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Abstract: Currently, about 2.7 billion people across the world still lack access to clean cooking
means. Humanitarian emergencies and post-emergencies are among the most critical situations:
the utilization of traditional devices such as three-stone fires have a huge negative impact not only
on food security but also on the socio-economic status of people, their health and the surrounding
environment. Advanced Cooking Stoves may constitute better systems compared to actual ones,
however, financial, logistic and time constraints have strongly limited the interventions in critical
contexts until now. The innovative, low-cost Mewar Angithi insert for improving energy efficiency
of three-stone fires may play a role in the transition to better cooking systems in such contexts.
In this paper, we rely on the Water Boiling Test 4.2.3 to assess the performances of the Mewar
Angithi insert respect to a traditional three-stone fire and we analyse the results through a robust
statistical procedure. The potentiality and suitability of this novel solution is discussed for its use in
critical contexts.
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1. Introduction

1.1. Access to Energy in Critical and Humanitarian Settings

Nowadays, about 2.7 billion people still have no access to clean cooking, with almost 30%
and 65% of whom living in sub-Saharan Africa and developing Asia, respectively. Among them,
more than 2.3 billion people still rely on traditional solid biomass (e.g., fuelwood, agricultural waste,
animal dung), while the others mostly on kerosene and coal [1]. In such countries, cooking indoors
with a traditional open fire (also called three-stone fire, TSF) is among the causes respiratory illness
(e.g., respiratory infections, chronic obstructive pulmonary disease, lung cancer, cardiovascular disease
and eye irritation [2]), which contributes to the premature death of more than 2.5 million people per
year. The problem mostly affects women and children [3]. In addition, illness due to respiratory
infections has been identified as one of the most common cause of absenteeism from school in some
countries in sub-Saharan Africa [4]. From an environmental point of view, the utilization of traditional
biomass is a recognized contributor to deforestation and land degradation. Even if agriculture and
timber industry are known as the major drivers of large scale deforestation, firewood collection and
charcoal making for domestic uses can have significant impacts on local ecosystems, especially in
densely populated areas [5-7]. Biomass burning in traditional cookstoves has also been found to be
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responsible for about 20% of global black carbon emissions, which are an important contributor to
global warming [8].

The situation of people living in humanitarian settings, including refugees and Internally
Displaced People (IPDs), is particularly problematic. More than 65.6 million people worldwide have
been forced to leave their homes by wars, conflicts and natural disasters by the end of 2016 [9]. Proper
access to sustainable energy resources and adequate cooking systems is one of the major challenges
displaced people are facing daily. Despite the evidence that more than 80% of displaced people have
access to traditional biomass only and 90% do not have access to electricity [10], the problem of energy
in humanitarian contexts is usually underestimated by the humanitarian sector [11], due to the fact
that other priorities are considered, including the provision of food and medical treatments.

Displaced people can have a tremendous impact on the surrounding ecological system, affecting
the future lives of both refugees and local people and creating conflicts between hosted and hosting
communities. For example, in north-western Tanzania, the influx of half million displaced people
caused the depletion of trees for 5 km radius from the camps in just 6 months and the deforested
area reached 10 km radius in 1 year [12]. The amount of firewood globally consumed by displaced
people in refugee camps, leads to the loss of 64,000 acres of forest per year and to an estimated release
of 13 million tons of CO; into the atmosphere [7] (around 1% of the total CO, emission from fuel
combustion of the African continent). The utilization of traditional fuels also causes the emission of
enormous quantities of pollutants at the local level, which is considered a contributor to the premature
death for some 20,000 displaced people each year [13]. Usually women and young girls are in charge
of the gathering of firewood, spending many hours daily. They are obligated to walk further as the
trees diminish, exposing them to safety risks [3,7,14]. Refugee camps are running out of charcoal
and firewood and the lack of fuel is affecting food security. For example, in Kounoungou and Mille
camps in Chad, 35% of refugees had to skip meals and 28% ate food undercooked due to fuel scarcity.
Also, selling as much as 25% of food rations for purchasing cooking fuel is common in Nakivale refugee
camp in Uganda [13]. Similar figures have been depicted also in North Darfur, where 80% of refugees
were forced to sell part of the food received from international organizations in order to purchase
firewood and cook the remaining rations [7]. In this framework, the Inter-Agency Standing Committee
indicates three complementary actions to overcome energy poverty among displaced people [15]:
(i) decrease the fuel needed to prepare a typical meal; (ii) promote sustainable biomass collection; and
(iii) provide alternative solutions for both fuel and cooking tools. Improved Cooking Stoves (ICSs)
are among the most promoted solutions in the short- and mid-term to contribute to points (i) and (iii):
several designs of ICSs were deployed in the last decades taking into account different socio-cultural
and economic aspects. Despite local circumstances, the main challenges that aid organizations are
facing to deploy and maintain ICSs programs over time are: (i) the scarcity and durability of financial
resources and the expensive price of commercial ICSs; (ii) the fact that refugees are often willing to sell
not only food ratios but also ICSs that have been donated (a quick cash back option to purchase fuel or
other higher priority goods, such as mobile phones or lighting devices [16,17]); and (iii) the fact that
ICSs that require a strong modification of traditional cooking practices are often characterized by low
levels of acceptance [18,19].

