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Wireless sensors linked to climate financing for
globally a�ordable clean cooking
Tara Ramanathan1, Nithya Ramanathan1*, Jeevan Mohanty2, Ibrahim H. Rehman2, Eric Graham1

and Veerabhadran Ramanathan3

Three billion of the world’s poorest people mostly rely on
solid biomass for cooking, with major consequences to health1

and environment2. We demonstrate the untapped potential of
wireless sensors connected to the ‘internet of things’ to make
clean energy solutions a�ordable for those at the bottomof the
energy pyramid. This breakthrough approach is demonstrated
by a 17-month field study with 4,038 households in India.
Major findings include: self-reported data on cooking duration
have little correlation with actual usage data from sensors;
sensor data revealed that the distribution of high and low
users varied over time, and the actual mitigation of climate
pollution was only 25% of the projected mitigation; climate
credits were shown to significantly incentivize the use of
cleaner technologies.

Because of poverty and lack of energy access, about 40% of the
world’s populationmeet their cooking and heating needs by burning
solid biomass in rudimentary stoves2. Particles and gases in the
smoke from the stoves aremajor contributors to indoor and outdoor
air pollution3,4, as well as regional and global climate change5. The
particles emitted by biomass stoves consist mainly of black carbon
(BC) and organic carbon (OC)6, and mix with particles from other
sources to form ambient air pollution. Exposure to these particles
indoors (mostly in homes) is responsible for 3.5 million deaths
annually1. There is an environmental impact as well. BC is a strong
absorber of solar radiation and hence a climate warming agent5. OC
consists of particles that both absorb and reflect solar radiation and
has a net cooling effect4. Other pollutant gases in the smoke form
the greenhouse gas ozone. Aside from OC, all of these pollutants
lead to net warming3–5,7,8 and are referred to as short-lived climate
pollutants (SLCPs)8, since their lifetimes (days for BC) are much
shorter compared with the century or longer lifetime of CO2 in
the atmosphere. Harvesting of non-renewable biomass as a cooking
fuel releases about one billion tonnes of CO2 each year3. Globally,
residential combustion of solid biomass for cooking contributes
about 40% of BC emissions9; in rural India, where the present study
was conducted, biomass cooking contributes asmuch as 50% (ref. 6).

Gas and induction stoves2,3 are the obvious alternatives to
biomass stoves, but the fuel costs10 are prohibitive given the daily
wages of the poorest three billion people10. Improved biomass
cookstoves (ICS)2, which still burn locally available biomass, are
designed to reduce harmful emissions through more efficient
fuel combustion11–13. Amongst these, forced-draft ICS (ICS_FD)
significantly reduce emissions of CO2, SLCPs and other particles by
increasing the thermal efficiency of combustion and through near-
complete combustion. However, at a capital cost of about US$70
(Methods), ICS_FD are out of reach for most of the poorest three

billion10. Therefore, ICS_FD have typically reached homes by way of
project developers at a subsidized cost. Existing carbon markets14,15
provide credits for reductions in CO2 to project developers who
distribute or sell ICS, rather than rewarding the individuals who
use ICS. Indeed, traditional verification methods do not require
objective data to quantify individual usage15. With one exception,
thesemarkets do not permit credits for reductions of SLCPs through
ICS14, and therefore miss opportunities to incentivize adoption
of ICS that mitigate both CO2 and SLCPs. In spite of numerous
national and international efforts2,14, three billion people still rely
on rudimentary, polluting stoves.

Affordability of cleaner stoves is one of the major barriers
addressed in this study through a breakthrough approach, hereafter
referred to as SCF for sensor-enabled climate financing, described
below and further detailed in the Methods and Supplementary
Methods A–H. SCF differs from traditional approaches to rural
cookstove interventions in the following ways: data collected from
wireless sensors are used to measure and verify daily cooking
duration in each household in near real time; sensor data are
converted into climate credits to pay each woman directly for her
role in climate change mitigation. Rewarding users is at the heart
of the proposed model and to date, we know of no other study
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Figure 1 | Comparison of cooking duration from self-reported and
sensor-reported data. Sensors were attached to traditional mud stoves,
with sensors moved every 24 h to a di�erent house in Uttar Pradesh (data
collected during a previous study not described here). Eighty-eight 24-h
samples were successfully collected during the six-month period. Cooking
time was calculated from sensor data and compared with cooking time
reported from surveys. The dashed line is the 1:1 correspondence; the solid
line is the linear regression forced through zero (equation parameters inset).
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Figure 2 | Frequency distribution of household cooking duration on the
ICS_FD stove in Odisha, India. Cohort 1 consists of 125 households using
ICS_FD monitored by WiCS (October 2014 through June 2015). Cohort 2
consists of 331 households with WiCS (August 2015 through March 2016).

that utilizes individual usage to estimate climate credits for this
purpose; and climate credits are given for mitigation of SLCPs in
addition toCO2. The SCF approach can be applied to increase access
to other clean energy technologies provided they reduce air and
climate pollution.

