Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Beyond Household Socioeconomic Status:
Multilevel Modeling of Supply-Side Determinants of
LPG Consumption among 5,500 Households in Sub-
Saharan Africa

Matthew Shupler (¥ m.shupler@liverpool.ac.uk)
University of Liverpool https://orcid.org/0000-0003-0259-9101

Judith Mangeni
Moi University
Theresa Tawiah
Kintampo Health Research Centre
Edna Sang
Moi University
Miranda Baame
Douala General Hospital
Rachel Anderson de Cuevas
University of Liverpool
Emily Nix
University of Liverpool https://orcid.org/0000-0003-3331-2046
Emmanuel Betang
Douala General Hospital
Jason Saah
Kintampo Health Research Centre
Reginald Quansah
University of Ghana
Elisa Puzzolo
Global LPG Partnership https://orcid.org/0000-0001-9177-5298
Bertrand Mbatchou
Douala General Hospital
Kwaku Poku Asante
Kintampo Health Research Centre
Diana Menya
Eldoret
Daniel Pope
University of Liverpool

Page 1/25


https://doi.org/10.21203/rs.3.rs-154082/v1
mailto:m.shupler@liverpool.ac.uk
https://orcid.org/0000-0003-0259-9101
https://orcid.org/0000-0003-3331-2046
https://orcid.org/0000-0001-9177-5298

Analysis

Keywords: clean cooking transitions, primary fuel, stove stacking, liquefied petroleum gas, LPG, cylinder
refills

Posted Date: February 9th, 2021
DOI: https://doi.org/10.21203/rs.3.rs-154082/v1
License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.

Read Full License

Version of Record: A version of this preprint was published at Nature Energy on November 18th, 2021.
See the published version at https://doi.org/10.1038/s41560-021-00933-3.

Page 2/25


https://doi.org/10.21203/rs.3.rs-154082/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41560-021-00933-3

Abstract

Household transition to cleaner cooking fuels (e.g. liquefied petroleum gas (LPG)) has historically been
understood as an “energy ladder” with clean energy access resulting from improvements in household
socioeconomic status (SES). Recent studies have demonstrated the importance of supply-side
determinants in increasing clean cooking, yet few large-scale studies have assessed their significance
quantitatively. As part of the CLEAN-Air(Africa) study, a population-based survey was conducted (N =
5,638) assessing cooking practices in peri-urban communities within Cameroon, Kenya and Ghana.
Multilevel logistic and log-linear regression were used to assess socioeconomic and supply-side
determinants of LPG usage (primary versus secondary fuel) and consumption (kilograms/capita/year),
respectively. Supply-side factors (e.g. cylinder refill and transportation costs) and using single versus
multi-burner stoves were better predictors of both the probability of primarily cooking with LPG and
annual LPG consumption than household SES. These results suggest the need for policies promoting
LPG access and stove equipment that meet household needs.

Introduction

Polluting fuels, including biomass (e.g. wood, charcoal), coal and kerosene, are used by approximately
3.8 billion individuals worldwide for cooking, heating and lighting.! Household air pollution (HAP)
generated from incomplete combustion of these fuels results in fine particulate matter (PM, 5) levels
typically well above World Health Organization (WHO) guidelines.? Exposure to PM, s in HAP is causally
associated with many adverse health outcomes, including cardiopulmonary, and respiratory diseases.3~®
Polluting fuel use also negatively impacts climate through deforestation from unsustainable harvesting
of wood in certain locations,” and emissions of short-term climate-forcing pollutants; 25% of global
anthropogenic black carbon emissions are produced through household biomass combustion.”# Women,
typically the primary cook, may travel long distances to gather polluting fuels in some settings, which
negatively impacts their livelihoods.>10

In Sub-Saharan Africa (SSA), approximately 900 million people cook with polluting fuels."’ Governments
in SSA, including Cameroon, Ghana and Kenya, plan to expand population-level use of liquefied
petroleum gas (LPG) as an interim solution for clean cooking to an aspirational target of between 35%
and 58% over the next decade.'?” 14 LPG, although a fossil fuel, does not emit black carbon, and has

much lower PM, < emissions than polluting fuels.’1%16 Using LPG for cooking can also decrease

localized deforestation, and reduce time spent gathering and cooking with polluting fuels.'®1”

Historically, studies focused on determinants of clean cooking have emphasized the ‘household energy
ladder’ model, by which improvements in socioeconomic status (SES) lead households to progressively

transition to cleaner energy sources.’8720 However, other aspects, including consistent fuel access, safety

and convenience are also important facilitators of clean cooking fuel uptake.?'~23 Studies in India found
that rural households provided with subsidies for LPG connections under the Pradhan Mantri Ujjwala
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Yojana (PMUY) programme continued to use polluting fuels alongside LPG (‘stove stacking’), leading to
less frequent LPG use compared with urban households.?#2° Reduced LPG uptake likely resulted from
poorer supply and access points in rural Indian villages. While studies conducted in Cameroon,?62/
Tanzania?® and Ethiopia2® have also found supply-related issues to be important determinants of

cooking fuel decisions, few large-scale studies in SSA have quantitatively assessed their effect on LPG
consumption.

