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Deconstructing the (un)affordability of clean 
cooking fuels through a randomized trial in 
rural Tanzania
 

Annelise Gill-Wiehl    1,2  , Isha Ray    1, Robert Katikiro    3, 
Daniel M. Kammen    1,4 & Alan Hubbard5

Low-income users struggle to save for clean cooking fuel costs. We test 
whether a lockbox intervention paired with micro-saving nudges could 
alleviate the unaffordability of clean fuels. In a year-long stepped-wedge 
randomized control trial in Tanzania (n = 511), we find that compared to 
savings nudges only, a lockbox and savings nudges increased annual refills 
of liquefied petroleum gas (LPG) by 1.4 (0.054 per 2 weeks ([95% confidence 
interval: 0.043, 0.066], P < 0.0001)) and minimally decreased firewood 
use but had no effect on lags between LPG refills or the frequency of LPG 
and charcoal use. We find that easing liquidity constraints is insufficient for 
exclusive LPG use when LPG is the financial responsibility of only women, 
who ration LPG purchases to meet other household needs and social 
expectations. The financial and gendered realities of low-income consumers 
demand clean energy policies beyond easing liquidity constraints or 
targeted subsidies.

About 2.4 billion people rely on smoky solid fuels, resulting in ambient 
and household air pollution (HAP), to which over eight million annual 
untimely deaths are attributed1. Near-exclusive use of ‘clean’ stoves 
and fuels, as categorized by the World Health Organization, is needed 
to avert negative health outcomes2. Affordability remains one of the 
largest barriers to the consistent use of clean cookstoves and fuels3,4. 
The challenge for energy policy is thus to provide affordable clean 
stoves and fuels that minimize users reverting to biomass (the ‘refill 
gap’)5 or using multiple stoves in parallel (stove ‘stacking’)6.

Clean cooking has two cost components: the upfront stove cost 
and the ongoing fuel and maintenance costs4,6–10. The fuel cost consists 
of everyday sums or occasional lump sums. Traditional fuels (wood, 
agricultural waste) are often purchased or collected day to day, whereas 
cleaner fuels such as liquified petroleum gas (LPG) are purchased on a 
monthly (or longer) basis. Many individuals without clean fuels have 
neither regular cash flows nor financial tools11,12, making it difficult to 

save even modest sums. Further, individuals under the stress of chronic 
poverty often ‘tunnel’ or focus exclusively on immediate priorities, 
struggle to make forward-looking choices and must exert constant 
vigilance to not spend the small amounts that they could (and often 
must) save13,14.

The clean cooking literature has focused more on the upfront 
cost of clean stoves15–17 than on financing the recurring fuel costs or 
reducing the refill gap. Micro-saving programmes could potentially 
accommodate low-income users’ spending and saving patterns for 
either upfront or recurring costs. Numerous randomized control tri-
als (RCTs) have investigated banked savings programmes18–20, organ-
ized savings groups21–23 and portable devices such as lockboxes23–25, 
with varying levels of commitment. Lockboxes have been proven to 
help increase savings overall26 as well specifically for healthcare23 and 
education24,25. We hypothesized that tools to encourage small savings 
could help to increase (on time) clean fuel refills.

Received: 2 August 2024

Accepted: 16 April 2025

Published online: xx xx xxxx

 Check for updates

1Energy and Resources Group, University of California, Berkeley, CA, USA. 2Environmental Health Sciences, Columbia University, New York, NY, USA. 
3Agricultural and Natural Resources Economics and Business, University of Dar es Salaam, Dar es Salaam, Tanzania. 4Goldman School of Public Policy, 
University of California, Berkeley, CA, USA. 5Division of Biostatistics, School of Public Health, University of California, Berkeley, CA, USA. 
  e-mail: ag5050@cumc.columbia.edu

http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-025-01778-w
http://orcid.org/0000-0002-3908-7903
http://orcid.org/0000-0002-9966-8822
http://orcid.org/0000-0002-2773-3664
http://orcid.org/0000-0003-2984-7777
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-025-01778-w&domain=pdf
mailto:ag5050@cumc.columbia.edu


Nature Energy

Article https://doi.org/10.1038/s41560-025-01778-w

purchase receipts and triangulation with photos, we constructed our 
pre-specified primary outcomes: purchased refills, the days between 
running out of LPG and purchasing the next cylinder (‘the refill gap’), 
categories of LPG use (exclusive, habitual, occasional and none) and 

The behavioural economics literature has developed a range of 
interventions to encourage socially desirable habits, including nudges, 
boosts, gamification, priming, framing and so on27,28. Nudge theory29 is 
based on structuring choices to guide individuals towards better deci-
sions without restricting their freedom or requiring notable changes to 
existing practices. Savings nudges in the literature make strategic use of 
such small interventions30,31 to protect against procrastination or valuing 
current consumption over future needs. Another suggested solution to 
the savings challenge is setting up dedicated saving accounts (earmarked 
for specific purchases) for low-income individuals. These accounts do 
not alleviate scarcity itself but could remind participants of their sav-
ings goals32, lower the mental burden of remembering to save and give 
individuals a sense of control even under constrained circumstances.

Combining these literatures, we designed an intervention that 
incorporates a dedicated account (drawing on behavioural economics) 
as a financial tool for small savings (drawing on clean cooking research) 
and acknowledges that nudging or encouragement (also from behav-
ioural economics) may be necessary to facilitate a pro-saving behaviour 
change. We provided individuals a locked deposit box (‘lockbox’), ear-
marked for LPG cylinders, which served as an informal financial device 
and a physical reminder to save, but without formal commitment or 
enforcement. Our theory of change was that if individuals saved in the 
lockbox, this would increase their on-hand liquidity (having eased their 
liquidity constraints) to spend on LPG refills. We present here the results 
on changes on LPG purchases on account of any change in savings. We 
also present new ethnographic evidence to explain our experimental 
results, grounded in understanding intra-household gender dynamics 
and the portfolio of household needs as key determinants of purchasing 
and using clean fuels.