Themain objectives of this study were to: deploy wireless sensors
in a large number of households to gain unprecedented insights into
usage on a mass scale; translate this usage into climate credits to pay
women for the climate change mitigation they provide and make
the cleanest ICS, with the largest impact on climate pollution, more
affordable; increase the integrity of climate financing by verifying
that only actual stove usage is rewarded; and finally understand if
climate credits awarded to individual users can incentivize adoption
of clean stoves.

The method used by SCF to convert individual stove usage into
climate credits is described below, with full details in the Methods
and in the Supplementary Information. In brief, for CO2 mitigation
we adopt the clean development mechanism (CDM) approach14,15

and convert the non-renewable biomass fuels into CO2 emissions.
For SLCPs, we adopt the global warming potential (GWP) metric7
to convert the climate forcing of SLCPs into equivalent CO2 forcing.
The GWP value depends strongly on the time horizon chosen to
amortize the SLCP forcing. We select a 40-year horizon because
more than 95% of surface cooling effects of mitigating SLCP
emissions are realized within 40 years (Fig. 8.33 in ref. 7). For the
combined GWP for BC, OC and ozone, this study adopts the India-
specific forcing in ref. 6 to obtain a combined GWP-40 of 1,500
(Methods). This implies that the emission of a tonne of SLCPs (BC,
OC and ozone) has the same warming effect as 1,500 tonnes of CO2
over a 40-year period. The final step is tomultiply theGWPof SLCPs
with reductions in SLCP emissions by the ICS_FD (Methods and
SupplementaryMethods B) to obtain the equivalent CO2 reduction.
The total reduction is the sumof themitigated tonnes ofCO2 and the
CO2 equivalent due to SLCP reductions and this sum is denoted by
tCO2e yr−1. For the ICS_FD used in this study, this reduces to 0.003
tonnes CO2e(tCO2e) per hour of usage (Methods), translating to 5.3
tCO2e yr−1 assuming 350 cooking days of 5 h each. We paid each
woman US$6 per tCO2e mitigated. For the full use of the ICS_FD,
a woman could earn about US$32 yr−1 enabling her to pay off the
stove (US$57) in 2 years.

To assess the SCF model, we launched the Climate Credit Pilot
Project (C2P2) in 4,038 homes in Odisha state, India in May
2014. Of these, 456 homes were sub-selected for deployment of the
Wireless Cookstove Sensing System (WiCS) that we developed16 to
continuously monitor the duration of cooking with a resolution of
minutes (Supplementary Fig. 1). Sensors were introduced in two
cohorts of households: cohort 1 with 125 households in 10 villages
on October 2014 and cohort 2 with 331 households in 29 villages on
August 2015. Each cohort received the same training, stove model

Table 1 | Projected versus actual mitigation of the programme.

Projected Actual

ICS_FD cooking duration (h) 380,250 h 92,289 h
SLCP mitigation (tCO2e) 739 tCO2e 182 tCO2e
CO2 mitigation (tCO2) 380 tCO2 90 tCO2
Total mitigation (tCO2e) 1,119 tCO2e 272 tCO2e

These calculations of the projected (assumes 5 h cooking per day) and actual measured
mitigation of CO2 and SLCPs are based on the 456 households from both cohorts equipped
with WiCS from October 2014–March 2016 (see Methods). The mitigation is expressed in
terms of tonnes CO2(tCO2) for mitigation of CO2 and in terms of tonnes CO2 equivalent
(tCO2e) for mitigation of SLCPs, with the sum of the two expressed in terms of tCO2e .

and climate credit payment rate (Methods): however, households in
cohort 1 had been using the stoves for one to two months prior to
sensor installation while cohort 2 had been doing so for three to ten
months, a distinction that turned out to be critical to interpreting the
data, as shown below. We selected a model of ICS_FD that reduced
fuel consumption by 61% to 74% (Methods). The fuel reduction
combined with the oxygen supply from the forced-draft fan reduces
BC and OC emissions by close to 90% in the laboratory13 with
similar BC reductions measured in the field12. Women did not pay
for theWiCS but took loans from rural banks to purchase the stoves.

