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Abstract- Worldwide, millions of people with limited access to 
modem energy sources cook food using a wide variety of solid 
fuels, primarily biomass. Often the cooking arrangement is no 
more than three stones supporting a pot; sometimes there is an 

appliance which may be fashioned from local materials; sometimes 
there is a fabricated appliance. In most cases the combustion of the 
fuel exposes the cook and often the whole family to smoke and 
particulates. The World Health Organisation indicates that this 
exposure is one of the leading causes of Disability Adjusted Lost 
Years of life. 

Many organisations have taken credible steps to alleviate the 
problem, specifically by supplying improved stove technologies, 
improved or alternate fuels, or a combination thereof. One of the 
challenges, however, is that there is no agreement on what the 
performance criteria should be for a so-called "clean stove" or 
improved cooking technology. Some have focused on the 
efficiency of the cooking process, arguing that the use of less fuel 
for a given duty would inherently lower the risks, implicitly 
assuming that emissions are an inherent property of the fuel. Some 
have focused on minimizing the total energy used per task, not the 
total fuel, treating the leftover charcoal as 'unburned fuel,'similarly 

assuming that less energy means less emissions. Others have 
focused on ensuring the cleanest possible bum, often by careful 
preparation of the fuel, which often leads to the inefficient use of 
the available fuel resource and rejection by the users. Some have 
focused on the nature of the fuel, overlooking the fact that 
emissions arise from the choice of the fuel-stove combination. 
Moreover, users tend to use what is most readily and most cheaply 
to hand, and are not readily persuaded to use "better" alternative 
fuels. 

In this contribution we seek to explore the range of demands from 
users, in the hope of finding some common threads which would 
permit the rational development of standards for clean solid-fuelled 
cookstoves adaptable to the huge range of fuels and cooking cycles 
employed worldwide. 

Index Terms- Clean cookstoves; Solid fuels; Domestic energy 

1 INTRODUCTION 

Millions of people worldwide cook their food using 

primary or waste solid biomass as fuel. The biomass is 

burned and the heat produced is transferred, usually via a 
cooking pot, to the food. Sometimes meat (in particular) 

and some vegetables (for instance, maize) are cooked over 

an open fire without employing any cooking pot, but most 
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starch-containing foods are cooked in a pot with the addition 

of water. 
At various points in the process, the fire is likely to emit 

smoke. "Smoke" is a generic term for visible particulate 

matter of a size such that it can remain suspended in the air. 

Visible smoke consists primarily of semi-volatile organic 

matter which has condensed into solid or liquid particles, 
depending on fuel composition and the local ambient 

temperature [1]. Studies of wood smoke under varying 

combustion conditions, emitted from a stove burning 
relatively hot or relatively cold, and from an open fireplace, 

showed that the smoke was predominantly carbon; that it 

contained significant quantities of volatile organic 

compounds; and that some of the volatile organic 

compounds could be collected on cold surfaces making it 
necessary to correct for this effect when determining the 

volatile organic carbon content and total mass of the smoke 

[1]. The cold-burning stove and the open fireplace produced 

similar smoke with comparatively little elemental carbon, 

whereas the smoke from the hot-burning stove had 

relatively large quantities of elemental carbon and far less 

inorganic elements such as K, S and N than the other stoves. 

Softwood gave more smoke than hardwood, although the 

smoke tended to contain less elemental carbon. 

The size of smoke particles was generally <2.5I1m, with 

a significant portion <0.3I1m. It is therefore in the respirable 

range, i.e. it is able to reach the deep lung where there are 

particularly sensitive tissues. In a typical study [2], it was 
found that smoke from high-temperature combustion had 

significantly less cytotoxicity than smoke from lower

temperature combustion and that there was little impact 

from polyaromatic hydrocarbons on the toxicity - the 

volatile organic fraction of the smoke was a better indicator 
of the health risk. "Exposure to particulate matter in ambient 

air has been associated with effects on the pulmonary as 

well as the cardiovascular system. These effects include 

exacerbation of asthma and allergy, chronic obstructive 

pulmonary disease, pulmonary fibrosis, increased risk of 

lung cancer, atherosclerosis and acute cardiac effects."[2] 

