnase

Study questionnaires were developed in English, then translated into Swabhili anttéreslated into

English. The two English versions were compared to eisaitecomparability and some adjustments

made accordingly to the Swahili version. Further adjustments for comprehensibility and cultural
appropriateness were made after local consultation. The study questionnaires were administered in the
field in paperbased form.They were administered byBusiabased female interviewer, fluent in

English and Swabhili, as wellthe two local language&uo and Luhya.

The study used 3 short questionnaires. The first questionnaire was directed to the head of hduszhol
obtain information on household circumstances, including who were the kerosene lamp users; the other
two questionnaires were the baseline and follap questionnaires for actual lamps users. Some of the
guestions were about use of lighting devicedhe household lamptype, frequencyof use,andtasks
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for whichthe lamp was used Other questions were about symptoms, particularly respiratory and
visionrelated symptoms, and when theyere typicallyexperienced in relation to use of lighting
devices-such asvhen reading. Questionnaires took about 10 minutes each to administer. Apart from
their use in collecting basic participant dasapther purpose of using the questionnaires in this study
was to examine the usefulness of some of the questiaigh the small study sample size, we did not
expect to see statistically significant differences between baseline and falloguestionnaire results.

Exposure Measurements

Household gposure estimates were generated using three approachesge oflighting devices
measurement of indoor pollutant concentrations in selected rooms and personal exposure
measurements

Measuring device sage is aninimally invasivebut objective, measuref whether people ar®perating

a light sourca kerosene or solar In addition to being an indicator of exposure, objective usage
measures can complement pollutabbised exposure methods in several wayisey are a direct
measure of whether dight source is being used, and they can be deployed unattended for weeks.
Usagemonitoringwas coupled with measurenmés ofactualpollutant concentrationsPM, s and carbon
monoxide (CG)within the kitchens, themain living N2 2 Yad YR ( KS beddois? 2 f LJdz
0 a Sy @A Nmmeasugesients ©  dnyR participantsin each houseusing lightweight wearable
monitors6 & LIS Nebipdsyirenfeasuremends OAd threemonitoringmethods were deployeavithin all
enrolled households. The one exception was that CO was not measured in kitchens because of
insufficient available instrumentsFor a similar reason, the kitchens of the first five households were
not measuredor PMysat baseline.

While each exposure assessment approach has unigue advantages and disadvantages, personal
monitoring is generally considered the ma@stcuratemeasureof what a person iactuallyexposed to.

This is because measurement devioes/ewith the participantacross all micr@nvironments, and thus
measure exposure to relevanpollutants from all sources which may or may not be observedr
monitored by thestudy investigatos.

Lighting and Cooking Device Usage Monitoring

Sensothased measurementsf lamp and cookstove usageere collected continuously in all houses
starting from when baseline measuremenivere taken {ndividual dates, according tdouse)and
ending upon completion of the stuekat the same time for alparticipatinghouséholds.

Usage of likerosene lamps and cookstovigseach household waseasured usingmall button-sized
temperatureloggers, calledt A 6 dgfi(SA922LMaxim, USAwhichrecordsurface temperaturend a
correspondingtime stamp These loggers have been deployed in numerous studies to assess the
adoption of cookstoves in develo countries (RuizMercado et al. 2012; RuMercado et al. 2013;
Pillarisetti et al. 204; Lozier et al. 2016)Using duct tape,he ibuttons were attached to the metal
necks, below the flames, of simple kerosemik lamps andto the support arms of hurricane lamps
(Figurel). Placement on stoves varied according to stove design, buereerallyon the sideof metal
stoves or in a metallic casing beside opendi@ves Allibuttons were deployedvith a sampingrate of
ten minutes meaning thattemperature was recordedonce every ten minutes This was a practical
samplingperiod, bagd on a need to ensure that the ibutton memory capaadfyabout 8 weeks was
sufficientto store all thecollecteddata before download.iButton sensordata were downloade@s text
files using software provided by the manufactu(®axim Wire). This ocurred 4 times: (iat the end
of Baseline(ii) at the beginning of the follomup monitoring week(iii) at the end of the followup
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monitoring week, andiv) atthe end of the study. What resulted was a continualasalog of kerosene
and stove usage auss all phases of the study.

