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ARTICLE INFO ABSTRACT

Keywords: The global increase in population coupled with poor access to clean energy has set pressure on solid fuel use.
Biomass Through this, about one-third of the world’s population currently relies on solid fuels (fuelwood, charcoal, coal,
Energy

agro-residues, dung, etc.) in meeting their primary energy needs. However, only 11% of this population used
improved biomass cookstoves (cookstoves with potential reductions in fuel use and toxic emissions). This is more
peculiar to developing countries where cooking accounts for about 90% of domestic energy consumption. With
this, research on cookstoves technology has increased in recent years as about 1905 articles have been reportedly
published in less than a decade (2014-2022). This paper aims at bringing together literature spanning over a
decade with a focus on the technical aspects of biomass cookstoves to establish the recent advances and current
state of knowledge. Literature on different biomass cookstoves designs, operational features, and testing pro-
tocols have been reviewed. An overview of various cookstove performances was critically discussed with
emphasis on thermal and emission performance. Having looked at the literature, pathways for future studies
were recommended. This includes the incorporation of social factors such as end users’ perceptions in the design
and development phase. This will not just enhance the design process but may influence the cookstove adoption.
Others are developing similitudes of the traditional models but in improved forms using locally available ma-
terials, as well as models that operate with solid and liquid biofuels.

Traditional cookstoves
Improved cookstoves
Adoption

(163 ppb) and annual (33 ppb) exposure limit [4]. This results in sig-
nificant health disorders such as respiratory [5], blood pressure, and

1. Introduction

More than one-third of the world’s population (2.8 billion people)
rely on various forms of solid fuels (firewood, charcoal, dung, residues,
etc.) and kerosene in meeting their energy needs [1]. Unfortunately, a
majority of these solid fuel users cook with traditional open fires and
inefficient cookstoves [2], primarily due to poor access to cleaner
cooking devices or being unable to afford clean cookstoves. Burning
biomass fuels in traditional cookstoves or open fires emit large quanti-
ties of household air pollution (HAP) including fine particulate matter
(PMs5) and carbon monoxide (CO) [3]. There is also evidence of acute
and long-term Nitrogen dioxide (NO3) concentrations and personal ex-
posures beyond the World Health Organization (WHO) indoor hourly

cardiovascular disorders mostly among women [6,7], as well as 3.2
million premature deaths per annum as of 2020 [8]. As most of the users
of biomass and traditional cookstoves are domiciled in developing
countries, especially those in Africa, the region is at greater risk [9].
With the large number of solid fuel users, the United Nations through its
Sustainable Development Goal (SDG) 7, has made several advances in
ensuring access to clean and affordable energy which includes the pro-
vision of clean fuel and cooking technologies. However, the least
developed countries (LDCs) in Africa are still having the highest per-
centage of people without access to clean cooking [10]. This depicts how
relevant this paper would be to researchers and technicians working on
cookstove design and development in Africa.
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Nomenclature

ACCES  Africa clean cooking energy solution initiative
BCT burn cycle test

BC black carbon

CCT control cooking test

(¢0) carbon monoxide

CO, carbon dioxide

DC direct current

FST firepower Sweep Test

g gram

GACC global alliance for clean cookstove
GDP gross domestic products
GHG greenhouse gas

Gt gigaton

HAP household air pollution
IoT Internet of things

kg kilogram

KPT kitchen performance test
AL learning and monitoring
LCA life cycle assessment
LDCs least developed countries

LED light emitting diode

lit liter

min minute

MT metric tonnes

NO, nitrogen dioxide

NGOs non-governmental organizations
0oC organic carbon

PAC portable air cleaners

PM, 5 particulate matter

SDG sustainable development goal
t time

TBF three brick fires

TEG thermoelectric generator
TLUD top-lit up-draft

TLDD top-lit down-draft

Up initial level of acceptance
Umax maximum level of use

Usat level of sustained use

WBT water boiling test
WHO world health organization
WHT water heating test

While over 80% of the population in Africa relies on solid biomass in
meeting their cooking energy needs, only 11% of the population makes
use of clean cookstoves and fuels [11]. This has undoubtedly contributed
to deforestation and the current climate change crisis affecting the re-
gion. Though there have been various interventions put in place to
address the aforementioned problems, they seem to be inadequate.
Therefore, a critical intervention is required in extending the relevance
of improved biomass cookstoves to local users and making the same
available for free or at an affordable rate, especially in regions where the
population has grown beyond the natural regenerative capacities of
their local forests. It is important to note that fuelwood collection may
not be minimized until a significant improvement in the use of efficient
cookstoves is achieved [12].

As an approach to minimize the said challenges, improved biomass
cookstoves were developed [13]. To emphatically state its significance,
[14] observed that switching from the use of traditional cookstoves to
improved cookstoves has a global emission mitigation potential esti-
mated between 0.6 and 2.4 Gt of CO; per year. Similarly, [15,16], and
[17] have all reported several benefits of the improved cookstoves over
the traditional types. Although the transition from using traditional
cookstoves to improved cookstoves has been quite slow due to a couple
of reasons discussed in this paper, it is believed that when adopted, it
would address a lot of shortfalls experienced in using traditional cook-
stoves. Thus, as an approach to improve energy use, especially in
developing countries where cooking accounts for about 90% of domestic
energy consumption [18], research interest in improved cookstove
technology has increased in recent years. Based on this, about 1905
articles have been reportedly published between 2014 and 2022 [19].

Several studies have broadly reviewed different aspects of biomass
cookstove technology, including the review of technical aspects [18,20],
the review of technologies and programs [21], the review of
state-of-the-art testing protocols [22], and directions to improve thermal
efficiency [23], among others. However, a broad gap has been observed
from the literature in terms of design and development, adoption and
dissemination, health and environmental impact, and fuel type for
powering the cookstoves. The novelty of this review is that it reports the
most recent advancements in cookstove research as well as pathways to
address the observed gaps.

Against this background, the objective of the present review is to
provide an overview of the technical aspects of biomass cookstoves

including the recent advances to establish the current state of research in
the cookstove sector. It is believed that the paper would serve as a guide
to researchers, technicians, cookstove manufacturers, policymakers, and
organizations interested in aiding cookstove adoption and dissemination
as well as current and potential biomass cookstove users.

The reviewed articles were sourced from Scopus, Google Scholar,
and Science Direct databases to ensure a collection of purely indexed
articles. Keywords such as biomass cookstoves, improved cookstoves,
and cookstove design and development were used in searching the ar-
ticles using a filter date of 2010 to 2023. It was ensured that only
research and review articles dealing with the technical aspects of
biomass cookstove development were considered. Hence, the literature
was screened based on titles and abstracts, and about 250 articles were
downloaded. The review methodology was based on exhaustive litera-
ture analysis keeping in view the recent advances in biomass cookstove
development. Some major research gaps have been observed from the
reviewed articles and recommendations have been suggested for future
investigation.

2. Biomass energy

Biomass is non-fossilized and biodegradable biological material
derived from living organisms, animals, and plants [24]. It is typically
composed of lignin, cellulose, hemicelluloses, and extractives like fats,
resins, and ash [25]. Biomass is considered a sustainable and
carbon-neutral source of energy because it is a renewable energy source
whose fuel cycles are neutral in terms of greenhouse gas (GHG) emis-
sions. The most common way of utilizing biomass, especially in
low-income countries is by directly combusting it as fuel in cookstoves
[26]. Others include physical conversion into pellets and briquettes as
discussed in [27], biochemical conversion into biogas, and thermo-
chemical conversion through gasification and pyrolysis, among others.
Several studies have reported the successes of processed biomass. They
include biomass to pellet [26,28], biomass to briquette [27,29,30],
biomass to sound absorption panel [31], biomass to biogas [32,33], etc.
However, this paper is limited to the sustainable use of biomass as en-
ergy or fuel in improved cookstoves, as it is perceived as a measure of
abating the emission of harmful gases to the environment and mitigating
climate change. Sustainable use in this context, involved ensuring a
balance between harvested and regrown biomass to avoid negative
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environmental impacts [34].

Since ancient times, biomass has been a major source of energy for
industrial and domestic use, particularly in developing countries [18,
34-36]. However, as technology advances, the use of fossils has rapidly
overwhelmed the use of biomass, especially in urban parts of the globe,
resulting in a series of environmental concerns [38]. Thus, as the pop-
ulation increases, fossil fuel reserves are gradually depleting and making
fossils more expensive and unaffordable. This has made biomass the
major source of energy in most rural and peri-urban households. Based
on its extent of use, it is considered the most important renewable en-
ergy source globally [24,38,39]. In recent years, biomass and biomass
energy have shown promising and sustainable features that made it one
of the major and affordable renewable energy sources [40]. Some
common biomass used as primary energy sources for cooking in devel-
oping countries includes charcoal, fuelwood, crop residues, cow dung,
etc., [41]. However, it is important to note that, despite being a
renewable energy source, it also emits harmful gases when used in
traditional open fires or cookstoves. On this basis, about 1.9 - 2.3% of the
global CO; emissions come from the use of fuelwood [42]. In South East
Asia, about 85% of Black Carbon (BC) and approximately 100% of
Organic Carbon (OC) emissions emanate from the use of solid biomass
especially charcoal [43]. Going by the large percentage of biomass and
traditional cookstove users in Africa, cooking-related emissions are ex-
pected to be higher than the reported values. The intensity of biomass
use in Africa is not unconnected to the lack of access to clean and
affordable energy in the region.

Although as a form of renewable energy, the use of biomass is
encouraged over fossils, lignocellulosic biomass has been suggested over
tree or woody biomass. However, in areas where the lignocellulosic
biomass is insufficient, sustainable use of the tree biomass is encour-
aged. This is to ensure that the environment and ecosystem are pre-
served. In most parts of Africa, biomass is directly combusted as fuel.
Even with this, [44] revealed that fuelwood emits higher than some
lignocellulosic biomass like corn stalks and wheat straw. Now that
studies have advanced in clean cooking, biomass is being processed into
biofuels like briquettes, pellets, biogas, etc., and are being encouraged
over the use of loosed biomass and products of tree biomass (fuelwood
and charcoal). This is because, in recent years there has been a rapid
population increase, based on which the use of tree biomass has
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increased with limited attention to regrowth or regeneration, resulting
in forest degradation [45]. In addition to using lignocellulosic biomass
and ensuring the regrowth of tree biomass, measures such as the use of
energy-efficient cookstoves are perceived as being effective in saving
fuel use and by extension deforestation. Therefore, setting out policies
such as placing a ban on fuelwood collection and charcoal production
will go a long way. With this, people would be compelled to utilize their
generated lignocellulosic biomass residues as fuel instead of routinely
encroaching on the forest.

3. Biomass cookstoves
3.1. Types of cookstoves

Over the years, different types of cookstoves have been developed.
The innovation stems from open flame fires to three brick fires (TBF) and
metallic shielded models to improved and advanced cookstoves [20], as
shown in Fig. 1. The effort to develop improved cookstoves began as far
back as the 1950s when it begins with technological attempts to upgrade
the design of the then biomass-powered cookstoves. In the 1970s the
development of improved cookstoves started as a way of augmenting the
oil crisis and solving the fuelwood crisis thought to curb deforestation
and desertification [46]. Although there are several models and types,
cookstoves are broadly classified as traditional (Fig. 1 a-d) and
improved (Fig. 1 e-h).

3.1.1. Traditional cookstoves (primitive designs)

Traditional cookstoves are designed in rudimentary or primitive
forms. They are characterized by having low fuel, thermal, and emission
performance [3,50,51]. Because they are poorly designed without
adequate combustion metrics, fuels are not properly combusted, hence,
resulting in high emissions [52,53]. This, as reported by Africa Clean
Cooking Energy Solution Initiative [55] leads to an annual mortality rate
of nearly 600,000 in Africa with millions of chronic illnesses. Out of the
3.4 million hectares of forest land lost annually in the region [56],
Cooking with traditional cookstoves and open fires, results in an annual
loss of about 500 million tons of non-renewable wood [57].