The World Health Organisation estimates that[2]: 

i. "Around 3 billion people cook and heat their homes 
using open fires and simple stoves burning biomass 
(wood, animal dung and crop waste) and coal. 

ii. Over 4 million people die prematurely from illness 
attributable to the household air pollution from cooking 
with solid fuels. 

iii. More than 50% of premature deaths among children 
under 5 are due to pneumonia caused by particulate 
matter (soot) inhaled from household air pollution. 

iv. 3.8 million premature deaths annually from non
communicable diseases including stroke, ischaemic 
heart disease, chronic obstructive pulmonary disease 



and lung cancer are attributed to exposure to household 
air pollution." 5 

A further threat to human health is the release of carbon 
monoxide (CO) during combustion of biofuels. This is 

generally associated with excessive or inadequate air supply 

interfering with complete combustion. The negative effects 

of carbon monoxide are extensive, but the primary impact is 

to bind to haemoglobin, the substance in the blood that 

transfers oxygen to the muscles. The resultant 

carboxyhaemoglobin, while still carrying some oxygen, 

does not release it as readily as pure haemoglobin[4]. 

Exposure to atmospheres containing over 100 ppm CO can 

be hazardous to health. There is, however, remarkably little 

documented evidence for the impact of this gas on life, 

disability and illness, in contrast to the very extensive work 

that has been undertaken to quantifY the impacts of 

particulate matter. "From the available data, carbon 

monoxide poisoning is the most common cause of injury 

and death due to poisoning worldwide"[5], but there is very 

little supporting data. 

It is therefore apparent that clean-burning solid-fuelled 

stoves should have as a primary target the avoidance of 

generating particulate matter during the cooking process, 

which will, naturally, involve all aspects of combustion 

from first ignition through refueling (if necessary) to final 
burnout. It is also necessary to simultaneously reduce 

carbon monoxide levels as far as possible. In attempting to 
achieve these targets, several things must be borne in mind: 

v. There is a huge range of fuels which are employed, and 
because in the economic stratum which regularly uses 
biomass fuel for cooking, any waste that can be burned, 
will be. As an indication, the urban waste stream from 
the Johannesburg suburb of Soweto contained about 
30% combustible material in summer and none in 
winter [6]. 

vi. Household cooking is generally a batch process, which 
means that the fire only sees fresh fuel on ignition and 
when being refuelled. The rest of the time, the fuel is in 
a state of progressive pyrolysis. Obtaining a reasonably 
controlled heat output therefore requires attention to the 
supply of fuel and air. Moreover, smoke emission 
primarily occurs either from heated fuel which has not 
yet reached ignition temperature, or because of an 
excessive supply of chilling air, or where the oxygen 
content of the gas stream in its immediate vicinity is 
inadequate to support combustion. So, for instance, in a 
bottom-lit appliance 6, the heat from the fire at the 
bottom can pyrolyse the fuel near the top, and because 
the oxygen in the air has been consumed by fire during 
passage through the bottom of the fuel, there is not 
enough oxygen to sustain combustion of the pyrolysis 
products at the top, thus smoke - unburned fuel- is 
emitted. Similarly, later in the combustion process, 

5 With the caveat that there are, " ... substantial uncertainties about the 
future trends in chronic respiratory disease mortality for non-smokers ... " 
(the population segment into which domestic cooks are grouped). 
http://www.plosmedicine.org/article/fetchObject.action?representation=PD 
F&uri=info:doi/l 0.1371 /journal.pmed.0030442 referenced in 
http://www. who. intlhealthinfo/global burden disease/projections/en/ 

6 "Bottom-I it" means there is a fire and fuel is either placed upon it, or 
the fuel was already there when the fire was ignited. On contact, the cold 
fuel above extinguishes the fire below, creating a large amount of smoke. 