Usage of slar lamps was monitored using custorsbuilt & [ I Y LI ZBbas& Bystéms GmbBurich,
Switzerland) Lamploggergapture usagedata by monitoring changes in thevoltage of the lamp light

emitting diode (LEDand recording the time when the lampis turned on and turned off The entire

logger was mounted inside the lamp casirapd not visible to the lamp use(Appendixl). Usage

monitors wereinstalled by opening the lamp casing and soldering three wires fronmibator to the

board of the lamp (voltage, ground, side of the LHDE bgge draws atiny amount of powerdirectly

from the lamp battery with minimal effect on lighting duratigrsothat the loggerfunctionsaslong as

the lamp batteryis charged. If 6 KS ol GGSNE Flrffta o6St2¢ I ONRGAOL ¢
Y2RS¢3X Ay 2NRSNJ G2 | @2AR RNJI AYAY IThé €®drd iomiedics NB I+ v
Lamploggercontainsa uniqueloggeridentifier and recordsevent date and time(to the minute) for

events lasting longer than 2 second3he data recor@dlsoincludesthe average voltage reading from

the LED over the event period, and the average voltage of the batithoughtheseitems were not

used inthe dataanalysis

Datafrom the solar lamp loggerare stored directly on the loggeand downloaded via Bluetooth using

a custom iPhone applicatioprovided by Bonsai Systems. Field staff visited households and
downloaded data directly from theamploggeto the phone. When Wi connectivity is available and
the LamploggeiPhone application is active, all data on the phone are automatically uploaded to a
passwordprotected servermaintained by Bonsai Systemere they can be accessed alogjger data
downloadedas a text file The serial numbers of monitors are assignedhe researchers who purchase
them, and thelamp data for a specific logger can only be viewrwugh a user(researcheraccount
that hasbeen grantecaccesgpermission.

Additionally to the use of ibuttonsral solar lamp loggers, in the course of this study we investigated the
possbility of developing a small devitkat could be placed in a room and simultaneously monitor and

log the use of solar lamps (or other electlighting devices) and kerosene lamfs the room. The

device was provisionally named the Light Type Detector or LTD. Two prototype LTDs were developed
and subjectdto some testing in the field. Although these devices were not used in the actual fieldwork,
they showed promise and resultsf the prototype testing are reported in Append8 Additional
funding would be necessary to further progress the development of these devices.
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Figure 1. Hurricane (left) and simple wickight) kerosene lamps with ibutton temperature sensors
(indicated by yellow circles). Sensors detect changes in surface temperature of the lamp, specifically
the heat generated by the flames. These simple temperature signals can then be analyzed to estimate
various metrics of lamp usage.

Micro-environmental Monitoring

Micro-environmental monitors were deployeth each householdor four days (Monday toFriday

during both the baseline and follewp periods. Three rooms in each household were monitored: the
YEAY fAGAY3A |NBFI GKS LI NIhe ®tchehr. BdcguIe ofiaOt&mdpardry LJdzLIA f
equipment shortagekitchen measurements were not included in the first five households at baseline.

For environmental monitoring, we measuréide particulate matter (Pis) and carbon monoxide (CO)
with small, ligweight, unobtrusive air pollution monitorghat have frequently been usdd developing
country household$or similar monitoring

Particulate MattePM,.s)

Micro-environmental PMs concentrations were measuregvery two minutesvith UCB Particle
and Temperature Sensors (UERTS, Berkeley Air Monitoring Group, Berkeley, CA, Fyure
which usethe light scatteringcharacteristics oparticlesto infer a mass concentration in the air
The mass concentration of particles is typically reported insupfitnilligrams (or micrograms) of
particles of aerodynamic diameter of 2nticrometers (2.5 x I®meters) or less per cubineter

of air (e.g, mg PMx.s/m?3). This opticatbased devicés a smoke detector modified to logensor
readings, rather than trigey asmokealarm. The appearance of the UCB is identical to a smoke
detector, with the exception of serial portused to download and program the internal logger.
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While all UCBwere calibrated prior to deploymenparticle mass concentratioriaferred from
light scatteringare sensitive todifferences irparticlecomposition(e.g, size, shape, colar)Thus,
a subset (75%) of the UERAT Placed in housewere calocated for 48hrs with a filterbased
integrated (gravimetric)measurementsystem using37mm Teflon filters(Pall Corp and BGI
Triplex Cglones to selectively capture onlyPM.s. Presampling and possampling filter
weighingwasperformed atthe University of California, Berkeleyn a sensitive balano@Mettler
Toledo XP2U, repeatabilif 0.15ug). The differencén weights provide a direct measure of
particle mass Comparisons between docated UCBPATSlataand filterbased particlanasses
were thenusedto derive adjustment factorseparatelyfor the main living aremand school
pupilsQrooms. As many studies have deployed UESTS in woctlurning kitchens, the
correction factors for this microenvironmentwere obtained from previous studiesand
experimentsArmendarizArnez et al. 2010)

