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Household transitions to cleaner cooking fuels (for example, liquefied petroleum gas (LPG)) have historically been studied
from a demand perspective, with clean energy usage expected to increase with improvements in household socio-economic
status. Although recent studies demonstrate the importance of supply-side determinants in increasing clean cooking, few
large-scale studies have assessed their importance quantitatively, relative to demand-related factors. Here, as part of the
CLEAN-Air(Africa) study, we examine a population-based survey (n=5,638) of cooking practices in peri-urban communi-
ties within Cameroon, Kenya and Ghana. Multilevel logistic and log-linear regression assessed the demand and supply-side
determinants of LPG usage (primary versus secondary fuel) and consumption (kilograms per capita per year), respectively.
Supply-side factors (for example, cylinder refill and transportation costs) and the use of single versus multiburner stoves were
better predictors than household socio-economic status for both the probability of primarily cooking with LPG and the annual
LPG consumption. These results highlight the need for policies that promote LPG supply and stove equipment to meet house-

hold needs.

charcoal), coal and kerosene, are used by approximately 3.8

billion individuals worldwide for cooking, heating and light-
ing'. Household air pollution generated from incomplete combus-
tion of these fuels results in levels of 2.5 pm fine particulate matter
(PM,;) typically well above World Health Organization (WHO)
guidelines’. Exposure to PM,; in household air pollution is caus-
ally associated with many adverse health outcomes, which include
cardiopulmonary and respiratory diseases’™. Although fuels such
as coal and charcoal generally emit lower levels of PM, than
other polluting fuels’, their combustion also generates high levels
of carbon monoxide, which has been linked to increased blood
pressure® and adverse pregnancy outcomes’. Additionally, house-
hold air pollution contains short-term climate-forcing pollutants,
which include black carbon, which is also associated with negative
health impacts'. It is estimated that 25% of global anthropogenic
black-carbon emissions are produced from household biomass
combustion'""?. The use of polluting cooking fuel further leads
to deforestation in certain locations, particularly in East Africa''.
Women, typically the primary cook, may travel long distances to
gather polluting fuels in some settings, which negatively impacts
their livelihoods'".

In Sub-Saharan Africa (SSA), approximately 900 million people
cook with polluting fuels”. Governments in SSA, which include
Cameroon, Ghana and Kenya, plan to expand the population-level
use of liquefied petroleum gas (LPG) as a clean cooking solution
to an aspirational target of 35-58% over the next decade'*"'*. LPG,

P olluting fuels, which include biomass (for example, wood and

although a fossil fuel, does not emit black carbon and has much
lower PM, ; emissions than polluting fuels”'®". Using LPG for cook-
ing can also decrease localized deforestation and reduce the time
spent gathering and cooking with polluting fuels”.

Historically, studies focused on the determinants of clean
cooking fuel use have emphasized the ‘household energy ladder’
model, by which improvements in socio-economic status (SES)
lead households to transition to modern energy sources’~*. In
reality, higher income usually does not lead to a complete transi-
tion to clean cooking fuels in low- and middle-income countries,
as households will probably continue using polluting fuels along-
side clean fuels (fuel ‘stacking’) to meet all cooking needs*. For
example, studies in India found that resource-poor rural house-
holds provided with LPG cooking equipment under the Pradhan
Mantri Ujjwala Yojana (PMUY) programme continued to use pol-
luting fuels, which led to less frequent LPG use compared with
that of more affluent urban households®*. There are numerous
potential causes of fuel stacking, which include taste preferences,
high or unstable fuel costs, convenience and cultural norms*-%.
In SSA, studies carried out in Cameroon’’!, Tanzania® and
Ethiopia* also found supply-related issues to be important deter-
minants of fuel stacking. Multinational modelling studies con-
ducted in SSA found that community-level effects explained a
higher amount of variability in cooking fuel choice than house-
hold SES characteristics, which suggests that cooking decisions
may be largely driven by fuel availability and other supply-related
factors that occur at a broader level***. Although these studies
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assessed the impact of specific supply and demand-side factors
on primary cooking fuel type used, few large-scale studies quan-
titatively assessed determinants of a higher LPG consumption in
SSA. To understand the important drivers of increased LPG con-
sumption, rather than a binary indictor of whether LPG is used,
may help uncover strategies that reduce fuel stacking and facili-
tate a full transition to LPG.

In this study, survey data on cooking behaviours, which include
the primary and secondary cooking fuels used and the aver-
age annual per capita LPG consumption, were collected in three
peri-urban communities in Cameroon, Kenya and Ghana. These
countries were specifically chosen as all are implementing poli-
cies to scale-up the adoption of LPG for cooking to decrease the
negative impacts of polluting cooking fuels on health and the envi-
ronment (Methods). Multilevel modelling of over 5,500 house-
holds from the three countries was conducted in a quantitative
assessment of the supply and demand-related impacts on LPG fuel
usage in the rapidly urbanising communities of SSA. The mod-
elling results show a significant, positive relationship between
increased per capita LPG consumption and lower LPG refill cost,
shorter travel time to access the fuel and a higher number of LPG
stove burners. Households that indicated a consistent availability
of LPG refills at retailers had a significantly higher probability of
using LPG as a primary cooking fuel (defined as the fuel used most
often (Methods)) than those that reported an inconsistent supply,
irrespective of education level and income. This empirical evi-
dence suggests that to enhance LPG accessibility and availability,
which includes via expansion of the number of retail points and
promotion of multiburner LPG stoves, can be effective short-term
interventions to increase the LPG consumption among peri-urban
households in SSA.

Cooking environment characteristics

This study presents findings from the Global Health Research Group
on clean energy access for the prevention of non-communicable
disease in Africa through clean air (CLEAN-Air(Africa)) pro-
gramme’, which involves a randomly administered cross-sectional
survey via door-to-door sampling. Surveys were completed by the
main cook of the household and included questions on cooking fuel
use from a WHO harmonized survey for monitoring Sustainable
Development Goal 7 indicators”. The full questionnaire is avail-
able in the Supplementary Information. The final analytical sample
included 5,638 households (Obuasi, Ghana, 1,987 (35%); Mbalmayo,
Cameroon, 1,811 (32%) and Eldoret, Kenya, 1,840 (33%)).

The proportion of individuals who primarily cooked with
LPG varied substantially by community (Obuasi 38% (n=757),
Mbalmayo 28% (1n=468) and Eldoret 5% (n=35)) (Fig. 1). Of the
households, 60% (n=2,772) ‘stacked’ at least two cooking fuels.
Fuel stacking was 30% higher among households that primarily
used LPG (82%) compared with households that primarily used
polluting fuels (53%). Fuel-stacking prevalence among households
that primarily cooked with polluting fuels was approximately 20%
higher in Eldoret (~60%) and Mbalmayo (~60%) compared with
Obuasi (~40%) (Supplementary Table 2).