most of the fuel on the outer part of the pieces of fuel 
will have been burned. The fuel pieces will probably be 
covered in char, but the inner parts are still being heated 
and smoke will then be emitted as a result of the 
pyrolysis taking place inside. 

vii. During cooking, many starch products require holding at 
a temperature close to the local boiling point for an 
extended period in order to cook properly. Starch is a 
polysaccharide found in many foods such as maize, rice, 
wheat, potatoes and oats. It is a carbohydrate, made up 
of glucose units linked by glycosidic bonds. When the 
starch is cooked, the heat energy breaks some of the 
bonds linking the glucose units together, so releasing 
glucose. This gives cooked food a natural sweetness. 
Moreover, starch is made up of two polysaccharide 
components, known as amylose and amylopectin. When 
starch is cooked in water, amylose leaches out, then 
bonds to form organised lattice structures, "gels", which 
thicken the food. These reactions literally absorb heat 
but this happens relatively slowly, even at the 
temperature of boiling water, so the foods are 
"simmered" (held close to boiling point) in order to 
complete their cooking[7]. 

viii. In contrast, many proteins will cook at temperatures as 
low as 70°C. Indeed, an egg can be cooked in its shell 
at 62°C if held at that temperature for 180 minutes. 
Most pathogenic bacteria are destroyed within a few 
minutes by cooking at 70°C. 

ix. The development of flavour while cooking involves one 
of two basic reactions. The first is caramelisation, 
which occurs when the sugars released in cooking are 
heated to between 110° and 205°C. Monoglycerides 
glucose and fructose react to produce flavourful 
compounds, as shown by a browning of the food. The 
second reaction is the Maillard reaction, between an 
amino acid and a sugar. This also takes place below 
about 250°C and is responsible for the browning of meat 
and the complexity of coffee flavours. Roasted nuts are 
also beneficiaries of this reaction [7]. 

What these factors indicate is that the design of a clean 
cooking appliance must permit a whole range of control 

actions if it is to fully meet the requirements of the user. For 

any given food, one can define a series of cooking steps - a 

cooking cycle - to transform the raw material into a food 
cooked to the expectations of the user. How the individual 

steps are achieved will depend on the fuel and the stove, and 

the precise way in which they are employed. 

2 THE mSTORY OF CLEAN COOKSTOVE EFFORTS 

Over the years, there has been a concerted effort to 
produce clean cookstoves. A large body of work is 

contained in networks such as the HEDON household 

energy network[8] and its Boiling Point journal; the 
proceedings of the annual ETHOS conferences[9]; and the 

Global Alliance for Clean Cookstoves[lO]. The World 
Bank has recently partnered with the Global Alliance[ll]. 

"The partnership will support in-country programs 

undertaken by both the Global Alliance for Clean 

Cookstoves (the Alliance) and the World Bank Group, and 

will be managed by the World Bank's Energy Sector 

Management Assistance Program (ESMAP)." Similarly, the 

Asia Development Bank is involved with the Energy For All 



Partnership, which has a clean cookstove working group 

called Stove +[12]. 

Clearly there are considerable resources addressing the 
problem. However, it needs to be asked why progress is 
slow. The Global Alliance has a meritorious target of 100 

million households using clean cookstoves by 2020, and it is 

making significant progress - but still seems a long way off 
its target. Possibly part of the problem lies in how it is 

going about its task, which it describes as "the Alliance is 

working closely with our partners to create effective 

strategies to scale up the dissemination of cleaner burning 

fuels and efficient stoves for household cooking." As we 

have discussed earlier, it seems likely that the fuels 

employed will be the readily available fuels. With the best 

will in the world, the chances of persuading people who are 

presently relying on waste biomass to turn to fuels such as 
Liquid Petroleum Gas or even biogas seem scant. And while 

emissions from energy efficient or fuel efficient stoves 
should be lower than those from less efficient traditional 

ones, it is by no means guaranteed. Indeed, striving for 

efficiency may prove to be a misdirection if the primary aim 
is to reduce emissions. 