!

o . ﬁ’

Figure2. UCB Particle Monitorl¢ft) used to measure realime PM concentrations and a BGI
Triplex cyclondright) used for gravimetric measurement of PM(pump not shown).

Carbon MonoxidéCO)

Micro-environmental CO conodrations were measured in redime using Lascar CO Loggers
(EasyLog EUSBCO300, Lascar Corp.).Carbon monoxide is typically measured thne
concentrationunits of parts per milliorby volume inair, abbreviatedn thisreport asppm. The
loggerresponse washecked prior tdfield deploymentusinglaboratory spangas and logger
specific adjustment factorsvere calculated Loggers recorded CO concentrations once every
two minutes.

Personal Monitoring

Personal monitoring was conducted for 48 hours during the reendronmental sampling period, in
both the basehe and followup periods. In each family we carried out personal monitoring on the
school pupil and one other person in the household who, at baseline, adestosene lamp for a
specific task. With one exception, lis was the motheror another female fanily member who
performed cooking tasks in the house

As with the micreenvironmental monitoring, both P and CO were measured, although with a
different device for the Plyk:
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Particulate Matter (Ps)

Personal monitoring ofeattime PM.s was ©nducted with MicrePersonal Exposure Monitgr
or MicroPEM (RTI, USA Like the UCB,he MicroPEMprovides a realtime, opticatbased
measure of particle concentrationdyut also obtains an internal filter-based gravimetric
measure for deriving samplgpecific correction factor¢Chartier et al. 2016)The MicroPEM is
small enough to fit inside a shirt pock@tigure3) and can run for 4&8irs continuously on four
AA batteries.TheMicroPEM has an accelerometernmeasuremovement, which can be used to
calculate compliancavith use instructions

Tomaintain privacy byedudng visibility of the monitors and possible embarrassment to participants,
personal measurement devicder both PMy,s and COwere integrated intofabric vess that the
participants vore (Figure3). A number of such vests of different sizes were produced by a local tailor.
School pupils were not required to wear their v@athen at school, but they were asked to put it on
again as soon as they returned home after school. Participapte asked to place the vest beside their
bed during sleeping hours.

Figure3. Personal exposurenonitoring vest, showing Lascaftop right) and MicroPEM with sampling
tube (bottom right) samplingdevicesworn by adults and school pupils.

Visual Acuty and Illluminance

We hadproposel to include some testing and assessment of vigielated aspects in the exposure
study, partly to assess the acceptability and feasibility of the testing, but also to obtain some
information thatwould help with determiration of sample size requirements for the main study.
However, in the baseline measurement period, it quickly became apparent that there was an
unanticipated hazarcbecause of the way that the closg visual acuity chart and kerosene lamp
needed to be elatively positioned tiwould have been quite easy for a participant carrying out the
procedures to have accidentakypockedover the lamp, causing kerosene spillage and a fire, with
potentiallyvery serious consequences. As a result of this observatiendecided to abandon this
component of theexposurestudy, but continue with the other procedure§he proposed illuminance
and visual acuity study procedures are contained in Appehdix
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We believe that foany furtherstudyto investigate health effctsit would still be desgble to have a
componenttestingvisual acuity andneasuringlluminance under kerosene and solar lamp light
conditions but these procedures need to be further refined and pikdted at a different time.

Statistical analys of data

Questionnaire data were analyzed using simple descriptive statistics, comparing baseline andollow
results.Lamplogger, micro environmental and personal monitoring dateevedganed, assembled, and
analyzd usingRsoftware. Downloaded ibutbn datawere analyzd using thesignal processing

software SoftSUMi{UNAM Mexicg, whichseparates event peaks from diurnalmbienttemperature
variation thencalculates key summary statistics, such agerage usage duratiorzor comparisons of
PMsand CO concentrations, ngrarametric statistical tests were used because of the skewed nature
of the data.
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Results

Twenty eligible families witpupils attending St. Pet@& Budokomi Secondary School were identified
andpermission was given by the heaafshousehold fottheir families to participate No eligible

households refused to participatd.able 1provides basidemographidnformation on the individual
participantsand their use of kerosene lamps at baselirkhere are 2@dultsand 20 school ypil

participants, one of each from each participating household. All 20 households fully participated in the
study, with the single exception of one household in whichgblkar lamp used by orgchool pupilvas
misplaced. For that reason, there areld@l-up data from only 19 pupils.