As partial use of clean cooking fuels (stacked with polluting fuels) does not provide sufficient HAP
exposure reductions to benefit health,2? a comprehensive understanding of facilitators for sustained and
exclusive LPG use is critical to maximizing health gains. This multinational modeling study of over 5,500
households in peri-urban communities of Mbalmayo, Cameroon; Eldoret, Kenya and Obuasi, Ghana,
presents one of the largest assessments of supply-related impacts on LPG fuel usage in SSA. With urban
populations in SSA predicted to double over the next 25 years, this analysis provides a timely
examination across three rapidly developing communities.

Cooking Environment Characteristics

The final sample included 5,638 households (Obuasi, Ghana:1,987 (35%); Mbalmayo, Cameroon:1,811
(32%); Eldoret, Kenya:1,840 (33%)). Participants that did not cook at home (n=416; 7%) were excluded.
The proportion of individuals primarily cooking with LPG varied substantially by community (Obuasi:38%
(n=757), Mbalmayo0:28% (n=468), Eldoret:5% (n=35)) (Figure 1).

Figure 1. Primary cooking fuel types among three peri-urban communities in Ghana, Cameroon and
Kenya

Sixty percent (n=2,772) of households ‘stacked’ at least two cooking fuels. Fuel stacking was 30% higher
among households primarily using LPG (82%) compared with households primarily using polluting fuels
(53%). Fuel stacking prevalence among households primarily cooking with polluting fuels was
approximately 20% higher in Eldoret and Mbalmayo (60%) compared with Obuasi (40%).

A higher percentage of households primarily cooking with LPG contained a member with a university
degree (22%) and were in the highest income quartile (23%), compared with households primarily using
polluting cooking fuels (5% with university degree; 8% in highest income quartile) (Table 1). In Eldoret and
Mbalmayo, the proportion of households cooking primarily with polluting fuels that reported seasonal
changes in income (72% and 75%, respectively) was 20-30% higher than those primarily cooking with
LPG (42% and 58%, respectively). Among households primarily cooking with LPG, 59% had fewer than 5
family members, compared with 38% of those primarily cooking with polluting fuels (Table 1).