The Asia Development Bank concurs with our view that 

cleaner fuels are not worth pursuing - "Most of the poor in 

developing countries are not able to switch to cleaner fuels 

in the foreseeable future and have to rely on wood or 

charcoal for cooking and heating. Improved cookstoves are 
a good solution, particularly if they are simple, low-cost and 

rapidly deployable. However, significant challenges exist 

for the set-up of viable advanced cookstove markets."[12] 

Thus we conclude that the primary target for the design 

of clean cookstoves should be a reduction in emissions, 

especially particulate emissions. A secondary target might 

be efficiency in the use of fuel. An efficient stove should 

use less biomass, which would mean that less biomass had 
to be harvested, but it is difficult to quantify the impact of 

greater efficiency, if only because cooking cycles vary so 
radically from fuel to fuel, from appliance to appliance, and 

from one food to the next. Furthermore, domestic fires serve 

roles other than for cooking - illumination, heating, 
socialising and even garbage disposal - so increasing the 

energy or fuel efficiency of cooking does not automatically 

translate into reduced raw fuel consumption. 

3 THE GENERATION OF PARTICULATES 

When cellulose is heated above 2S0°C in the absence of 

significant air, it starts to break down. It appears that the 

cellulose chains first decompose into sugars, and then the 
sugars decompose by two separate routes, the one yielding 
predominantly volatile organic compounds, and the other 

gases and char [13]. If the heating is slow «SKlmin), char is 

the primary end product and smoke production is low. 
However, if the heating is rapid (>SOKlmin), the first 

reaction dominates [14][IS] with tars (low condensation 

temperature organic compounds) and soot some of the 

primary products. 

This leads to a conceptual model for the combustion of 

solid cellulosic material in an ordinary bottom-lit fire. When 

heated by fire from below, the outer surface of the fuel is 

initially heated rapidly and smoke is emitted. Soon, the 
outer surface is coated with ash and char and the rate of heat 
transfer to the inner raw material drops with a corresponding 

drop in smoke production. At the same time, the local 

temperature reaches the point at which volatiles emitted 

from the surface can ignite and any smoke produced is 

burned. As the fire proceeds, the core of the fuel continues 
to react slowly producing char, until there is only a small 

region in the centre of the fuel which remains unburned. At 

this point the rate of heating from the surrounding hot char 

increases, and limited quantities of smoke are again 

produced. This process is illustrated in Fig 1. 

Smoke 

generated as heat finally reache� 

Thick layer of char and ash 

Figure 1 First and last stage in heating of biomass cylinder 

The effect of this during the course of a fire made of 

stacked biomass lit from the bottom is illustrated in Fig 2. 
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Figure 2 Typical record of smoke emission from a simple biomass 
fire 

At first there is a small amount of smoke from the 

igniter. Then emissions build up rapidly as the fire catches 
in the lowest zone of the fuel bed; fuel higher in the bed is 

heated, initially giving off any residual moisture, volatiles 
and gases, but does not burn until ignition temperature is 

reached. Once the main fuel bed is above the ignition 

temperature of the gases and volatiles, at about 2S0°C, the 

fire becomes general, with flame everywhere, and PM 
emissions are very low and consist primarily of fly ash. 

Eventually there are insufficient volatiles being emitted to 

sustain flaming, the flames subside and small amounts of 
smoke start to be emitted from the core of the biomass fuel. 

The residual char may continue to burn slowly, limited by 

the rate of diffusion of air (oxygen) into the char where a 

solid-gas phase reaction takes place releasing carbon 

monoxide into the gas phase - thus explaining the almost 



inevitable increase in carbon monoxide emissions towards 

the end of a combustion cycle. 

4 TOWARDS A STANDARD FOR CLEAN SOLID-FUELLED 
COOKSTOVES 

The above discussion has outlined the physical and 

chemical behaviour inherent in almost every solid-fuelled 

combustion stove. However, in practice the amount of 

smoke and carbon monoxide emitted will depend on the 
interplay of the numerous variables identified: the nature, 
size and moisture content of the fuel; the packing of the fuel 

bed; primary, secondary and excess air supply; the material 

and thermal mass of the stove body; fire-tending 

interventions by the user; the architecture of the combustion 

chamber, and the shape, placement, mass, surface roughness 

and albedo of the pot. The challenge is to specify a 

performance standard for clean solid-fuelled cookstoves that 
takes into account all these possible factors. 