A higher percentage of households that primarily cooked with
LPG contained a member with a university degree (22%) and were
in the highest income quartile (23%), compared with households
that primarily used polluting cooking fuels (5% with a university
degree and 8% in the highest income quartile) (Supplementary
Table 2). In Eldoret and Mbalmayo, the proportion of households
cooking primarily with polluting fuels and reported seasonal
changes in income (72 and 75%, respectively) was 20-30% higher
than those that primarily cooked with LPG (42 and 58%, respec-
tively). Among households that primarily cooked with LPG, 59%
had fewer than five family members, compared with 38% of those
that primarily cooked with polluting fuels (Supplementary Table 2).
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Households that cook with LPG

Over half (55%, n=1,567) of the 2,830 households cooking with
LPG used it as a primary fuel; very few (4%, n=109) exclusively
cooked with LPG and 44% (n=1,263) used LPG as a secondary fuel
(Table 1). In Obuasi, two-thirds of households reported using LPG
as a primary fuel (67%, n=679) compared with one-third (37%,
n=316) of households in Eldoret; in Mbalmayo, LPG was used
roughly equally as a primary and secondary fuel (48%, n=463).
LPG was most frequently stacked with wood in Mbalmayo, and
with charcoal in Eldoret and Obuasi (Fig. 2).

Nearly half (47%) of households that primarily cooked with LPG
said it was not always available for purchase (Table 1), more than
double that for those exclusively cooking with LPG (21%)). LPG
consumption varied substantially from 0.8 to 67.0kgcapita™yr.
Median LPG consumption was 14.4kgcapita”yr' (interquar-
tile range (IQR) 10.4, 24.0) in Eldoret, 20.0kgcapita’'yr" (IQR
15.0, 30.0) in Mbalmayo and 23.2kgcapitayr (IQR 14.5, 36.0)
in Obuasi. The mean cost of cylinder refills was lowest among
households exclusively cooking with LPG (US$0.99kg™! (s.d. 0.50))
and highest among households using LPG as a secondary fuel
(US$1.27 kg™ (s.d. 0.67)).

In Eldoret, 72% of the participants cooking exclusively with LPG
were ten minutes or less from a retailer compared with 47 and 36%
of households using LPG as a primary or secondary fuel, respec-
tively. Electing to walk to an LPG retailer to obtain cylinder refills
was six times more common among participants in Eldoret using
LPG exclusively (61%) than among those using LPG as a secondary
fuel (11%).

Modelling of LPG as a primary or secondary fuel choice

The final multivariable model modestly characterized (pseudo
Rfmrginalz 0.42, receiver operating characteristic=0.82) pri-
mary versus secondary use of LPG for cooking (Supplementary
Table 4). Demographics (Riarginal =0.11) and LPG supply-related
factors (R,zmrginal=0.10) explained a higher proportion of model
variability than SES (anargiml=0.03) (Supplementary Table 4).
Households with 1-2 members had more than twice the pre-
dicted probability (84% (95% CI, 68, 93)) of primarily using LPG
than households with 7-8 family members (35% (95% CI, 17, 58))
(Table 2). Lower availability of LPG and higher refill costs were
associated with a lower predicted probability of primary use of the
fuel in a monotonically decreasing manner (Fig. 3). Specifically,
69% (95% CI, 47, 85) of households that report a refill cost of
<US$0.86 kg™! were predicted to use LPG as a primary fuel, com-
pared with 60% (95% CI, 40, 80), 52% (95% CI, 30, 73) and 40%
(95% CI, 20, 64) of households that reported a cylinder refill
cost of US$0.86-1.00kg™", US$1.01-1.10kg™! and >US$1.10kg™",
respectively. As the number of family members living in the
household increased, a higher number of LPG stove burners was
associated with a greater proportion of households that reported
the use of LPG as a primary fuel; nearly 60% of households with
a large family size (>7 members) using LPG as a primary cook-
ing fuel owned a 3-4 burner stove, compared with less than 30%
of smaller households (1-2 members) that primarily cooked with
LPG (Supplementary Fig. 1).

Modelling of annual per capita LPG consumption
Half (anarginal =0.49; cross-validation R*=0.39) of the variabil-
ity in LPG consumption was explained by covariates included in
the final model (root mean square error=0.52kgcapitayr?;
cross-validation root mean square error=0.54kgcapita’yr)
(Supplementary Table 5). Household demographics (Rimginal =0.31)
explained substantially more of this variability than household SES
(anargmal =0.0). Households with 3-4 members consumed an aver-

age of 13.7kgcapita”yr' (95% CI, -17.2, -9.4), less than house-
holds with 1-2 individuals (Table 3).
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Fig. 1| Primary cooking fuel types among three peri-urban communities in Ghana, Cameroon and Kenya. Cooking fuel percentages (n=4,555) are
presented among 757 households in Eldoret, rather than the full sample of 1,840 households because random sampling was switched to purposive
sampling midway through the data collection. This was done to ensure a higher sample of LPG households available for subsequent phases of the

CLEAN-Air(Africa) study in Eldoret.

Households that used a double-burner or triple-burner LPG
stove consumed an average of 8.1 (95% CI, 3.6, 13.8) or 6.7 (95%
CI, 2.4, 11.7) kgcapita'yr, respectively, more LPG than house-
holds with single-burner stoves, irrespective of SES and family size
(Table 3). Households that exclusively cooked with LPG consumed
2.5kgcapita’yr” (95% CI, 0.4, 4.3) more than households that
stacked LPG with another fuel (Table 3).

Participants that required 11-20minutes, 21-30minutes or
>30minutes to travel to LPG retailers consumed an average of 0.9
(95% CI, -3.9, 2.9), 1.2 (95% CI, —4.2, 2.7) and 1.3 (95% CI, -4.2,
2.4) kgcapitayr! less than those who could reach an LPG retailer
in 10 minutes or less (Table 3). In addition, households that reported
a lowest cost of LPG cylinder refills (<US$0.86kg™") consumed 3.2
(95% CI, -6.4,0.8), 3.9 (95% CI, ~7.2,0.1) and 6.0 (95% CI, -9.0, ~2.2)
kgcapita”yr' more than participants who reported higher refill
costs of US$0.86-1.00kg™, US$1.01-1.10kg™" and >US$1.10kg™,
respectively. A similar monotonically decreasing relationship was
found between a higher transportation cost to reach the LPG retailer
and an average per capita LPG consumption (Fig. 4).