Table 1. Socioeconomic and cooking environment characteristics of study households (n=4,555)
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Overall Mbalmayo, Cameroon Obuasi, Ghana Eldoret, Kenya*
(N=4555) (N=1811) (N=1987) (N=757)
Characteristic LPG Polluting LPG Polluting LPG Polluting LPG Polluting
Primary Primary Primary Primary Primary Primary Primary | Primary
(N=1260) | (N=3295) | (N=468) | (N=1343) | (N=757) | (N=1230) | (N=35) | (N=722)
soking fuel stacking (%) 1029 1743 389 788 610 478 30 477
(82%) (53%) (83%) (59%) (81%) (39%) (86%) (66%)
of cooking fuels used
Jne 231 1552 79 (17%) | 555 147 752 5 (14%) | 245
(18%) (47%) (41%) (19%) (61%) (34%)
'wo 875 1296 264 565 587 398 24 333
(69%) (39%) (56%) (41%) (78%) (32%) (68%) (46%)
Three 106 (8%) 322 81 (17%) | 130 20 (3%) 74 (6%) 5(14%) | 118
(10%) (10%) (16%)
four or more 51 (4%) 125 (4%) 44 (9%) 93 (8%) 3 (0%) 6 (1%) 1 (3%) 26 (4%)
jye (Mean SD) 35 (12) 39 (15) 33 (12) 36 (15) 36 (11) 40 (14) 33 (12) | 41 (15)
ax of fuel decision maker (% | 632 1748 34 116 572 1006 26 626
amale) (78%) (87%) (79%) (85%) (78%) (84%) (76%) (92%)
arital status
Married 609 1634 147 477 437 632 25 525
(49%) (49%) (31%) (36%) (58%) (51%) (71%) (73%)
Single 394 873 167 455 219 302 8 (23%) | 116
(31%) (26%) (36%) (34%) (29%) (25%) (16%)
Cohabitating 184 414 129 288 54 (7%) 123 1 (3%) 3 (0%)
(15%) (13%) (28%) (21%) (10%)
Widowed 31 (2%) 286 (9%) 20 (4%) 102 (8%) 10 (1%) 114 (9%) 1 (3%) 70 (10%)
Divorced 42 (3%) 88 (3%) 5 (1%) 21 (2%) 37 (5%) 59 (5%) 0 8 (1%)
ome size (# of members)
1-2 212 13
272 (22%) 380 (12%) 47 (10%) 84 (6%) (28%) 245 (20%) (37%) 51 (7%)
3-4 297 16
463 (37%) 865 (26%) 150 (32%) | 274 (20%) (39%) 395 (32%) (46%) 196 (27%)
5-6 196
338 (27%) 1002 (30%) 138 (29%) | 372 (28%) (26%) 374 (30%) 4 (11%) 256 (35%)
7+ 187 (15%) 1047 (32%) 133 (28%) | 612 (46%) 52 (7%) 216 (18%) 2 (6%) 219 (30%)
soking location
ndoors (separate structure) 98 (8%) 1404 71 (15%) | 675 23 (3%) 105 (9%) 4(11%) | 624
(43%) (50%) (86%)
Jutside (open air) 23 (2%) 512 8 (2%) 367 15 (2%) 134 0 11 (2%)
(16%) (27%) (11%)
/eranda/porch 428 715 0 117 (9%) 428 633 0 0
(34%) (22%) (57%) (51%)
nside (separate room) 479 435 253 69 (5%) 216 328 10 38 (5%)
(38%) (13%) (54%) (29%) (27%) (29%)
nside (single room) 212 142 (4%) 118 75 (6%) 73 27 (2%) 21 40 (6%)
(17%) (25%) (10%) (60%)
eating fuel
None 757 1229 465 1338 757 1230 15 198
(60%) (37%) (100%) (100%) (100%) (100%) (43%) (27%)
Manufactured stove 15 (2%) 424 0 0 0 0 15 424
(13%) (43%) (59%)
Open fire 3 (0%) 36 (1%) 2 (0%) 4 (0%) 0 1 (0%) 1 (3%) 31 (4%)
Nonmanufactured stove 4 (0%) 70 (2%) 0 1 (0%) 0 0 4 (11%) | 69 (10%)
ghting fuel
Electricity (grid or solar) 1251 2819 466 1250 755 1181 30 388
(99%) (85%) (100%) (93%) (100%) (96%) (86%) (54%)
Solar-powered lantern 4 (0%) 230 (7%) 1 (0%) 35 (3%) 0 0 3 (8%) 195
(27%)
Kerosene lamp 3 (0%) 124 (4%) 1 (0%) 36 (3%) 0 0 2 (6%) 88 (12%)
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Rechargeable flashlight 0 38 (1%) 0 4 (0%) 0 13 (1%) 0 0
Battery-powered flashlight 1 (0%) 50 (2%) 0 1 (0%) 1 (0%) 35 (3%) 0 14 (2%)
Candle 0 9 (0%) 0 4 (0%) 0 0 0 5 (1%)
Oil or LPG lamp 1 (0%) 9 (0%) 0 1 (0%) 1 (0%) 1 (0%) 0 7 (1%)
suntry-standardized HH
come quartile
1 (lowest) 77 (6%) 662 13 (3%) 122 (9%) 48 (6%) 133 16 407
(20%) (11%) (46%) (56%)
2 212 558 106 219 102 280 4 (11%) | 59 (8%)
(17%) (17%) (22%) (16%) (13%) (23%)
3 329 497 70 (15%) | 111 (8%) 258 378 1 (3%) 8 (1%)
(26%) (15%) (34%) (31%)
4 (highest) 293 264 (8%) 12 (3%) 6 (0%) 281 256 0 2 (0%)
(23%) (37%) (21%)
Not disclosed/do not know 165 710 151 464 0 0 14 246
(13%) (22%) (32%) (35%) (40%) (34%)
sasonal changes in income
Yes 799 1980 270 335 524 821 5 (42%) | 151
(65%) (71%) (58%) (75%) (69%) (67%) (72%)
otain cooking fuels for free
Yes 53 (4%) 1136 33 (7%) 423 14 (2%) 245 6 (17%) | 468
(34%) (31%) (20%) (65%)
ighest HH education level
No formal education 43 (3%) 246 (5%) 3 (1%) 115 (9%) 40 (5%) 163 0 57 (8%)
(13%)
Primary 108 (9%) 791 66 (14%) | 722 37 (5%) 139 8 (23%) | 194
(17%) (54%) (11%) (27%)
Secondary/high school 815 1706 302 469 508 852 5 (14%) | 132
(65%) (37%) (65%) (35%) (67%) (69%) (18%)
University 272 227 (5%) 96 (21%) | 26 (2%) 170 75 (6%) 6 (17%) | 37 (5%)
(22%) (22%)
-ain water source
Well (pit with bucket) 277 1333 (40%) | 122 (26%) | 534 134 265 21 534 (74%)
(22%) (40%) (18%) (22%) (60%)
Communal standpipe 444 921 117 (25%) | 307 325 598 2 (6%) 16 (2%)
(35%) (28%) (23%) (43%) (49%)
Pipe in home 472 730 192 (41%) | 344 272 318 8 (23%) | 68 (9%)
(37%) (22%) (26%) (36%) (42%)
Pump (deep well) 52 (4%) 165 (5%) 28 (6%) 98 (7%) 26 (3%) 45 (4%) 0 22 (3%)
Collect from river/rain 11 (1%) 135 (4%) 8 (2%) 56 (4%) 0 4 (0%) 3 (9%) 75 (10%)
yilet/ septic tank in home
Yes 558 590 205 (45%) | 300 348 348 5 (14%) | 26 (4%)
(45%) (18%) (23%) (46%) (21%)
itrine in yard
Yes 577 2456 314 1227 228 523 35 706
(46%) (75%) (68%) (93%) (30%) (43%) (100%) | (98%)

*The sample of households in Eldoret, Kenya is smaller than the other two communities as random sampling was
switched to purposeful sampling midway through data collection to ensure a higher sample of LPG households
available for subsequent phases of the CLEAN-Air(Africa) study. Note: variables for some countries do not add

up to total sample size due to missing data or elimination of variable categories for brevity.

Households Cooking with LPG

Over half (52%, n=1,458) of 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 2). In Obuasi, two-
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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 charcoal in
Eldoret and Obuasi (Figure 2).

Figure 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 study
households, there were nearly 200 different cooking fuel combinations.