Questionnaire data.

Table 1 showbasicdescriptive data for participating households at baselineglaained by interview

of Heads of HouseholdAll houses had a separate private pit latrine and a separate cookirdjrtapil

from the main house where cooking was done with an open fireneNd thehouses were connected to
the electric grid and all used kerosene as their main lighting source, although supplementary sources
were sometimes usefkee Table 1)No householdised solar lamps or candles.

Table 1. Household characteristics at baseline.

Characteristic of household (N = 20) Numbers
People sleeping there at least 4 nights per weg Mean: 7.4; SD: 3.1; median:rénge: 2, 15
Number of kerosene lamp users Mean: 51; SD: 1.8; median: Eange: 2, 10
Adults Mean: 3.6; SD: 1.5; median:rénge: 0, 6
Children Mean: 1.5; SD: 1.3; median:range: 0, 4
Number of kerosene lamps available in Mean: 2.6; median: 2, range: 4,
household
Floor in living room
Cement 4 (20%)
Earth 16 (80%)
Roof material
Corrugated iron 18(90%)
Grass, reeds, palm leaves, branches ¢ 2 (10%)
mud
Main cooking fuel
Biomass 19 (95%)
charcoal 1 (5%)
Supplementary lighting sourcé® keroseng”
Wood fire light 4 (20%)
Rechargeable battery light 2 (10%)
Cell phone light 4 (D%)
No otherlightingsource used 12 (60%

a Based on numbers of kerosene lamps in households to which ibuttons were attached.
b Sums to >100% awo families used both cell phones and wood fires as alternative sources of light.

Table2 shows demographic data and statistics for kerosene and lamp use data for all study participants,
both parents and school pupilll participants used kerosene lamps at baseline, but at fellpvanly

one reported doing soFor reasons not specifieshe advisedthat the head of household would not

permit her to use a solar lamp in the kitchelt.is not clear why in the adult lamp user group there is a
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lower reported prevalence of reading and studying with solar lamps than with kerosene lamps at
basdine.

Table2. Demographic and lamp use data for participants in 20 households.

School pupilamp uses Adult lamp users
Sex: Male 14 (70%) 1 (5%)
Female 6 (30%) 19 (95%)
Age(yrs} Mean, median | 18.3, 18.0 44.8, 46.5
Range 16-21 22-69
Lamp use: Baseline Follow-up Baseline Follow-up
(kerosene) (solar) (kerosene) (solar)
Reading 20 (100%) 19 (100%) 12 (60%) 3 (15%)
Studying 18(90%) 19 (100%) 2 (10%) 0
Cooking 16 (80%) 11 (58%) 18(90%) 19 (9%%)
Other work 20 (100%) 18 (95%) 2 (10%) 20 (100%)

Participants were asked a series of questions, both at baseline and faipabout eye
symptoms. As shown in Tablg, highprevalences of eye symptoms were reported at baseline
(during kerosene lamp use), but all symptoms were reported to have abated entirely at the
time of followrupt three or more weeks after solar lamps were provided to the family.

Table3. Prevalence of df-reported eye symptomsassociated with lamp usegt baseline and

follow-up.
Symptom Number reporting symptom (%6)
School pupilamp users Adult lamp users
Baselind Follow-up® | Baseliné Follow-up®
(N=20) (N=19) (N=20) (N=20)
Tired eyesvhen readingr studying. 20 (100) 0 20 (100) 0
Eyes itchy or sore when reading or 18 (90) 0 20 (100) 0
studying
Over the last two weeks:
-Dryness in the eyes 14 (70) 0 12 (60) 0
-Grittiness (having sand) in the eyes | 18 (90) 0 20 (100) 0
-Aburning feeling 18 (90) 0 17 (85) 0
-Redness of eyes 16 (80) 0 14 (70) 0
-Crusting with yellow discharge 13 (65) 0 10 (50) 0
-Sticking together of eyelids when 13 (65) 0 7 (35) 0
waking
in morning
a. For the purposes of this alysisfesponses ot SUSNE Rl 8¢ 2 a Y2 a dweitlassified + yR ¢ a2
Fa aan®aNITNBf eé¢ YR aySOSNE GSNB OfFaaAfTASR [ a ayz2ée

b. Baseline when using kerosene lamps before solar lamps provided.
c. Followupt 3 weeks or more after family provided wighsolar lamps.