Experimental design
We designed a year-long stepped-wedge RCT in which participants 
(n = 511) across Shirati, a rural town in Mara Region, Tanzania, started 
in control and then crossed over in waves into the intervention/treatment 
group. At the baseline, no one used LPG. Each participant received two 
free 6-kg LPG cylinder/burner sets, along with information from their 
community technology worker (CTW). All future refills of the LPG cyl-
inder were the participant’s responsibility (~US$10). Participants were 
randomly assigned to roll over into the treatment (that is, receiving the 
lockbox) (Fig. 1). The CTWs followed up every 2 weeks to encourage clean 
fuel use and nudge participants to save, for both treatment and con-
trol. That is, the control group also received encouragement nudges. At 
these visits, the CTWs also conducted surveys. From those surveys, LPG 
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Fig. 1 | Schematic of study design. This illustration depicts how individuals 
transitioned into the treatment of a locked deposit box. We enrolled 511 
participants at baseline (t = 0) and then randomly assigned each to transition 
into treatment after weeks 16 through 32. The first ~46 participants received the 
intervention (blue) at week 18, then ~46 more participants at week 20 and so forth 

until all 511 respondents received the treatment. Once in treatment, participants 
remained thus until the end of the study. The randomized rollout was intended 
to create balanced comparison groups between the control (white) and the 
treatment (blue). Photo of lockbox and key taken by A.G.-W. Lockboxes were 
hand crafted by a local artist.

Table 1 | Socio-demographic characteristics of our sampled 
respondents, n = 511

Female respondent (main cook), n (%) 480 (94%)

Female-headed households, n (%) 145 (29%)

Age, mean [range] 41 [18,88]

Luo tribe, n (%) 446 (88%)

Number of individuals living together, mean 
[range]

6 [1,20]

Children <12, mean [range] 2 [0,15]

Number of individuals eating together, mean 
[range]

6 [1,16]

Occupation of main cook

  Farmer, n (%) 411 (81%)

  Business, n (%) 51 (10%)

  Nurse, n (%) 5 (1%)

  Cares for the home, n (%) 24 (5%)

  Other occupation, n (%) 15 (3%)

Education of main cook

  No formal education, n (%) 18 (4%)

  Primary school, n (%) 450 (88%)

  Secondary school, n (%) 39 (8%)

  University, n (%) 1 (0%)

Expenditure and saving

  Respondent’s weekly expenditure, mean 
(s.d.)

US$17.2 (10.4)a

  Respondent’s weekly expenditure PPP, mean 
(s.d.)

US$56.7 (34.4)b

  Ability to save at all, n (%) 286 (56%)

  Female saves alone, n (%), endlinec 433 (89%)

  Attrition 1%

  Maximum missingness within a single visit 6%
aAn average exchange rate of US$1 = 2,325.96 Tanzanian shillings was used in January 2022. 
bWe use a PPP of 3.30 for 2022. cThis value was from the final visit where 489 respondents were 
contacted that week, and 18 did not answer this question as they were struggling to save.
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biomass (firewood/charcoal) usage33. Savings outcomes are reported in 
another paper (A.G.-W., manuscript in preparation). Following the full 
trial, we conducted a 6-month period of qualitative work that included 
observations, focus groups, budgetary games and 90 semi-structured 
interviews (Methods).

Sample characteristics
We spoke with the mostly female main cooks (94%) with an average 
weekly expenditure of US$56.7 (standard deviation (s.d.) 34.4) after 
adjusting for purchasing power parity (PPP) (Table 1). Women earned 
small amounts of income from selling products from their farms, selling 
small fish, braiding hair and so on. LPG use in the region was very low 
( ~ 2% in 2018)34. Confirming previous anthropological literature from 
sub-Saharan Africa35–37, spouses kept finances completely separate: 
“There are very few couples who save their money together” (Respond-
ent 4, Focus Group 1). Women were responsible for daily household 
expenses (for example, food, soap, charcoal and children’s needs), while 
men were responsible for larger purchases (building the house, furni-
ture, television and so on). Couples could come together for certain 
purchases, but this was not the norm. Spouses rarely disclosed their 
financial status to each other. Thus, our main respondents reported 
only their own available weekly expenditures. At the baseline, 56% of 
respondents reported being able to save anything at all.

Treatment effects on clean fuel and biomass usage
We assess treatment impact on refills by constructing a user’s rate of 
refilling while in control versus treatment (total refills in control or 
treatment divided by cumulative time in control or treatment). For 
all other outcomes, we analyse immediate and cumulative impacts of 

offering participants a lockbox. The immediate impact of treatment is 
the outcome for the following 2-week time period, whereas the cumula-
tive impact of treatment is the average impact of each additional time 
period in treatment. For all outcomes, we report the average treatment 
effect (ATE), that is, the difference in the mean outcomes between 
treatment and control groups (Methods) and conduct subgroup analy-
sis for first (low), second and third (mid) and fourth quartile (high) 
expenditure strata (Supplementary Fig. 4).

Regarding savings, we find that uptake of the lockbox was very 
high ( ~ 96% by the final visit) and that treatment immediately caused 
an additional 13% (95% confidence interval (CI): (10.7%, 15.4%, P < 0.001) 
of participants to save within the next 2 weeks, compared to control 
(A.G.-W., manuscript in preparation). On average, respondents had 
half the refill amount saved in the lockbox (Fig. 2).

On average, participants refilled 3.5 (min: 0, max: 18) times 
throughout the year-long study. We estimate the ATE on total refills to 
be 0.054 ([95% CI: 0.043, 0.066], P < 0.001) per 2-week period (Table 2). 
Our results when extrapolated indicate that if everyone had received 
treatment over the year-long study period, average refills would have 
increased by ~1.4 (0.054 × 26).

We observe very few instances of individuals reporting a lag 
between LPG refills. They were stacking with other fuels and seemed 
to time running out of LPG for when they had money to refill (Sup-
plementary Fig. 1). Respondents’ rationing behaviour avoided any 
measured LPG ‘refill gap’. During follow-up interviews, some women 
acknowledged rationing LPG use to avoid absolutely running out:  
“I decided to reduce my gas use so that it should take at least one month 
to run out… if I decide to use it only, it will not even take one month  
[to run out] …so I decide to use it to make only tea and reheat the food” 
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Fig. 2 | Amount saved in the lockbox as a fraction of the cylinder refill cost. 
 a, We tracked the amount respondents had saved in their lockboxes as a  
fraction of the total cost to refill a single liquefied petroleum gas cylinder 
( ~ US$10; ~US$26 purchashing power parity) across expenditure categories 
(n = 6,044 observations from 498 participants); data are presented as  

mean values ± standard deviation. b, How many participants were enrolled in 
treatment at these times (as participants transitioned to treatment in waves).  
We stop the x axis at 26 weeks in treatment or control to keep observations 
around 50 individuals for each time point.
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(Respondent 2, Focus Group 1). Many individuals reported stacking, 
reducing their LPG use to occasional (such as reheating food) to con-
trol when they would run out; others simply never refilled (Fig. 3 and 
Supplementary Fig. 1).