Supplementary Fig. 2 demonstrates the sensors’ ability to collect
massive amounts of real-time data at a resolution of minutes. The
majority of ICS studies17,18 rely on self-reported data to quantify
cooking duration. The value of sensor data has been recognized in
recent studies19–21 yielding valuable insights into ICS adoption. A
comparison of self-reported and sensor-derived data for cooking
events (the number of times the ICS was used) conducted by
one of these studies21 revealed an upward bias in self-reported
data. However, cooking duration is more relevant for climate
financing than cooking events. A comparison (Fig. 1) of cooking
duration on traditional stoves revealed a lack of correlation between
self-reported and sensor-reported cooking duration (R2

= 0.05),
indicating that even representative estimates of household cooking
duration probably cannot be obtained from self-reported data. The
WiCS automated system thus removes a major barrier regarding
reliable monitoring of household-level technology adoption.

The frequency distribution of usage for both cohorts is shown
in Fig. 2 for the first four months of WiCS installation and the
subsequent four- to five-month period. Actual ICS usage ranged
from zero to about five hours a day, with traditional stoves probably
being used for any remaining cooking18. The frequency distribution
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Figure 3 | Monthly trend of cooking duration during 17 months. Frequency
distribution of average daily cooking duration (h d−1

± s.e.) each month
(black bars represent cohort 1, grey bars represent cohort 2). The standard
error was computed on the per-household monthly means. The number of
households included in the analysis for each month is in Supplementary
Fig. 3.
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Figure 4 | Stove usage over time based on stove installation date. Stove
usage data collected from the WiCS for the month of August 2015 from the
331 households monitored in cohort 2, where each line represents a di�erent
duration of stove ownership and the y axis represents the percentage
of households with a given usage level. The number of households
included in the analysis for each month is in Supplementary Fig. 4.

of daily cooking duration is strikingly similar for both cohorts
during the initial 4 months after sensor installation (Fig. 2, solid
lines); likewise, the decline in usage observed in the subsequent four
to five months (Fig. 2, dashed lines) is also very similar across the
two cohorts. Despite the dynamic nature of adoption of ICS_FD,
as seen in the distinct but shifting groups of high users (>2 h),
low users (<2 h) and non-users, the two cohorts behave similarly
over time.

The frequency distribution shows that it would be misleading to
claim one mitigation amount for all households based on potential
usage of five hours for all households. We used data from the 456
households equipped with wireless sensors to verify the actual hours
of usage during the intervention period of October 2014 to March
2016. We found that households used the ICS_FD for 92,289 h and
not the projected 380,250 h for full ICS_FD use. Hence, the climate
mitigation was only 25% of the projected mitigation (Table 1).

The incentive provided by climate credit payments is inferred
from Figs 3 and 4. Initially, usage peaks during the first month
after sensor installation in both cohorts (Fig. 3) in which 2 to
2.5 h is logged per day (meeting 50% of the cooking needs), but
systematically drops to 1 h per day or less after 4months (Fig. 3).
Figure 4 shows that this peak after sensor installation happens
across different lengths of stove ownership. In the first month
following sensor installation in cohort 2 (August 2015, the month
of peak usage), the frequency distribution of daily cooking duration
remains strikingly similar regardless of how long (less than 122
days to more than 202 days) the women had used the stoves.
Thus, the observed peak in usage in the month following sensor
installation can be attributed to the promise of climate credits
payments. This inference was confirmed in surveys of four focus
groups representing 86 households (Supplementary Data A). Eighty
per cent of respondents reported buying and initially using the
stoves because of the promised climate credit payments. However,
only 30% said they would buy the stove again, citing the following
issues: difficulties accessing their funds due to distance from banks;
low literacy; payments only once per quarter; design flaws in the
ICS; and lack of available repair services. A subsequent on-site stove
inspection in 36 homes (Supplementary Data B) found that 94% of
stoves had issues that inhibited use, such as a damaged combustion
chamber or broken fan.

