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Energy Sources Used in Food 
Preparation and Impacts on Climate 
Change 

Iara Nobre Carmona, Marina Passos de Souza, Elias Costa de Souza, 
Kamilla Crysllayne Alves da Silva, Allana Katiussya Silva Pereira, 
and Ananias Francisco Dias Júnior 

Abstract One-third of the world’s population does not have access to clean energy 
sources for food preparation. The use of inefficient technologies can increase the 
emission of potential greenhouse gases (GHG) and accelerate climate change. 
Recently, the increase in the price of Liquefied Petroleum Gas (LPG) caused by the 
COVID-19 pandemic made it possible to increase the use of firewood in the domestic 
environment, directly impacting people’s health and the environment. In this context, 
the application of greener technologies can mitigate the harmful effects caused on 
people and nature. Thus, this chapter presents a description of the main primary 
sources of energy used in food around the world, specifically forest biomass and LPG, 
in addition to presenting the historical context that encompasses both energy sources. 
What were the main sources of energy used in the past? What has changed from the 
Neanderthal period to today? How was the use of Liquefied Petroleum Gas (LPG)
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and how is it today? How was the world scenario of firewood use in domestic envi-
ronments and how is it currently? And other biomasses, did they already have space? 
How did the COVID-19 pandemic affect the use of these energy sources (forestry 
biomass and LPG)? What impacts do these energy sources have on climate change? 
What do the COP27 discussions bring as prospects? These were the questions that 
guided this chapter. 

Keywords Forest biomass · Energy sources · Climate changes · Fuels · Food 
cooking 

1 Introduction 

There are several sources of energy used in food preparation, from fossil fuels to 
renewable energy sources. Each of these sources has a different impact on climate 
change, either through the emission of greenhouse gases or the way they are produced. 
One of the most common sources of energy in food preparation is cooking gas, which 
is a fossil fuel derived from petroleum. The burning of cooking gas emits carbon 
dioxide (CO2) into the atmosphere, contributing to the increase in the greenhouse 
effect and consequently to climate change. 

In addition to cooking gas, electricity is also a widely used source of energy in 
food preparation. Most of the world’s electricity is produced from fossil fuels such 
as coal, oil, and natural gas. The burning of these fuels emits large amounts of CO2 

into the atmosphere, increasing the greenhouse effect and contributing to climate 
change. 

However, there are also renewable energy sources that can be used in food prepa-
ration, such as solar energy and wind energy. Solar energy can be used to heat water 
or to generate electricity through solar panels. Wind energy can be used to generate 
electricity through wind turbines. These renewable energy sources are cleaner and 
do not emit greenhouse gases into the atmosphere. 

In summary, the energy sources used in food preparation significantly impact 
climate change. It is important to opt for renewable energy sources and choose 
sustainably produced food to reduce greenhouse gas emissions and mitigate the 
impacts of climate change. 

2 Main Energy Sources Used in the World: Historical 
Context 

What makes humans unique? Why and how have humans become different from other 
animals in how they relate to their environments and each other? The distinction of 
humans as a species has been the subject of study by philosophers and scientists 
for as long as we have historical records. Richard Wrangham, an accomplished 
anthropologist, has written books presenting a new theory about how and why the 
human lineage (a group of primates known as hominids) evolved characteristics
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that distinguish us from other animals. In the book “Catching Fire: How Cooking 
Made Us Human”, [1] argues that the discovery of fire and cooking freed our human 
ancestors once and for all from an arboreal existence and led to a patriarchal social 
system and a division of work by gender. The main features that are the focus of this 
theory—technology, in the way fire is used and controlled—have long been heralded 
as features that make humans unique. His work builds on existing theories but goes 
a step further by incorporating new perspectives, trying to frame comprehensive and 
unified explanations for a set of human characteristics. 