Nearly half (47%) of households primarily cooking with LPG said it was not always available for
purchase (Table 2); more than double those exclusively cooking with LPG (21%)). LPG consumption
varied substantially from 0.75-67.0 kg/capita/yr. Median LPG consumption was 14.4 kg/capita/yr
[IQR:10.4,24.0] in Eldoret, Kenya, 20.0 kg/capita/yr [IQR:15.0,30.0] in Mbalmayo, Cameroon and 23.2
kg/capita/yr [IQR:14.5,36.0] in Obuasi, Ghana. Mean cost of cylinder refills was lowest among
households exclusively cooking with LPG ($0.99 USD/kg (SD:0.50)) and highest among households
using LPG as a secondary fuel (§1.27 USD/kg (SD:0.67)).

In Eldoret, 72% of participants cooking exclusively with LPG were 10 minutes or less from a retailer
compared with 47% and 36% of households using LPG as a primary or secondary fuel, respectively.
Having an LPG retail point within walking distance was six times more common among households
using LPG exclusively (61%) than those using LPG as a secondary fuel (11%).

Table 2. LPG usage characteristics among households reporting exclusive, primary or secondary use of LPG
(n=2,830)
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Overall Mbalmayo, Obuasi, Eldoret,
(N=2,830) Cameroon Ghana Kenya
(N=958) (N=1,020) (N=852)
Exclusive Primary Secondary Primary Secondary Exclusive Primary Secondary Exclusive Primary Secondary
(N=109) (N=1,458) | (N=1,263) | N=463) | N=495) N=77) N=679) | (N=264) (N=32) (N=316) | (N=504)
Unavailability of fuel
Always 779 613 193 229 55 345 174 31 241 210
available 86 (79%) (53%) (49%) (42%) (46%) (71%) (51%) (66%) (97%) (76%) (42%)
<4 times/yr 396 321 116 129 11 225 68 55 124
12 (11%) (27%) (25%) (25%) (26%) (14%) (33%) (26%) 1 (3%) (17%) (25%)
4-12 times/yr 8 124 170 43 54 8 64 13 17 103
(7%) (9%) (13%) (9%) (11%) (10%) (9%) (5%) 0 (5%) (20%)
>12 times/yr 3 79 102 34 32 3 42 8 3 62
(3%) (5%) (8%) (7%) (6%) (4%) (6%) (3%) 0 (1%) (12%)
Don’t know 80 57 77 51 3 1
0 (5%) (5%) (17%) (10%) 0 (0%) (0%) 0 0 5 (1%)
Usage (# days previous
wk)
0 5 66 274 24 125 35 39 7 110
(5%) (5%) (22%) (5%) (25%) 5 (6%) (5%) (15%) 0 (2%) (22%)
1-3 105 179 30 68 17 65 44 1 10 67
18 (17%) (7%) (14%) (6%) (14%) (22%) (10%) (17%) (3%) (3%) (13%)
4-6 8 190 148 89 68 89 47 12 33
(7%) (13%) (12%) (19%) (14%) 8 (10%) | (13%) (18%) 0 (4%) (7%)
7 1079 629 304 208 47 490 134 31 285 287
78 (72%) (74%) (50%) (66%) (42%) (61%) (72%) (51%) (97%) (90%) (57%)
Years cooking with LPG
<lyr 112 158 14 24 12 31 71
12 (11%) (8%) (13%) (3%) (5%) 3 (4%) (2%) 8 (3%) 8 (25%) (10%) (14%)
1-2yr 437 348 51 43 16 10 45 105
40 (37%) (30%) (28%) (11%) (9%) 4 (5%) (2%) (4%) 8 (25%) | (14%) (21%)
2-5yr 57 103 85 85 18 121 64 100 139
11 (10%) (4%) (8%) (18%) (17%) (23%) (18%) (24%) 7 (22%) | (32%) (28%)
5-10 yr 529 333 93 123 32 273 107 71 118
21 (19%) (36%) (26%) (20%) (25%) (42%) (40%) (41%) 8 (25%) | (22%) (23%)
>10yr 306 288 205 194 20 257 75 67 64
25 (23%) (21%) (23%) (44%) (39%) (26%) (38%) (28%) 1 (3%) (21%) (13%)
Cylinder size
6 kg 457 439 6 7 28 212 20 28 239 412
56 (51%) (31%) (35%) (1%) (1%) (36%) (31%) (8%) (88%) (76%) (82%)
9kg 4 18 9 4 18 9
(4%) (1%) (1%) 0 0 (5%) (3%) (3%) 0 0 0
12.5kg 1 464 466 442 462 22 4
(1%) (31%) (37%) (95%) (93%) 1 (1%) (3%) (2%) 0 0 0
13 kg 4 79 71 4 71 71
(4%) (6%) (6%) 0 0 0 8 (1%) 0 (12%) (22%) (14%)
14.5 kg 292 60 42 404 60
42 (38%) (20%) (6%) 0 0 (52%) (59%) (30%) 0 0 0
Consumption 29.0 [7.2, 20.0 12.0 20.0 12.5 36.0 23.2 23.2 24.0 14.4 9.0
(kg/capita/yr) (Median 18.8] [13.6, [7.2, [15.0, [9.4, [23.2, [14.5, [12.0, [14.0, [10.4, [6.0,
(QR)* 29.0] 18.8] 30.0] 20.0] 58.0] 36.0] 34.8] 36.0] 24.0] 14.4]
Refill cost per kg (USD) | 0.99 1.05 1.27 1.03 1.03 0.77 0.85 1.20 1.52 1.56 1.52
(Mean (SD)) (0.50) (0.59) (0.67) (0.18) (0.15) (0.24) (0.65) (1.73) (0.56) (0.56) (0.38)
Travel time to refill
point(min)
Home 103 48 0 0 11 93 43 0 10 5
delivery 11 (10%) (7%) (4%) (14%) (14%) (16%) (3%) (1%)
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1-10 38 (35%) 390 349 133 133 15 110 37 23 147 179
(27%) (28%) (29%) (27%) (19%) (16%) (14%) (72%) (47%) (36%)
11-20 437 398 171 171 14 168 60 6 98 167
20 (18%) (30%) (32%) (37%) (35%) (18%) (25%) (23%) (19%) (B81%) (33%)
21-30 349 363 114 141 20 185 87 3 50 135
23 (21%) (24%) (29%) (25%) (28%) (26%) (27%) (33%) (9%) (16%) (27%)
30+ 162 72 30 24 17 123 37 9 11
17 (16%) (11%) (6%) (6%) (5%) (22%) (18%) (14%) 0 (3%) (2%)
Transportation mode
for refill
Motorbike 593 804 419 452 12 3 12 162 349
12 (11%) (41%) (64%) (90%) 91%) 0 (2%) (1%) (38%) (51%) (69%)
Car 363 167 15 6 32 310 104 38 57
32 (29%) (25%) (13%) (3%) (1%) (42%) (46%) (39%) 0 (12%) (11%)
On foot 210 122 12 11 12 119 56 20 79 55
32 (29%) (14%) (10%) (3%) (2%) (16%) (18%) 21%) (62%) (25%) (11%)
Public 172 85 2 22 145 58 25 27
transport 22 (20%) (12%) (7%) (0%) 0 (29%) (21%) (22%) 0 (8%) (5%)
Home delivery 103 48 11 93 43 10 5
11 (10%) (7%) (4%) 0 0 (14%) (14%) (16%) 0 (3%) (1%)
Number of cylinders
owned
1 976 1001 364 403 46 366 146 31 246 452
77 (71%) (67%) (79%) (79%) (81%) (60%) (54%) (55%) (97%) (78%) (90%)
2 353 189 71 57 24 227 93 1 55 39
25 (23%) (24%) (15%) (15%) (12%) (31%) (33%) (35%) (3%) (17%) (8%)
3+ 7 111 40 12 9 7 86 25 13 6
(6%) (8%) (3%) (3%) (2%) (9%) (13%) (9%) 0 (4%) (1%)
Number of stove
burners
1 460 536 4 10 31 242 129 27 214 397
58 (53%) (32%) (42%) (1%) (2%) (40%) (36%) (49%) (84%) (68%) (79%)
2 10 339 308 218 223 8 60 24 2 61 61
(9%) (23%) (24%) (47%) (45%) (10%) (9%) (9%) (6%) (19%) (12%)
3 or more 641 385 226 236 38 377 111 3 38 38
41 (38%) (44%) (30%) (49%) (48%) (49%) (56%) (42%) (9%) (12%) (8%)
Time since last stove
purchase
<2 years 645 502 225 183 34 321 126 9 99 193
43 (54%) (56%) 47%) (57%) (45%) (72%) (73%) (75%) (28%) (32%) (39%)
3-4 years 244 236 114 104 4 69 20 13 61 112
17 (22%) (21%) (22%) (29%) (26%) (9%) (16%) (12%) (41%) (19%) (23%)
5-6 years 134 163 35 72 7 46 18 3 53 73
10 (13%) (12%) (15%) (9%) (18%) (15%) (10%) (11%) (9%) (17%) (15%)
7+ years 9 130 167 24 46 2 5 3 7 101 118
(11%) (11%) (16%) (6%) (11%) (4%) (1%) (2%) (22%) (32%) (24%)