For these reasons, simpler and low-cost cooking solutions may represent a viable option to reach
a larger number of displaced people more effectively, especially during the emergency phase of the
humanitarian response. Therefore, this work provides a first evaluation of the performances of an
innovative simple insert, which may improve the performances of traditional cooking systems in
critical contexts. In fact, the characteristics of such insert, as described in the next paragraph, positively
address the main challenges previously described.

1.2. The Mewar Angithi Insert: Concept and Characteristics

The Mewar Angithi (MA) insert was firstly designed by a team of experts in Rajasthan, India,
in late 2014, with the aim of developing a low-cost device to be inserted in traditional three-stone
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fires. Subsequently, the developers introduced the MA insert also in Ghana and Kenya [20,21], finding
a reduction of the amount of firewood needed to accomplish daily food preparation. Therefore,
the team of developers created the Sustainable Grill (http:/ /sustainablegrill.com /) association for the
improvement and dissemination of the technology in critical contexts of the world.

The MA insert is a simple metal grill, costing around $1, that is easy to be inserted in traditional
cooking systems, such as TSFs or mud stoves (Figures 1 and 2), improving thermal efficiency and
lowering emissions.

Figure 2. The MA inserted in a horseshoe mud stove.

In a traditional cooking system, firewood is usually placed directly on the ground, which increases
the heat losses through conductive transfer to the ground, restricts the airflow through the fuel and
interferes with the proper mixing of fuel and combustive agent. These sources of losses decrease
the thermal efficiency. Therefore, the cooking activity requires a huge quantity of fuel. Similarly,
the inefficient combustion increases the quantity of PM and CO emissions released in the air [22,23].
The insertion of the MA insert in a TSF or mud stove allows to lift the firewood off the ground and to
ensure a constant air supply to the bottom. In particular, the MA insert overcomes the well-known
problem of traditional cooking stoves whereby thermal efficiency decreases gradually during the
cooking session due to the lack of oxygenation caused by suffocation of the fire by accumulated ash
and embers produced during combustion of the fuel.

Despite the simple shape and the high temperature reached by the insert during the combustion
process, the insert does not show particular criticalities regarding its durability, with very limited
degradation of the material. However, further experimental campaigns are planned by the developers
for testing this particular aspect.

A particular strength of the MA insert, is the fact that its utilization only slightly modifies
the traditional cooking system and cooking process, which increases the probability of its
successful implementation, by limiting as much as possible its impact on local social and cultural
environment [20,21]. Furthermore, the MA insert can be easily locally manufactured by using common
tools for working metal and providing basic trainings to local artisans (Figure 3).
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Figure 3. Technical drawings of the MA insert.

The aim of this study is to perform a quantitative evaluation of the performances of the MA
insert, through laboratory testing following the Water Boiling Test, which has been extensively used
in similar studies, including, for example, [22,24-26]. Despite the recent findings showing that real
field performances may differ substantially from lab results [27], we decided to adopt this protocol
to carry out a first step evaluation, with the idea of performing further tests in the field in case
of positive results from the lab (it is worth to note that at the time of the experimental campaign,
the new ISO 19867-1:2018—Clean cookstoves and clean cooking solutions—Harmonized laboratory test
protocols —Part 1: Standard test sequence for emissions and performance, safety and durability was not still
established). It is worth noting that some preliminary tests were carried out on the insert directly
in the field [20,21], however without following a formalized protocol with standardized indicators
and a rigorous statistical analysis of the results. Based on that, this study stands on the request of
the developers to carry out an experimental campaign in a controlled environment in order to obtain
results comparable with other similar studies.