In “Catching Fire”, [1] focuses on cooking as an innovation that allowed the 
evolution of big brains. Early members of the Neanderthal lineage that led to modern 
humans (species within the genus Homo) discovered fire’s functions for cooking, 
warmth, and security, and eventually learned to manage and produce it [1]. With fire, 
humans no longer needed to sleep in trees as protection against predators and could 
transition to a completely terrestrial existence. With fire for cooking, many foods 
(such as tubers and meat) become softer, less toxic, and easier to digest. Humans 
have become physically and physiologically adapted to eating cooked food. Changes 
in the gastrointestinal tract allowed the evolution of early hominin bodies. This 
enabled them to allocate more resources to energy-intensive brain growth and main-
tenance. Reference [1] argues that adaptations found since Homo erectus—a species 
of modern human ancestor that appeared shortly after 2 million years ago—reflect 
this shift towards the use of cooked foods. Reference [1] also attributes to cooking 
the connection of male–female pairs (monogamy) and the gender division of labor 
in humans. He says that cooked food is a localized resource of high quality, and 
Neanderthals did it better. A male hominid was supposed to protect a female from 
aggressive attempts to steal her food. On the other hand, a male needed a female 
to cook for him because male hunting activities were time-consuming (Fig. 1) and, 
once hominids adapted to cooked food, it became impossible to efficiently process 
and digest raw food enough for survival [2].

Reference [1] also presents data from scientific research on nutrition and digestive 
processes, as well as more eclectic particulars of human survival on different diets 
(for example, the tribulations of raw food eaters), demonstrating that processed and 
cooked foods are easier to digest than raw food. Once the food is prepared and heated, 
energy (calories) can be more efficiently and completely extracted. Furthermore, 
there has been a substantial study on the anatomy of the gastrointestinal tract, linking 
the size and structure of certain organs to different types of [3]. Thus, the argument 
that consuming cooked food would allow for smaller gastrointestinal organs (which 
humans have relative to other animals of similar size) and provide more energy for 
the growth of a larger brain can be sustained. But there is still not enough evidence 
about fire control before the last few hundred thousand years to support Wrangham’s 
timeline, which would allow certain hominid adaptations to be reliably credited to 
cooking. 

But how to get energy? What has changed from the Neanderthal period to today? 
Over the centuries, the way to generate energy has evolved a lot. The use of food 
as a source of energy has always been natural to human beings, but acquiring this 
resource has not always been easy. And because of that, they merely served to fulfil 
basic survival requirements and needs. Thus, the first advance in energy generation
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Fig. 1 Neanderthal division of labor according to sex (Source The authors 2023)

brought men a world of new possibilities. The discovery of fire made humanity aware 
of the benefits of heat, a resource that currently generally comes from the burning of 
fossil fuels, but which in the past, according to historical studies, happened through 
the use of firewood (biomass). 

Around 500,000 years ago, during the Pleistocene, Europe’s climate changed 
drastically, producing very different fauna and vegetation in glacial and interglacial 
periods [4]. More than 400,000 years ago, for example, in the interglacial periods, 
the exploitable plant and animal biomass was enormous, but it was mainly found in 
closed forests, dangerous and difficult to access. The Neanderthals (human groups 
at the time) exploited plant resources more than they did in the glacial periods, but 
practiced harvesting in clearings and, mainly, on the banks of rivers. In general,
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harvesting and hunting were enough for their survival and allowed them to grow, 
extend over a wider territory and even colonize a part of Asia. 

Some archaeological evidence provides information about diets and landscape 
use. The use of fire, indicated by the presence of bonfires in many of the sites studied 
by archaeologists in the central and southeastern Iberian Mediterranean, was common 
and widespread in this period [3]. Furthermore, there is evidence of the use of fire 
in the Cueva Negra del Estrecho del Río Quipar spanning more than 780 km, with 
a rich paleontological and paleopalynological record demonstrating hot and humid 
environmental conditions, suggesting that the use of fire has a long history in this 
area. 