A number of questions on respiratory symptoms were also asked of all participants and results
are shown in Table 4.
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Table4. Prevalence of selfeported respiratory symptoms associated with lamp use, at
baseline(during the period of keosene lamp usgand follow-up (the period sincesolar lamps

supplied to the family.

Symptom. Number reporting symptom (%)
School pupilamp users | Adult lamp users
Baseliné Follow-up® | Baseliné | Follow-up®
(N=20) (N=19) (N=20) (N=20)
Wheeze or whisithgg KSy R2y Qi 3(15) 0 5 (25) 0
Woken with chest tightness 7 (35) 0 7(35) 0
Shortness of breath at rest 7 (35) 0 7(35) 0
Woken by shortness of breath 3(15) 0 5 (25) 0
Woken by coughing 12(60) 0 10(50) 0
Short of breath walking on leVground 2(10) 0 7(35) 0
Ever seen a doctor about breathing difficultig 1 (5) - 3(15) -
Ever asthma diagnosis 0 - 0 -
Ever COP[zhronic obstructive pulmonary 0 - 0 -
diseaseyliagnosis
Believesthe lamp affectshis/her breathing 19(95) 0 18(90) 0
- Increased cough| 9 (45) 0 12(60) 0
Sneezing 2(10) 0 1(5) 0
Tightness in ches] 2 (10) 0 4(20) 0
Difficulty 16(80) 0 16(80) 0
breathing

a. Baseling when using kerosene lamps before solar lamps provided.
b. Followupt 3 weeks or more after familwasprovided with 3 solar lamps.

The comparison between baline and followup in Tablet is not exact. The questions at
baseline apply to the periodntil the interviewof kerosene lamp use (some questions apply
just to the previous 12 months), but the follewp questions apply only to the approximately 3
week period in which the families had solar lampEhis increases the likelihood that symptom
reporting will be higher for the baseline period, irrespective of lamp typhisnay in large

part account for theapparentlyvery substantial reductiorfto zero)in symptom reporting at
follow-up. For this reason, @irect statistical comparisobetween baseline and followp
resultswould not beappropriate or meaningfullf we had applied sucstatisticaltests
however,then it is clear that the difference betwes baseline and followp would be
associated with a loy-value for every symptom.

There is suggestive evidence from the reported respiratory symptainbsseling particularly
wheeze in the absence of a cotbat someof the school pupil&and adults mg have had
asthma,althoughwe asked about this andlo participantreported ever having been diagnosed
with asthmaby a doctor However, éw of the participants had ever seen a doctor about
breathing difficulties.
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Lighting Device Usage

We present belowlata obtained from ibuttons and lamploggers for kerosene and solar lamps,
respectively.

Kerosene Lamp Usage

Kerosene lamp usage assessmemtisile not direct measures of exposure to headthmaging
pollutants,are informativefor exposureassessments andelth intervention planningFirst,
data can be used aslengterm indicatorof likelyexposure changesnd trends In this study
the ibutton loggers providd a measure okerosene lampusage across the entire study
durationfor eachhouse, covering badine, transitionabnd followup phases.Theyalso
provide an objective measure of service needs, in terms of hours of lightind characteristics
of lighting eventssuch as duration and time of dayrhese measuresn be informative for
interventiondesign.

Figured illustratesthe raw kerosene lamplata, from 5 lamps in a single homesad byibutton
sensosduring the baseline periadTwopatternscan be seen in each pandte natural
temperaturefluctuationsof the ambient air(diurnal trends)and lighting eventsThe sharp and
sudden peaks are indicative of the lamp being in operation (the lamp is lit and getsThege
sharp peaks rise above a smoother temperature signalidéctsthe diurnal temperature
pattern of the ambient ai reaching a maximum around mafternoon. Looking only at light
events and before angataprocessingit can be seenfor example that some lamps aresed
only in evenings, while others have morning and evening usage cydibsugh not presented
here,weeks ofthesetraces can be processed tbtain robust estimates of the hours of service
each lamp provides tahouse.
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Figured. lllustration of real-time kerosene lamp usage dat@om ibutton sensoson 5
kerosene lamps in a single honeefore distribution of solar lamps Steep emperature
spikes indicate periodthat the lamp was in use Thetime periodscovered by the yellow
highlighting correspond to theeveninghours--between 6:00pm and 12:00areach day.