Households that exclusively cook with polluting fuels
Among households that exclusively cook with polluting fuels
(n=2,685), nearly half (47%, n=1,248) reported they had previ-
ously cooked with LPG (Supplementary Table 6); the proportion
varied nearly threefold by community (Obuasi 63% (n=612),
Mbalmayo 48% (n=399) and Eldoret 24% (n=237)). Only 10%
(n=272) of households that cooked exclusively with polluting fuels
indicated being satisfied with their current cooking fuel.

Inability to afford the upfront costs of purchasing LPG stoves
and/or equipment was the dominant reason (70%, n=1,889)
reported for not currently cooking with LPG (Fig. 5). High refill
costs were cited as a barrier for LPG use by twice as many house-
holds that previously cooked with LPG (37%) as those that had not
(19%) (Supplementary Table 6). LPG safety concerns were reported
by 18% (n=470) of households not currently using LPG; this con-
cern was highest in Obuasi (30%, n=292); the proportion was twice
as high as that in Mbalmayo (14%, n=117) and five times higher
than that in Eldoret (6%, n=61).
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Discussion

By quantitatively modelling the impact of demand and supply-side
indicators on LPG usage, this multinational study demonstrates
that both types of factors influence rates of LPG consumption in
peri-urban communities in SSA. Although the prevalence of exclu-
sive LPG users in the study sample was minimal (4%), a 20% higher
prevalence of a consistent availability of LPG reported among
exclusive LPG users in Obuasi and Eldoret compared with that for
households that stacked LPG with a polluting fuel (Supplementary
Table 3) indicates that an unreliable supply of LPG is a critical deter-
rent to a full transition to clean cooking. Additionally, cooking with
LPG exclusively rather than stacking with a polluting fuel was asso-
ciated with a significantly (20%) higher annual LPG consumption
(average increase from 13.3 to 15.8kgcapitayr) (Table 3). This
importantly indicates that a higher per capita consumption among
our study sample was not only due to households that cooked more
on both LPG and traditional stoves (for example, due to a larger
family size), but also that stacked fuels at a lower rate.

Households indicating that LPG was always available at retailers
had a 25% higher predicted probability of using LPG as a primary
fuel than those that reported that it was unavailable for purchase
at least once per month, irrespective of household SES (Table 2).
Households reporting the lowest LPG cylinder refill costs also had
a 30% higher probability of primarily using LPG (Table 2) and
consumed 6.0kgcapitayr! (95% CI, 2.2, 9.0) more than house-
holds that reported the highest refill costs (Table 3). Unaffordable
LPG cylinder refill costs were commonly reported by households
that cooked exclusively with polluting fuels, particularly in Obuasi
(50%) and Mbalmayo (40%). This is possibly indicative of custom-
ers who use smaller cylinders (6kg) in Eldoret being less sensitive to
changes in the refill price compared with those using >12kg cylin-
ders in Cameroon and Ghana. As an increasing LPG cylinder refill
cost (per kilogram) was negatively associated with consumption in
a monotonically decreasing manner (Fig. 4), and 37% of previous
LPG users cited LPG cylinder refill costs as their main reason for
the discontinued use of the fuel (Fig. 5), the cost of LPG cylinder
refills emerged as a critical barrier among both current and former
LPG users.
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Table 1| LPG usage characteristics among households that reported exclusive, primary or secondary use of LPG (n=2,830)

Exclusive (n=109) Primary (n=1,458) Secondary (n=1,263)
Unavailability of fuel (times yr™)
Always available 86 (79%) 779 (53%) 613 (49%)
<4 12 (11%) 396 (27%) 321(25%)
4-12 8 (7%) 124 (9%) 170 (13%)
>12 3 (%) 79 (5%) 102 (8%)
Don't know 0 80 (5%) 57 (5%)
Usage (no. of days the previous week)
0 5 (5%) 66 (5%) 274 (22%)
1-3 18 (17%) 105 (7%) 179 (14%)
4-6 8 (7%) 190 (13%) 148 (12%)
7 78 (72%) 1,079 (74%) 629 (50%)
Years cooking with LPG
<1 12 (11%) 12 (8%) 158 (13%)
1-2 40 (37%) 437 (30) 348 (28%)
2-5 1 (10%) 57 (4%) 103 (8%)
5-10 21 (19%) 529 (36%) 333 (26%)
>10 25 (23%) 306 (21%) 288 (23%)
Cylinder size (kg)
6 56 (51%) 457 (31%) 439 (35%)
9 4 (4%) 18 (1%) 9 (1%)
12.5 100%) 464 (31%) 466 (37%)
13 4 (4%) 79 (6%) 71(6%)
14.5 42 (38%) 292 (20%) 60 (6%)
Consumption (kg capita™yr?), median (IQR)? 29.0(7.2,18.8) 20.0(13.6, 29.0) 12.0 (7.2,18.8)
Refill cost (US$ kg™), mean (s.d.) 0.99 (0.50) 1.05 (0.59) 1.27 (0.67)
Travel time to refill point (min)
Home delivery 11 (10%) 103 (7%) 48 (4%)
1-10 38 (35%) 390 (27%) 349 (28%)
1-20 20 (18%) 437 (30%) 398 (32%)
21-30 23 (21%) 349 (24%) 363 (29%)
30+ 17 (16%) 162 (11%) 72 (6%)
Transportation mode for refill
Motorbike 12 (11%) 593 (41%) 804 (64%)
Car 32 (29%) 363 (25%) 167 (13%)
On foot 32 (29%) 210 (14%) 122 (10%)
Public transport 22 (20%) 172 (12%) 85 (7%)
Home delivery 1 (10%) 103 (7%) 48 (4%)
Number of cylinders owned
1 77 (71%) 976 (67%) 1,001 (79%)
2 25 (23%) 353 (24%) 189 (15%)
3+ 7 (6%) 111 (8%) 40 (3%)
Number of stove burners
1 58 (53%) 460 (32%) 536 (42%)
2 10 (9%) 339 (23%) 308 (24%)
3+ 41 (38%) 641 (44%) 385 (30%)
Time since last stove purchase (yr)
<2 43 (54%) 645 (56%) 502 (47%)
3-4 17 (22%) 244 (21%) 236 (22%)
5-6 10 (13%) 134 (12%) 163 (15%)
7+ 9 (11%) 130 (11%) 167 (16%)

2Annual per capita LPG consumption is a derived variable. The number of annual refills was obtained by dividing one year by the average duration that the LPG cylinder typically lasts before it runs empty.
The number of refills was then multiplied by cylinder size (kg) and divided by the number of household members (reported in Supplementary Table 2).
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Fig. 2 | Most common primary, secondary and tertiary cooking fuel combinations by community. For brevity, only the most common fuel combinations
(>35 households) were included. Among the study households, there were nearly 200 different cooking fuel combinations.