As we have seen so far, the history of biomass and fire goes back to the roots 
of humanity. Biomass predates us. There is much evidence to support claims that 
we used biomass as an energy source between 230,000 and 1.5 million years ago 
(Cablevey [5]). Biomass is among the sources of renewable energy, that is, inex-
haustible, whose production is part of the planet’s carbon cycle, being a fuel used 
all over the world, and used to generate heat and cook food. From there, humans 
developed a fascination with what came to be known as bioenergy. Combustion was 
and remains the main way of converting biomass into energy. That is why biomass is 
still massively used in developing countries that do not have the bioenergy generation 
systems that more developed countries use to create alternative energy. 

Humanity initially focused on using biomass for cooking and heating. Around the 
nineteenth century, we started to look for more modern uses of biomass materials. 
While fire is the oldest example of bioenergy in use, ethanol can be seen as the 
next big step in using carbon for energy. Ethanol has been around for a long time. 
Mankind discovered and used the fermentation process long before the development 
of civilizations. Despite this, there is no clear evidence of people distilling alcohol 
until twelfth century Italy [6]. Soon after people started making alcohol in the 1100s, 
ethanol was quickly used for cooking and lighting. People started using ethanol to 
create more energy. Ethanol was a very popular renewable energy source due to its 
simplicity and availability. It was derived from grains, which meant that the raw 
material was plentiful and all it took was a still to produce ethanol. It was until the 
substance, along with turpentine, was used to power the first engine in 1826. Ethanol 
fuel continued to be a popular form of fuel well into the 1890s. 

As people began to explore the possibilities of ethanol as an alternative energy 
source, they also began to use vegetable and fish oil for heating and lighting [7]. Many 
civilizations used oils to generate heat and light. It is believed that even ancient 
cultures such as the Egyptians and Sumerians burned animal and vegetable oils. 
These oils were also used later in history. As populations grew, a new industry 
around lighting and heating emerged. People became more innovative and used the 
resources around them to produce light and energy. Examples include refined pine 
turpentine, alcohols (especially wood alcohol—methanol), and a mixture of the two, 
the main fuel before petroleum [8, 9]. 

Pine sap was a scarce renewable resource from the 1700s to the 1960s. Before oil, 
pine sap was a resource for which nations competed. In its raw form, pine sap was 
used in shipbuilding [10]. When distilled, the sap produced several chemicals that
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were extremely valuable at the time—the most important of which was turpentine. 
Turpentine has had multiple uses, but its most important use as an alternative energy 
source has been as lamp oil [11]. 

While it may seem like oil has been around forever, it was only refined and first 
used about 150 years ago [12]. Just like ethanol and turpentine, the energy demand has 
brought about a significant development in oil production. It’s important to remember 
that oil wasn’t useful until we figured out how to refine it into pieces. Various steam 
and internal combustion engines ran on a wide range of refined fuels. Rudolf Diesel 
beat them all when he created the diesel engine (Patricio Moreno [13]. 

An important milestone in the history of bioenergy was the beginning of the 
twentieth century when biomass fuel became popular again. Due to the “boom” 
of the automobile industry and wars, the automobile industry’s lack of resources 
led to a return to bioenergy. Henry Ford is the most famous example of this, who 
switched to liquid biofuels and ethanol to power his vehicles. This became especially 
prevalent during World War I when fossil fuels became scarce [14]. The adversities 
and challenges of the time created a significant demand for ethanol. 

The emerging renewable energy projects at the time had great potential. However, 
large-scale commercialization and mining have placed coal and oil at the forefront 
of the energy landscape [15]. They saturated the market and drove prices down. 
Furthermore, these non-renewable fuels have proven to be very efficient and practical 
for everyday use. This has brought a reduction in the use of bioenergy and an increase 
in fossil fuels. Fossil fuels became the fuel of choice in most countries and held the 
top position in energy consumption until the 1970s. 