Most respondents claimed to need only one cylinder, holding 
the second as reserve for when the first cylinder ran out: “While using 
one cylinder I save for another one” (Respondent 387). This was also a 
form of rationing: “…it’s hard to get money to refill them both at once” 
(Respondent 178). Using only one cylinder was also a way to maintain 
savings for other items: “I was just saving and not only for gas…I have 
not refilled the second one because for now we have a lot of funerals” 
(Respondent 54). Money for refills was especially tight as LPG purchases 
were solely in the women’s expenditure domain; their ‘share’ of the 
household expenses was being saved towards LPG (and food-related 
expenses overall). Men rarely assisted with LPG refills: “In all cooking 
matters women are the one responsible… as a woman you will struggle 
to make sure you refill the cylinder and cook, so when he comes home, 
he only eats” (Respondent 4).

Regarding self-reported LPG use categories, we find, while control-
ling for weeks into the experiment, neither an immediate nor cumula-
tive impact. Descriptively, the percentage of participants reporting 
no LPG use rose with number of weeks in control across all income 
strata. The percentage reporting no LPG use was, on average, higher 
in treatment than in control but did not increase measurably with 
weeks in treatment (Table 2, Fig. 3 and Supplementary Tables 1–3). 
The stability of LPG use categories reinforces our result that users were 
rationing their LPG.

Each additional 2-week period in treatment decreased average 
firewood use by −0.038 kg (95% CI: (−0.078, 0.002) (extrapolates to 
~1 kg a day by the end of the year), particularly for participants with 
mid-level expenditure (Supplementary Table 3). Stacking was stable 
throughout control and treatment, consistent with our treatment 
effects, which found minimal effect on biomass usage (Fig. 3 and Sup-
plementary Fig. 1). While stacking fuels, respondents across expendi-
ture strata were spending well over the 5% threshold (using only the 
women’s reported expenditures as denominators) set by the Energy 
Sector Management Assistance Program (ESMAP) as the affordability 
bar for cooking fuel38. Low expenditure participants spent the largest 
percentage (Supplementary Fig. 3). The post-treatment fuel expendi-
ture ratio is largely consistent with that reported at baseline; polluting 
fuels thus account for substantial costs, often similar to clean fuels per 
unit of energy generated (Supplementary Fig. 2). Our interviews and 
focus groups explained these results through two recurring themes: 
LPG was but one priority among many, and the nature of cooking fuel 
purchases is highly gendered.

Easing liquidity is insufficient given a portfolio of 
needs
The treatment was an effective nudge for respondents to save, thus 
easing their liquidity constraints (A.G.-W., manuscript in preparation). 
They dipped into those savings for refills, essential items as well as 
emergencies: “I am the one buying each and everything in this house 
[so] the money that I was supposed to buy gas with I use to buy food” 
(Respondent 67). Or “the child was sick, so we used the [lockbox] 
money” (Respondent 400). Most women we interviewed claimed to 
be saving for LPG but ultimately saved whatever they could, whenever 
they could (Fig. 4).

The lockbox increased participantsʼ recognition of the need to 
save for LPG: “it is good to save because it’s hard to get all 24,000 shil-
lings at once” (Respondent 202). And they did in fact save. This aware-
ness could have contributed to the stabilizing LPG use and continued 
rationing: “I can even see how much I am left with to reach the total 
amount” (Respondent 273). The lockbox visualized for participants 
the fraction of the hefty LPG refill cost that they had on hand: “if I use 
gas daily it will run out quickly before I get enough money to refill” 
(Respondent 13). Participants used the lockbox to time when the cyl-
inder would run out to when they had enough saved (Fig. 4).

When the gas ran out, they would look in the lockbox to see if there 
was enough to refill. If there was enough, or almost enough, they tended 
to refill. If there was any extra, they would buy other things, they would 
not leave the residual towards a future refill. If there was not enough, 
they waited to refill, turning to the second cylinder and reducing their 
LPG use: “in the lockbox we were just saving so that when the cylinder 
runs out, we go and refill and if there is some amount of money left 
after refilling, we just use the money to buy other items in the house” 
(Respondent 500). Having enough money on hand in their lockboxes 
(that is, easing liquidity constraints) was a necessary but by no means 
sufficient condition to increase LPG use given the portfolio of needs.

The literature suggests many reasons for continued stove 
stacking8,39, but the slight reduction in firewood and no change in char-
coal that we find is largely underpinned by low and fluctuating incomes. 
The instability of their financial situations made saving particularly 
hard: “I am now saving if I get money, it’s not every week… because 
I depend on the business of oranges and as you know it’s seasonal” 
(Respondent 272). Distance to refill, often cited as a separate barrier, 
contributed to the affordability challenge in that transport typically 
added another dollar to the refill cost). The widespread prevalence 
of rationing (using LPG when in a hurry, reducing LPG to never run 
out, refusing to use LPG for beans because beans have a long cooking 
time and so on) points to unaffordability being a dominant reason 
for persistent stacking. For instance: “I don’t want to run out” [when 
cooking beans] (Respondent 101). To our probe: “So is it something 

Table 2 | Intent-to-treat ATE estimates, immediate and 
cumulative

Analysis of immediate 
impact

Observations ATE (95% CI)

LPG use categories

  Exclusive use 12,314 −0.00057 (−0.010, 
0.0092)

  Habitual use 12,312 0.0078 (−0.043, 0.059)

  Occasional use 12,312 0.0063 (−0.036, 0.049)

  No LPG use 12,312 −0.018 (−0.065, 0.028)

Biomass use

  Total firewood (kg d−1) 8,012 −0.083 (−0.37, 0.20)

  Total charcoal (kg d−1) 3,324 0.15 (−0.10,0.40)