The results demonstrate the potential of widespread monitoring
via wireless sensors to produce unprecedented insights into energy
access, science-based measurements for carbon mitigation and
financing for distributed and decentralized energy access in rural
areas. Results-based financing models such as SCF are relevant
today, as they can provide a solid basis for understanding howbest to

apply the approximately US$100 billion per year of pledged climate
financing from UN signatory nations that backed the 2015 Paris
Agreement22, declaring the protection of vulnerable populations in
developing countries a primary goal.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 5 January 2016; accepted 27 September 2016;
published online 31 October 2016
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Methods
The Climate Credit Pilot Project, or C2P2 (Supplementary Fig. 5), was conducted
by Project Surya (www.projectsurya.org). The core institutions of Project Surya are
the University of California San Diego, The Energy and Resources Institute (TERI)
in New Delhi, and Nexleaf Analytics in Los Angeles, with over a dozen
collaborating institutions around the world. Surya developed the sensor-enabled
climate financing (SCF) to make the cleanest improved cookstoves (ICS) affordable
for the poorest three billion people.

CO2 mitigation by improved forced-draft cookstoves (ICS_FD). The ICS_FD
used by C2P2 was designed by The Energy and Resources Institute (TERI) in New
Delhi. It is a top-loading, wood-burning forced-draft stove (Supplementary Fig. 6)
manufactured in India and tested and certified by India Institute of Technology in
New Delhi23. ICS_FD utilize a micro-powered fan to supply a steady source of air
for more complete combustion. ICS_FD reduce climate forcing effects in three
ways (data sources and calculations in Supplementary Methods B).

First, reduction in fuel consumption by increasing the thermal efficiency of the
stove in turn reduces CO2 emissions. The actual CO2 reduction also depends on the
fraction of non-renewable biomass (0.88; ref. 24) consumed. The thermal efficiency
of converting biomass energy to caloric heat is 36.8% (ref. 23) for the ICS_FD used
in this study compared with 10% (ref. 25) for traditional mud stoves. This should
reduce fuel consumption by 74% (Supplementary Methods B), reducing daily fuel
consumption to 1.8 kg d−1 for a household that consumes 7 kg d−1 on a traditional
stove (calculations shown in Supplementary Methods B and derived from AMS-II
G report26) compared with actual fuel reduction from the field, which is 61%
(ref. 11). Using Government of India data23, we multiply the reduction in
non-renewable wood (0.88× 5.2) with calorific value of fuel (15MJ kg−1) and the
CO2 emissions (0.0816 kgMJ−1), and the mitigated CO2 emission (for 350 cooking
days) is 1.84 tonnes yr−1;

Second, the increase in thermal efficiency along with near-complete
combustion by the fan reduces emissions of BC by 90% (refs 11–13) along with
similar reductions in OC particles;

Third, reductions in CO and non-methane volatile organics emissions reduce
the production of the greenhouse gas ozone.

With regards to the 90% reduction in BC documented in the field and
laboratory, as discussed in the main text, it is important to note that ref. 12 evaluates
two ICS_FD models: FD1 and FD2. While FD2 results in only a 2/3 reduction in
BC concentrations, FD1 (which is most similar to the ICS model used in this study)
results in an 85% reduction in BC concentrations. These results are similar to the
90% reduction in BC documented in the laboratory for the same stove13.

Climate credit methodology for SLCPs. The climate credit methodology adopted
in the present study estimates climate credits for mitigation of CO2, BC, OC and
ozone precursors such as CO and non-methane volatile organics (Supplementary
Methods C and D). Burning of biomass also releases methane. We do not include
the mitigation of methane due to lack of field data for the stove used in this study.
However, this is not a major issue since methane mitigation effects are only 10% to
15% of that of the CO2 mitigation27.

The starting point is the radiative forcing chapter of the most recent
Intergovernmental Panel on Climate Change report7, and the United Nations
Framework Convention on Climate Change (UNFCC) Clean Development
Mechanism26. The three key components to the development of climate credits,
addressed by the SCF methodology, are briefly summarized here.

First, the methodology accounts for the inclusion of short-lived climate
pollutants (including cooling agents such as organic carbon). In addition to CO2,
burning of firewood leads to emissions of: BC, brown carbon and other organic
aerosols; ozone precursors such as CO, methane and non-methane volatile
organics; and methane (methane also has a direct greenhouse effect in addition to
serving as an ozone precursor). All of the above, except ‘other organic aerosols’, lead
to net warming. The SCF methodology explicitly accounts for the cooling effect of
organic aerosols. BC, brown carbon, ozone precursors and methane are referred to
as short-lived climate pollutants (SLCPs). There are two independent avenues for
getting climate credits directly to the users of improved biofuel stoves. The first is
the traditional approach of getting credits for mitigating CO2 emissions through
reductions in the consumption of non-renewable firewood, and by using renewable
fuels instead of fossil fuels. The second avenue involves mitigation of SLCPs.