*Annual per capita consumption is a derived variable obtained by multiplying cylinder size (kg) by self-reported

number of annual refills

The relationship between the proportion of households reporting LPG as a primary fuel and family size
was modified by the number of LPG stove burners. Only 10% of primary LPG households with a large
family size (=7 members) used a single-burner stove, compared with 50% of the smallest households (1-
2 members) (Figure 3). A monotonically increasing association existed between the proportion of
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households primarily cooking with LPG and proportion using multi-burner stoves among households with
more than four members.

Figure 3. Proportion of households cooking with LPG as a primary or secondary fuel by number of stove
burners, stratified by number of family members

Modeling of LPG as a primary or secondary fuel choice

The final multivariable model modestly characterized (pseudo Rzmargma|=0.42; AUC=0.82) primary versus
secondary use of LPG for cooking (Table S2). Demographics (Rzmargina|=0.1 1) and LPG supply-related

factors (R?arginai=0-10) explained a higher proportion of model variability than SES (R?1,4rginai=0-03)
(Table S2). Households with 1-2 members had more than twice the predicted probability (89% (95%Cl:
79,95)) of primarily using LPG than households with 7-8 family members (39% (95%Cl: 24,56)) (Figure 4).
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 (Figure 4). Specifically, 76% (95%Cl: 60,87)
of households reporting a refill cost of <$0.86 USD/kg were predicted to use LPG as a primary fuel,
compared with 65% (95%Cl: 51,78), 58% (95%Cl: 42,72) and 45% (95%Cl: 28,62), of households reporting
a cylinder refill cost of $0.86-1.00USD/kg, $1.01-1.10USD/kg and >$1.10USD/kg, respectively.