Figure5illustrates usagef all kerasene lamps i single homeverthree phases of the study:
baseline atransition periodstarting when three solar lamps are distributdzkginning after
the dashed red ling)andfollow-up. Asimplequalitative assessmemearly shows audden
cessatim of usein the first three kerosene lamps after digtution, but continued ug of the
fourth (bottom panel) Thissuggests, in this house at leaat]:1 replacement ratio of the
kerosene lamps bgolar lamps It also suggests thdterosene lampsnaycontinue to be used
until all lightingrelated servics originally met by keroserare met.
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Figure5. Onemonth of real-time kerosene lamp usage data fromsingle house with four
kerosene lamps.Sharp peaksgpproximatelyabove 33C) correspond tdamp usageevents.
The redvertical line indicates the datehat three solar lanpswere introduced The relatively
soft peaksafter solar lampdeployment, most obvious in the first three panels (S\WAW3),
correspond to diurnalambient) temperature patterns (no kerosenelamp usage) The
continuingsharp peaksn the signal of the fourth lampndicate continued use of tht
kerosene lamp.

Solar Lamp Usage

Solar lamp usage data were collected fréfhsolar lampvoltageloggerscovering all 20
households erolled in the stud§. Data collection begarthe first daysolar lamyswere given to
the housdnold, thus capturing transition trends as the househeétcustomed themselves to
the newlamps Figure6 shows the average number of solar lamp events occuirireach

6 One solar lamp with its logger was lost before foHogzmonitoring was conducted. However, some data from
the period between baseline and follewp were collected.
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house (all three lamps) by hour of day, and Hwiseaverage (blue dots)Here, a lamp event
is defined as any instance that the lamp was turned on.dt ursepossible that a single
lamp has, on average, multiple events in a single honcesa lamp can be turned on and off
any number of timesAs with kerosene lamps, there was a clear diurnal rhythm of usage,
generallywith the largestnumber ofeventsin the evening (around 19:0rs) andanother peak
with fewer eventdan the morning (amund 6:00hrs).
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Figure6. The average number ofolar lampeventsfor each hour of the day across

households (grey lines). The averaging window for each house covers the day the solas lamp
were provided to a householdvaries) to the final day of tk study when all loggers were
collected (same across all housesith the exception of one lamp that was lost between
follow-up and study endl The blue dots are the averageacrossll housesduring each hour

of a day
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All the homesused the solar lampsFigure7 showsthe average number of hours per day

across all monitored daykat eachof the 60 solar lamps was usestandardized to stamn the

daythe solar lampwasdistributed. It showsa very modestise in hoursf averageusage after

the lamps are distributed but quicklystabilizesat about 5 hours pelamp perday, equivalent

to roughly 15 hours ofolar lamphoursper day perhouse. i Q& dzy Of S| NJ 6 KS G KSNJ |
represents a full discharge of the lamp battery each dastimated service hosafor the Sun

King Ecwary from 4 to 30 hours per charge, depending on the lamp intensity sel¢8tiedels

are available)
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Figure7. Number of daily hours of usef eachsolar lamp in the studystandardized to start
from the day eachlamp wasdistributed, and for the22 days following Blue dots represent
daily averages.

A transition in thepattern of solarlampusage was observeaver the first 56 days following
solar lamp deploymengFigure8). The first few days see a higher proportion efyshort
events (less thad minute), which might be expected as household membersistom
themselves tahe newlampsandhow they work. After the first weekof ownership the
number of eventdess thanl minutein durationstabilizes to what might beonsidered a
steadystate level.