Analysis of cumulative impact ATE (95% CI)

LPG refill

  Total refills 11,132 0.054*** (0.043, 0.066)

LPG use categories

  Exclusive use 12,314 0.000044 (−0.00074, 
0.0013)

  Habitual use 12,312 0.0039 (−0.0018, 0.0093)

  Occasional use 12,312 0.0032 (−0.0017, 0.0083)

  No LPG use 12,314 −0.0079 (−0.010, 0.0051)

Biomass use

  Total firewood (kg d−1) 8,012 −0.038* (−0.078, 0.002)

  Total charcoal (kg d−1) 3,324 0.025 (−0.012, 0.063)

Note the immediate impact of treatment is the outcome for the following 2-week time period, 
whereas the cumulative impact of treatment refers to the average impact of each additional 
time period in treatment. We modelled immediate and cumulative impact of treatment 
on binary and continuous outcomes using logistic and linear regressions, respectively. 
We model the rate of refilling over the time periods in control vs treatment using Poisson 
regression. For all, we report robust inference and use two-sided tests. No adjustment was 
made for multiple comparisons (Methods). *** P < 0.01, * P < 0.1.
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about the beans?,” the response was: “No, it’s about the money”. Par-
ticipants expressed a strong preference for LPG: “if gas was free, I’d 
refill everyday…even if there was still available firewood and charcoal” 
(Respondent 13).

The literature already documents the unaffordability of clean 
cooking fuels40–42. Our results support that literature but show that 
alleviating liquidity constraints alone is insufficient to mitigate unaf-
fordability, in contrast to previously posed hypotheses4. We show that 
even when there are savings increases, LPG is not always prioritized 
amid myriad household needs. With saved money, many items become 
more affordable, not LPG alone. There have not been any randomized 
trials of pay-as-you-go LPG43, but our results suggest similar competing 
needs would arise. We also find that fluctuating business opportunities 
make for fluctuating savings: “[my savings] depends on how much I 
sell, because sometimes I sell 500 or 1000 or 3000 TSH” (Respondent 
179). Small irregular cash flows make it easier to purchase fuel in small 
irregular quantities. In reality, even if LPG is not substantially more 
expensive than charcoal per unit of energy, it is more ‘unaffordableʼ 
because it is a lumpy purchase. We conclude that LPG is unaffordable 
not as a stand-alone commodity but in the context of other unmet 
needs and uncertain income streams.

The gendered nature of clean fuel purchases
We initially targeted main cooks as representing their households. 
However, we found that not just the physical but the financial burden of 
cooking falls on the woman. A survey enumerator explained: “Women 
have always been the ones to collect firewood or purchase charcoal, so 
even though it is now purchasing gas, it is still her responsibility”. Using 
their own earnings, a stipend from their husbands or both, women 
alone were responsible for cooking fuel purchases. We highlight here 
the under-appreciated separation of financial responsibility for fuels 
rather than the intra-household power asymmetry highlighted in other 
work44,45. In this part of Africa, LPG is not a ‘householdʼ expense, so the 

total income in ‘a householdʼ is not necessarily a predictor of LPG’s 
affordability.

Our results suggest that successful efforts to increase clean fuel 
use demand a gendered understanding of household responsibilities. 
We need to understand what women are asked to give up to purchase 
clean fuels consistently. Where household finances are entirely in wom-
en’s hands, they are the ones who must choose between LPG and clothes 
for their children. Some researchers have implied that non-habitual 
use of clean fuels or continued stacking means that the users do not 
truly value the benefits of clean stoves9,46,47, but we find that women do 
value and purchase LPG with higher savings. While they do not refill 
LPG at the frequencies needed to see health benefits (exclusive use)2, 
we argue that this reflects long-standing practices of women paying 
for household needs with their own health when they cannot pay with 
cash. Feminist scholarship, echoing the work of Sen48, has argued that 
an individual’s overt preferences do not reflect individual welfare where 
the preferences themselves have had to adapt to constrained circum-
stances49. We, therefore, cannot conflate LPG non-use with low valua-
tions for clean energy; rather, we must re-conceptualize this choice as 
reflecting low valuations of women’s health. This re-conceptualization 
strongly supports the need for the energy and health sectors to account 
for the full costs of their interventions and for the individual who is 
expected to pay these costs.

Discussion and conclusions
Our study demonstrates that an effective ‘nudge‘ to (modestly) increase 
LPG consumption and keep individuals from running out completely 
of LPG is possible at the level of individual cooks. Although we only 
find an increase in ~1.4 refills (8.4 kgs) over the year and no change 
in LPG use categories, prominent LPG policies have been even less 
successful. India’s policies for individuals below-the-poverty line (for 
example, Pradhan Mantri Ujjwala Yojana), which covered the upfront 
cost of the stove, led to an annual refill increase of 0.68 kg of LPG50. 
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combination of LPG and firewood and/or charcoal (that is, stacking stoves). We 
stop the x axis at 26 weeks in treatment or control to keep observations around 
50 individuals for each time point.
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Experimental evidence indicates that LPG demand is very sensitive to 
price51, even with pay-as-you-go models52. Our intervention increased 
LPG consumption, but not exclusive use, the level needed for poten-
tial health benefits2. Even with eased liquidity constraints, therefore, 
and intention to save for clean cooking fuels, financial and gendered 
realities forced our participants to continue to stack LPG and solid-fuel 
stoves. Our findings have research and policy implications well beyond 
rural Tanzania, as intra-household budgeting separation and multiple 
household needs are common in sub-Saharan Africa.

Our results are a call to reconsider a key metric used to meas-
ure clean fuel affordability: the conventional affordability ratio40. 
The conventional affordability ratio is typically constructed as the 
ratio of fuel costs to the household monthly expenditure40. However, 
we have shown that fuel affordability may be primarily a function of 
the woman’s, not the household’s budget, and relevant on weekly 
or even daily timescales, given our respondents’ earning patterns. 
‘Householdʼ monthly affordability measures may not accurately 
estimate a low-income user’s ability to purchase clean fuel. Further, 
our work reveals that this measure on its own, without the context of 
other needs, will not be a useful predictor of LPG use. Residual income 
approaches to affordability that consider essential items (rent, food 
and so on) and gender-specific affordability metrics4 would provide a 
more realistic picture of clean fuel affordability.