Moreover, using a double-burner LPG stove was associated
with a 8.1kgcapita~yr! (95% CI, 3.6, 13.8) higher LPG consump-
tion compared with use of a single-burner stove (Table 3). Further,
using a multiburner LPG stove was linked to a greater probability
of households that primarily used LPG, particularly those with five
members or more (Supplementary Fig. 2). These findings prob-
ably reflect the greater time and fuel savings multiburner stoves
offer to larger families due to the ability to use multiple pots or
pans simultaneously®. The ability to cook two meals simultane-
ously on double-burner stoves was an advantage of LPG over
kerosene reported by households in Nairobi®, and participants in
another Kenyan study stated they had ‘no need to stack’ when using
double-burner stoves*. This study adds to the growing body of evi-
dence that, once the barrier of initial LPG access is overcome, fami-
lies value the practicalities of cooking (for example. time and fuel
savings), which can be influenced by supply-related factors aside
from fuel price alone. Governments should promote multiburner
stoves (as in India with the PMUY programme)® as a potentially
highly effective intervention to scale-up the more exclusive use of
clean cooking.

Higher transportation cost and longer time to obtain an LPG refill
were associated with lower LPG consumption in a monotonically
decreasing manner (Table 3). This finding matches that of previ-
ous cooking fuel choice research conducted in rural communities in
Ghana*'-*. Policies that improve the proliferation of last-mile LPG
distributors and retailers are probably needed in these peri-urban
communities to decrease the travel time and costs associated with
acquiring cylinder refills. Other LPG supply-chain enhancements,
such as increased cylinder inventory, bulk storage and filling facili-
ties, may ultimately lead to a greater population-level consumption
of LPG”. These supply-related policies were identified as a priority
by the governments of all three countries'”***.

Additionally, consumer finance mechanisms, which includes
unconditional cash transfers*, microfinance* and pay-as-you-go
LPG were shown to increase or sustain the use of LPG.
Pay-as-you-go LPG, which removes transportation times and costs
via the direct home delivery of LPG cylinders, has been successfully
rolled out in urban settings, but will be more logistically challenging
to implement in peri-urban areas due to the higher transportation

1202

costs and enhanced distribution networks needed to ensure timely
home deliveries'’.

In India, the PMUY programme rapidly expanded LPG access
among the poorest, but did not lead to a higher usage among rural
households**. A study among 8,000 PMUY programme benefi-
ciaries similarly proposed that long travel times from rural Indian
villages to refill points was a likely driver of a 30% lower LPG con-
sumption®. Although the Indian study proposed that LPG access
is important at a village level, we found that accessibility may play
a role at smaller scales in an African context; a 10-minute-longer
travel time to a retailer within a community was a deterrent to LPG
usage (Fig. 4). These results contribute to growing evidence that
accessibility, in addition to affordability, of LPG refills should be
targeted by policymakers to expand LPG use.

Younger households and smaller families were more likely to pri-
marily use LPG and had higher consumption rates (Fig. 5), which is
similar to findings from a study of PMUY beneficiaries in India*. As
household size increases, there is generally a demand for a greater
amount of fuel and stove surface area to prepare larger meals to feed
the entire family. Thus, open fires that accommodate larger pots can
be more practical for substantive cooking than a single-burner LPG
stove*®*. Moreover, it is typically easier for families with more chil-
dren to collect biomass as there are more hands available to attend
to other household chores*’; one-fifth (21%) of households with 7
or more family members in our sample obtained free fuelwood for
cooking compared with only 8% of households with 1-2 inhabitants
(Supplementary Table 10).

In contrast to a study in India”, years spent cooking with LPG was
not significantly associated with consumption, which potentially
highlights the importance of LPG fuel costs remaining price compet-
itive in the long term to prevent reversion to polluting cooking fuels.
This finding is further supported by households previously cook-
ing with LPG being more likely than households with no prior LPG
experience to cite high cylinder refill costs as a reason for not cook-
ing with LPG (Supplementary Table 6). Household income was not
significantly associated with use of LPG as a primary fuel (Table 2),
which demonstrates that usage does not necessarily intensify in a
linear manner with increasing SES, but may follow a complicated
trajectory due to various supply-related and contextual factors®*.
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Table 2 | Coefficients from LPG primary versus secondary cooking fuel logistic regression model

Coefficient Estimate Standard error  Test statistic P value Predicted probability
(Z-score) (95% CI)

Intercept 1.30 0.55 2.36 0.03*

Country (referenced to Ghana) 0.69 (0.47,0.85)
Cameroon -0.73 0.57 -1.26 0.21 0.55(0.32,0.77)
Kenya -0.79 0.66 -119 0.23 0.47 (0.24,0.72)

Household income quartile (referenced to 1st quartile (lowest)) 0.69 (0.47,0.85)
2nd quartile 0.12 017 0.70 0.48 0.71(0.50, 0.86)
3rd quartile -0.01 0.20 -0.06 0.95 0.67 (0.46, 0.83)
4th quartile (highest) 0.15 0.25 0.59 0.56 0.70 (0.49, 0.86)

Highest level of education in household 0.69 (0.47,0.85)
Primary 0.20 0.34 0.59 0.55 0.79 (0.61, 0.90)
Junior high 0.65 042 1.56 0.12 0.70 (0.51,0.84)
Secondary 0.80 0.32 248 0.01* 0.81(0.66, 0.90)
College or university 1.22 0.34 3.60 <0.001*** 0.87 (0.74,0.94)

Age (yr) of head of household (referenced to 18-24) 0.69 (0.47,0.85)
25-29 -0.09 0.16 -0.54 0.59 0.67 (0.46, 0.83)
30-35 -0.22 0.16 -1.27 0.20 0.65 (0.43,0.82)
36-75 -0.37 0.5 -2.33 0.02* 0.61(0.39, 0.79)

Sex of cooking fuel decision maker (referenced to female) 0.69 (0.47,0.85)
Male 0.55 0.15 3.61 <0.001"**  0.79 (0.59, 0.90)

Number of household members (referenced to 1-2) 0.84 (0.68, 0.93)
3-4 -0.87 0.21 -3.99 <0.001"**  0.69 (0.47,0.85)
5-6 -1.57 0.22 -7.06 <0.001*** 0.52(0.31,0.73)
7+ -2.31 0.24 -9.52 <0.001*** 0.35(0.17, 0.58)

Number of children under 5 years old living in household 0.69 (0.47,0.85)

(referenced to 1)

2 0.23 013 1.68 0.09 0.74 (0.53, 0.87)
3-6 -0.19 0.16 -114 0.25 0.65 (0.42, 0.83)