Solar lampusage datashowedthat an average of 30% of lighting events lasted less than a
minute. These short eventsidnot compgise a major fraction of total usage (minutes of use),
but mayhighlight alightingtaskpreviouslylessavailable to the home the ability to switch a
lamp on for a short period, perhaps to locate an itento walk between buildings in the
household compoundThe samphgrate for the ibuttons onkerosene lampsvas quite coarse
(every 10 mintes), sofrom our data we cannadirectly inferthat keroene lamps were not
used for short eventsHowever, fom field observatiorand discussion with households
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seems ulikely that useswould so frequentlygo through the effort of lighting kerosene lamp
for suchashort period ofuse
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Figure8. Proportion of solalamp usageeventslastingless than 1 minuteacross all
households(grey lines) standardizedto start from the first day of lamp deploymentBlue

dots correspond to the average acss all houses each day from launch, and the black line a
loess fit with 95% confidencéands.

Displacement of kerosene lamp usage by solar.

A key question thatequires combined consideration bbth kerosene and solar lamp usage

datais: to what extent did solar lamps displace kerosene lampgesin the study households

For this we considered 3 time periods: the baseline period when exclusively kerosene was used
for lighting, the followup periodabout 4 weeks after solar lamp distributiomhen howseholds

had contact with the field team again and persoaatl micro-environmental monitoringvas

carried out, and the week before the follemp monitoring took place. The reason for the latter
was because of that-leasttheoretical possibility that howeholds could change their lamp

using behaviour if they were in contact with the field team during the follgpumonitoring

period.
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Figure Qraphically represents themp usage data obtained from sensors placed on the
kerosene and solar lamps thfe households in the study.The vertical axis represents average
daily household hours of ligliincluding any nowuse daysacross the three study periods used
for this analysis. It shows a number of things: (1) A high degree of displacement of the
kerosene lmps between baseline and folleup, withverylittle continuing kerosene lamp use;
(2) virtually no differencén lamp use characteristidsetween the followup period and the
week before followup; and both groups of houses having a similar level ofihghise at
follow-up. As a frame of reference, the time window encompassing baseline to the end of
follow-up for any home was five weeks.

Two Kerosene Lamps Three to Five Kerosene Lamps
1 Week Prior to 1 Week Prior to
Baseline Follow-up Follow-Up Baseline Follow-up Follow-Up

eole
.

- .

b e ) B C

Kerosene Kero  Solar  Total Kero  Solar  Total Kerosene Kero  Solar  Total Kero Solar  Total

B

Average Hours of Lighting Per Household Per Day

Figure9. Boxplots of the averagbouseholdhours of lamp operation per day during the baseline

phase, one week por to follow-up measurements, and the followap phase, based on lamp usage

sensors on kerosene and solar lampBata are paneled by the number of kerosetamps in the home

at baseline:either two lamps(N = 12 householdsor three to five lamps(N=8).a YSNR ¢ | yR a{ 2f |
represent the exclusivéightingO2 Y G NA 6 dzi A2y 2F S OK fF YL (8LISsE gKACT
lighting contributions byboth solar and kerosene lamps in theomes. All households received three

solar lamps regardless of the nupmer of kerosene lamps at baseline.

At baseline, totahousehold(kerosene)amp useacrosshe full cohort averaged 10.8 hours per
day (SD = 6.0)Totallampusage was greater among houses with Bampsthan inthose with
two lamps byan average of.4hours per day (p < 0.02)ut the usage per lamp was the same
in bothhouse groups (3 hours per lamp per day, SDL.3). Simply puf lamp use averages
approximately4 hours per lampirrespective of the totahumberof lamps in a householdThs
doesnot imply that lamp use is balanced across all the lamps in a home.

Table 5summarizes the underlying data on which Figarne based Differences between
kerosene usage at baseline anotlv follow-up periodsindicate a kerosene lamp use
displacement obver 90%in terms of the average hours of usade the houses with two
kerosene lamps, total lamp usagethe followup periodroughly doubled (7.8 to
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approximately 15 hours/day) with over 95% of those service hours met by solar ldtopses
with 3 to 5 lamps exhibited a similar level of kerosene displacement, but with little chitoge
baseline to followup in the totalhouseholdhours of lighting used per day.

Table 5Hours of lamp use per day for kerosene and solar lamps and related metricgtumy period

and number of kerosene lamps in the household at baseline. Values in parentheses correspond to one

standard deviation.