Traditional Fookstoves

Y
Improved Cookstoves

Fig. 1. (a) Three stone open fire, (b and c) metallic open fire, (d) traditional charcoal stove,
(e) Natural-draft double burner biomass cookstove [47], (f) husk biomass cookstove [48], (g) Inverted downdraft gasifier cookstove [49], (h) Improved biomass

cookstove [50]
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3.1.2. Improved cookstove (advanced designs)

The improved cookstove models are advanced designs developed to
cushion the drawbacks of traditional cookstoves [57,59]. The word
“improved” signifies potential reductions in fuel use and toxic emissions,
though the potential benefits is beyond that as it includes safety, cost
reduction, and time savings among others [57]. Most of the improved
cookstove designs primarily target fuel, thermal, and emission perfor-
mance [60]. With this, [61] believed that for a cookstove to be consid-
ered improved, it must be able to curtail PM; 5 emissions by at least 50%.
Generally, improved biomass cookstoves are classified based on per-
formance, mode of combustion, and type of construction material [17].
Based on this, some are designed as Top-Lit Up-Draft (TLUD) [62], i.e. lit
from the top with primary airflow coming from the bottom to the top.
While some are Top-Lit Down-Draft (TLDD) [48,61] (Fig. 1g), i.e. lit
from the top with primary airflow coming from the top to the bottom.
Others include, natural draft design [47] (Fig. 1e), force draft design [3],
or a combination of both [62,63]. In terms of feeding methods, there are
batch-fed [66], i.e. designs that involve feeding in fuel and allow it to
burn completely before feeding in another and designs that are fed
continuously with fuel [49,65].

Literature has reported the performances of the various models in
comparison to the conventional traditional models. Some studies that
reported the superiority of improved cookstoves include that of [68]
which discovered that the improved cookstove tripled the traditional
open-fire stove in performance with a fuel saving of more than 60%.
Similarly, [69] reported a 40% fuel saving while in a different study, a
30-60% fuel saving was recorded [17]. In another study by [70], a 79%
fuel saving was achieved. [15] compared the fuel use and emissions of
different improved cookstove types with three-stone open fire. The study
revealed a reduction in fuel use by one-third, CO emissions by
three-fourths, and PM emissions by almost half in a rocket stove. While,
gasifier stoves under effective operation, yield a 90 % improvement in
terms of PM emission reduction. Forced-air stoves with small fans
reduced fuel use by an average of 40 % and emissions (CO and PM) by
90%. In another study, black carbon emissions were lowered by 50 - 90
% using an improved biomass cookstove [17]. While the nature or type
of biomass cookstove design affects the cookstove’s performance, the
actual cooking process equally contributes to the performance, partic-
ularly the emission of gases. Based on this, [37] revealed that when
biomass cookstoves are used for boiling and frying, they emit more gases
compared to when used for baking and sautéing. Hence, future designs
may include a balancing factor that will unify the various operational
processes under low emission.

Despite the enormous benefits of improved biomass cookstoves on
the health of their users and the environment, the developed models and
designs have received less attention from many parts of the world where
the use of traditional cookstoves is high, including the scientific and
technical communities [20]. This has been validated in several studies
focused on improved cookstove adoption, including [71] conducted in
Kenya, where only 38.5% of households were found to have adopted
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improved cookstoves. Similarly, in Ghana, a low adoption rate was re-
ported based on a preference for traditional models and unwillingness to
switch to improved models, majorly because they are not available in
local markets [72]. Overall, as reported in the literature, developing
countries are dominated by traditional cookstoves. Out of the 166
million households that used improved cookstoves globally, 116 million
are in China, more than 13 million are in East Asia, about 22 million are
in South Asia, and about 7 million are in Sub-Saharan Africa [73].

Table 1 shows some improved cookstove models and their features as
related to fuel saving and emission reduction.

3.2. Improved cookstove design and development

Over the years, researchers have worked enormously on developing
clean cooking technologies that are fuel efficient and less emissive to
address the drawbacks of the traditional cookstove models. Through
this, several models of improved biomass cookstoves were developed.
However, there is still a wide gap in terms of following systematic design
approaches, including modeling and lifecycle analysis of the various
design and development phases [41]. Bridging this gap will not only
ensure the selection of the best materials but will give a clearer picture of
the potential environmental impacts of the materials as well as the
developed cookstove. Another area that will improve the performance of
cookstoves is to consider optimizing the design process. While this has
not been given prompt attention over the years, it is imperative to note
that design optimization has been recommended as one of the best
methods of minimizing cost and maximizing the performance of devel-
oped systems or processes.

The first approach in designing an improved biomass cookstove is to
select the fuel type it will operate with [23]. In this phase, the designer
decides on making it a single-fuel or multi-fuel type, based on which the
combustion chamber will be designed. Though all the cookstove com-
ponents are essential and are expected to be designed appropriately, the
combustion chamber, being the heart of the cookstove where the ther-
mal processes take place must be given extra attention [18]. Thus, it is
important to carefully design the combustion chamber and select the
appropriate material that will conserve heat and improve heat transfer
from the combustion chamber to the cooking medium. Other features
such as the geometry of the stove and pot, fuel type, and available space
between the pot and stove are equally essential [79]. Furthermore, as
shown in Fig. 2, the heat transfer process depends on the stove insulation
and cladding which if wrongly designed would increase heat loss and
fuel consumption. On this note, different cookstove construction mate-
rials have been evaluated and recommended.

3.2.1. Cookstove construction materials

The material selection phase of cookstove design is very vital to
achieving a thermally efficient cookstove. There are different types of
materials used in cookstove construction and they differ in character-
istics as highlighted in Table 2. Hence, it is important to carefully review

Table 1

Operational features of selected cookstove types as related to fuel efficiency and emission reduction.
Cookstove Type Fuel Mode of Flow Insulation Type Fuel Saving Emission Reduction Refs.

CO4, (tons/yr) CO (%) PM (%)

ND Improved Biomass W ND CI 35 % 0.65 NA NA [60]
Enhanced Traditional (with twisted tape assembly) ~ W ND NA 21 % NA NA 38 [74]
Biomass Gasifier W ND Al NA 1.30 NA NA [75]
FD Improved Biomass BF FD Al 49% NA 30-74 21-57 [76]
Twin Mode Gasifier Biomass W, BP ND, FD RC NA 6.89-7.04 (FD), 6.65 (ND) NA NA [65]
Nozzle Type Improved Wood w ND GW NA 26.42 NA NA [77]
Improved Biomass (Udairaj) w ND NA 700 kg/yr 0.161 NA NA [78]
Biomass Gasifier w ND RC 4500 kg/yr 7.16 NA NA [51]
Rocket-type (Tikikil) w ND RC 43% 1.3 42 99.5 [52]

Note: W = wood, BF = Biomass Feedstock, BP = Biomass Pellet, GW = Glass Wool, NA = Not Available, ND = Natural Draft, FD = Forced Draft, CI = Ceramic

Insulation, Al = Air Insulation, RC = Refractory Cement
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Fig. 2. Cookstove heat transfer process [79]

Table 2
Characteristics of some cookstove construction materials [80].

Material Merits Demerits Possible Utilization
Clay - Low cost - Low strength - Combustion
- Widely available - Density varies chamber/
- High service and depending on the refractory liner
melting type
temperature(1000- - Thermal
1700°C) conductivity varies

Low thermal

depending on the
expansion type

Can be cast into Difficult to
different shapes determine the type/
quality of clay

- Long drying and
curing time (2-3
weeks)
- Requires controlled
firing at high
temperature
Aluminum - Easy to machineor - High cost - Radiative
form - Very high insulation
- Low density conductivity
- Moderate strength - Low availability
- Reflective foil can - Low service and
be used for melting
radiative temperature
insulation (250°C)
Cast iron - High strength - High cost - Cone deck and
- High service and - Very high pot supports
melting conductivity - Grate
temperature - Low availability of
- Can be cast into scrap iron
different shapes - Melting and casting
are difficult
Mild steel - Low cost - Low service and - External
- Widely available melting components
temperature (door, handles,
- Poor corrosion legs, etc.)
resistance
Cement - Moderate cost - High density - A binding
- Widely available - High thermal additive in an
- Can be reinforced conductivity insulating
w/ aggregate or - Long drying and mixture
steel wire to curing time (3-7
provide strength days)
- Can be cast into - High environmental
different shapes impact

Low thermal
expansion

the features and select them appropriately. By and large, cookstove
materials should be selected based on performance (energy efficiency,
safety, durability, time, etc.), affordability (service life, unit cost, fuel

consumption, etc.), and usability (ease of ignition, portability, time
saved, cleanliness, and the user interface) [40,78].

Traditional cookstoves are largely constructed with clay, cement, or
bricks, while improved cookstoves are mostly made of metallic-based
materials (stainless steel, galvanized steel, mild steel, aluminum, etc.)
accompanied by less thermal conducting materials as insulators. The
choice of metallic materials for the latter is to attain low thermal inertia,
ease usability and maintenance, as well as enhance durability [20].
However, metallic materials are mostly employed for stove cladding and
grate construction, while materials such as ceramic, fiberglass, concrete,
and cement have demonstrated good performance as internal liners or
insulators. Though ceramic insulators are commonly used, the material
is not suitable for use as cookstove cladding because it is very fragile in
nature [81] and hence, will not give a durable cookstove. For grate
construction, [11] revealed that a stove with a ceramic clay grate per-
forms better than those with aluminum and mild steel grates. In line
with this, [47] used a 5mm mild steel sheet for constructing the grate
which was further insulated with ceramic to control heat loss from the
base of the combustion chamber.

3.3. Cookstove testing protocol

Cookstove testing is a very crucial aspect of cookstove development.
In this stage, a newly developed cookstove is subjected to at least one or
more tests to validate its performance. The protocols widely used for
cookstove performance testing are the water boiling test (WBT), kitchen
performance test (KPT), and controlled cooking test (CCT) [18]. How-
ever, studies are underway to develop more protocols. These include;
the burn Cycle Test (BCT), Water Heating Test (WHT), and Firepower
Sweep Test (FST) [22].

While WBT is purely a laboratory-based test, CCT is performed both
in the laboratory and on the field, whereas KPT is purely a field-based
test. As shown in Fig. 3, the laboratory test (WBT) is the most
commonly used, because it is easier, quicker, and less costly to conduct
[18], and also provides a simple simulation of standard cooking pro-
cedures [82]. Another reason that made it popular is the presence of an
officially published detailed protocol containing the testing concept and
procedure, including the rationale and formulation of metrics in a
well-simplified form [22]. The test is used for evaluating the perfor-
mance of cookstoves by boiling a known quantity of water in a
controlled environment [83]. It has several versions, viz: 3.0, 4.1.2,
4.2.2, 4.2.3, etc. WBT has two phases, viz: high power phase and low
power phase. The high-power phase is further classified into two, viz:
cold start phase (CS) and hot start phase (HS), while the low power
phase is referred to as the simmering phase (SP). The cold start phase
begins with the water and the stove at room temperature, where the
water is gradually heated to local boiling temperature. While the hot
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Fig. 3. Number of test sets for different stove and fuel characteristics [87].