Days cooking with LPG in previous week (referenced to 6 or less) 0.69 (0.47,0.85)
7 days (every day) 115 012 9.18 <0.001***  0.87 (0.73, 0.95)

Obtain any cooking fuels for free 0.69 (0.47,0.85)
Yes -1.31 017 —7.93 <0.001***  0.37 (0.18,0.60)

Transportation cost for obtaining LPG refill (referenced to 0.69 (0.47,0.85)

<US$0.25)

US$0.26-0.50 -0.40 0.18 -2.24 0.02* 0.62 (0.40, 0.80)
$0.51-1.00 -0.46 0.15 -2.96 0.003** 0.59 (0.36,0.79)
>US$1.00 -0.27 0.5 -1.72 0.08 0.63 (0.39, 0.81)

Travel time to obtain LPG refill (referenced to <10 min) 0.69 (0.47,0.85)
11-20 min 0.03 014 0.20 0.84 0.70 (0.48, 0.85)
21-30 min -0.35 0.15 -2.26 0.02* 0.61(0.39, 0.80)
>30min 0.44 0.25 1.72 0.09 0.75(0.54, 0.89)

LPG unavailable (referenced to often (more than once a month)) 0.69 (0.47,0.85)
Sometimes (4-12 times a year) 0.03 0.28 0.1 0.91 0.68 (0.47,0.84)
Rarely (less than 4 times a year) 0.45 0.25 176 0.08 0.75 (0.56, 0.88)
Never (always available) 0.84 0.24 3.75 <0.007*** 0.84 (0.69, 0.92)
Do not know/unsure 0.42 0.33 1.25 0.21 0.75 (0.54, 0.89)

Cost of refills (US$ kg™) (referenced to <US$0.86 kg™) 0.69 (0.47, 0.85)
US$0.86-1.00kg™ -0.35 0.25 -1.40 0.20 0.60 (0.40, 0.80)
US$1.01-1.10 kg™ -0.74 0.28 -2.61 0.009** 0.52 (0.30,0.73)
>US$1.10 kg™ -1.30 0.33 -3.88 <0.001"** 0.40 (0.20, 0.64)

n=2,247. Continuous covariates mean-centred and categorical predictors held at the population proportion. Households that primarily used LPG indicated LPG being their main cooking fuel, whereas
secondary LPG users were those that stated LPG was another cooking fuel they used aside from their main cooking fuel. P values were generated from two-sided t-tests. No adjustments were made for
multiple comparisons. *P< 0.05, **P< 0.01, ***P < 0.001.
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account for quantitative covariates centred at their mean.

The estimated median annual LPG per capita consumptions
in Mbalmayo, Eldoret and Obuasi were relatively similar (40%
higher, 13% higher and 8% lower, respectively) to national rates
as last estimated in National Feasibility Assessments conducted by
the Global LPG Partnership in 2017/2018 (14.2kgcapitayr in
Cameroon, 12.8kgcapita”yr in Kenya and 25.0kgcapita”yr" in
Ghana)***>*, Tt is unclear if the differences result from geographical
variation within countries, population-level changes in consump-
tion from 2017 to 2019 or bias in the self-reporting of consumption
(Supplementary Table 7), which has occurred in previous stud-
ies®. Nonetheless, the self-reported consumption rates are about
half those of households in more developed countries (for exam-
ple, Brazil, Indonesia and Peru) with well-established LPG supply
chains'®. The communities of Mbalmayo (27%) and Obuasi (39%)
had a substantially higher prevalence of households that primar-
ily cooked with LPG than those of Eldoret (5%); the prevalence of
households using LPG in Eldoret is consistent with the proportion
of rural households using LPG in Kenya (6%) reported in the 2019
Kenya Census™.

A lower prevalence and per capita LPG consumption in Eldoret
compared with those in Obuasi and Mbalmayo are partially due to
differences in national LPG policies between the three countries.
In Cameroon, regulations regarding the storage and distribution of
LPG have been in place since the 1970s™. Despite instances of cyl-
inder shortages over the past couple of decades, new foreign-owned
companies entered the Cameroonian market in the mid-2000s,
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which increased the number of cylinders in circulation and raised
population-level LPG consumption. The Ghana LPG promotion
programme started in 1990 to encourage households to adopt
LPG*. The Ghanaian government has subsidized LPG over the past
several decades (although subsidies were phased out in 2013) and
Ghana partially produced LPG from a local refinery and offshore
natural gas extraction, which spurred a higher population use of
LPG (including as a transport fuel). Ghana was the first country
in SSA to endorse a Sustainable Energy for All Action Plan in 2012
under the United Nations. In Kenya, a lack of proper enforcement
rules has led to the diffusion of illegal refilling practices, which
makes it difficult for legitimate companies to operate sustainably.
A lack of LPG pricing regulation in Kenya contributed to a higher
price (per kilogram) of LPG in Eldoret than those in Obuasi and
Mbalmayo (Supplementary Table 3).

LPG safety concerns were prevalent among households that
cooked with polluting fuels, particularly in Obuasi (30%) (Fig. 5). A
higher proportion in Obuasi compared with those in the other com-
munities is probably attributable to the ‘customer-owned’ cylinder
model currently implemented in Ghana, which places customers
in charge of cylinder maintenance and replacement, and thus con-
tributes to more frequent serious LPG accidents”. The Ghanaian
government is transitioning the population to the ‘branded cylinder
recirculation model, which ensures proper refilling practices and
the correct disposal of cylinders, as LPG marketers are responsible
for cylinder maintenance and safety™.
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Table 3 | Coefficients from log-linear regression and exponentiated consumption (kg capita™yr” from LPG consumption model

Coefficient Estimate Standard error  Test statistic P value Mean (95% CI)
(Wald statistic) (kg capita'yr")

Intercept 3.76 0.09 41.32 <0.001***

Country (referenced to Ghana) 15.80 (12.69, 19.32)
Cameroon 0.04 0.05 0.86 0.39 14.70 (11.71,18.05)
Kenya -0.02 0.07 -0.27 0.78 13.24 (10.80, 15.83)

Age of head of household (referenced to 18-24) 16.43 (13.24, 20.40)
25-29 -0.04 0.03 -1.20 0.23 15.82 (12.80, 19.55)
30-35 -0.01 0.03 -0.58 0.56 16.29 (1312, 20.22)
36-75 -0.05 0.03 -1.38 0.17 15.63 (12.59,19.39)

Household income quartile (referenced to 1st 15.31(12.41,18.89)

quartile (lowest))
2nd quartile 0.05 0.04 1.36 017 15.65 (12.69, 19.31)
3rd quartile 0.06 0.04 1.51 0.13 15.52 (12.61,19.09)
4th quartile (highest) 015 0.05 3.20 0.001** 1710 (13.93, 21.00)