Our findings call for energy policy to consider that increasing 
incomes/saving, subsidizing LPG and/or providing purchasing options 

with relaxed liquidity constraints (for example, smaller quantities4, 
pay-as-you-go technologies52) are necessary but probably not sufficient 
to ensure habitual or exclusive LPG use and abandonment of polluting 
fuels. Simply alleviating liquidity constraints or providing cheaper LPG 
will not be enough if there are too many other needs and only a portion 
of household income available for them. To foster exclusive clean fuel 
use, we may need to pursue direct fuel provisions, such as vouchers 
for the entire cylinder (unlike the partial cylinder voucher explored in 
Peru53) or direct, targeted delivery (such as nutritional programming54 
or drinking water through pipes or tanker trucks55), that can ensure a 
public health-consistent level of use. Energy research and policy must 
understand how fuel purchases are embedded in gendered, that is, 
separate but not necessarily asymmetric, intra-household dynamics 
and within a portfolio of urgent unmet needs to increase clean fuel use.

Methods
Study setting
We conducted this work in Shirati, Rorya District, Mara Region, Tanza-
nia. Shirati is a rural town of ~50,000 on the edge of Lake Victoria near 
the Kenyan border. Shirati has a tropical climate with light rains from 
October to December and heavy rains from March to June.

According to the 2022 census, when our study was completed, 
the average number of ‘persons who spent the census nightʼ56 (pg. 77) 
living together in the Mara region was five individuals. In Mara, 42.3% 
of households were female headed, but over half of adults were married 

Women save alone

The (un)a�ordability of clean fuel purchases

Easing liquidity constraints is insu�icient

“You can’t use all the money [in the lockbox
for gas] so you have to save money in case

there is a problem” (Respondent 54)

“I separate the lockbox money for the
gas and the money for other things in

the house” (Respondent 220)

“I am the one buying each and everything
in this house [so] the money [in the

lockbox] that I was supposed to buy gas
with I use to buy food” (Respondent 67)

“As women, we carry the heavier
suitcase” (Respondent 5,

Focus Group 4)

“He knows the benefits, he won’t give me
money, but just tells me to refill”

(Respondent 22)

“I am the one with the problem. I am the one
in need...of that gas because it is helping

me”(Respondent 67)

“My work is to buy the gas; his work
is to buy the television”

(Respondent 234)

“I am the only one using that gas for cooking
so it’s my own needs” (Respondent 387)

“There is no one who could help me save,
because I was just living with my husband”

(Respondent 13)

“I am the one
responsible to refill”

(Respondent 301)

“He is not saving”
(Respondent 255)

“It is good to save because it’s hard to get
all 24,000 TSH at once” (Respondent 202)

“It’s hard to get money that is why I
decide to save that 1,000 TSH every

day” (Respondent 301)

“After buying all that is needed in the
house the rest of the money I save”

(Respondent 387)

Fig. 4 | Qualitative results. Our qualitative results reveal that the unaffordability of LPG (white) is underpinned by (1) a portfolio of (competing and urgent) needs that 
prevent easing liquidity constraints from fully addressing the financial challenge (orange) and (2) the gendered expectations of household budgets that place LPG in 
the woman’s domain (brown). TSH, Tanzanian shillings.
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(56%)57. According to Tanzania’s 2018 Household Budget survey, most 
individuals in Mara were 47 years old, had completed primary school 
(62%); many used a rechargeable lamp (35.3%) or solar lamps (26.6%) 
as their main source of lighting34. Average monthly household con-
sumption was ~US$207 in 2017/2018. Female heads of households were 
self-employed (including farming, petty trade and so on), 14% were 
unemployed, never worked or did not know and 17.5% were unpaid 
household workers. Only 11.6% of households in the region had at least 
one member (typically not a woman) with a bank account. We note 
that these characteristics are for the region and of all individuals not 
only main cooks (our sample). In Mara, most used firewood (72.9%) or 
charcoal (23.5%) for cooking, although LPG was available.

In Shirati, firewood and charcoal could be collected and purchased 
in every village, and charcoal making was a common small business. For 
LPG users, 6- or 12-kg cylinders could be exchanged at retail points in 
the village with the main market, Obwere. To refill, participants had to 
either walk with the heavy cylinder or pay the extra cost of a motorcycle 
or three-wheeled delivery cart ( ~ US$1). We intentionally targeted a 
rural setting as rural communities are disproportionately understud-
ied and are often targeted for improved but not (truly) clean stoves.

Sampling and randomization
We randomized both how participants were selected to participate 
and the order in which selected participants were assigned to the inter-
vention. We relied on a combination of ward-level shapefiles, Google 
Maps, interviews with village leaders, local knowledge and Python to 
randomly place ~511 points across Shirati and then invited the main 
cook from the closest homestead to participate. After baseline data 
collection, the first author determined treatment distribution order 
using a random number generator in R.

Participants
Main cooks were approached by our local team to participate. We 
intentionally targeted main cooks as the most pertinent individual 
involved in cooking for the household. Further, we needed to train main 
cooks on LPG use and safety. After a few days to consider our request, 
we returned to obtain written informed consent. The only eligibility 
criterion for our selected participants (Supplementary Fig. 1) was 
that they did not already use LPG for cooking. This was not a limiting 
criterion as LPG use in the Mara region was 1.4% as of 2018 and similarly 
low in the study area58. We decided to target non-LPG users to isolate 
the phenomenon of continued consumption (as opposed to conflat-
ing continued use with the upfront cost of the stove that existing LPG 
users would have paid for already). At baseline in 2021, our respondents 
reported an average monthly expenditure of US$182 (or US$462.28 at 
PPP). Most individuals engaged in subsistence agriculture, raising goats 
or cattle or pursuing small business.

Procedures
After establishing eligibility, explaining the study and obtaining con-
sent, we conducted a baseline survey. This baseline collected demo-
graphic, socio-economic and energy information. Within 2 weeks, 
we delivered two 6-kg LPG cylinder/burner sets and trained the main 
cook on how to safely use the sets. We interviewed LPG suppliers in 
Shirati when we piloted the study, and they reported that LPG supply 
was not a concern. However, this was before the trial. During the study, 
no participant ever reported failing to purchase a cylinder due to a 
supply shortage.