We performed the evaluation by comparing the results obtained from a traditional TSF versus
a TSF coupled with the MA insert, operated under the same controlled conditions in laboratory.
This choice allows drawing significant conclusions on the performances of the TSF with the MA insert
compared to the TSF alone, even if the performances detected in the lab, in absolute terms, may differ
from those in the field.

2. Materials and Methods

2.1. Materials Testing Protocol

The Water Boiling Test (WBT) protocol version 4.2.3 [28] was used to evaluate the performances
of the MA insert in this study. The WBT 4.2.3 consists in a sequence of three phases (Figure 4): (i) Cold
Start High Power: fresh water at ambient temperature contained in a pot, at ambient temperature,
is brought to the boiling point on the stove to be tested using pre-weighted fuel. Standard amount of
water to be boiled is 2.5 or 5 litres, depending on the pot and stove size. (ii) Hot Start High Power:
while the stove is still hot, the pot is replaced with a new one at ambient temperature containing fresh
water, at ambient temperature, that is brought to the boiling point. (iii) Simmering: the hot water from
the previous phase is kept at a temperature between the boiling point and the boiling point minus six
Celsius degrees (100 %, °C) for 45 min.

We selected the indicators used in the study from among the ones officially recognised by IWA,
in order to make the selection consistent with the ISO/IWA 11:2012 guidelines [29]. The chosen
indicators are: (i) High Power Thermal Efficiency (%); (ii) Low Power Specific Consumption
Rate (M]/min/L); (iii) High Power, Low Power and Total Fuel consumption (g); (iv) High Power
PM (mg/M]4) and Low Power PM (mg/min/L); (v) High Power CO (g/M]4) and Low Power
CO (g/min/L).
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Figure 4. Graphical representation of the Water Boiling Test (WBT) phases (Source: [28]).

It is worth noting that High Power indicators are calculated as the average measurements obtained
during the phase (i) and (ii) of the test (cold start and hot start), while Low Power indicators are
obtained from the phase (iii) (simmering).

2.2. Laboratory Equipment

Data for evaluating the performances of the MA insert compared to TSF have been acquired using
the Portable Emission Monitoring System (PEMS) by Aprovecho® (Cottage Grove, OR, USA). Table 1
reports the characteristics of the main sensors included in the PEMS (PEMS Technical Specifications
Sheet 8.23.17 by Aprovecho Research Center.):

Table 1. Portable Emission Monitoring System (PEMS) sensors.

cOo CO, PM
. . Type: Non-Dispersive Infrared
;F{};ﬁe.ellite_c;{)gghem;cal cell Range: 0-10,000 ppm Type: Red laser scattering photometer
A gr' .95 P IP; Accuracy: 75 ppm or 10% Range: 0-60,000 ug/m3
stgh?tci}(:n‘ 1 PP m (whichever is greater) Resolution: 25 ug/ m3
PP Resolution: 2 ppm Response time: 1s

Response time: T90 <255 Response time: T90 < 2 min

In addition, the following measurement tools have been used:

e  Electronic weight scale, resolution 1 g up to 5 kg, 2 g from 5 to 10 kg;

e  Wood moisture meter, electric resistance type, sensitivity 1% up to 30% of moisture content, 2%
between 30% and 60%, 4% from 60% up to 90%;

e Air moisture (humidity) meter, resolution 0.1%, accuracy +3% (30-99% RH), £5% (10-30% RH);

e  Thermocouple type K.

2.3. Statistical Analysis

We carried out a robust statistical analysis of data following the procedure described in
Lombardi et al. [30,31].

We gave particular attention to the minimum number of replicates of the WBT necessary to obtain
reliable results. Considering that three replicates are not sufficient [32,33], we adopted the incremental
convergence criterion as defined in Reference [30], considering the idea that the minimum number
of tests is achieved only when the addition of a new set of data from a further replicate does not
significantly affect the standard deviation of the whole set of indicators. In practical terms:

(On - Un—l) - (‘Tn—l - U’n72) < k* (1)
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where ¢ is the standard deviation of the dataset for each indicator obtained in the n-th replicate of the
experiment and k* a selected threshold (10% in this study).