Table 3
Summary of performance of different cookstove models.
Stove Type Test Major Performance Remark Refs.
Protocol 1(\:4(;:222;(:)0 " TE®%)  FP(kW) SFC
The Apeli: Advanced 1SO Ceramic 38-44.1 0.53- NA It is important to validate the performance following conventional ~ [67]
Biomass Cookstove 19867-1 1.12 testing protocols like WBT or CCT
Forced Draft Charcoal WBT and Mild Steel 36.74 2.26 NA The incorporation of supplemental air pack improved thermal [89]
Stove CCT efficiency by 12.23%
Household Gasifier Stove WBT Sheet Metal 17.2 NA 47.04g/min The thermal efficiency is below the BIS 13152 (Part 1): 2013 [90]
minimum benchmark (25%).
TEG powered forced draft ~ WBT Stainless Steel 44 1.1 NA The cookstove performs best in the high-power hot start phase. [91]
cookstove
Improved Biomass WBT Stainless Steel, 30.85 4.03 0.1305 The performance of model-1 is lower possibly because the thermal ~ [92]
Cookstoves Model- 1 Mild Steel 32.25 4.10 0.1295 (kg/  conductivity of stainless steel is lower than that of mild steel
and Model-2 kg)
Twin Mode Biomass NA Mild Steel 36.7 2.95P NA There is no significant difference between the performance in both [65]
Gasifier Cookstove 33.44 25" natural and forced draft mode
Inverted Downdraft WBT Stainless Steel, 30.5- 4.7-4.9 138-627 g/ As rice husk yields good performance, it is important to test more  [49]
Gasifier Cookstove Galvanize Steel 38.1 lit biomass fuels
Improved Double Burner WBT Stainless Steel 33 0.458- 0.019 - Double burner to suit all forms of biomass fuels. Additionally, [47]
Natural-Draft Biomass 3.324 0.089 (kg/ major components were made detachable
Cookstove kg)
Improved Wood Stove WBT Mild Steel, Clay, 64.4 7.59 0.447 The double insulation layers (clay and fiberglass), improve overall ~ [93]
Fiberglass heat performance.
Natural and Forced Draft WBT CCT NA 18.71NP 1.66 0.297 The average thermal efficiency for ND is below the minimum [64]
Biomass Cookstove 25.93"" 230 0.273 benchmark
Hybrid Solar-Biomass WBT Mild Steel 39-43 2.1 38-42g/lit  Although the installation of a solar reflector to the cookstove [94]
Cook Stove improves thermal efficiency by 5%, this comes with additional
cost and may not suit environments with low sunshine hours
Improved Biomass WBT Stainless Steel 35 5.5 88 g/lit Although the performance is within the tier 2 to 3 benchmark, a [68]
Cookstove change of insulation from air to another medium may yield better
efficiency
HDHR Cookstove WBT Granite Rock, 28.8 1.57 47 g/lit While the granite rock aided heat conservation, the cookstove has [70]
Stainless Steel insufficient air inlets
Whirl Cookstove WBT Stainless steel 68 5.6 NA The whirl concept is good but appears to be highly dependent on ~ [95]
Metallic mesh airspeed. With that, it may not suit natural draft cookstoves.
Three pots improved WBT Brick 34.45 1.72 NA The current brick design has shown good performance, however, [12]

cookstove

having it fixed may affect routing maintenance, transportation,
and performance especially as it is a natural convection stove.
Thus, a portable and movable design should be developed

Note: LED = Light Emitting Diode, TEG = Thermo Electric Generator, WBT = Water Boiling Test, CCT = Control Cooking Test, ND = Natural Draft, FD = Force Draft,

HDHR = High Density Heated Rock, NA = Not Available
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start phase is carried out when the cookstove is hot to simulate the
cookstove’s performance when hot. In the hot start phase, the water and
fuel used in the previous phase are replaced with another set (same
weight) at room temperature [62]. This will distinctly reveal the dif-
ference between the performance when ignited at room temperature to
that at high temperature. The third stage (the simmering phase) pro-
vides information about the amount of fuel needed to simmer a specific
amount of water below its local boiling temperature [62]. This phase
simulates the actual cooking process, especially in the case of legumes.

Unlike the laboratory test which is performed in a controlled envi-
ronment, the field-based test is difficult to control and may be subjected
to errors. However, they have the advantage of reflecting the true state
of fuel consumption in cookstoves [84]. KPT is a field test developed for
use alongside the WBT and CCT. It compares fuel consumption in con-
ventional stoves with those of improved or alternative stoves [60]. The
CCT on the other hand focuses on evaluating the cookstove at the level of
the end user. It is a measure to estimate the actual performance specif-
ically the fuel-saving aspect and cooking time [83,85,86]. It further
bridges the gap between laboratory evaluation and actual field
performance.

In addition to the aforementioned testing protocols, [88] emphasized
the need to subject cookstoves to tipping/sliding/spilling tests, as it
evaluates the mechanical stability of the stove/pot combinations. This is
very crucial as it provides information on the safety of the cookstove
against direct injuries, accidental fires, liquid and food burns, contact
burns, and scalds, among others [88]. In Table 3, the performance
characteristics of different cookstove models are reported. This includes
the test protocol, major construction material, and key performance
output.

3.4. Overview of performances of different models of improved cookstoves

Cookstoves perform differently depending on their types, construc-
tion material, and mode of air circulation (natural or forced draft).
Table 3 summarizes the performances of various cookstoves models.

4. Recent advances in cookstove research

The cookstove sector has recorded several advances in recent years.
This has been occasioned by the growing interest in cookstove research
especially in trying to meet up with SDG 7. Some of the recent advances
include the provision for generating electricity from waste heat coming
from cookstoves for powering small electrical devices with the aid of

Heat source T.

44

n-type
©
)

g
&

Heat sink T,
Fig. 4. Working principle of TEG [107].
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thermoelectric generators (TEG) [45,94-96]. Here, the TEG is connected
to a stove (heat source) where it receives heat directly with the aid of
thermoelements (p and n) and stores it in a heat sink where it gets
converted to electricity (Fig. 4). Other advancements include the use of
Internet of Things or IoT-enabled devices in efficiently controlling
emissions from cookstoves during cooking [98], the use of biomass
pellets to power cookstoves as an approach to combat climate change
[99] and, battery supported eCooking approach [100], among others.
Table 4 highlights some of the recent advances in cookstove research.

The stated technological advancements have impacted the rate of
deforestation and climate change. On average, between 2007 and 2016,
about 11.2 + 2.6 gigatons of CO; is absorbed annually by the global
forest [101]. Also, as mentioned earlier, several studies have reported
the performance of improved cookstoves in terms of thermal efficiency
and fuel saving. As technology advances, a higher percentage of fuel-
wood and charcoal are reportedly saved. This translates to deforestation
reduction and improved carbon sequestration, which ultimately miti-
gates climate change. To affirm the stated claim, [102] reported that a
single improved cookstove has the potential to reduce about 0.06ha of
woodland deforestation thereby mitigating around 9.21MT of CO;
emission per year.

5. Adoption and dissemination of cookstoves

As cookstove research and development keep growing over the years,
adoption and dissemination are reportedly slow. While several articles
have identified socioeconomic, education, demographic, technical,
institutional, and contextual factors as the factors affecting the adoption
of improved cookstoves [69,70,107,108]. Some believed that
geographical, environmental, and fuel availability also influences clean
cookstove adoption [71]. Overall, the adoption of improved cookstoves
is perceived to be gradual and not a one-time process [58]. On this note,
as shown in Fig. 7, the process of adoption is expected to start with initial
acceptance at the household level (Up) and progress steadily to a level of
sustained use (Usat) under close learning and monitoring (AL) over time
(t). With this, users are expected to maintain sustainable usage at their
maximum level of use (Umax), and not to revert to the level of
dis-adoption [110]. While cases of dis-adoption are commonly reported
among households who were issued the cookstoves for free through
interventions [111]. A long-term dis-adoption was observed among
households that purchased the cookstove. The current paper has high-
lighted the following (sections 5.1 and 5.2) as some limiting factors to
cookstove adoption and potential measures of scaling up adoption.

'y
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Fig. 5. Granite rock insulated cookstove [70].
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Fig. 6. Modified cookstove for space heating [46].

5.1. Factors limiting improved cookstoves adoption
a Users’ willingness to pay for a new technology

One major factor limiting the adoption of improved biomass cook-
stoves is the users’ willingness to pay for the cookstoves. This may be
associated with some social or behavioral factor in which some set of
people believed that if a technology is not free, then they won’t put their
money into it. In a survey conducted by [112], it was reported that out of
105 surveyed households, only 12 indicated their willingness to pay for
an improved cookstove, while only a single household was found to have
purchased it after a follow-up survey. However, several studies
including [113,114] believed that users’ willingness to pay for improved
cookstoves is largely dependent on household income and the country’s
GDP per capita or economic viability. This is because the cost of
improved cookstoves is higher compared to traditional cookstoves,
which are most often built at no cost by most households. Thus, financial
aid is required to reduce production costs and make the products
affordable to consumers [73]. On this basis, it will be difficult for
low-income households to purchase or pay for improved cookstoves,
also it will be difficult for a country with low GDP per capita to establish
a fully commercialized market for improved cookstoves, which conse-
quently limits adoption.

Based on this, more interventions that will provide free cookstoves
are required in scaling up adoption or more importantly, policies that
will compel usage should be put in place. While the aforementioned
pathways are taking place, they seem to be at a slow pace. Hence, the
level at which the target users are sensitized to the harmful effect of
traditional cookstoves plays an enormous role and may change the
narrative. Thus, enlightenment and sensitization campaigns are equally
essential.

a Low income and cost of improved cookstoves

Contrary to the previous point, some households are willing to pur-
chase cookstoves but could not due to the market cost. While it is
important to ensure large-scale production, it is equally essential to
ensure that the cookstoves are subsidized or affordable to the target
users. In a survey conducted by [115], it was observed that the inability
of households to purchase improved cookstoves due to cost is one of the
major barriers limiting adoption. Low income was observed to be a
major determining factor in the adoption of improved cookstoves [115,
116]. On this basis, [117] believed that to scale up adoption,
income-generating activities or projects must be put in place to improve
household income. In addition to the inability to purchase the cook-
stoves, some households that owned improved cookstoves find it diffi-
cult to maintain them for lack of money for repairs and maintenance

[111]. To curb this, [118] reported how government intervention such
as subsidy policies significantly aided the adoption of improved biomass
cookstoves in Nepal. In the same vein, [109] observed that by subsi-
dizing the cost of cookstoves in rural Rajasthan, adoption improved
[109].

a Unavailability of improved cookstoves in local markets

The unavailability of improved cookstoves in local markets has been
a deterring factor to adoption. Though there are households interested in
improved cookstoves, [72] observed that the stoves are not available in
local markets. To achieve a wide-scale adoption, there is a need to
develop a thriving global market for improved cookstoves and fuels,
with the capacity to sell tens of millions of clean cookstoves annually
[119]. Without such provision, it will be difficult to effectively and
sustainably address the enormous cooking needs of more than 600-800
million households globally that still use solid fuels in traditional
cookstoves [120].

a Non-involvement of end users in decisions relating to the design and
development of improved cookstoves

Improved cookstove promotion and dissemination programs tend to
focus more on technology rather than end-user preference [71]. As a
result, the adoption has been very slow [115]. Therefore, a lot of
improved cookstoves proven to be efficient are still far from being
accepted by people [58]. It is worth noting that by not involving the
end-users in the design, and fabrication, as well as training on the use
and maintenance of improved cookstoves, acceptability, and adoption
will keep slowing down. This even goes beyond cookstoves to other
energy technology [121]. It was noted that dissemination approach such
as training of end-users affects the rate of improved cookstove adoption
[122]. By involving the end-users, it shows that their preference is
respected and will be considered, and therefore the designers, manu-
facturers, or those bringing in the intervention will be intimated with the
specific form or type of improved cookstove designs that will be more
acceptable to a specific set of people based on some social, economic or
cultural factors. On this note, [78] observed that double-pot designs
were more acceptable in India than single-pot designs. Another draw-
back of not involving end-users is that their intrinsic values and ethics
will not be considered in building the cookstoves [13].

5.2. Potential factors that will enhance the adoption of improved
cookstoves

a Development of low-cost models
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Table 4
Some recent advances in cookstove research.