Sex of cooking fuel decision maker (referenced 15.31(12.41,18.89)

to female)

Male 0.01 0.03 0.34 0.73 15.55 (12.56, 19.25)

Marital status (referenced to married) 15.31(12.41,18.89)
Divorced/separated -0Mm 0.07 -1.50 0.12 12.57 (9.71,16.26)
Living together with partner/cohabiting -0.08 0.04 -1.87 0.06 14.76 (11.86, 18.37)
Single 0.01 0.02 0.39 0.70 16.10 (13.12,19.76)
Widowed -0.03 0.05 -0.52 0.58 15.54 (12.24,19.73)

Number of household members (referenced to 32.05 (26.04, 39.46)

1-2)

3-4 -0.60 0.04 -15.7 <0.001*** 18.33 (14.84, 22.64)
5-6 -0.99 0.04 -24.3 <0.001*** 12.40 (10.02, 15.34)
7+ -1.29 0.05 -28.4 <0.001*** 9.11(7.33,11.32)

Number of children <5 years old living in 17.20 (13.93, 21.23)

household (referenced to 1)

2 -0.05 0.03 -1.98 0.04* 14.53 (11.74,17.98)
3-6 -0.14 0.03 -4.04 <0.001*** 14.30 (11.54,17.73)

Years cooking with LPG (referenced to <1 yr) 15.31(12.41,18.89)
1-2yr -0.09 0.06 -1.64 0.10 13.96 (11.44,17.02)
2-5yr -0.08 0.05 =155 0.12 14.36 (11.88,17.36)
5-10 yr -0.01 0.05 -0.28 0.77 15.28 (12.66, 18.43)
>10 yr 0.00 0.05 0.03 0.97 16.06 (13.22,19.49)

Fuel stacking (referenced to no) 15.80 (12.81,19.49)
Yes -0.12 0.06 -2.15 0.03* 13.29 (11.44,15.43)

Days cooking with LPG in previous week 15.31(12.41, 18.89)

(referenced to 6 or less)

7 days (everyday) 0.07 0.02 2.95 0.003** 16.16 (13.07,19.97)

Obtain any cooking fuels for free 15.80 (12.81,19.49)
Yes -0.05 0.03 -1.55 0.12 15.30 (12.29, 19.03)

Number of LPG stove burners (referenced to 1) 15.31(12.41,18.89)
2 0.40 0.03 113 <0.001*** 23.44 (18.91, 29.06)
3+ 0.31 0.03 9.21 <0.007*** 21.87 (17.72, 27.00)

Transportation cost for obtaining LPG refill 16.08 (13.58, 19.03)

(<US$0.25)

US$0.26-0.50 -0.01 0.03 -0.38 0.70 16.06 (13.52,19.08)
US$0.51-1.00 -0.02 0.03 -0.63 0.53 15.77 (13.23,18.79)
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Table 3 | Coefficients from log-linear regression and exponentiated consumption (kg capita™yr” from LPG consumption model
(continued)

Coefficient Estimate Standard error  Test statistic P value Mean (95% CI)
(Wald statistic) (kg capita'yr™)
>US$1.00 0.00 0.03 017 0.86 16.02 (13.42,19.12)
Travel time to obtain LPG refill (referenced 16.56 (13.36, 20.53)
to <10 min)
11-20 min -0.06 0.03 -2.05 0.04* 15.73 (12.71,19.46)
21-30 min -0.09 0.03 -2.95 0.003** 15.41(12.28,19.33)
>30min -0.10 0.05 -2.24 0.03* 15.34 (12.40, 18.97)
Cost of refills (referenced to <US$0.85kg™) 19.69 (15.81, 24.51)
U$0.86-1.00kg™ -0.09 0.04 -2.22 0.03* 16.50 (13.25, 20.53)
US$1.01-1.10 kg™ -0.16 0.05 -3.03 0.003** 15.75 (12.54,19.79)
>US$1.10kg™ -0.36 0.06 -5.50 <0.007*** 13.68 (10.71,17.47)

n=2,330. All the covariates were mean centred. P values were generated from two-sided t-tests. No adjustments were made for multiple comparisons. *P < 0.05, **P<0.01, ***P< 0.001.
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Participants in Eldoret who gathered firewood at no cost (42%
of households compared with 5% in Obuasi and 22% in Mbalmayo
(Supplementary Table 9)) were substantially less likely to purchase
LPG for cooking (Supplementary Table 2). Further, households that
purchased all their cooking fuels had nearly twice the probability
(69%) of using LPG as the primary cooking fuel compared with
households that gathered free fuelwood (37%) (Table 2). The ability
to collect free firewood, assessed via forest cover as a proxy in some
studies”, is a well-documented deterrent to LPG consumption'®
and can lead to the discontinuation of LPG use among households
in SSA.

The reversion from clean to polluting cooking fuels is reported
in longitudinal studies™, with a prevalence as high as 35% (China)™.
Likewise, this study uncovered that 47% of households that exclu-
sively cooked with polluting fuels had formerly cooked with LPG
(Supplementary Table 6). Although unable to ascertain whether
these households previously used LPG as their primary fuel, and
whether participants have completely stopped using it or routinely
switch between fuels (for example, due to periodic income fluctu-
ations), unaffordable LPG refill costs played a key role in 37% of
household decisions to discontinue their use of LPG (Supplementary
Table 6). Nonetheless, there was high aspiration to cook with clean
fuels among households that reverted to cooking with biomass, with
only 7% reporting satisfaction with their current polluting fuel.

Strengths and limitations

This study was statistically powered to examine supply- and
demand-related determinants of LPG consumption in SSA.
Although the calculation of self-reported annual LPG consump-
tion via two different survey questions showed disagreement
(Supplementary Fig. 3), sensitivity analyses revealed that this
discrepancy did not substantially impact the modelling results
(Supplementary Table 8). As the direction of misclassification
between the self-reported LPG consumption variables was similar
across all three communities (Supplementary Fig. 3) (consumption
using self-reported number of annual refills was higher than that
calculated via the average cylinder lifetime among 75% of house-
holds), we expect that this misclassification was non-differential
and therefore biased towards a null finding. We recommend that
future studies that collect self-reported data on LPG consumption
phrase survey questions in terms of ‘average cylinder lifetime’ in
addition to number of annual cylinder refills to help protect against
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overreporting. As other studies have found low agreement between
self-reported and objective measures™, we further recommend that
the absolute measures of LPG consumption and cylinder refill costs
reported in this study be interpreted with caution.