FollowUp-

Kerosene lamps Baseline 1week FollowUp
2 Lamps at Baseline Kerosene Hours Onl hrs/day 7.8 (2.6) 0.7 (0.8) 0.4 (0.6)
(N=12) Solar Hours Onlr  hrs/day - 15.2 (5.1) 14.1 (6.2)
Total Hours hrs/day 7.8 (2.6) 15.8 (5.2} 14.5 (6.4}
Change in Totél hrs/day - 8.0 (4.6} 6.7 (5.5)

Kerosene Percentc % of
TotaP  Total 100% (0%) 4% (6%0) 3% (5%)

3-5 Lanps at

Baseline Kerosene Hours Onl hrs/day 15.2 (7.1) 1.6 (2.3) 0.5(0.7)
(N=8) Solar Hours Onlr  hrs/day - 15.3 (6.2) 14.3 (5.1)
Total Hours hrs/day 15.2(7.1)  16.9 (7.9} 14.8 (5.6}
Change in Totél hrs/day - 1.6 (6.2) -0.5 (5.0}

Kerosene Ercent of % of
Totaf  Total 100% (0%) 7% (890) 3% (3%)
All (25 Lamps) Kerosene Hours Onl hrs/day 10.8 (6.0) 1.0 (1.6) 0.4 (0.7)
(N=20) Solar Hours Onlr  hrs/day - 15.2 (5.4) 14.2 (5.7)
Total Hours hrs/day 10.8 (6.0)  16.2 (6.2} 14.6 (5.9}
Changen Total  hrs/day - 5.5 (6.0} 3.8 (6.3}

Kerosene Percentc % of
Totaf  Total 100% (0%) 5% (79%6) 3% (49%)

“Significantly different from baseline study phasedp f dzS

1 Change in total light hours fno baseline

2 The percent of total lamp use attributable to kerosene after baseline was not significantly different by lamp group or study

periods (pvalue > 0.05)

Micro-environmental Monitoring

n ®n pTailed RaifedzZeK)y (G Q &

¢ g2

Fourdaybaseline measurements of RNindicated a strong iftuence ofparticulatesources in

all three microenvironments the kitchen,the main living area, anthe d OK 2 2 f bedrddubhJA f Q &

All kitchens were in separate buildings from the main living aegeibedrooms. Baseline
PM s events in both the main livipspace and school pup® bedroons were consistent with
the usemonitor (ibutton) patterrsfor kerosene lightingboth in terms oftheir peakshapes and

the times of day thathe peaksoccurred

Figure9 shows examples dfpicalPM s profilesfrom the main livingareawhere kerosene
lamps are the dominant PM sourcandthe kitchenwherewood firesarethe dominant source
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The generation of lighrom combustionis predicated on the production of particled.am et al.
201); thus kerosene lamps hawerelatively stable rate of particulate emissions resulting in
more sustained (longer) peakBy contrasta wood firetransitions through severalombustion
phases, with the majority of service coming from heat, not ligktius, the flaming phase
occuss at ignition, but quickly transitions to a char phase where hmattlessPM, is generated
PM emissions from fires are characteristically less stabtauseof how the fuelis broken
down during the combustion procesghis is reflected in the PM concentrations as more
variable with less sustaine@eaks As substantially more fuel is burned in a wood,fPd/ 5
levels argypicallyseveral times higher thafnom a kerosendlamp, given the same room
condition$.

Figure9. Examples of reaktime PM.s concentrationprofiles from the main living space in

which the dominant PM source is the kerosene lamps, and the kitchen in which the dominant
source is the wood stoveThe red bar corresponds to the periadlring whichpersonal

samples were also éing taken.Note the order of magnitude difference imertical scales
between the main living room and the kitchen

The preintervention pattern of PMsin the main living area is shown in Figd< for each
household, averaged across 5 days of moinmitgr Blue dots show the average concentration

7 A concept first documented over 150 years ago by English scientist Michael Faeg, all Bright flames contain these

solid particles; all things that burn and produce solid particles, either during the time they are burning, as in the candbe,
immediately after being burnt, as in the case of the gunpowder and iron filings all these things give us this glorious and
ARAGOEAD] |1 ECEOG j4EA #EAI EAAI (EOOIOU 1 & A #AT Al AR puwoenq
8 The rate of PM emitted from a pollutant source is a function of the rate fuel is comaed and the fraction of the fuel that

is converted to PM in the combustion proceshe fraction of fuel carbon emitted a$M..s from a kerosene lamp is

actually 2-3 times greater than that of a woodfire. Hbwever, thelamp fuel consumption rate is roughty one to two orders

of magnitude smallerthan that of the fire.




















































