Table 4 (continued)

Study description Description/ Potential Remark Refs.
Study description Description/ Potential Remark Refs. Benefits
Benefits where over 80% of potential to improve
Electricity o The excess heat o The idea of TEG is [96, the population relies the health of its
generation from generated in timely and would go 46,97, on solid fuel. users.
cookstoves cookstoves is a long way 46] Battery-supported e A solar hybrid mini- e A good system to [100]
harnessed and especially if the eCooking grid battery support augment electric
converted into energy capacity approach system was devel- cookstoves.
electricity with the could be improved oped to support However, the cost
aid of a electric cooking in and durability of the
thermoelectric the absence of na- battery is
generator (TEG). tional grid power. imperative. Hence,
o The heat generated o This is an emerging may not be suitable
is used to power a approach believed to for traditional
small D.C fan that address the global cookstove users
supplies air to the challenge of biomass
cookstove and to cooking such as
charge mobile pollution, frequent
phones, power small purchase of fuel, etc.
radios, and LED Hybrid Solar- e This hybrid e An improvement to [94]
lamps Biomass Cook prototype combines this prototype may
Emission reduction o This technology was e It is important to [103] Stove the effect of solar involve the addition
using a Jet-flame developed to curtail calibrate the device and biomass in of reflectors to make
forced draft toxic gas emissions by evaluating it in cooking. the stove fully
retrofit accessory and fuel different o It consists of solar operational on solar
consumption in environments to reflectors that trap in the daytime and
biomass cookstoves. come up with heat from the sun, fully operational on
o It operates by simply average air speed thereby improving biomass in the
placing the device per ambient the thermal absence of sun or at
beneath the fuel bed condition, stove, and performance of the night.
of the cookstove to fuel type stove and reducing
eject air into the fuel consumption. A
combustion 5% increase in
chamber. thermal efficiency
e The device has the was achieved.
potential to curtail Two-chamber fuel e The cookstove is a e This concept is very [106]
PM and CO by 89% biomass pyrolysis biomass vital and possesses
and 74% on average cookstove cookstove with two the potential to cut
relative to the separate chambers down the cost
natural draft models (one for combustion incurred in fuel and
Cookstove emission e Seven air pollution e Having stated the [98] and one for fertilizer purchase
control using control algorithms features of IoT pyrolysis).
Internet of Things were developed. The sensors and IoT- o The cookstove uses
(IoT) enabled algorithms were enabled stove hoods, different biomass
devices linked to IoT sensors and portable air fuels at a similar
and IoT-enabled cleaners (PAC). pace as it is
stove hoods, Feature studies may insensitive to fuel
portable air cleaners explore the possibil- type. It produces
(PAC), and bath- ities of incorporating heat and nitrogen-
room exhaust, all the air cleaner and and carbon-enriched
connected to a cir- hood as a compo- biochar which can
cuit monitor for nent of the cook- be used as a soil
tracking the cook- stove to curtail the amendment.
stove’s operation. emission of toxic Incorporation of e This concept o Alow-cost technique [46]
o The technique was gases perforated rolled involves rolling and of space heating.
found to minimize steel sheets in perforating a steel Thus, has the poten-
integrated PM; 5 cookstoves to sheet (Fig. 6a) and tial of bridging the
concentration by enhance space placing it on top of a gap associated with
81% to 94%. heating capacity cookstove (Fig. 6b) the cost of modern
Use of Sensors to o The use of sensors o While the [104, for heat emission. heating devices
monitor fuel provides more technology provides 105] The emitted heat is
consumption, air accurate a more accurate then utilized for
quality, and performance metrics measure, it is space heating
adoption compared to manual important to Granite rock e Granite rock (a high- e While the authors [70]
estimation. evaluate it under insulated density rock with have evaluated the
different conditions cookstove good thermal prop- granite rock along
The use of biomass e This involves o Studies have shown [54, erties) has been with other materials.
briquettes and densifying bio-waste that most 99] discovered as a good It is believed that the

pellets to power
cookstoves

into solid fuels to
minimize the intense
use of charcoal and
fuelwood which has
significantly
contributed to
deforestation, espe-
cially in Africa

lignocellulosic
biomass materials
have neutral to zero
emissions. This
indicates that
densified biomass
such as briquettes
and pellets have the

insulation material.
e While this can be
used alone, Bantu et
al (2018) used it
alongside fiberglass
and air insulation
concealed in a
stainless steel
cladding (Fig. 5) to

rock alone is
sufficient to provide
good insulation

(continued on next page)
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Table 4 (continued)

Study description Description/ Potential Remark Refs.

Benefits

improve the
cookstove’s thermal
performance.

The technology has
the potential for
reducing fuel use by
over 78% compared
with the traditional
open-fire stove.

As the cost has been pointed out as one of the major factors limiting
the adoption of improved cookstoves, researchers and manufacturers
need to focus on building low-cost but efficient models. Based on this, a
low-cost technique called rock-bed was developed [123]. This is a
modification to the open fires which saves about 30% of the fuel and
reduced emissions by roughly 0.48 tons of COqe per user per annum
compared to the traditional open fires. Similarly, [74] incorporated a
twisted tape assembly in an existing traditional cookstove and observed
a fuel saving of 21%, a reduction in cooking time by 18.5%, and an
emission reduction of 38%. On the same premise, the whirl concept was
developed by [95] as a way of improving combustion and emission
performance. The concept involved incorporating a metallic mesh
within the combustion chamber. Although the concept has not yet been
evaluated in traditional cookstoves, it was found to improve thermo-
dynamic efficiency by 13 % when compared with a rocket stove. Thus,
these low-lost technologies can be improved further and commercial-
ized. However, it is still more important to have the advanced models
downscaled to minimize cost.

a Making processed biomass fuels available and affordable at local markets

One of the ideas behind the development of improved cookstoves is
to minimize emissions from traditional cookstoves which are mostly
powered by charcoal and fuelwood. On this basis, most of the improved
cookstove models are designed to use processed biomass fuels such as
briquettes and pellets that are emission neutral, as studies have shown
that they are cleaner than charcoal and fuelwood. However, these fuels
are not commercially available in most countries. It is believed that with
such an idea, improved cookstoves will attract more interest, especially
from those that are conscious of the environment. In this medium, the
government, policymakers, and intervention bodies will be interested
and may invest in large-scale production and dissemination.

Energy Nexus 11 (2023) 100225
a Enhancing global interventions and cookstove projects

To address the various drawbacks associated with traditional cook-
stoves, there is a need to promote and disseminate improved cookstoves
[108,123]. This can be achieved through interventions and support from
different actors such as governments, the development community as
well as national and global financial institutions [109]. These in-
terventions will not only enhance accessibility but will significantly
improve the overall public health of its users [124-127]. On this basis,
the provision of improved cookstoves for free was observed to have
boosted adoption in Ghana [72]. In the same vein, improved cookstove
promotion intervention has reportedly enhanced adoption in rural
Rajasthan, with about 45% of the sample households adopting within
the early stage of intervention [109]. Hence, incorporating clean cook-
ing programs into other major intervention programs will aid in
ensuring global access to clean household energy [128].

Albeit, there are a plethora of cookstove intervention programs
implemented by different institutions, Non-Governmental Organiza-
tions (NGOs), international organizations, and government and private
initiatives [21], such as the Global Alliance for Clean Cookstoves
(GACC) which is one of the commonest aimed at achieving improved
cookstove adoption by 100 million homes by 2020 [129], there is need
to spring up these interventions to go far and wide. Through such in-
terventions, it was estimated that the global technical potential for
minimizing GHG emissions through improved cookstoves stands at 1
gigaton of carbon dioxide (1 Gt CO») per year, based on 1 to 3 tons of
CO4, equivalent per stove [130].

a Setting up policies on the use of improved cookstoves

Government policies are very pertinent in promoting the adoption
and dissemination of improved cookstoves. With this, apart from
establishing policies that will regulate the cost of cookstoves to ensure it
is within an affordable range for low-income households, [122] believed
that adapting measures that will reduce the cost of dissemination is
equally important. Furthermore, since women are the major end users,
policies that will ensure women’s participation in decision-making
and/or policy formulations regarding improved cookstoves will scale
up adoption and dissemination [131]. Another perspective that may
scale up dissemination involves setting up cookstoves dissemination
programs and ensuring adequate training of participants [122].
Furthermore, government policies on other energy options such as
electricity and gas must be reduced to emphatically capture the use of
improved cookstoves [108]. This is essential as users of traditional

The stove adoption process at the population level:
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Fig. 7. The adoption process of cookstoves at the population level: stages and critical parameters. Modified from [110].
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cookstoves are major residents of rural and peri-urban parts where
electricity and gas might not be available or may be unaffordable as an
option.

6. Conclusion

The paper successfully reviewed the literature on the technical as-
pects of biomass cookstoves including the recent advances. This is crit-
ical especially as the number of solid fuel users is increasing globally.
Overall, the following conclusions were drawn from the present review:

e Solid bio-fuels like briquettes and pellets have the potential to sus-
tainably replace conventional solid fuels (fuelwood, charcoal, and
coal) in powering improved cookstoves. Apart from being an alter-
native energy source, it is an effective measure of reducing defor-
estation and mitigating climate change.

e Although emissions from cooking do not significantly contribute to
atmospheric greenhouse gas emissions, when combined with the
impact of forest degradation especially as the forest plays a vital role
in carbon sequestration, it then becomes of utmost concern. Thus,
solutions and remedies that include the use of improved cookstoves
and biofuels are imperative as they have demonstrated good per-
formance in fuel use reduction which invariably curtails
deforestation.
In addition to establishing markets for improved cookstoves and
ensuring that the prices are affordable to low-income earners, the
rate of adoption and dissemination would significantly improve if
end users especially women are involved in decision-making and
policy formulation regarding the development and use of improved
cookstoves.

7. Recommendations for future investigation

The present review found gaps in the literature and recommends
thus:

e Although improved cookstoves have shown promising features, it is
important to broaden research in the aspect of models that operates
similarly to traditional cookstoves to ease the adoption process. This
would be of great impact, especially in Africa where studies have
shown a higher preference for traditional models and unwillingness
to switch to improved models. Thus, emphasis should be on simple
natural draft models made of locally available materials than the
force draft models.

Several improved cookstoves have been developed across the globe.
However, the slow rate of adoption has been a major concern in the
cookstove sector. Thus, it is essential to further research novel ap-
proaches that will scale up dissemination and boost the adoption of
improved cookstoves. Achieving this would enhance fuel saving
which translates to deforestation control and cost saving, and mini-
mize indoor air pollution, especially in Africa where a large per-
centage of the population still cook with harmful fuels and
traditional cookstoves.

The environmental and health impacts of burning raw biomass, coal,
charcoal, and fuelwood are enormous. Future models should be
focused on the use of solid bio-fuels like pellets and briquettes or
liquid bio-fuels. This is highly imperative, especially in regions
where lignocellulosic biomass is largely available but underutilized.
There is a need to incorporate environmental and social factors in the
research and development phase. This may include designing cook-
stoves based on peculiarities like cultural beliefs and traditions of the
target environment and people. With this, end users’ perceptions are
also imperative. This will improve research and development, as well
as the adoption of improved cookstoves.

Energy Nexus 11 (2023) 100225
CRediT authorship contribution statement

S.U. Yunusa: Conceptualization, Writing — original draft. E. Men-
sah: Supervision, Writing — review & editing. K. Preko: Writing — re-
view & editing, Supervision. S. Narra: Supervision, Writing — review &
editing. A. Saleh: Supervision, Writing — review & editing. Safietou
Sanfo: Supervision. M. Isiaka: Conceptualization. I.B. Dalha: Writing —
review & editing. M. Abdulsalam: Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Funding

This work was funded by the West African Science Service Centre on
Climate Change and Adapted Land Use (WASCAL) under the auspices of
the German Federal Ministry of Education and Research (BMBF).

Acknowledgment

The Authors are grateful to the German Federal Ministry of Educa-
tion and Research (BMBF) for funding the study through the West Af-
rican Science Service Centre on Climate Change and Adapted Land Use
(WASCAL), under the Graduate Research Programme on Climate
Change & Land Use (CCLU), College of Engineering, Kwame Nkrumah
University of Science and Technology, Kumasi-Ghana.

References

[1] O. Stoner, J. Lewis, I.L. Martinez, S. Gumy, T. Economou, H. Adair-Rohani,
Household cooking fuel estimates at global and country level for 1990 to 2030,
Nat. Commun. 12 (2021), https://doi.org/10.1038/541467-021-26036-x.

E. Ferriz Bosque, L.M. Muneta, G. Romero Rey, B. Suarez, V. Berrueta, A. Beltran,

0. Masera, Using design thinking to improve cook stoves development in mexico,

Sustainability 14 (2022) 6206, https://doi.org/10.3390/su14106206.

[3] M. Barbour, D. Udesen, S. Bentson, A. Pundle, C. Tackman, D. Evitt, P. Means,
P. Scott, D. Still, J. Kramlich, J.D. Posner, D. Lieberman, Development of wood-
burning rocket cookstove with forced air-injection, Energy Sustain. Dev. 65
(2021) 12-24, https://doi.org/10.1016/j.esd.2021.09.003.