This study examined household energy decisions in a unique
peri-urban context. As the extent of fuel stacking and availability of
free biomass typically varies between rural and peri-urban house-
holds®**, and research has shown differences in LPG consump-
tion in urban, rural and peri-urban settings**>*, the study results
may not hold outside peri-urban communities. We further point
out that primary cooking fuels can vary seasonally due to fluctua-
tions in income or changes in cooking needs*’. As cooking patterns
can also fluctuate over the course of the year, the per capita LPG
consumption rates derived from this cross-sectional study may not
reflect long-term LPG usage. Further, as household energy deci-
sions are complex, additional participatory research methods (for
example, focus group discussions and visual participatory methods)
are important to place the findings from the modelling in context
and understand the perspectives of individuals who use the cooking
fuels®. These qualitative research methods have been employed by
CLEAN-Air(Africa) and the results will be shared in the future®.

Conclusions

This study presents empirical evidence of the critical role of
supply-side determinants in increasing LPG consumption among
peri-urban households in three SSA countries, even at small scales
(for example, 10 minute travel intervals). Although a lower cylinder
price of an LPG refill will undoubtedly increase its consumption,
other amenable factors, such as shortening the distance to LPG
retail points and improving access to multiburner stoves, represent
short-term, palpable interventions that may be crucial to minimize
fuel stacking and accelerate growth of the clean cooking market in
peri-urban SSA.

Methods

Study setting and population. This study, conducted as part of the
CLEAN-Air(Africa) programme™, received ethical approval from the University
of Liverpool, United Kingdom, and local ethics committees in each study country:
Central Regional Ethics Committee for Human Health Research (Cameroon),
Institutional Research and Ethics Committee for Moi Teaching and Referral
Hospital and Moi University (Kenya) and Kintampo Health Research Centre
(Ghana). Informed written consent was obtained from all the participants prior to
conducting the study. No compensation was provided to participants for agreeing
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to take part in the survey.

The CLEAN-Air(Africa) programme consisted of applied research and capacity
building within peri-urban communities in three SSA countries: Mbalmayo, an
agricultural town in central Cameroon with 60,000 residents that is an hour drive
away from Yaoundé, the country’s capital; Obuasi, a gold-mining community in
southern Ashanti, Ghana, with a population of almost 200,000 that is an hour drive
away from Kumasi (capital city of the Ashanti region); Eldoret, a town surrounded
by agricultural land, located at an elevation of over 2,000 m in Western Kenya with
a population of nearly 500,000 and currently the fastest growing town in Kenya
according to the 2019 National Census. In each location, approximately 2,000
households were surveyed to ensure a sufficient sampling frame for comparative
research between households cooking primarily with LPG and exclusively with
polluting fuels in later phases of CLEAN-Air(Africa). Across all three study
settings, a total of 6,424 households were asked to participate and 97% (n=6,245)
consented. Participants that did not typically cook at home and ate their meals
primarily at local eateries (n =607, 9%) were excluded, left a final study sample of
5,638 households.

Survey data collection platforms. Survey data were collected using secure web
technology (Mobenzi Researcher in Cameroon and Kenya, and REDCap (Research
Electronic Data Capture) in Ghana) from April to November 2019. Mobenzi is

a data collection software system (data encrypted at source) whereby data from
predefined surveys are collected by smartphone application and automatically
uploaded via the phone’s SIM (subscriber identification module) card and synced
to the Mobenzi cloud (or when the phone is connected to a wireless network if
there is no mobile signal)*’. REDCap is an encrypted web application to create and
manage online surveys and databases; data are wirelessly imported directly to the
database servers. Completion took approximately 20 min. Owing to a switch from
random to purposive sampling (by primary cooking fuel type) midway through the
data collection in Eldoret (to ensure a sufficient sample of households using LPG
for future phases of CLEAN-Air(Africa) research), population-based results are
reported among a subset of 757 households for this location.

Dependent variables. The first outcome of interest was the use of LPG as a
primary or secondary cooking fuel among all households that cooked with LPG
at the time of the survey administration. Participants’ primary cooking fuel was
determined from the question ‘What does this household use for cooking most
of the time, including cooking food, making tea/coffee, boiling drinking water?’
Use of secondary cooking fuels was gauged from the question “‘What other fuels
and energy sources does this household use for cooking food, making tea/coffee,
boiling drinking water and/or starting the fire?. No distinction was made between
secondary and tertiary cooking fuels among households that reported three or
more cooking fuels; hence, all the fuels that were not stated as the main cooking
fuel are considered secondary fuels in this analysis.

The second outcome of interest was annual per capita consumption of LPG
among all the households that used LPG as a primary or secondary fuel. The
annual per capita LPG consumption (kgcapita™ yr-') was estimated in two ways:
(1) multiplying the self-reported LPG cylinder size by the number of annual refills
and dividing by the number of household members and (2) dividing 12 months by
the self-reported average duration (months) of a cylinder refill to obtain a second
estimate of the self-reported number of annual refills and multiplying that quantity
by cylinder size and dividing by the number of household members. Sensitivity
analyses examined the effects of using both metrics as the outcome on modelling
results. The distribution of annual per capita LPG consumption was right-skewed
so data were natural log-transformed before modelling.

Statistical analysis. A two multilevel (households nested within communities)
models were built: (1) use of LPG as a primary or secondary cooking fuel
(logistic regression) and (2) self-reported quantity (kg) of LPG consumed
per capita (log-linear regression). Variables were considered for both models
based on a priori knowledge or previous literature, which suggested a potential
association with household cooking fuel decisions. Individual variables were
added or removed from the models based on their significance in the model
and their effect on the coefficient of determination (R?*) when added to the
model, with consideration given to selection of parsimonious models. The list
of variables included in the modelling are described in Supplementary Table 1.
Results from logistic regression modelling are depicted as the average-adjusted
predicted probability of using LPG as a primary cooking fuel. Findings from
log-linear regression are portrayed as the average-adjusted annual LPG per capita
consumption (kg capita™ yr'):
«  Model 1: LPG cooking fuel (primary/secondary), = f,+ f, + b+ e, (logistic
regression).
o Model 2: In(kg LPG capita™' yr'),, = f,+ f, + b, + e; (log-linear regression).

In Model 1, LPG cooking fuel (primary/secondary), represents whether the
kth participant in community i uses LPG as a primary or secondary cooking fuel.
In Model 2, In(kg LPG capita™ yr!),, represents the natural log transformed annual
per capita consumption of the kth participant in community i. In both models, f, is
the overall intercept, f, represents fixed effects, b, is the community-level random
effect and e, is the residual error.
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Model fit was assessed via a combination of the R?, Akaike information
criterion and tenfold cross-validation (training and test datasets are split at the
community level to ensure a more accurate evaluation of the model performance).
The cross-validated R is reported for the linear model®* and the area under the
receiver operating characteristic curve is reported for the logistic model®. All the
data analysis was conducted in R (version 3.5.1)*.