As argued at the ETHOS Stove meeting 2013 [16], it 

depends on who is asking what question and what it is that 

they need to know. While there are many competing 

developmental goals, the primary contenders for attention 

are reduced emissions, reduced fuel use (reduction of 

deforestation) and global warming (reduced Greenhouse 

Gas Emissions). A smaller group argues for maximising 

charcoal production for agro-soil purposes and food security 

optimisation. 

As argued in this paper, the primary objective seems to 
us to be protection of population health through reduced 

exposure to domestic cooking fumes. In this case, the 

primary askers are the donors and investors in clean 
cookstove interventions (GACC, World Bank) and what 

they need to know is whether a particular technology indeed 

provides a cleaner stove. 
The logical consequent step in standard setting would 

then be to define a baseline case. We believe that there has 

been a major conceptual error in the international stove 

development community. An attempt has been made to 
establish a uniform international standard duty cycle against 

which all candidate stoves could be tested. The candidate 

test method (Water Boiling Test - WBT 4.x and variants 

thereof) is based on a standard task sequence, with a 

prescribed fuel type, size and moisture content. 
Unfortunately, candidate stoves that have performed well on 

criteria of emissions and efficiency when assessed using this 
standardised test, have either performed poorly under field 

conditions, or have encountered reluctance of users to adopt 

the nominally cleaner technology. Among other reasons for 

rejection are the needs for cooking power, local fuels, fuel 

preparation, foods and food preparation customs. 

It is reasonable to ask why an international standard 

stove test/cooking cycle is needed. If indeed the primary 

goal is a reduction in the exposure to cooking fumes, the 

logical reference point for an improved stove is to compare 
it against the current practice with the local fuel, the current 

stove and the usual cooking cycle in the target community. 

It is a truism that every target community must have an 
existing practice of fuel use, a stove technology and manner 

of food preparation. The investing agency needs to know if a 

candidate technology reduces emissions relative to the local 

business-as-usual practice. This can be established by 
observation and noting these features in what may described 

as culturally relevant cooking practices. Thus the first steps 

in any testing programme should be [17]: 

x. "evaluation by social scientists of typical Cooking 
Cycles and the selection of representative Cooking 
Tests, then 

xi. determination of baseline emissions and fuel 
consumption" 

Once local cooking practices have been observed and 

described, an equivalent technical test can be devised for lab 

conditions, which simulates one or more typical local 

cooking cycles. The technical test can then be performed in 

a laboratory setting in which the emissions can be measured 

over a complete culturally-relevant cooking cycle. The 

'business as usual' results can then be compared directly 

with candidate technologies to establish whether the 

'cleaner' stoves indeed have reduced emissions. 

5 CONCLUSION 

In this paper we have argued that the primary purpose of 

the global clean stove initiative is to reduce exposure to 

smoke and carbon monoxide from cooking fires. In the 

process of deriving a standard test protocol for clean solid
fuelled cookstoves that could guide investment in candidate 

technologies, we argue that the reference point for 

evaluating candidate fuel/technology combinations should 
be the local business-as-usual cooking practice. This is in 

direct conflict with the consensus approach of the Global 

Alliance for Clean Cook Stoves, which seeks to standardise 
product performance testing using a single cooking cycle, a 

standard pot and a standard fuel, an approach which fails to 

take into account locally available fuels and local cultural 
practices. We argue that it is possible to devise a culturally 

sensitive standardised test protocol that is locally relevant. 

It would provide better guidance to investors in the clean 
stove market as to which technologies to support than any 

standardized test. It seems that such an approach would 
permit the rational development of test procedures for clean 

solid-fuelled cookstoves which can be adapted to the huge 
range of fuels and cooking cycles employed worldwide, and 

more likely allow stoves to evolve that will perform in line 

with user expectations. 
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