[4] J.L. Kephart, M. Fandino-del-rio, K.N. Williams, G. Malpartida, K. Steenland, L.

P. Naeher, G.F. Gonzales, M. Chiang, W. Checkley, K. Koehler, Nitrogen dioxide

exposures from biomass cookstoves in the peruvian andes, Indoor Air 30 (2020)

735-744, https://doi.org/10.1111/ina.12653.

R. Barpatragohain, N. Bharali, P.P. Dutta, Thermal performance evaluation of an

improved biomass cookstove for domestic applications, in: Proceedings of

International Conference on Thermofluids, Singapore, 2021, pp. 579-590,

https://doi.org/10.1007/978-981-15-7831-1_54. Springer2021.

[6] W. Ye, G. Thangavel, A. Pillarisetti, K. Steenland, J.L. Peel, K. Balakrishnan,

S. Jabbarzadeh, W. Checkley, T. Clasen, Association between personal exposure
to household air pollution and gestational blood pressure among women using
solid cooking fuels in rural tamil nadu, india, Environ. Res. 208 (2022), 112756,
https://doi.org/10.1016/j.envres.2022.112756.

[7] M.R. Islam, N.H. Sheba, M.R.F. Siddique, J.M.A. Hannan, M.S. Hossain,

Association of household fuel use with hypertension and blood pressure among

adult women in rural bangladesh: a cross-sectional study, Am. J. Hum. Biol.

(2023), https://doi.org/10.1002/ajhb.23899.

World Health Organization (WHO), Household air pollution, 2022. https://www.

who.int/news-room/fact-sheets/detail /household-air-pollution-and-health

(accessed May 29, 2023).

K. Adjei-Mantey, K. Takeuchi, Estimating the spill-over impacts of a clean

cooking fuel program: evidence from ghana, Energy Nexus 8 (2022), 100151,

https://doi.org/10.1016/j.nexus.2022.100151.
[10] United Nations, The sustainable development goals report 2022, 2022. https
://unstats.un.org/sdgs/report/2022/ (accessed Jun. 12, 2023).

[11] G. Boafo-mensah, M.K. Darkwa, G. Laryea, Effect of combustion chamber
material on the performance of an improved biomass cookstove, Case Stud.
Therm. Eng. 21 (2020), https://doi.org/10.1016/j.csite.2020.100688.

[2

[5

8

[9


https://doi.org/10.1038/s41467-021-26036-x
https://doi.org/10.3390/su14106206
https://doi.org/10.1016/j.esd.2021.09.003
https://doi.org/10.1111/ina.12653
https://doi.org/10.1007/978-981-15-7831-1_54
https://doi.org/10.1016/j.envres.2022.112756
https://doi.org/10.1002/ajhb.23899
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://www.who.int/news-room/fact-sheets/detail/household-air-pollution-and-health
https://doi.org/10.1016/j.nexus.2022.100151
https://unstats.un.org/sdgs/report/2022/
https://unstats.un.org/sdgs/report/2022/
https://doi.org/10.1016/j.csite.2020.100688

S.U. Yunusa et al.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

N.S. Rathore, C.K. Singh, N. Rathore, N.L. Panwar, Thermal performance and heat
storage behaviour of three pots improved cookstove, Energy Nexus 6 (2022),
100074, https://doi.org/10.1016/j.nexus.2022.100074.

AN. Onyekuru, C.C. Apeh, C.O. Ume, Households’ willingness to pay for the use
of improved cookstove as a climate change mitigation strategy in nigeria, Handb.
Clim. Change Manag. (2021) 2157-2176, https://doi.org/10.1007/978-3-030-
57281-5_225.

D. Urge-Vorsatz, N. Eyre, P. Graham, D. Harvey, E. Hertwich, Y. Jiang,

C. Kornevall, M. Majumdar, J.E. McMahon, S. Mirasgedis, S. Murakami,

A. Novikova, K. Janda, O. Masera, M. McNeil, K. Petrichenko, S.T. Herrero,

E. Jochem, Energy end-use: buildings, Glob. Energy Assess. (GEA) (2012)
649-760, https://doi.org/10.1017/cbo9780511793677.016, 2012.

N. Maccarty, D. Still, D. Ogle, Fuel use and emissions performance of fifty cooking
stoves in the laboratory and related benchmarks of performance, Energy Sustain.
Dev. 14 (2010) 161-171, https://doi.org/10.1016/j.esd.2010.06.002.

S.C. Anenberg, K. Balakrishnan, J. Jetter, O. Masera, S. Mehta, J. Moss,

V. Ramanathan, Cleaner cooking solutions to achieve health, climate, and
economic cobenefits, Environ. Sci. Technol. 47 (2013) 3944-3952, https://doi.
org/10.1021/es304942e.

S.A. Mehetre, N.L. Panwar, D. Sharma, H. Kumar, Improved biomass cookstoves
for sustainable development: a review, Renew. Sustain. Energy Rev. 73 (2017)
672-687, https://doi.org/10.1016/j.rser.2017.01.150.

M. Sedighi, H. Salarian, A comprehensive review of technical aspects of biomass
cookstoves, Renew. Sustain. Energy Rev. 70 (2017) 656-665, https://doi.org/
10.1016/j.rser.2016.11.175.

E. Phillip, J. Langevin, M. Davis, N. Kumar, A. Walsh, V. Jumbe, M. Clifford, R.
Conroy, D. Stanistreet, Improved cookstoves to reduce household air pollution
exposure in sub-Saharan Africa: a scoping review of intervention studies, 18.
2023, (2023) . 10.1371/journal.pone.0284908.

K.B. Sutar, S. Kohli, M.R. Ravi, A. Ray, Biomass cookstoves: a review of technical
aspects, Renew. Sustain. Energy Rev. 41 (2015) 1128-1166, https://doi.org/
10.1016/j.rser.2014.09.003.

T. Urmee, S. Gyamfi, A review of improved cookstove technologies and programs,
Renew. Sustain. Energy Rev. 33 (2014) 625-635, https://doi.org/10.1016/j.
rser.2014.02.019.

F. Lombardi, F. Riva, G. Bonamini, J. Barbieri, Laboratory protocols for testing of
improved cooking stoves (icss): a review of state-of-the-art and further
developments, Biomass Bioenergy 98 (2017) 321-335, https://doi.org/10.1016/

j-biombioe.2017.02.005.

M. Deng, P. Zhang, H. Yang, R. Ma, Directions to improve the thermal efficiency
of household biomass cookstoves: a review, Energy Build. 278 (2023), 112625,
https://doi.org/10.1016/j.enbuild.2022.112625.

O.F. Obi, R. Pecenka, M.J. Clifford, A review of biomass briquette binders and
quality parameters, Energies 15 (2022), https://doi.org/10.3390/en15072426.
S.Y. Kpalo, M.F. Zainuddin, L.A. Manaf, A.M. Roslan, A review of technical and
economic aspects of biomass briquetting, Sustain 12 (2020), https://doi.org/
10.3390/su12114609.

J. Gutiérrez, E.L. Chica, J.F. Pérez, Parametric analysis of a gasification-based
cookstove as a function of biomass density, gasification behavior, airflow ratio,
and design, ACS Omega 7 (2022) 7481-7498, https://doi.org/10.1021/
acsomega.1c05137.

S.U. Yunusa, E. Mensah, K. Preko, S. Narra, A. Saleh, S. Sanfo, A comprehensive
review on the technical aspects of biomass briquetting, Biomass Convers.
Biorefinery (2023), https://doi.org/10.1007/513399-023-04387-3.

S. Narra, C. Glaser, H.J. Gusovius, P. Ay, Pelletisation of cereal straws as a source
of energy after specific communition processes, in: Proceeding of the 18th
European Biomass Conference and Exhibition, Lyon, France, 2010,

pp. 1585-1591, 2010.

O.A. Akogun, M.A. Waheed, S.O. Ismaila, O.U. Dairo, Physical and combustion
indices of thermally treated cornhusk and sawdust briquettes for heating
applications in nigeria, J. Nat. Fibers 19 (2022) 1201-1216, https://doi.org/
10.1080/15440478.2020.1764445.

S.Y. Kpalo, M.F. Zainuddin, H.B.A. Halim, A.F. Ahmad, Z. Abbas, Physical
characterization of briquettes produced from paper pulp and mesua ferrea
mixtures, Biofuels 13 (2022) 333-340, https://doi.org/10.1080/
17597269.2019.1695361.

A. Saleh, H.O. Ige, F.B. Akande, S.U. Yunusa, M.M. Atiku, Potential of using
agricultural waste (orange peel) and empty water sachets /bags in the production
of sound absorption panel, IOP Conf. Ser. Earth Environ. Sci. 445 (2020), https://
doi.org/10.1088/1755-1315/445/1/012038.

S. Pan, H.M. Zabed, Z. Li, X. Qi, Y. Wei, Enrichment and balancing of nutrients for
improved methane production using three compositionally different agro-
livestock wastes: process performance and microbial community analysis,
Bioresour. Technol. 357 (2022), 127360, https://doi.org/10.1016/j.
biortech.2022.127360.

B. Xiao, X. Tang, W. Zhang, K. Zhang, T. Yang, Y. Han, J. Liu, Effects of rice straw
ratio on mesophilic and thermophilic anaerobic co-digestion of swine manure and
rice straw mixture, Energy 239 (2022), 122021, https://doi.org/10.1016/j.
energy.2021.122021.

D.L. Klass, Biomass for renewable energy and fuels, Encyclopedia of Energy
(2004). www.beral.org (accessed Aug. 01, 2018).

J. Islas, F. Manzini, O. Masera, V. Vargas, Solid biomass to heat and power. The
Role of Bioenergy in the Emerging Bioeconomy, Elsevier Inc., 2019, pp. 145-177,
https://doi.org/10.1016/B978-0-12-813056-8.00004-2, 2019.

M. Imran, A. Zahid, S. Mouneer, O. bzgatalba§, S. Ul Haq, P. Shahbaz,

M. Muzammil, M.R. Murtaza, Relationship between household dynamics,

12

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Energy Nexus 11 (2023) 100225

biomass consumption, and carbon emissions in pakistan, Sustainability 14
(2022), https://doi.org/10.3390/s5u14116762.

A. Padhi, M. Bansal, G. Habib, S. Samiksha, R.S. Raman, Physical, chemical and
optical properties of pm2.5 and gaseous emissions from cooking with biomass
fuel in the indo-gangetic plain, Sci. Total Environ. 841 (2022), 156730, https://
doi.org/10.1016/j.scitotenv.2022.156730.

Z. Rahimi, A. Anand, S. Gautam, An overview on thermochemical conversion and
potential evaluation of biofuels derived from agricultural wastes, Energy Nexus 7
(2022), 100125, https://doi.org/10.1016/j.nexus.2022.100125.

M. Balat, G. Ayar, Biomass energy in the world, use of biomass and potential
trends, Energy Sources 27 (2005) 931-940, https://doi.org/10.1080/
00908310490449045.

S.E. Ibitoye, T.C. Jen, R.M. Mahamood, E.T. Akinlabi, Densification of agro-
residues for sustainable energy generation: an overview, Bioresour. Bioprocess. 8
(2021), https://doi.org/10.1186/540643-021-00427-w.

R.K. Aggarwal, S.S. Chandel, A comprehensive review of four decades of
thermally efficient biomass cookstove initiatives for sustainable development in
india, Int. J. Ambient Energy (2022), https://doi.org/10.1080/
01430750.2022.2086915.

Clean Cooking Alliance CCA, Climate, environment, and clean cooking, 2021.
https://cleancooking.org/the-issues/climate-environment/ (accessed Oct. 05,
2022).

L.N. Huy, E. Winijkul, N.T. Kim Oanh, Assessment of emissions from residential
combustion in southeast asia and implications for climate forcing potential, Sci.
Total Environ. 785 (2021), 147311, https://doi.org/10.1016/j.
scitotenv.2021.147311.