Figure 4. Average-adjusted predicted probabilities of using LPG as a primary versus secondary cooking
fuel stratified by community. All probabilities account for quantitative covariates centered at their mean
(all covariates listed in Table S4 in Supplement).

Modeling of Annual Per Capita LPG Consumption

Half (Rzmargina|=0.49; cross validation (CV) R?=0.39) of the variability in LPG consumption was explained
by covariates included in the final model (root mean square error (RMSE)=0.52 kg/capita/yr, CV
RMSE=0.54 kg/capita/yr) (Table S3). Household demographics (Rzmargma|=0.31) explained significantly
times more of this variability than household SES (Rzmargma|=0.0). Households with 3-4 members

consumed an average of 16.4 kg/capita/yr (95%Cl: 13.5,19.8), nearly 13 kg/capita/yr less than
households of 1-2 individuals (29.1 kg/capita/yr (95%Cl: 24.0,35.2)) (Table S5).

Households using a double-burner or triple-burner LPG stove consumed an average of 8.2 kg/capita/yr
(95%Cl: 6.4,10.3) and 6.1 kg/capita/yr (95%Cl: 4.8,7.5), respectively, more LPG than households with
single-burner stoves, irrespective of SES and family size (Figure 5). Households exclusively cooking with
LPG consumed 2.4 kg/capita/yr (95%Cl: 1.2,3.8) more than households that stacked LPG with another
fuel (Table S5).

Figure 5. Average-adjusted annual per capita LPG consumption (kg), stratified by community. Per capita
consumption is presented with covariates centered at their mean (all covariates listed in Table S5 in
Supplement).
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Participants that took 11-20 minutes, 21-30 minutes or >30 minutes to travel to LPG retailers consumed
an average of 1.0 kg/capita/yr (95%Cl: 0.0,1.9), 1.4 (95%Cl: 0.5,2.3) and 1.6 kg/capita/yr (95%Cl: 0.0,3.0)
less than those who could reach an LPG retailer in under 11 minutes (Table S4). In addition, households
reporting the lowest costs for refilling their LPG (<$0.86USD/kg) consumed 1.4 (95%Cl: 0.2,2.6), 2.3
(95%Cl: 0.8,3.7) and 4.9 (95%Cl: 3.2,6.5) kg/capita/yr more than participants reporting higher refill costs
of $0.86-1.00USD/kg, $1.01-1.10USD/kg and >§1.10USD/kg, respectively.

Households Exclusively Cooking with Polluting Fuels

Among households exclusively cooking with polluting fuels (n=2,685), nearly half (47%, n=1,248) reported
having previously cooked with LPG (Table S6); the proportion varied nearly three-fold by community
(Obuasi:63% (n=612), Mbalmayo0:48% (n=399), Eldoret:24% (n=237)). Only 10% (n=272) of households
cooking exclusively with polluting fuels indicated being satisfied with their current cooking fuel.

Inability to afford the upfront costs of purchasing LPG stoves/equipment was the dominant reason (70%;
n=1,889) reported for not currently cooking with LPG (Figure 6). High refill costs were cited as a barrier for
LPG use by twice as many households previously cooking with LPG (37%) as those that had not (19%)
(Table S6). Concerns over LPG safety were reported by 18% (n=470) of households not currently using
LPG; this concern was highest among households in Obuasi (30%; n=292); the proportion was twice as
high as in Mbalmayo (14%; n=117) and five times higher than in Eldoret (6%; n=61).

Figure 6. Reasons for not cooking with LPG among households exclusively cooking with polluting fuels
(N=2,685)

Discussion

By quantitatively modeling the impact of SES, fuel cost and accessibility on LPG usage, this
multinational study demonstrates that supply-related issues, including inconsistent fuel supply and
higher cylinder refill and transportation costs are critical barriers to uptake and sustained use of LPG in
peri-urban communities in SSA. Households indicating a consistent supply of LPG at retailers had over
20% higher predicted probability of using LPG as a primary fuel than those reporting inconsistent supply,
irrespective of household SES (Table S4). Households reporting the lowest refill costs also had a 30%
higher probability of using LPG as a primary fuel (Figure 4) and consumed 6.67 kg/capita/yr (95%CI:
5.16,8.60) more than households reporting the highest refill costs (Figure 5). High refill costs were
commonly reported by households cooking exclusively with polluting fuels, particularly in Obuasi (50%)
and Mbalmayo (40%), possibly indicative that customers using typically smaller cylinders in Kenya (6 kg)
compared with those used in Cameroon and Ghana (>12 kg) may be less sensitive to changes in the refill
price.