3. Results

The results of the experimental campaign are presented in Table 2. The incremental convergence
criterion previously described was applied to set the minimum number of replicates. For two indicators,
convergence was reached only at the 10-th replicate. We therefore performed 10 replicates of the WBT
for both the devices, although for some indicators less replicates would have been enough to fulfil the
criterion (1).

Table 2. Results of laboratory testing for each selected indicator.

Percentage Difference

Indicator TSF MA Insert (MA Insert vs TSF) (%)
Number of test replicates (-) 10 10
High Power Thermal Efficiency (-) 0.0951 (0.0173) 0.1274 (0.0194) 34.07 ***(31.79)
Low Power Specific Consumption Rate (MJ/min/L) 0.1413 (0.0311) 0.1199 (0.0173) —15.14 ** (22.32)
High Power Fuel Consumption (g) 1101.2680 (268.0091) 791.5806 (143.5347) —28.12 ** (21.81)
Low Power Fuel Consumption (g) 639.2175 (128.7607) 507.0024 (83.1822) —20.68 *** (20.61)
Total Fuel Consumption (g) 1740.4860 (354.8518) 1298.5830 (191.8221) —25.39 *** (18.78)
High Power PM (mg/MJd) 178.8463 (76.1455) 112.8398 (43.3735) —36.91 ** (36.19)
Low Power PM (mg/min/L) 3.8971 (1.3743) 2.0293 (1.2452) * —47.93 *** (36.85) **
High Power CO (g/MJd) 10.7817 (4.6559) 9.7703 (2.7739) —9.38 (46.83)
Low Power CO (g/min/1) 0.2473 (0.0714) 0.2045 (0.0453) * —17.32 (30.09) **

Standard Deviation in brackets. ** and *** indicate significance at the 95% and 99% level, respectively. * Normality
hypothesis rejected for this indicator (Shapiro-Wilk’s normality test). ** Significance level based on Wilcoxon
rank-sum test.

It is worth noting that the Shapiro-Wilk’s test was run on the dataset to check the normality
hypothesis. Normality hypothesis was confirmed in all cases, except for the case of Low Power CO
and Low Power PM for the MA insert. Therefore, non-parametrical test of significance (Wilcoxon
rank-sum) was applied for these indicators and the conservative approach of Chebyshev’s inequality
was applied to evaluate confidence intervals in place of t-student distribution.

We compared the results obtained for the TSF and the TSF equipped with the MA insert by
calculating the relative difference among the two cooking systems.

The first two selected indicators (Thermal Efficiency and Specific Consumption Rate) provide
information about energy performances of the compared systems. According to the WBT protocol,
we evaluate the Thermal Efficiency during the High Power (HP) phase, while the Specific Consumption
Rate during the Low Power (LP) Phase. The utilization of the MA insert increments the efficiency of
about 3 percentage points in absolute terms. In relative terms, this means that HP Thermal Efficiency
is increased by 34.1% on average (p < 0.01), with a shift from 9.51% (SD = 1.73, Ue = 1.00) for the case
of TSF to 12.74% (SD = 1.94, Ue = 1.13) when TSF is coupled to the MA insert (in this study we select
Confidence Interval (CI) equal to 90% unless otherwise specified. Ue is calculated according to the
standard definition, as explained in [31]).

As expected, the Specific Consumption Rate follows an opposite trend: during the LP phase,
the indicator is equal to 0.14 MJ/min/L (SD = 0.03, Ue = 0.02) for the case of TSF, while 0.12 M]/min/L
(SD =0.02, Ue = 0.01) when TSF is coupled to the MA insert, which corresponds to a relative decrease
of 15.1% on average (p < 0.04).

Total Fuel Consumption is reduced by 25.39% (i.e., about 440 g in absolute terms, p < 0.01) on
average when the MA insert is used (1740.49 g, SD = 354.85, Ue = 205.70; 1298.58 g, SD = 191.82,
Ue = 111.20 respectively for the case of TSF and TSF with MA insert). In fact, the reduction is more
substantial during the HP phase, while the improvement is less accentuated during the LP phase.