T. Li, B. Liu, X. Bi, J. Wu, Y. Zhang, Y. Feng, Size and chemical characteristics of
particles emitted from typical rural biomass cookstoves in north china, Atmos.
Res. 249 (2021), 105295, https://doi.org/10.1016/j.atmosres.2020.105295.
D.L. Wilson, D.R. Talancon, R.L. Winslow, X. Linares, A.J. Gadgil, Avoided
emissions of a fuel-ef fi cient biomass cookstove dwarf embodied emissions, Dev.
Eng. 1 (2016) 45-52, https://doi.org/10.1016/j.deveng.2016.01.001.

K. Mutuku, F. Njoka, M. Hawi, Design, development and evaluation of a modified
improved charcoal cookstove for space heat and power generation, Int. J. Eng.
Res. Technol. 15 (2022) 119-129.

S.U. Yunusa, M. Isiaka, A. Saleh, Development of double burner natural-draft
biomass cookstove, Agric. Eng. Int. CIGR J. 24 (2022) 194-206.

A.T. Kole, B.A. Zeru, E.A. Bekele, A.V. Ramayya, Design, development, and
performance evaluation of husk biomass cook stove at high altitude condition,
Int. J. Thermofluids 16 (2022), 100242, https://doi.org/10.1016/j.
ijft.2022.100242.

I. Osei, F. Kemausuor, K.M. Commeh, O.J. Akowuah, L. Owusu-takyi, Design,
fabrication and evaluation of non-continuous inverted downdraft gasifier stove
utilizing rice husk as feedstock, Sci. African 8 (2020) e00414, https://doi.org/
10.1016/j.sciaf.2020.e00414.

A. Rupnar, P. Chauhan, Design, development of domestic cookstove suitable for
different solid biomass fuel, Int. J. Environ. Ecol. Fam. Urban Stud. 6 (2016)
15-22 [Online]. Available, http://www.tjprc.org/view-archives.php.

N.L. Panwar, N.S. Rathore, Environment friendly biomass gasifier cookstove for
community cooking, Environ. Technol. 36 (2015) 2308-2311, https://doi.org/
10.1080/09593330.2015.1026290 (United Kingdom).

B.A. Mekonnen, Thermal efficiency improvement and emission reduction
potential by adopting improved biomass cookstoves for sauce-cooking process in
rural ethiopia, Case Stud. Therm. Eng. 38 (2022), 102315, https://doi.org/
10.1016/j.csite.2022.102315.

K. Pal, M.K. Jha, P. Gera, S.K. Tyagi, Energy and exergy analysis of a natural-draft
improved biomass cookstove with varying quantities of different biomass
feedstocks, Biofuels 10 (2019) 121-130, https://doi.org/10.1080/
17597269.2018.1475711.

O.F. Obi, J.C. Ezema, W.I. Okonkwo, Energy performance of biomass cookstoves
using fuel briquettes, Biofuels 11 (2020) 467-478, https://doi.org/10.1080/
17597269.2017.1374769.

Africa Clean Cooking Energy Solution Initiative ACCES, Clean and improved
cooking in sub-saharan africa, Landsc. Rep. (2014) 20-176.

Food and Agricultural Organization FAO, Global forest resources assessment, FAO
For. Pap. (2010). https://www.fao.org/3/i1757e/11757e.pdf (accessed Jan. 03,
2023).

United State Agency for International Development (USAID), Clean and efficient
cooking technologies and fuels, 2017. USAID.GOV/ENERGY/COOKSTOVES
(accessed Sep. 03, 2018).

J. Keese, A. Camacho, A. Chavez, Follow-up study of improved cookstoves in the
cuzco region of peru, Dev. Pract. 27 (2017) 26-36, https://doi.org/10.1080/
09614524.2017.1257565.

B. Gumino, N.A. Pohlman, J. Barnes, P. Wever, Design features and performance
evaluation of natural-draft, continuous operation gasifier cookstove, Clean
Technol. 2 (2020) 252-269, https://doi.org/10.3390/cleantechnol2030017.

H. Manaye, A. Amaha, S. Gufi, Y. Tesfamariam, B. Worku, A. Abrha, Fuelwood
use and carbon emission reduction of improved biomass cook stoves ; evidence
from kitchen performance test in tigray, ethiopia, Energy. Sustain. Soc. 12 (2020),
https://doi.org/10.1186/5s13705-022-00355-3.

U.M. Lahai, E.A. Ofosu, S. Gyamfi, F.A. Diawuo, A.P. Kallon, Technical
considerations for the design and selection of improved cookstoves : a review, Int.
J. Eng. Trends Technol. 70 (2022) 439-449, https://doi.org/10.14445/
22315381 /1JETT-V70112P242. Volume.

K. De La Hoz C, W.A. Gonzalez, Energy performance and variability of an
improved top-lit updraft biomass cookstove under a water boiling test protocol,


https://doi.org/10.1016/j.nexus.2022.100074
https://doi.org/10.1007/978-3-030-57281-5_225
https://doi.org/10.1007/978-3-030-57281-5_225
https://doi.org/10.1017/cbo9780511793677.016
https://doi.org/10.1016/j.esd.2010.06.002
https://doi.org/10.1021/es304942e
https://doi.org/10.1021/es304942e
https://doi.org/10.1016/j.rser.2017.01.150
https://doi.org/10.1016/j.rser.2016.11.175
https://doi.org/10.1016/j.rser.2016.11.175
https://doi.org/10.1016/j.rser.2014.09.003
https://doi.org/10.1016/j.rser.2014.09.003
https://doi.org/10.1016/j.rser.2014.02.019
https://doi.org/10.1016/j.rser.2014.02.019
https://doi.org/10.1016/j.biombioe.2017.02.005
https://doi.org/10.1016/j.biombioe.2017.02.005
https://doi.org/10.1016/j.enbuild.2022.112625
https://doi.org/10.3390/en15072426
https://doi.org/10.3390/su12114609
https://doi.org/10.3390/su12114609
https://doi.org/10.1021/acsomega.1c05137
https://doi.org/10.1021/acsomega.1c05137
https://doi.org/10.1007/s13399-023-04387-3
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0028
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0028
https://doi.org/10.1080/15440478.2020.1764445
https://doi.org/10.1080/15440478.2020.1764445
https://doi.org/10.1080/17597269.2019.1695361
https://doi.org/10.1080/17597269.2019.1695361
https://doi.org/10.1088/1755-1315/445/1/012038
https://doi.org/10.1088/1755-1315/445/1/012038
https://doi.org/10.1016/j.biortech.2022.127360
https://doi.org/10.1016/j.biortech.2022.127360
https://doi.org/10.1016/j.energy.2021.122021
https://doi.org/10.1016/j.energy.2021.122021
http://www.bera1.org
https://doi.org/10.1016/B978-0-12-813056-8.00004-2
https://doi.org/10.3390/su14116762
https://doi.org/10.1016/j.scitotenv.2022.156730
https://doi.org/10.1016/j.scitotenv.2022.156730
https://doi.org/10.1016/j.nexus.2022.100125
https://doi.org/10.1080/00908310490449045
https://doi.org/10.1080/00908310490449045
https://doi.org/10.1186/s40643-021-00427-w
https://doi.org/10.1080/01430750.2022.2086915
https://doi.org/10.1080/01430750.2022.2086915
https://cleancooking.org/the-issues/climate-environment/
https://doi.org/10.1016/j.scitotenv.2021.147311
https://doi.org/10.1016/j.scitotenv.2021.147311
https://doi.org/10.1016/j.atmosres.2020.105295
https://doi.org/10.1016/j.deveng.2016.01.001
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0046
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0047
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0047
https://doi.org/10.1016/j.ijft.2022.100242
https://doi.org/10.1016/j.ijft.2022.100242
https://doi.org/10.1016/j.sciaf.2020.e00414
https://doi.org/10.1016/j.sciaf.2020.e00414
http://www.tjprc.org/view-archives.php
https://doi.org/10.1080/09593330.2015.1026290
https://doi.org/10.1080/09593330.2015.1026290
https://doi.org/10.1016/j.csite.2022.102315
https://doi.org/10.1016/j.csite.2022.102315
https://doi.org/10.1080/17597269.2018.1475711
https://doi.org/10.1080/17597269.2018.1475711
https://doi.org/10.1080/17597269.2017.1374769
https://doi.org/10.1080/17597269.2017.1374769
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0055
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0055
https://www.fao.org/3/i1757e/i1757e.pdf
https://doi.org/10.1080/09614524.2017.1257565
https://doi.org/10.1080/09614524.2017.1257565
https://doi.org/10.3390/cleantechnol2030017
https://doi.org/10.1186/s13705-022-00355-3
https://doi.org/10.14445/22315381/IJETT-V70I12P242
https://doi.org/10.14445/22315381/IJETT-V70I12P242

S.U. Yunusa et al.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

energy sources, part a recover, Util. Environ. Eff. (2020) 1-20, https://doi.org/
10.1080/15567036.2020.1819473.

J.I Orisaleye, O.A. Adefuye, A.A. Ogundare, O.L. Fadipe, A.A. Ope, Performance
evaluation of an inverted downdraft biomass gasifier cook-stove, Eng. Technol.
Res. J. 3 (2018) 48-55, https://doi.org/10.47545/etrj.2018.3.1.039.

S.P. Sood, Y.P. Khandetod, A.G. Mohod, R.M. Dharaskar, K.G. Dhande,
Development and evaluation of biomass cook stove, J. Adv. Agric. Res. Technol. 2
(2018) 76-80.

H. Kumar, N.L. Panwar, Experimental investigation on energy - efficient twin -
mode biomass improved cookstove, SPRINGER Nat. Journal,, SN Appl. Sci. 1
(2019) 1-8, https://doi.org/10.1007/s42452-019-0804-x.

A. Gupta, ANN.V. Mulukutla, S. Gautam, W. TaneKhan, S.S. Waghmare, N.

K. Labhasetwar, Development of a practical evaluation approach of a typical
biomass cookstove, Environ. Technol. Innov. 17 (2020), 100613, https://doi.org/
10.1016/j.eti.2020.100613.

D. Kriiger, O. Mutlu, The apeli: an affordable, low-emission and fuel-flexible tier 4
advanced biomass cookstove, Energies 16 (2023), https://doi.org/10.3390/
enl16073278.

M. Rasoulkhani, M. Ebrahimi-Nik, M.H. Abbaspour-Fard, A. Rohani, Comparative
evaluation of the performance of an improved biomass cook stove and the
traditional stoves of iran, Sustain. Environ. Res. 28 (2018) 438-443, https://doi.
0rg/10.1016/j.5erj.2018.08.001.

E. Dresen, B. DeVries, M. Herold, L. Verchot, R. Miiller, Fuelwood savings and
carbon emission reductions by the use of improved cooking stoves in an
afromontane forest, ethiopia, Land 3 (2014) 1137-1157, https://doi.org/
10.3390/1and3031137.

A.A. Bantu, G. Nuwagaba, S. Kizza, Y.K. Turinayo, Design of an improved cooking
stove using high density heated rocks and heat retaining techniques, J. Renew.
Energy (2018), https://doi.org/10.1155/2018/9620103.

A. Karanja, A. Gasparatos, Adoption of improved biomass stoves in kenya: a
transect-based approach in kiambu and muranga counties, Environ. Res. Lett. 15
(2020), https://doi.org/10.1088/1748-9326/ab63e2.

K.L. Dickinson, R. Piedrahita, E.R. Coffey, E. Kanyomse, R. Alirigia, T. Molnar,
Y. Hagar, M.P. Hannigan, A.R. Oduro, C. Wiedinmyer, Adoption of improved
biomass stoves and stove/fuel stacking in the reaccting intervention study in
northern ghana, Energy Policy 130 (2019) 361-374, https://doi.org/10.1016/j.
enpol.2018.12.007.

World Bank WB, Household cookstoves, environment, health, and climate
change: a new look at an old problem, 2011. https://documentsl.worldbank.org/
curated/en/732691468177236006/pdf/632170WP0OHouse00Box0361508B0PU
BLICO.pdf (accessed Jun. 10, 2023).

V.H. Honkalaskar, U.V Bhandarkar, M. Sohoni, Development of a fuel efficient
cookstove through a participatory bottom-up approach, Energy. Sustain. Soc. 3
(2013).

K.D. Adem, D.A. Ambie, Performance and emission reduction potential of micro-
gasifier improved through better design, 5 (2017) 63-76. 10.3934/
energy.2017.1.63.