A negative dose-response relationship between higher LPG consumption and lower transportation cost
and shorter time to obtain an LPG refill (Figure 5) matches with previous cooking fuel choice research

conducted in rural communities in Ghana.3'~33 Thus, policies that improve proliferation of last-mile
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distributors (i.e. refilling stations) in peri-urban communities, which would decrease the collective
population’s travel time and associated costs, will likely pay dividends in terms of increasing population-
level LPG usage. Other LPG supply chain enhancements, including increasing bulk storage and filling
facilities, are important for expanding access?® and have been identified as a priority by Cameroonian
government.’3

Consumer finance mechanisms, including unconditional cash transfers,2* microfinance and pay-as-you-
go LPG,3° which involve direct cylinder home deliveries, can help offset the financial burden associated
with transport and cost of refills. PAYG LPG has shown promise in urban settings,3® but will be more
logistically challenging to implement in peri-urban areas due to higher transportation costs and enhanced
distribution networks needed to ensure timely home deliveries.'®

The Pradhan Mantri Ujjwala Yojana (PMUY) programme achieved rapid expansion of LPG access but did
not lead to higher usage among rural Indian households.?#37 A study among 8,000 PMUY program
beneficiaries proposed that long travel times from rural Indian villages to refill points was a likely driver of
30% lower LPG consumption.2® While this study proposed that fuel access is important at a village-level,
we find 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 may be a deterrent to LPG usage (Figure 5). Indeed, a low intraclass
correlation coefficient (0.01) in the consumption model emphasizes that LPG consumption was
predominantly influenced at a household-level (Table S3). These results contribute to growing evidence
that accessibility/affordability of refills are critical bottlenecks that should be priority targets for
policymakers to expand LPG use.

Socioeconomic Status and Demographics

Younger households and smaller families were more likely to primarily use LPG and had higher
consumption rates (Figure 5), similar to findings from a study of PMUY beneficiaries in India.2°> Moreover,
using multi-burner LPG stoves greatly increased the probability of households with 5 members or greater
primarily using LPG (Figure 3), likely because multi-burner stoves offer greater time and fuel savings to
larger families. Using a double-burner stove was associated with substantially higher LPG consumption
(21.92 kg/capita/yr (95%Cl: 17.84,26.93)) compared with use of a single-burner stove (14.09 kg/capita/yr
(95%Cl: 11.53,17.21)). The ability to cook two meals simultaneously on double-burner stoves was an
advantage of LPG over kerosene reported by households in Nairobi, with users associating the double-
burner stove with greater time and fuel savings.3® Participants in another Kenyan study stated having “no
need to stack” when using double-burner stoves.38 Thus, increasing access to multi-burner LPG stoves
seems a simple, yet potentially highly effective intervention to increase clean cooking.

In contrast to India,?* years cooking with LPG was not significantly associated with consumption (Table
S5), potentially highlighting the importance of LPG fuel costs remaining price competitive in the long
term to prevent reversion to polluting cooking fuels. This finding is further supported by households

previously cooking with LPG being more likely than households with no prior LPG experience to cite high
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cylinder refill costs as a reason for not cooking with LPG (Table S6). Additionally, the strongly negative
association of family size with consumption and use as a primary fuel suggests that LPG usage is also
dependent on its ability to prepare sizeable meals in a reasonable amount of time,® which may be more
difficult for larger families.

Household income was not significantly associated with use of LPG as a primary fuel (Table S4),
demonstrating 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.*941

LPG consumption statistics

Self-reported frequency of stove usage during the past week was an insignificant predictor of annual LPG
consumption, possibly due to seasonal income fluctuations reported by 65% of households (Table 2),
which can lead to large within-household variation in consumption patterns.®” However, fuel stacking
was associated with 17% lower LPG consumption (2.3 kg/capita/year reduction).

Estimated median annual per capita consumption in Mbalmayo, Eldoret and Obuasi were relatively
similar (40% higher, 13% higher, 8% lower, respectively) to national rates reported in the Global LPG
Partnership National Feasibility Studies in 2017 (14.2 kg/capita/yr in Cameroon, 12.8 kg/capita/yr in
Kenya and 25.0 kg/capita/yr in Ghana).*?~#4 It is unclear if the differences result from population-level
changes in consumption from 2017-2019 or bias in self-reporting of consumption (Table S7), which has
occurred in previous studies.*® Nonetheless, the self-reported consumption rates are about half that of
households in more developed countries (e.g. Brazil, Indonesia, Peru) with more established LPG supply
chains.’

Safety Concerns

LPG safety concerns were prevalent among households cooking with polluting fuels, particularly in
Obuasi (30%) (Figure 6). A higher proportion in Obuasi compared with the other communities is likely
attributed to the ‘customer-controlled cylinder model’ currently implemented in Ghana, which places
customers in charge of cylinder maintenance, contributing to more frequent, serious LPG accidents.*?
The Ghana ‘Sustainable Energy 4 All’ plan called for a national switch to the ‘branded cylinder
recirculation model’, which ensures proper refilling practices and correct disposal of cylinders, as LPG
marketers are responsible for cylinder maintenance and safety.*®

Households Using Polluting Fuels

There was high aspiration to use clean cooking fuels among those cooking exclusively with polluting
fuels (Figure 6). While high fuel costs were the dominant reason for not using LPG, overcoming the
affordability barrier will not lead to universal use in these communities due to safety concerns and an
inconsistent supply. Nearly half (47%) of participants currently not cooking with LPG have cooked with
LPG previously. While unable to ascertain if households that formerly cooked with LPG used it as their
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primary fuel and whether they have completely stopped using it or routinely switch between fuels (e.g.
due to periodic income fluctuations), it is evident that LPG refill costs play a key role in discontinuing use
of LPG (Figure 6).*” Reversion to polluting cooking fuels has been reported in longitudinal studies,*® with

a prevalence as high as 35% (China).*°

Strengths and Limitations

This study is one of the largest modeling studies of determinants of LPG consumption in SSA. While
calculation of self-reported annual LPG consumption via two different survey questions showed
disagreement (Figure S1), sensitivity analyses revealed that this discrepancy did not significantly impact
study findings (Table S8). As the direction of misclassification between the self-reported LPG
consumption variables was the same among all households (consumption using self-reported number of
annual refills was always higher than that calculated via average cylinder lifetime), we expect that
misclassification was non-differential and therefore biased toward a null finding. We recommend that
future studies collecting self-reported data on LPG consumption phrase survey questions in terms of
‘average cylinder lifetimé rather (or in addition to) number of annual cylinder refills to protect against
overreporting. As other studies have found low agreeableness between self-reported and objective
measures,*> we further recommend that absolute measures of LPG consumption 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 households,?’33

and research has shown differences in LPG consumption in urban, rural and peri-urban settings,*2~44 the

study results may not hold outside of peri-urban communities.