As far as possible, we adopt region (Indo-Gangetic)-specific values using field
data collected by the Surya team and other published studies. We adopt the
Intergovernmental Panel on Climate Change (IPCC) approach7 for evaluating
global warming potentials (GWP) for SLCPs. GWP is defined as the ratio of the
time-integrated radiative forcing from a pulse release of 1 kg of a pollutant (for
example, methane) relative to that of 1 kg of CO2 (see Supplementary Methods G
for the equations and steps to derive the GWP of various pollutants). GWP is a
metric based on radiative properties of well-mixed greenhouse gases, measuring
the radiative forcing of a unit mass of a given well-mixed greenhouse gas in the
present-day atmosphere integrated over a chosen time horizon, relative to that of
CO2. The GWP represents the combined effect of the differing times these gases

remain in the atmosphere and their relative effectiveness in absorbing outgoing
thermal infrared radiation. The GWP metric, while originally defined for
greenhouse gases, is now applied to climate effects of aerosols as well7,9.

The second component is the time horizon that is used for translating the
impact of SLCPs into CO2 equivalents. IPCC started in the 1990s with a time
horizon of 100 years. IPCC-AR51 uses a variety of timescales ranging from 20 years
to 100 years. Several recent studies (for example, IPCC AR5 (ref. 7), UNEP-WMO8

and refs 28,29) have shown that if current growth rates of greenhouse gases
continue unabated, the warming (from pre-industrial times) can exceed 2 ◦C by
mid-century. A primary advantage of SLCPs is that they can significantly mitigate
near-term warming, thus increasing the probability for avoiding the 2 ◦C threshold
at least in the near term. Furthermore, as shown in IPCC7 (Fig. 8.33) the full
mitigation effect of SLCPs on surface warming is realized within 40 years. On the
basis of such considerations, we chose a timescale of 40 years for estimating GWPs.

Following IPCC-AR5 (ref. 7), mitigated warming effects are expressed in terms
of tCO2e, and calculated using the product of GWP for pollutant P (GWPP)7, and
the emissions reduction for that pollutant (ERP) when switching from the
traditional stove to an improved stove:

tCO2e= (ERBC×GWPBC)+ (EROC×GWPOC)+ (ERozone×GWPozone) (1)

Calculations of GWP (Supplementary Tables 2 and 3) take into account the
direct forcing and indirect forcing (Supplementary Table 1) due to modification of
cloud albedo (a cooling effect) by OC (Supplementary Methods E and
Supplementary Fig. 7). BC is directly measured in the field; therefore, the relative
contributions of OC and ozone are stated in terms of BC. Using India-specific data
for residential biofuel emissions of BC and OC6, we infer the ratio of OC/BC=4 for
Indian residential biofuel. We recognize, however, these ratios change from stove to
stove, and when the ratio differs between the traditional baseline stove and the
cleaner intervention stove, then the mass of CO2 equivalent produced for each
stove is calculated separately (as the sum of each term calculated for each pollutant
P, as massP×GWPP), and the reduction is the difference between the respective
CO2 equivalent produced. Ref. 6 estimates that the inclusion of mitigation of ozone
formation by CO, volatile organics and methane from wood burning amplifies the
mitigated net warming of BC and OC by 30% for Indian residential biofuel.
Equation (1) reduces to:

tCO2e=[(ERBC×GWPBC)+ (4×ERBC×GWPOC)]×1.3 (2)

tCO2e=GWPBC,OC,ozone×ERBC (3)

After accounting for the lower efficacy (by about 60%) of BC, OC and ozone
forcing for surface warming compared with that of CO2 forcing (denoted GWPe),
the GWP-40eBC,OC,ozone value estimated by C2P2 is 1,500 (range of 800–2,100)
(Supplementary Methods E). As described in more detail in Supplementary
Methods E, there is a significant uncertainty in the GWP values due to uncertainties
in the forcing by BC and OC and uncertainty in the emissions factor reduction.

Inclusion of SLCPs expands on the existing market-based mechanism since the
net warming effect of a tonne of BC, after accounting for the cooling effect of OC, is
equivalent to about 1,500 tonnes of CO2 (tCO2)5–9 reduced. BC and other SLCPs are
super pollutants with GWPs far greater than 1 (ref. 7). This value, GWPBC,OC,Ozone, is
the sum of GWPs for BC (positive), OC (negative) and ozone (positive), each
weighted by their relative emissions contribution as compared with BC, to arrive at
a single number. Additionally, the GWP of 1,500 accounts for the fact that BC
forcing is about 40% less effective than CO2 forcing at warming the surface7.