The every-other-week follow-up surveys obtained information on 
the user’s cylinder purchases, the lag time between cylinder refills and 
their cooking fuel use. During these visits, we also confirmed that both 
LPG cylinders were still in the home even if empty. A few households 
asked to give one away to their relative or friend because they were 
rationing LPG and only needed one cylinder/burner set. We asked 
that they keep both at least until the end of the trial. We had survey 

enumerators take photos of all cylinders (and all stoves for that matter) 
at each visit and report the number of cylinders within the home and 
those being used. Establishing rapport was of the utmost importance 
to our research and field team. The local women we hired to work in 
their own communities assured participants that the cylinders were 
theirs to keep and just asked that they keep both until the end of the 
year-long study. Finally, we conducted an endline survey that mirrored 
the baseline. Each visit lasted about 30 min; our work was made possible 
by the labour of the women working for and participating in the study.

Supervisors of the local team delivered a locked deposit box with 
a key that respondents could choose to keep or give to their local out-
reach worker, whom we titled Community Technology Workers (CTWs). 
The CTWs encouraged the use of the lockbox to save for LPG refills. We 
did not, however, seek to commit participants to saving only for LPG. 
Most respondents chose to keep the key with the CTW (Supplementary 
Figs. 5 and 6). The first author worked on the ground with the local team 
throughout the entire study and held weekly meetings where logistics 
or any safety/adverse events could be addressed (although none arose).

Outcome construction
Pre-specified primary outcomes were purchased refills, the days 
between running out of LPG and purchasing the next cylinder (‘the 
refill gapʼ), categories of LPG use (exclusive, habitual, occasional and 
none) and biomass (firewood/charcoal) usage33. We counted pur-
chased refills for each participant over their times in control and treat-
ment, respectively. Respondents self reported the day that one or 
both cylinders ran out and the date on which they refilled one or both 
cylinders. This allowed us to calculate the refill gap. We categorized 
each participant at each visit into one of four LPG categories based on 
their responses to numerous questions, indicating whether they were 
exclusively, habitually or occasionally using LPG or had failed to refill 
for an extended period. We prescribed how these categories would be 
defined in Appendix 6 of our pre-analysis plan (PAP). For example, if a 
user was categorized as an Exclusive LPG User if the number of meals 
prepared and the number of meals prepared with gas were equal, 
the user reported only using LPG, the user reported no firewood or 
charcoal use in the past 7 days and yesterday and neither the firewood 
nor charcoal stove is warm. Respondents reported their firewood or 
charcoal consumption in typically purchased quantities; we translated 
these into kilograms after weighing numerous bundles/bucket sizes.

Sample calculation
We overpowered the sample size to provide higher than 80% power 
to detect a 10% difference in intervention versus control for the rar-
est outcome we tracked within the entire study, exclusive LPG use, 
as detailed in our PAP33. We pursued individual randomization at the 
level of the main cook (our independent unit of analysis) after finding 
similar coverage and standard errors across our simulations of indi-
vidual and cluster/community randomization. These simulations were 
conducted including and ignoring spillover effects and with different 
levels of contamination and intra-cluster correlation coefficients (PAP 
Appendix 4). We timed the ‘stepsʼ in the step-wedge design to start at 
week 18 until 30 to balance the number of control and treatment obser-
vations. Every participant contributed on average 25 observations (of 
26 possible). We had 6,605 control and 6,221 treatment observations. 
We define attrition as an individual whom we were not able to contact 
again or who asked to not be involved in the study anymore. We define 
missingness as a participant whom we were unable to contact during 
a 2-week period, whether that be because they were travelling or had 
conflicting schedules, but we were able to survey again; they continued 
in the study.

Statistical analysis
We describe the mean and percentage, range or standard devia-
tion of baseline demographic and socio-economic characteristics 
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of participants. We conducted a balance test on key covariates with 
weights for how many time periods each household contributed to 
control and treatment respectively to ensure balance across control 
and treatment observations (Supplementary Table 1).

We assess treatment impact on refills by constructing a user’s rate 
of refilling while in control versus treatment (total refills in control or 
treatment divided by cumulative time in control or treatment). For 
all other outcomes, we analyse immediate and cumulative impacts 
of offering participants a saving lockbox. For all, we investigated the 
immediate treatment impact, which refers to the outcome for the first 
2-week time period after entering into treatment. For all, we estimate 
the average treatment effect (ATE) using logistic regression, which 
indicates the difference in the mean outcomes between treatment 
and control groups.

In an intent-to-treat analysis, we modelled immediate impact of 
treatment on binary and continuous outcomes using logistic and linear 
regressions, respectively. We model the rate of refilling over the time 
periods in control vs treatment using Poisson regression. For binary 
outcomes, we report robust inference through the bootstrap method, 
clustered at the level of the participant. For continuous outcomes, we 
report robust inference, clustered at the level of the participant.

We also estimated the cumulative treatment impact by finding 
average impact of each additional 2-week time period in treatment. 
The initial impact may change over time, as users may adapt to better 
saving habits or drop off.

To do so, we model the outcomes against the cumulative time in 
treatment (9 to 18 2-week periods) with a logistic or linear regression 
(if binary/continuous) and predict the average. For binary outcomes, 
we then model this average with a linear regression against all possible 
time in treatment. That is, we find the additional treatment effect for 
one more period of being treated. We report robust inference through 
the bootstrap method, clustered at the level of the participant.

We control for time since the study began to isolate the effect of 
treatment from the effect of time as cooking fuel needs can change 
seasonally and participants over time may dig themselves into a finan-
cial LPG hole before even reaching treatment status. This was not 
pre-specified, so we also include the analysis without controlling for 
time since the study began in Supplementary Information.

Although not pre-specified, as a secondary investigation, we 
repeated all analyses for sub-groups of per capita expenditure: the 
first quartile (low), the second and third quartiles (mid) and the fourth 
quartile (high).