R. Suresh, V.K. Singh, J.K. Malik, A. Datta, R.C. Pal, Evaluation of the
performance of improved biomass cooking stoves with different solid biomass
fuel types, Biomass Bioenergy J. 95 (2016) 27-34.

LF. Okafor, G.O. Unachukwu, Performance evaluation of nozzle type improved
wood cook stove, Am. J. Sustain. Agric. 6 (2012) 195-203.

N.L. Panwar, A.K. Kurchania, N.S. Rathore, Mitigation of greenhouse gases by
adoption of improved biomass cookstoves, Mitig. Adapt. Strateg. Glob. Change 14
(2009) 569-578, https://doi.org/10.1007/s11027-009-9184-7.

S.K. Singh, S.C. Kaushik, V.V. Tyagi, S.K. Tyagi, Experimental and computational
investigation of waste heat recovery from combustion device for household
purposes, Int. J. Energy Environ. Eng. 13 (2022) 353-364, https://doi.org/
10.1007/540095-021-00430-z.

Global Alliance for Clean Cookstoves, Handbook for biomass cookstove research,
design, and development 2017. https://cleancooking.org/binary-data/RE
SOURCE/file/000/000/517-1.pdf (accessed May 24, 2022).

A.R. Verma, R. Prasad, V.K. Vijay, R. Tiwari, Modi fi cations in improved
cookstove for ef fi cient design, in: Proceedings of the First International
Conference on Recent Advances in Bioenergy Research, Springer Proceedings in
Energy, 2016, pp. 245-253, https://doi.org/10.1007/978-81-322-2773-1, 2016.
LF. Okafor, Energy efficient biomass cookstoves: performance evaluation, quality
assurance and certification, Sci. J. Energy Eng. 7 (2019) 54, https://doi.org/
10.11648/j.sjee.20190704.11.

P. Raman, N.K. Ram, J. Murali, Improved test method for evaluation of bio-mass
cook-stoves, Energy 71 (2014) 1-17, https://doi.org/10.1016/j.
energy.2014.04.101.

J. Granderson, J.S. Sandhu, D. Vasquez, E. Ramirez, K.R. Smith, Fuel use and
design analysis of improved woodburning cookstoves in the guatemalan
highlands, Biomass Bioenergy 33 (2009) 306-315, https://doi.org/10.1016/j.
biombioe.2008.06.003.

Z. Gebreegziabher, A.D. Beyene, R. Bluffstone, P. Martinsson, A. Mekonnen, M.
A. Toman, Fuel savings, cooking time and user satisfaction with improved
biomass cookstoves: evidence from controlled cooking tests in ethiopia, Resour.
Energy Econ. 52 (2018) 173-185, https://doi.org/10.1016/j.
reseneeco.2018.01.006.

A. Mekonnen, A. Beyene, R. Bluffstone, Z. Gebreegziabher, P. Martinsson,

M. Toman, F. Vieider, Do improved biomass cookstoves reduce fuelwood
consumption and carbon emissions? evidence from a field experiment in rural
ethiopia, Ecol. Econ. 198 (2022), 107467, https://doi.org/10.1016/].
ecolecon.2022.107467.

13

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Energy Nexus 11 (2023) 100225

Global Alliance for Clean Cookstoves GACC, Stove performance inventory report,
2012. http://berkeleyair.com/wp-content/publications/SPT_Inventory_Report
_v3_0.pdf (accessed Dec. 30, 2022).

N. Zhao, Y. Zhang, X. Li, D.K. Kimemia, H.J. Annegarn, T. Makonese, R. Dong,
Y. Zhou, Safety certification of improved biomass cooking stoves — a test method
for tipping, sliding, and spilling stability, Front. Energy Res. (2023), https://doi.
org/10.3389/fenrg.2022.958303.

R.S. Bello, M.A. Onilude, T.A. Adegbulugbe, Design and performance evaluation
of supplemental air supplied charcoal stove, Int. Lett. Chem. Phys. Astron. 54
(2015) 1-10, https://doi.org/10.18052/www.scipress.com/ILCPA.54.1.

D.T. Bantelay, N. Gabbiye, Design, manufacturing and performance evaluation of
house hold gasifier stove : a case study of ethiopia, Am. J. Energy Eng. 2 (2014)
96-102, https://doi.org/10.11648/j.ajee.20140204.12.

P. Raman, N.K. Ram, R. Gupta, Development, design and performance analysis of
a forced draft clean combustion cookstove powered by a thermo electric
generator with multi-utility options, Energy J. 69 (2014) 813-825.

S.S. Saiyyadjilani, P.G. Tewari, R. Tapaskar, A.P. Madival, M. Gorawar, P.

P. Revankar, Design of Improved Biomass Cook Stove for Domestic Utility,
Springer Int. Publ. AG, 2018, https://doi.org/10.1007/978-3-319-53556-2.

S.A. Ayo, Design, construction and testing of an improved wood stove, AU J.
Technol. 13 (2009) 12-18.

B.Y. Mekonnen, A.A. Hassen, Design, construction and testing of hybrid solar-
biomass cook stove, Springer Nat. Switz. 1 (2019) 225-238, https://doi.org/
10.1007/978-3-030-15357-1.

F. Carbone, E.L. Carlson, D. Baroni, A. Gomez, The whirl cookstove: a novel
development for clean biomass burning, Combust. Sci. Technol. 188 (2016)
594-610, https://doi.org/10.1080/00102202.2016.1139364.

N.L. Panwar, H. Kumar, Waste heat recovery from improved cookstove through
thermoelectric generator, Int. J. Ambient Energy 43 (2022) 466-470, https://doi.
org/10.1080/01430750.2019.1653978.

I. Ahmed, I. Aier, N. Murtagh, P. Kaushal, M. Lakhanpaul, V.K. Vijay, P. Parikh,
Thermo-electric generation (teg) enabled cookstoves in a rural indian
community: a longitudinal study of user behaviours and perceptions, Environ.
Res. Commun. 4 (2022), 085003, https://doi.org/10.1088/2515-7620/ac8ae8.
J. Pantelic, Y.J. Son, B. Staven, Q. Liu, Cooking emission control with iot sensors
and connected air quality interventions for smart and healthy homes: evaluation
of effectiveness and energy consumption, Energy Build. 286 (2023), 112932,
https://doi.org/10.1016/j.enbuild.2023.112932.

S. Mawusi, P. Shrestha, T. Gao, M. Liu, Z. Li, M. Jiao, Y. Li, M. Yan, C. Li, C. Xue,
G. Liu, A laboratory assessment of how biomass pellets could reduce indoor air
pollution, mitigate climate change and benefit health compared to other solid
fuels used in ghana, Energy Sustain. Dev. 72 (2023) 127-138, https://doi.org/
10.1016/j.esd.2022.12.011.

J. Leary, M. Leach, S. Batchelor, N. Scott, E. Brown, Battery-supported ecooking: a
transformative opportunity for 2.6 billion people who still cook with biomass,
Energy Policy 159 (2021), 112619, https://doi.org/10.1016/j.
enpol.2021.112619.

Food and Agricultural Organization FAO, The state of the world’s forest: forest
pathways for green recovery and building inclusive, resilient and sustainable
economies, 2022. https://www.fao.org/publications/home/fao-flagship-publicati
ons/the-state-of-the-worlds-forests/en (accessed Jan. 03, 2023).

Y. Alem, Mitigating climate change through sustainable technology adoption:
insights from cookstove interventions, Nairobi, 2021. https://www.africaportal.
org/publications/mitigating-climate-change-through-sustainable-technology-ado
ption-insights-cookstove-interventions/ (accessed May 24, 2022).

S. Bentson, D. Evitt, D. Still, D. Lieberman, N. Maccarty, Retrofitting stoves with
forced jets of primary air improves speed, emissions, and efficiency: evidence
from six types of biomass cookstoves, Energy Sustain. Dev. 71 (2022) 104-117,
https://doi.org/10.1016/j.esd.2022.09.013.

H. Miller, J. Shrestha, O. Lefebvre, N. Maccarty, Use of an integrated suite of
sensors to simultaneously monitor fuel consumption, air quality, and adoption
provides important insights and validates impact metrics for household stoves,
Dev. Eng. 7 (2022), 100099, https://doi.org/10.1016/j.deveng.2022.100099.

S. Hing, A. Gadgil, Sensors show long-term dis-adoption of purchased improved
cookstoves in rural india, while surveys miss it entirely, Dev. Eng. 8 (2023),
100111, https://doi.org/10.1016/j.deveng.2023.100111.

L. Deng, D. Torres-Rojas, M. Burford, T.H. Whitlow, J. Lehmann, E.M. Fisher, Fuel
sensitivity of biomass cookstove performance, Appl. Energy 215 (2018) 13-20,
https://doi.org/10.1016/j.apenergy.2018.01.091.

B.H. Tambunan, J.P. Simanjuntak, I. Koto, The use of thermo electric generator to
utilize the waste heat from the biomass stove into electricity, J. Phys. Conf. Ser.
(2022) 2193, https://doi.org/10.1088/1742-6596,/2193/1/012045.

1. Jan, S. Ullah, W. Akram, N.P. Khan, S.M. Asim, Z. Mahmood, M.N. Ahmad, S.
S. Ahmad, Adoption of improved cookstoves in pakistan: a logit analysis, Biomass
Bioenergy 103 (2017) 55-62, https://doi.org/10.1016/j.biombioe.2017.05.014.
M.A. Jeuland, S.K. Pattanayak, S. Samaddar, R. Shah, M. Vora, Adoption and
impacts of improved biomass cookstoves in rural rajasthan, Energy Sustain. Dev.
57 (2020) 149-159, https://doi.org/10.1016/j.esd.2020.06.005.

1. Ruiz-mercado, O. Masera, H. Zamora, K.R. Smith, Adoption and sustained use of
improved cookstoves, Energy Policy 39 (2011) 7557-7566, https://doi.org/
10.1016/j.enpol.2011.03.028.

M.A. Diaz-Vasquez, R.J. Diaz-Manchay, F.E. Le6n-Jiménez, L.M. Thompson,

K. Troncoso, V.E. Failoc-Rojas, Adoption and impact of improved cookstoves in
lambayeque, peru, Glob. Health Promot 27 (2020) 123-130, https://doi.org/
10.1177/1757975920945248.