Explanatory variables. Household SES was assessed via household income

and highest level of education among household members, which have been
shown to be associated with greater use of clean cooking fuels*-*. Additionally,
a principal components analysis was run on household assets across all three
communities combined to generate a measure of household SES additional to
household income and education®. The first principal component was grouped
into quartiles and tested as a predictor in both regression models. The full list of
household assets included in the principal components analysis is provided in
Supplementary Table 1.

Supply-side characteristics included participants’ perceptions about the
availability of LPG at the retail point. Participants were asked how frequently
LPG was unavailable at the retailer and could select from preset categories of
(1) always available, (2) 4 times per year, (3) 4-12 times per year or (4) >12
times per year. Participants were asked to provide the current cost of the LPG
cylinder they purchase. The cost provided by the participant was divided by the
cylinder size used by the household to generate the per kilogram price. All per
capita fuel prices in each country were converted to US dollars and grouped into
quartiles (see Supplementary Table 1 for the price cutoff points). Participants
were asked about the typical amount of time required to reach the LPG retailer
(one-way) using their usual mode of transportation. Travel times were grouped
into 10 min intervals. Participants were also asked about their usual mode of
transport to obtain the LPG cylinder refill: (1) walking, (2) motorbike, (3) public
transportation, (4) car or (5) home delivery. Lastly, a binary variable of whether
the participant currently pays for all their cooking fuels or gathers biomass locally
for free was considered in both models.

Cooking behaviours were characterized by the self-reported frequency of
LPG use during the previous week (that is 1-7 days) and the number of years the
participant has been cooking with LPG. Whether or not the participant used LPG
exclusively or stacked with other fuels was included in the model of LPG annual
per capita consumption. The number of LPG stove burners was also asked to
determine if this may increase usage. Household demographics were accounted
for by quantifying the number of individuals who lived in the household and the
number of children under five years old. Marital status and sex of the fuel decision
maker were also considered in all regression models.

Data limitations. The two outcomes assessed in this study, using LPG as a primary
or secondary fuel and kilograms of LPG consumed per capita per year, do not
account for the extent of polluting fuel displacement, and therefore may not
directly correlate with health or climate benefits. Further studies that quantify LPG
consumption alongside the quantity of polluting fuels used can improve how LPG
supply-related factors contribute to potential health gains among households.

Additionally, self-reported quantitative data, which include LPG cylinder refill
costs and transportation costs, may partially reflect user perceptions and thus be
higher or lower than the actual value in some instances. To minimize the potential
for bias to impact the results, quantitative predictors were grouped into quartiles
before being added to the regression models (Supplementary Table 1); the resulting
monotonically decreasing relationship between increasing transportation and the
fuel cost ‘quartile’ and lower LPG per capita consumption is therefore likely to be a
true association.

Despite these limitations, this modelling study incorporates a diverse set of
household energy supply and demand-related variables and identifies new-found
factors (for example, number of stove burners) that influence cooking fuel
decisions. Thus, the findings highlight that the ability of LPG to meet households’
cooking needs (for example, the ability to cook multiple dishes simultaneously
on multiple burners) may increase its consumption. End-user preferences should
therefore be factored into future clean-energy scale-up efforts, particularly as larger
family sizes in SSA typically have a much lower LPG consumption.

As all data in this study were self-reported, information on availability of LPG
at retailers and fuel prices may be skewed by participants’ positive or negative
views regarding LPG supply and cost. Future research that collects data on user
perceptions on various aspects of cooking with and obtaining LPG cylinder refills,
alongside objective supply-related measurements, is warranted. Nonetheless,
the large sample size of this study is likely to minimize any meaningful effects of
response bias on the statistically significant relationships found between several
supply-side characteristics and LPG usage found in the modelling results.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Data is still under use by CLEAN-Air(Africa) for future work, but can be made
available to researchers upon reasonable request directed to the corresponding author.
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Study description A cross-sectional, quantitative analysis was conducted using multilevel log-linear (natural log-transformed kg/capita/year as outcome
variable) and logistic (use of LPG as a primary or secondary cooking fuel as outcome variable) regression to assess patterns of LPG
usage.

Research sample The sample is peri-urban households from three communities across Sub-Saharan Africa — Mbalmayo, Cameroon; Obuasi, Ghana and

Eldoret, Kenya. The samples in each of the three study settings are representative of the communities. However, in Eldoret, Kenya,
random sampling was conducted among only a subset of households, owing to a lower-than-expected prevalence of LPG usage in the
community. As a result, the field team switched to purposive sampling after recruitment of 757 of 2,000 households in the study
location to ensure more households cooking with LPG were included. The three study countries in Sub-Saharan Africa were selected
to participate because national governments in each country have recently established policies for rapid expansion of use of LPG for
cooking.

Sampling strategy Random sampling was conducted in various communities within each of the three peri-urban towns to ensure a representative
sample. A target sample of 2,000 households in each setting (6,000 households total) was established for the purposes of ensuring a
sufficient number of households using LPG for cooking would be available for follow up in subsequent phases of data collection in the
CLEAN Air(Africa) study.

Data collection Data were collected via smartphones (Kenya and Cameroon) or tablets (Ghana). A secure mobile application (Mobenzi in Kenya and
Cameroon; RedCap in Ghana) was used to conduct the surveys. The surveys were designed by investigators at the University of
Liverpool with local input from researchers at each of the institutions. A team of field workers from institutions in each of the study
settings underwent training in the survey questions and the surveys were piloted prior to use. The fieldworkers administered the
survey to the main cook of the household.

Timing Data was collected from March-April 2019 in Mbalmayo, Cameroon, from May to November 2019 in Eldoret, Kenya and from July to
September 2019 in Obuasi, Ghana.

Data exclusions Participants that indicated not cooking at home (n=607), representing 9% of the study sample (n=6,424 participants), were excluded,
as this analysis was examining the impact of various factors on cooking fuel consumption. The final analytic sample included 5,638

participants.

Non-participation A total of 177 participants (3% of total sample of 6,424 participants) refused to take part in the survey, mostly due to a lack of
interest in participating.

Randomization Not applicable.
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Human research participants
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Population characteristics See above.

Recruitment Field staff conducted door-to-door sampling at randomly selected communities in each location. Participants were asked if
they would be willing to participate in a 20-minute survey regarding their cooking behaviours.

Ethics oversight Ethical approval was obtained from the University of Liverpool, United Kingdom and local ethics committees in each study
country: Central Regional Ethics Committee for Human Health Research (Cameroon), Instiutional Research and Ethics
Committee for Moi Teaching and Referral Hospital and Moi University (Kenya) and Kintampo Health Research Centre
(Ghana).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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