As additional sensitivity analysis for the analysis not controlling 
for time, we repeat the intent-to-treat immediate impact analyses that 
does not control for time using double-robust, targeted maximum 
likelihood estimation (Supplementary Tables 9 and 10). This estimation 
technique is based on both the calculation of the propensity score and 
the parametric model specified; if either is correct, the model is robust 
to bias. We partly modelled this analysis off of cluster RCT evaluated 
HIV treatment in Uganda (although we pursue individual randomiza-
tion)59. Although not necessary in an RCT as treatment was randomized, 
we pursued this approach as sensitivity analysis as it does not rely on 
any parametric assumptions about the distribution of the underlying 
data and allow for the adjustment of covariates to increase efficiency 
without requiring any additional modelling assumptions60,61.

We conducted a complete case analysis as overall missingness was 
<5% of observations (Supplementary Figs. 7 and 8). We had ~1% (n = 7) attri-
tion (for example, participants left the study) and missing observations 
(that is, field team could not contact the participant that specific week) 
never exceeded 6% for a single time period (Supplementary Fig. 7). No 
analysis was conducted until after the end of data collection. All analyses 
were conducted in STATA 16.1 and R studio 4.2.1. Data were collected with 
SurveyCTO 2.71.4. The study protocol was approved by the University 
of California, Berkeley’s Institutional Review Board (protocol 2020-02-
13013) and by Tanzania’s COSTECH (permit number 2021-465-NA-2021-112 

(renewed as 2022-886-NA-2021-112). The study PAP is available at https://
www.socialscienceregistry.org/trials/8465. Full replication files for this 
study are available online, as is the deidentified data.

Qualitative methods
Following the full trial, we conducted a 6-month period of qualitative 
work that included observations, focus groups, budgetary games 
and 90 semi-structured interviews. We collected quantitative and 
qualitative data sequentially62 to understand the reasons behind the 
respondents’ reported saving and cooking fuel consumption practices. 
We conducted all qualitative work after the experiment had ended 
so as to not interfere with the experiment. Further, to align with best 
practice62, no analysis was conducted until after the end of data collec-
tion. Therefore, to structure the interviews to understand the results, 
we conducted all qualitative work after the end of the quantitative 
data collection. We used our qualitative results to help interpret the 
quantitative survey results. Although the trial had ended before the 
interviews started, participants were allowed to keep both cylinders 
and their lockboxes. Therefore, the present tense used by interviewees 
is indicative of the continued use of both the lockbox and LPG.

After data collection from the survey instrument documenting LPG 
use and saving patterns ended in March 2023, we randomly selected 
interview respondents across the RCT participants, stratified by expendi-
ture groups (low, medium and high) and LPG categories (exclusive, 
habitual, occasional and no LPG use) (Supplementary Table 1). We slightly 
overweighted smaller categories and conducted interviews in June–July 
of 2023 and then again in January 2024. The first author and our main 
research assistant conducted interviews in Swahili; however, if the par-
ticipant only spoke Luo, the research assistant led the interview. We 
conducted a total of 90 interviews by which time we had reached qualita-
tive saturation, wherein new interviews were not revealing new insights.

We conducted four focus groups in May–June 2023 and January 
2024 to better understand how respondents spent and saved within 
their household units across key expenditure categories. Each group 
consisted of five or six women from a representative sample across vil-
lages and expenditure groups. We conducted two more focus groups 
to present and ground truth our findings ( July 2023) with a random 
selection of participants and with our survey enumerators, who helped 
us to better understand household responses ( January 2024).

We asked all participants for verbal consent to audio record and 
also hand-wrote notes during focus groups and interviews. The inter-
views were transcribed and translated in the weeks following their 
completion. We performed initial and intermediate coding from inter-
view notes and advanced coding for all transcripts in Dedoose 9.0.107, 
a qualitative data analysis software. Within this platform, we coded and 
kept track of frequency of codes to ensure that key themes were repre-
sentative and comprehensive of all ~90 interviews and focus groups. We 
discussed emergent themes, category identification and final codes/
themes throughout the fieldwork and while analysing the results.

Limitations
Our work may be vulnerable to self-selection bias. We believe this to 
be minimal as participants did not self select into our programme 
but rather were chosen randomly from a spatial random sampling 
approach. Further, only ~5% (n = 24) approached individuals did not 
agree to participate.

As with all participant-reported data (survey or interview), our 
results are vulnerable to recall and social desirability bias. We protected 
against recall and social desirability bias by asking about the previous 
day’s cooking activities, recent practices saving and purchasing pat-
terns, building rapport and trust with our participants, and triangulat-
ing among receipts, photos of all stoves in use and any biomass stoves, 
survey answers and interview responses.

Our work was also vulnerable to the risk of contagion where con-
trol participants could hear of the treatment and obtain their own 
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lockbox. We modelled this contagion in our PAP to inform our deci-
sion to not cluster our intervention; there was minimal impact on our 
ability to detect an effect (Methods, Sample calculation and our PAP).

To make our interviews and focus groups as representative as 
possible, we randomly sampled across LPG categories and expenditure 
groups from our trial. In the focus groups, we ensured that individu-
als were representative of the different LPG categories and expendi-
ture categories. We do not, however, present these as experimental 
results but rather as context and explanation to understand our experi-
mental results. We waited until the experiment was over to interview 
respondents on their savings habits so as to not change their behaviour 
mid-experiment and affect our internal validity.

Inclusion and ethics
The research has included local researchers throughout the research 
process. The first author built a relationship with the author based at 
the University of Dar es Salaam in 2016 before she started any research 
in Tanzania. The local implementation team was included in designing 
and implementing the study from before the pre-pilot work to ensure 
it was locally relevant. Study participants from an earlier feasibility 
pilot for the concept of community technology workers even became 
enumerators for the larger study, wanting to shape the new study 
based on their experience. The study protocol was approved by the 
University of California, Berkeley’s Institutional Review Board (pro-
tocol 2020-02-13013) and by Tanzania’s COSTECH (permit number 
2021-465-NA-2021-112 (renewed as 2022-886-NA-2021-112). The study 
posed minimal risk to participants. We have taken local and regional 
research into account in our citations.

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

Data availability
The deidentified data for this study are available via Github at 
https://github.com/agillwiehl/Deconstructing-the-un-affordability- 
of-clean-cooking-fuels-evidence-from-a-randomized-trial-in-rur and 
figshare at https://doi.org/10.6084/m9.figshare.28327115 (ref. 63).