https://doi.org/10.1080/15567036.2020.1819473
https://doi.org/10.1080/15567036.2020.1819473
https://doi.org/10.47545/etrj.2018.3.1.039
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0064
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0064
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0064
https://doi.org/10.1007/s42452-019-0804-x
https://doi.org/10.1016/j.eti.2020.100613
https://doi.org/10.1016/j.eti.2020.100613
https://doi.org/10.3390/en16073278
https://doi.org/10.3390/en16073278
https://doi.org/10.1016/j.serj.2018.08.001
https://doi.org/10.1016/j.serj.2018.08.001
https://doi.org/10.3390/land3031137
https://doi.org/10.3390/land3031137
https://doi.org/10.1155/2018/9620103
https://doi.org/10.1088/1748-9326/ab63e2
https://doi.org/10.1016/j.enpol.2018.12.007
https://doi.org/10.1016/j.enpol.2018.12.007
https://documents1.worldbank.org/curated/en/732691468177236006/pdf/632170WP0House00Box0361508B0PUBLIC0.pdf
https://documents1.worldbank.org/curated/en/732691468177236006/pdf/632170WP0House00Box0361508B0PUBLIC0.pdf
https://documents1.worldbank.org/curated/en/732691468177236006/pdf/632170WP0House00Box0361508B0PUBLIC0.pdf
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0074
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0074
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0074
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0076
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0076
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0076
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0077
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0077
https://doi.org/10.1007/s11027-009-9184-7
https://doi.org/10.1007/s40095-021-00430-z
https://doi.org/10.1007/s40095-021-00430-z
https://cleancooking.org/binary-data/RESOURCE/file/000/000/517-1.pdf
https://cleancooking.org/binary-data/RESOURCE/file/000/000/517-1.pdf
https://doi.org/10.1007/978-81-322-2773-1
https://doi.org/10.11648/j.sjee.20190704.11
https://doi.org/10.11648/j.sjee.20190704.11
https://doi.org/10.1016/j.energy.2014.04.101
https://doi.org/10.1016/j.energy.2014.04.101
https://doi.org/10.1016/j.biombioe.2008.06.003
https://doi.org/10.1016/j.biombioe.2008.06.003
https://doi.org/10.1016/j.reseneeco.2018.01.006
https://doi.org/10.1016/j.reseneeco.2018.01.006
https://doi.org/10.1016/j.ecolecon.2022.107467
https://doi.org/10.1016/j.ecolecon.2022.107467
http://berkeleyair.com/wp-content/publications/SPT_Inventory_Report_v3_0.pdf
http://berkeleyair.com/wp-content/publications/SPT_Inventory_Report_v3_0.pdf
https://doi.org/10.3389/fenrg.2022.958303
https://doi.org/10.3389/fenrg.2022.958303
https://doi.org/10.18052/www.scipress.com/ILCPA.54.1
https://doi.org/10.11648/j.ajee.20140204.12
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0091
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0091
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0091
https://doi.org/10.1007/978-3-319-53556-2
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0093
http://refhub.elsevier.com/S2772-4271(23)00055-4/sbref0093
https://doi.org/10.1007/978-3-030-15357-1
https://doi.org/10.1007/978-3-030-15357-1
https://doi.org/10.1080/00102202.2016.1139364
https://doi.org/10.1080/01430750.2019.1653978
https://doi.org/10.1080/01430750.2019.1653978
https://doi.org/10.1088/2515-7620/ac8ae8
https://doi.org/10.1016/j.enbuild.2023.112932
https://doi.org/10.1016/j.esd.2022.12.011
https://doi.org/10.1016/j.esd.2022.12.011
https://doi.org/10.1016/j.enpol.2021.112619
https://doi.org/10.1016/j.enpol.2021.112619
https://www.fao.org/publications/home/fao-flagship-publications/the-state-of-the-worlds-forests/en
https://www.fao.org/publications/home/fao-flagship-publications/the-state-of-the-worlds-forests/en
https://www.africaportal.org/publications/mitigating-climate-change-through-sustainable-technology-adoption-insights-cookstove-interventions/
https://www.africaportal.org/publications/mitigating-climate-change-through-sustainable-technology-adoption-insights-cookstove-interventions/
https://www.africaportal.org/publications/mitigating-climate-change-through-sustainable-technology-adoption-insights-cookstove-interventions/
https://doi.org/10.1016/j.esd.2022.09.013
https://doi.org/10.1016/j.deveng.2022.100099
https://doi.org/10.1016/j.deveng.2023.100111
https://doi.org/10.1016/j.apenergy.2018.01.091
https://doi.org/10.1088/1742-6596/2193/1/012045
https://doi.org/10.1016/j.biombioe.2017.05.014
https://doi.org/10.1016/j.esd.2020.06.005
https://doi.org/10.1016/j.enpol.2011.03.028
https://doi.org/10.1016/j.enpol.2011.03.028
https://doi.org/10.1177/1757975920945248
https://doi.org/10.1177/1757975920945248

S.U. Yunusa et al.

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

J. Rosenbaum, E. Derby, K. Dutta, Understanding consumer preference and
willingness to pay for improved cookstoves in bangladesh, J. Health Commun. 20
(2015) 20-27, https://doi.org/10.1080/10810730.2014.989345.

E. Nduka, How to get rural households out of energy poverty in nigeria: a
contingent valuation, Energy Policy 149 (2021), 112072, https://doi.org/
10.1016/j.enpol.2020.112072.

A.N. Onyekuru, C.C. Apeh, C.0. Ume. Households” Willingness to Pay for the Use
of Improved Cookstove as a Climate Change Mitigation Strategy in Nigeria, 2021,
pp. 2157-2176, https://doi.org/10.1007/978-3-030-57281-5_225.

F. Kapfudzaruwa, J. Fay, T. Hart, Improved cookstoves in africa: explaining
adoption patterns, Dev. South. Afr. 34 (2017) 548-563, https://doi.org/10.1080/
0376835X.2017.1335592.

J.J. Lewis, S.K. Pattanayak, Who adopts improved fuels and cookstoves? a
systematic review, Environ. Health Perspect. 120 (2012) 637-645, https://doi.
org/10.1289/ehp.1104194.

F.A. Kitole, F.Y. Tibamanya, J.K. Sesabo, Cooking energy choices in urban areas
and its implications on poverty reduction, Int. J. Sustain. Energy 42 (2023)
474-489, https://doi.org/10.1080/14786451.2023.2208680.

B.L. Robinson, S. Jewitt, M.J. Clifford, J. Hewitt, Understanding the current
market enablers for nepal’s biomass cookstove industry, Dev. Pract. 32 (2022)
52-68, https://doi.org/10.1080/09614524.2021.1893659.

Global Alliance for Clean Cookstoves GACC, Igniting change: a strategy for
universal adoption of clean cookstoves and fuels, 2011. https://cleancooking.org
/reports-and-tools/igniting-change-a-strategy-for-universal-adoption-of-clea
n-cookstoves-and-fuels/ (accessed Aug. 01, 2018).

T. Adler, Better burning, better breathing: improving health with cleaner
cookstoves, Environ. Health Perspect. (2010). https://www.ncbi.nlm.nih.gov/p
mc/articles/PMC2854788/ (accessed Jan. 03, 2023).

B.L. Robinson, M.J. Clifford, S. Jewitt, TIME to change: rethinking humanitarian
energy access, Energy Res. Soc. Sci. 86 (2022), 102453, https://doi.org/10.1016/
j-erss.2021.102453.

C.E. Matavel, H. Kachele, J.M. Hafner, C. Rybak, H. Hoffmann, H.K. Kipkulei,
J. Massuque, J. Steinke, S. Sieber, How to increase cookstove adoption? exploring
cost-effective dissemination techniques in central mozambique, Energy Res. Soc.
Sci. 100 (2023), 103082, https://doi.org/10.1016/j.erss.2023.103082.

R. Balilis, I. Mutisya, S. Hounsell, K. McLean, Low-cost interventions to reduce
emissions and fuel consumption in open wood fires in rural communities:

14

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Energy Nexus 11 (2023) 100225

evidence from field surveys, Energy Sustain. Dev. 63 (2021) 145-152, https://
doi.org/10.1016/j.esd.2021.06.005.

L. Stevens, E. Santangelo, K. Muzee, M. Clifford, S. Jewitt, Market mapping for
improved cookstoves: barriers and opportunities in east africa, Dev. Pract. 30
(2020) 37-51, https://doi.org/10.1080/09614524.2019.1658717.

D. Pope, M. Johnson, N. Fleeman, K. Jagoe, R. Duarte, M. Maden, R. Ludolph,
N. Bruce, M. Shupler, H. Adair-Rohani, J. Lewis, Are cleaner cooking solutions
clean enough? a systematic review and meta-analysis of particulate and carbon
monoxide concentrations and exposures, Environ. Res. Lett. 16 (2021), 083002,
https://doi.org/10.1088/1748-9326/ac13ec.

R. Witinok-huber, M.L. Clark, J. Volckens, B.N. Young, M.L. Benka-coker,

E. Walker, J.L. Peel, C. Quinn, J.P. Keller, Effects of household and participant
characteristics on personal exposure and kitchen concentration of fine particulate
matter and black carbon in rural honduras, Environ. Res. 214 (2022), 113869,
https://doi.org/10.1016/j.envres.2022.113869.

K.E. Woolley, E. Dickinson-Craig, H.L. Lawson, J. Sheikh, R. Day, F.D. Pope, S.
M. Greenfield, S.E. Bartington, D. Warburton, S. Manaseki-Holland, M.J. Price, D.
J. Moore, G.N. Thomas, Effectiveness of interventions to reduce household air
pollution from solid biomass fuels and improve maternal and child health
outcomes in low- and middle-income countries: a systematic review and meta-
analysis, Indoor Air (2022), https://doi.org/10.1111/ina.12958.

A. Schilmann, V. Ruiz-Garcia, M. Serrano-Medrano, L.A. De La Sierra De La Vega,
B. Olaya-Garcia, J.A. Estevez-Garcia, V. Berrueta, H. Riojas-Rodriguez, O. Masera,
Just and fair household energy transition in rural latin american households: are
we moving forward? Environ. Res. Lett. 16 (2021), 105012 https://doi.org/
10.1088/1748-9326/ac28b2.

Global Alliance for Clean Cookstoves GACC, 2016 progress report on clean
cooking: key to achieving global development and climate goals, 2016. https
://cleancooking.org/reports-and-tools/alliance-2016-progress-report/ (accessed
Mar. 21, 2022).

C.M. Lee, C. Chandler, M. Lazarus, F.X. Johnson, Assessing the climate impacts of
cookstove project: issues in emissions accounting, SEI 1 (2013) 28, https://doi.
org/10.12924/cis2013.01020053.

Global Alliance for Clean Cookstoves GACC, Scaling adoption of clean cooking
solutions through women’s empowerment, 2013. https://cleancooking.org/repo
rts-and-tools/scaling-adoption-of-clean-cooking-solutions-through-womens-empo
werment/ (accessed Jan. 03, 2023).


https://doi.org/10.1080/10810730.2014.989345
https://doi.org/10.1016/j.enpol.2020.112072
https://doi.org/10.1016/j.enpol.2020.112072
https://doi.org/10.1007/978-3-030-57281-5_225
https://doi.org/10.1080/0376835X.2017.1335592
https://doi.org/10.1080/0376835X.2017.1335592
https://doi.org/10.1289/ehp.1104194
https://doi.org/10.1289/ehp.1104194
https://doi.org/10.1080/14786451.2023.2208680
https://doi.org/10.1080/09614524.2021.1893659
https://cleancooking.org/reports-and-tools/igniting-change-a-strategy-for-universal-adoption-of-clean-cookstoves-and-fuels/
https://cleancooking.org/reports-and-tools/igniting-change-a-strategy-for-universal-adoption-of-clean-cookstoves-and-fuels/
https://cleancooking.org/reports-and-tools/igniting-change-a-strategy-for-universal-adoption-of-clean-cookstoves-and-fuels/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2854788/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2854788/
https://doi.org/10.1016/j.erss.2021.102453
https://doi.org/10.1016/j.erss.2021.102453
https://doi.org/10.1016/j.erss.2023.103082
https://doi.org/10.1016/j.esd.2021.06.005
https://doi.org/10.1016/j.esd.2021.06.005
https://doi.org/10.1080/09614524.2019.1658717
https://doi.org/10.1088/1748-9326/ac13ec
https://doi.org/10.1016/j.envres.2022.113869
https://doi.org/10.1111/ina.12958
https://doi.org/10.1088/1748-9326/ac28b2
https://doi.org/10.1088/1748-9326/ac28b2
https://cleancooking.org/reports-and-tools/alliance-2016-progress-report/
https://cleancooking.org/reports-and-tools/alliance-2016-progress-report/
https://doi.org/10.12924/cis2013.01020053
https://doi.org/10.12924/cis2013.01020053
https://cleancooking.org/reports-and-tools/scaling-adoption-of-clean-cooking-solutions-through-womens-empowerment/
https://cleancooking.org/reports-and-tools/scaling-adoption-of-clean-cooking-solutions-through-womens-empowerment/
https://cleancooking.org/reports-and-tools/scaling-adoption-of-clean-cooking-solutions-through-womens-empowerment/

	Biomass cookstoves: A review of technical aspects and recent advances
	1 Introduction
	2 Biomass energy
	3 Biomass cookstoves
	3.1 Types of cookstoves
	3.1.1 Traditional cookstoves (primitive designs)
	3.1.2 Improved cookstove (advanced designs)

	3.2 Improved cookstove design and development
	3.2.1 Cookstove construction materials

	3.3 Cookstove testing protocol
	3.4 Overview of performances of different models of improved cookstoves

	4 Recent advances in cookstove research
	5 Adoption and dissemination of cookstoves
	5.1 Factors limiting improved cookstoves adoption
	5.2 Potential factors that will enhance the adoption of improved cookstoves

	6 Conclusion
	7 Recommendations for future investigation
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Funding
	Acknowledgment
	References