Conclusions

This study presents robust empirical evidence of the critical role of supply-side determinants and access
to multi-burner stoves in increasing LPG consumption among peri-urban households in SSA. Supply-
related factors may play a considerable role in LPG consumption even at small scales (e.g. 10-minute
travel intervals) within a community. Energy policies targeting the LPG supply chain, including expanding
distribution/retailing networks can help accelerate growth of the clean cooking market in Sub-Saharan
Africa, leading to positive environmental and health impacts.

Methods

The Global Health Research Group on Clean Energy Access for the prevention of Non-communicable
disease in Africa through clean Air (CLEAN-Air(Africa)) program consists of applied research and capacity
building within SSA.%? This study reports on findings from the first phase of CLEAN-Air(Africa), involving
randomly administered surveys in three peri-urban communities: Mbalmayo, Cameroon; Obuasi, Ghana
and Eldoret, Kenya. Mbalmayo is an agricultural town in central Cameroon with 60,000 residents that is
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an hour drive away from Yaoundé, the country’s capital. Obuasi is 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 is a town surrounded by agricultural land, located at an elevation of over
2000 meters in Western Kenya and has a population of nearly 500,000; it is currently the fastest growing
town in Kenya according to the 2019 National Census.

In each community, 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). The surveys included detailed questions on cooking
behaviours, including WHO Harmonized survey questions on fuel use
(https://www.who.int/airpollution/household/survey-harmonization/en/ ). Completion took
approximately 20 minutes. Due to a switch from random to stratified sampling (by primary cooking fuel
type) midway through data collection in Eldoret (in order to ensure a sufficient sample of households
using LPG for future phases of CLEAN-Air(Africa)), population-based results are reported among a subset
of 757 households for this location.

Surveys were administered to the main cook of the household using secure smartphone technology
(Mobenzi Researcher in Cameroon/Kenya; Research Electronic Data Capture (REDCap) in Ghana) from
April-August 2019. Mobenzi is a secure 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 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 for creating and
managing online surveys and databases; data are wirelessly imported directly to the database servers.

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 (kilograms) of LPG consumed
per capita (log-linear regression). Results from logistic regression modeling 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
(kilograms/capita/year).

Model 1: LPG cooking fuel (primary/secondary)y, = By + B; + b; + ey (logistic regression)
Model 2: In(kg LPG/capita/year);. = By + B; + b; + ey (log-linear regression)

In Model 1, LPG cooking fuel (primary/secondary);, represents whether the kth participant in community /
uses LPG as a primary or secondary cooking fuel. In Model 2, In(kg LPG/capita/year),, represents the

natural log transformed annual per capita consumption of kth participant in community /. In both models,
Bpis the overall intercept, B, represents fixed effects, biis the community-level random effect and eik is
the residual error.
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Annual per capita consumption of LPG was estimated in two ways: (1) multiplying self-reported cylinder
size by 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
self-reported number of annual refills and multiplying that by cylinder size then dividing by the number of
household members. Sensitivity analyses examined the effects of using both metrics on the modeling
results. The distribution of annual per capita LPG consumption (kg) was right-skewed so data was log-
transformed before modeling. Principal components analysis (PCA) was run on owned assets to generate
an alternative measure of household SES.5? (add Vyas citation). The first principal component was
grouped into quartiles and tested as a predictor in both regression models.

Model fit was assessed via a combination of the coefficient of determination (R?), Akaike information
criterion (AIC) and 10-fold cross validation (training and test datasets split at the community level to
ensure more accurate evaluation of model performance), with consideration given to selection of
parsimonious models. The cross-validated R? is reported for the linear model®3 and the area under the
Receiver Operating Characteristic curve (AUC) is reported for the logistic model.>* All data analysis was
conducted in R (version 3.5.1).%° Ethical approval was obtained from the University of Liverpool, United
Kingdom and local Institutional Review Boards in each study country. Informed consent was obtained
from all participants prior to conducting the study.
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Figure 1

Primary cooking fuel types among three peri-urban communities in Ghana, Cameroon and Kenya
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Proportion of households cooking with LPG as a primary or secondary fuel by number of stove burners,
stratified by number of family members
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Figure 4
Average-adjusted predicted probabilities of using LPG as a primary versus secondary cooking fuel

stratified by community. All probabilities account for quantitative covariates centered at their mean (all
covariates listed in Table S4 in Supplement).
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Average-adjusted annual per capita LPG consumption (kg), stratified by community. Per capita
consumption is presented with covariates centered at their mean (all covariates listed in Table S5 in
Supplement).
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Reasons for not cooking with LPG among households exclusively cooking with polluting fuels (N=2,685)
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