To calculate emission reduction (ERBC), we take the difference in BC emissions
between the traditional (Supplementary Table 4) and ICS (Supplementary
Methods F) (BCTRADITIONAL−BCICS), where BCX is the product of the BC emission
rate (kg BC per kg of fuel) for stove X, and usage of stove X as measured by WiCS.
In our field data11, it has been shown that use of the improved stove does not
statistically increase overall cooking duration (Supplementary Fig. 8); therefore, we
monitor only the ICS_FD, and assume it displaces an equivalent duration of
cooking on the traditional stove.

For CO2 reductions we use the methodology of the CDM23 and Government of
India data for the fraction of non-renewable biomass (88%) (see Supplementary
Methods B)26, resulting in a mitigation of 1.8 tCO2 yr−1 (with full usage of
ICS_FD). For SLCPs, the net reduction is essentially the difference in the emission
rates for the two stoves, amounting to 2.3 kg BC yr−1 (see Methods and
Supplementary Methods F) when women use the ICS_FD for all their cooking
needs (about 5 hours per day, Supplementary Fig. 8). The tonnes of equivalent CO2

reduction (tCO2e) is the product of the 40-year GWPBC,OC,O3 and the BC reduction,
which is 3.5 tCO2e yr−1 (1,500× 2.3), bringing the combined (CO2+SLCPs)
mitigated emissions to 5.3 tCO2e yr−1.

Selection of the cost of carbon.We adopted a conservative value of US$6 per
tCO2e. The price of carbon in emission trading varies widely from US$5 per tCO2e

(EU Emissions Trading System) to about US$12 per tCO2e (California)30, while the
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social cost of carbon (accounting for the climate effects) is US$36 per tCO2e

(ref. 30). The US$6 per tCO2e enables the woman to pay off her stove in less than
two years. As mentioned earlier, the ICS_FD cost US$70 and we subsidized the cost
to sell the stove to each woman for US$57. With the introduction of new and
improved models of ICS_FD, the cost varies from US$50 to US$70 depending on
cost of power supply and other manufacturer accessories (this information is based
on conversations and transactions with ICS_FD manufacturers in India).

Determining payments to individuals from stove usage. The payment to
individuals is determined as follows.

On the basis of our emissions calculations, we know that by using the ICS_FD
for 5 h a day, women can mitigate up to 5.3 tonnes CO2 equivalent annually (when
including reductions in CO2 and equivalent reductions derived from SLCPs).

Using 350 days as the total number of days of cooking (adjusted for holidays
and other occasions when cooking does not take place in the household):

350 (days)× 5 (hours per day)= 1,750 h of cooking per year
1 h of cooking= 5.3 tonnes/1,750 h=0.003 tonnes h−1
Women get paid according to this value on the basis of their exact cooking

duration at a rate of US$6 per tCO2e mitigated.
The calculations assume that any cooking on the ICS_FD displaces an

equivalent duration of cooking on the traditional stove. Stove stacking18,19, or the
use of different cooking stoves to accomplish different tasks rather than completely
switching to an improved stove for all cooking, could, in some instances, confound
the calculations. For example, a woman may increase her total cooking duration by
continuing to use her traditional stove for all cooking while also using the ICS_FD
for additional cooking. This phenomenon could be measured and incorporated
into calculations by monitoring in a sample of households the usage of all
traditional and improved stoves in the household, and estimating the fraction by
which households’ mitigation should be adjusted to compensate for the increase in
total cooking as a result of access to multiple stoves.

Wireless Improved Cookstove Sensor (WiCS).WiCS is an inexpensive and
integrated system for the collection, transmission and analysis of cookstove
temperature data that leverages wireless data transmission using a mobile phone
with an attached, low-cost temperature sensor16. The data analysed by the WiCS
server are accessed via the web-accessible visualization dashboard (Supplementary

Figs 1, 9 and 10). In the laboratory, WiCS correctly identified active cooking 97% of
the time and in the field, the cooking duration was not statistically different from
that recorded by trained volunteers with an average difference of 0.03± 0.31 h
(mean± s.d.). Ref. 16 provides a more thorough discussion of the algorithm and
comparison with existing methods.

Climate credit distribution. A climate fund was established at the University of
California, San Diego with the support of a private donor. A bank account was
opened in each woman’s name to receive climate credits payments directly. On the
basis of sensor data collected by Nexleaf Analytics, UCSD sent quarterly payments
to TERI in India who distributed climate funds to each woman’s bank account.
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