Code availability
Full replication files for this study are available via Github at https://
github.com/agillwiehl/Deconstructing-the-un-affordability-of 
-clean-cooking-fuels-evidence-from-a-randomized-trial-in-rur.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
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Reporting on sex and gender The gender of participants was determined based on self-reporting. In adjusted analyses, we control for gender as a 
covariate. 

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Participants self-reported their classification of different tribes (e.g., Luo). 

Population characteristics We conducted this work in Shirati, Rorya District, Mara Region, Tanzania. Shirati is a rural town of ~50,000 on the edge of 
Lake Victoria near the Kenyan border. Shirati has a tropical climate with light rains from October to December and heavy 
rains from March to June.  
According to the 2022 census, when our study was completed, the average number of “persons who spent the census 
night”(pg. 77), living together, in the Mara region was 5 individuals. In Mara, 42.3% of households were female headed, but 
over half of adults were married (56%). According to the Tanzania's 2018 Household Budget Survey, most individuals in Mara 
were 47 years old, had completed primary school (62%); many used a rechargeable lamp (35.3%) or solar lamps (26.6%) as 
their main source of lighting. Average monthly household consumption was 207 USD in 2017/2018. Female heads of 
households were self-employed (including farming, petty trade, etc.), 14% were unemployed, never worked, or didn’t know, 
and 17.5% were unpaid household workers. Only 11.6% of households in the region had at least one member (typically not a 
woman) with a bank account. We note that these characteristics are for the region and of all individuals, not only main cooks 
(our sample). In Mara, most used firewood (72.9%) or charcoal (23.5%) for cooking, although LPG was available.  
In Shirati, firewood and charcoal could be collected and purchased in every village and charcoal-making was a common small 
business. For LPG users, 6 or 12 kg cylinders could be exchanged at retail points in the village with the main market, Obwere. 
In order to refill, participants had to either walk with the heavy cylinder or pay the extra cost of a motorcycle or three-
wheeled delivery cart (~1 USD). 

Recruitment We invited the main cook from the closest homestead to the spatially randomized point to participate. After a few days to 
consider our request, we returned to obtain written informed consent. The only eligibility criterion for our selected 
participants (Supplemental Figure 1) was that they did not already use LPG for cooking. This was not a limiting criterion as 
LPG use in the Mara region was 1.4% as of 2018 and similarly low in the study area. Our work may be vulnerable to self-
selection bias; however, we believe this to be minimal as participants did not self select into our program, but rather were 
chosen randomly from a spatial random sampling approach and only ~5% (n=24) approached individuals did not agree to 
participate. 

Ethics oversight  The study protocol was approved by the University of California, Berkeley’s Institutional Review Board (Protocol 
2020-02-13013) and by Tanzania’s COSTECH (Permit # 2021-465-NA-2021-112 (renewed as 2022-886-NA-2021-112). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description In a year-long stepped-wedge randomized control trial in Tanzania (n=511), we test using quantitative and qualitative methods 
whether, by how much, and how a lockbox intervention paired with micro-saving nudges could alleviate the unaffordability of clean 
fuels. 

Research sample Our research sample was main cooks in Shirati, Tanzania. We pursued a spatial randomly sampling procedure, as the Tanzanian 
census was outdated as of 2021. We relied on a combination of ward level shapefiles, Google Maps, interviews with village leaders, 
local knowledge, and Python to randomly place ~511 points across Shirati and invite the main cook from the closest household. Our 
sample is mostly female (94%), 41 years old,  from households of roughly 6 people. Most rely on farming or petty trade for income, 
having gone to primary school (88%).Most respondents had a weekly expenditure of 17.2 (s.d.: 10.4) USD. Slightly over half the 
respondents were able to save at all (56%). This sample is largely representative of Mara region, according to the 2018 data we have. 
We intentionally targeted  main cooks and a rural settings. Main cooks are the most involved household member for cooking, and we 
needed to safely train individuals on LPG; however, there were no restrictions or instructions on who could deposit into the lockbox. 
Further, rural communities are disproportionately understudied, and are often targeted for improved, but not (truly) clean stoves. 
We decided to target non-LPG users in order to isolate the phenomenon of continued consumption (as opposed to conflating 
continued use with the upfront cost of the stove, that existing LPG users would have paid for already).
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Sampling strategy We overpowered the sample size to provide higher than 80% power to detect a 10% difference in intervention versus control for the 
rarest outcome we tracked within the entire study, exclusive LPG use, as detailed in our pre-analysis plan (PAP). We pursued 
individual randomization at the level of the main cook (our independent unit of analysis) after finding similar coverage and standard 
errors across our simulations of individual and cluster/community randomization. These simulations were conducted including and 
ignoring spillover effects, and with different levels of contamination and intra-cluster correlation coefficients (see PAP Appendix 4). 
We timed the “steps” in the step-wedge design to start at week 18 until 30 to balance the number of control and treatment 
observations. Every participant contributed on average 25 observations (of 26 possible). We had 6605 control and 6221 treatment 
observations. For the qualitative analysis, we randomly selected interview respondents across the SW-RCT participants, stratified by 
expenditure groups (low, medium, and high) and LPG categories (exclusive, habitual, occasional, and no LPG use. We slightly 
overweighted smaller categories. We conducted a total of 90 interviews, by which time we had reached qualitative saturation, 
wherein new interviews were not revealing new insights.

Data collection Local outreach workers, whom we titled Community Technology Workers (CTWs), collected survey data on phones through the 
SurveyCTO application. The CTWs asked participants to be interviewed alone and was not blind to intervention status as questions 
about the lockbox would not appear for control participants.

Timing Participants were enrolled in January 2022. The year-long trial lasted between February 2022 to March 2023. We conducted four 
focus groups in May-July 2023 and January 2024. All interviews were conducted in June and July 2024.

Data exclusions No data was excluded from the analysis. 

Non-participation Only ~5% (n=24) approached individuals did not agree to participate (non-participation). Overall missingness was <5% of 
observations (Figure S7/S8). We had ~1% (n=7) attrition (e.g., participants left the study), and missing observations (i.e., field team 
could not contact the participant that specific week) never exceeded 6% for a single time period. 

Randomization Treatment order was random. After baseline data collection, the first author determined treatment distribution order using a 
random number generator in R. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Dual use research of concern
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Methods
n/a Involved in the study
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Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.
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