The different savings attributable to HP and LP phase do not surprise if we think about the
different operations performed in the two phases. During the LP phase, in fact, the tester is required to
keep the water temperature as constant as possible. In order to do so the fire is accurately controlled
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and the power of the flame is lowered with respect to the HP phase, whose goal is to increase the
temperature as much as possible.

Looking at the emissions, PM emission rates are reduced in both HP and LP phases (the reduction
is significant at CI = 99% based on Wilcoxon rank-sum test (p = 0.003)), respectively by 36.91% and
47.93% on average (p < 0.02 and p < 0.01, respectively). It is worth noting that the two indicators have
different measurement units. In absolute terms, PM during the HP phase is equal to 178.85 mg/MJd
(SD =76.15, Ue = 44.14) for the case of TSF alone and to 112.48 mg/M]Jd (SD = 43.37, Ue = 25.14) for
the case of TSF with MA insert. During the LP phase, instead, the values are respectively equal to
3.90 mg/min/L (SD = 1.37, Ue = 0.80) and 2.03 mg/min/L (SD = 1.25, Ue = 3.94; Low Power PM
data are not normally distributed. For this reason, we calculated the expanded uncertainty Ue using
the Chebyshev’s inequality and CI = 90%). It is worth noting that for the case of the MA the Ue is
overextended as an effect of the utilization of Chebyshev’s inequality.

As regards CO emissions, a reduction of emission rates for the case of TSF with MA insert
compared to the case of TSF alone is not proven by the statistical analysis of the results. In other
words, based on the experimental campaign here presented, the two systems present the same rates of
CO emissions.

4. Discussion and Conclusions

In this study we present the results of a laboratory campaign to assess the performances of the
Mewar Angithi (MA) insert, a simple low-cost metal grid that can be inserted in traditional cooking
stoves such as three-stone fires and mud stoves to improve their performances.

The statistical analysis, based on the experimental results of the Water Boiling Test 4.2.3, shows
that the MA insert brings significant improvements in terms of high-power thermal efficiency (+34%),
PM emissions (—37% during High Power phase and —48% during Low Power phase) and total fuel
consumption (—25%), while no significant improvement is found as regards CO emissions.

It is worth underlying that this study only represents a first step of evaluation,
while an experimental campaign in the field may constitute a second one. In fact, even if the Water
Boiling Test is still the most widely adopted test for the evaluation of Improve Cooking Stoves
performances, recent studies have shown that real performances in the field can substantially differ
from lab results [27]. In this perspective, on the one hand some promising preliminary results from
the utilization of the MA insert in Kenya, seem to be in line with our findings, with improvements
of thermal efficiency in the range 25-40% when the MA insert is coupled to three-stone fires and
horseshoe mud stove [20]. On the other hand, our findings differ from those from another preliminary
assessment of the MA insert carried out in India [21], suggesting that it is necessary to further assess
the performances of the insert in different field conditions.

In any case, it is clear that a traditional stove coupled with the MA insert still remains in the
category of basic cooking technologies, with lower performances compared to most improved and
modern cooking devices (e.g., gasifiers, insulated stoves, LPG and electric cookers) and high levels
of pollutant emissions. For this reason, the MA insert should be considered as a temporary solution
to reduce the negative impacts associated to the utilization of traditional cooking systems. On the
other hand, the very low cost (around $1 and ease of local manufacturing of the MA insert, makes
it a ready-to-use option in contexts where other solutions would take longer to be implemented, or
would not be feasible due to financial constraints. In particular, the MA insert may be successfully
introduced in emergency or post-emergency settings, such as refugee camps and informal settlements,
where the supply of fuels other than firewood is not feasible on the short-term and limited resources
represent a bottleneck for the provision of more sophisticated devices. For example, looking at the case
of Goudoubo refugee camp in Burkina Faso, hosting more than 10,000 people, and of Kakuma I refugee
camp in Kenya, hosting roughly 14,000 people, it is estimated that more than 18 kg/day of firewood
is consumed by each family cooking with TSF based on the data reported by the Moving Energy
Initiative [16,34]. On average, this leads to a consumption of about 600 ton/month and 650 ton/month,
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respectively. If the families in the camps were provided with the MA insert, in between 40-265 tons
and 43-287 tons of firewood respectively would be saved each month, with a consequent potential
reduction of the overall families” income expenditure.
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