The geopolitical conflict that was felt in the 1970s created a fuel crisis [16]. As 
a result, the Organization of Petroleum Exporting Countries (OPEC) reduced oil 
exports. This caught the attention of governments and the academic world. Many 
began to look for other sources of renewable energy. This movement brought many 
improvements in green energy in solar panels, geothermal power plants, offshore 
wind farms, and hydroelectric power plants. During this period, scientists took a 
systematic approach to energy and coined the term biomass. Over time, the impor-
tance of bioenergy has been linked to issues such as fossil fuel pollution [17]. This 
period of biomass history is marked by some growing environmental concerns. 
Scientists have turned their attention to research on climate change and fossil fuel 
reduction. 

Modern energy production from biomass is a vital source of renewable energy 
today. It has gone far beyond wind and solar energy in the quest for renewable ener-
gies. Biomass is the main source of renewable and alternative energy [18]. Biomass 
feedstock is processed and converted into energy in different ways. While the burning 
of woody biomass (forestry biomass materials, wood pellets, etc.) is an old process, 
innovation has brought us mass-produced energy crops converted to biofuel and 
biogas, and landfills that use anaerobic digestion to convert biomass into biogas for 
daily use. 

Governments around the world have embraced the green movement and are imple-
menting measures and protocols to raise awareness and ensure that much more green 
energy is produced. As we move forward, the field of biomass renewable energy



Energy Sources Used in Food Preparation and Impacts on Climate Change 7

technology is expected to grow. Biomass is expected to play a vital role in future 
energy-efficient power generation. Whether producing electricity, heat, or fuel for 
transport, its carbon neutrality hides many potentials. Renewable energy, whether 
in the form of solar, geothermal, hydroelectric, wind, or biomass, is here to stay. 
Biomass is an important source of renewable energy in the modern world. As biore-
fineries, processing plants, and businesses become more viable and popular energy 
solutions, they must have systems in place to ensure proper handling and production. 

3 Use of Liquefied Petroleum Gas (LPG): An Overview 

Liquefied Petroleum Gas (LPG), also known as autogas, is primarily composed of 
propane, butane, and isobutane in a variety of blends. The percentage of propane 
and butane in an LPG gas mixture ranges from 100% propane to 20% propane and 
80% butane [19]. Small concentrations of other hydrocarbons may also be present. 
Depending on the source of the LPG and how it was produced, components other 
than hydrocarbons may also be present. It is a co-product of refining crude oil and 
processing natural gas. Its constituents are found in gaseous form at 20 °C and 
1-atmosphere pressure (NTP) [20]. 

It is generally said that gaseous fuels emerged in the troubled times of World War II 
when gasoline shortages were common [15]. Interestingly and perhaps surprisingly, 
LPG was first used as a motor fuel long before the outbreak of war. The first mention 
of mixing propane and butane dates back to 1910 [21]. It was then that Walter 
O. Snelling, an American chemist who was researching the properties of gasoline, 
separated the gaseous fractions from the liquid ones, thus discovering the existence 
of propane. Two years later, in 1912, he started his first domestic propane installation, 
and in 1913 he patented its industrial-scale production. Later that year, the patent 
was purchased by Frank Philips, the founder of the oil company ConocoPhillips [22]. 
Even so, LPG consumption has not grown considerably. 

Information on the practical use of LPG dates back to 1918 when the fuel was used 
for brazing lamps and metal cutting torches. However, commercial production did 
not begin until the 1920s. In 1928, LPG was used for the first time as an engine fuel 
(in a truck) and the first LPG refrigerator was manufactured [23]. In 1929, fuel sales 
reached 10 million gallons in the United States. LPG was rapidly gaining momentum. 
In the following years, the demand for Liquefied Petroleum Gas was further driven 
by the popularity of “airships”, traveling regularly between Europe and the US [24]. 

The then state-of-the-art Zeppelin series dirigible balloons were powered by 
engines fed with the so-called Blau gas (invented by Herman Blau), very similar 
to butane—one of the ingredients of LPG. The use of gaseous fuel with approx-
imately the same mass as the air was very convenient for balloons, as it did not 
change the total weight of a Zeppelin in the same way as liquid fuels (blimps would 
become considerably lighter when liquid fuels were burned, thus forcing the release
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of hydrogen, which was extremely dangerous) [24]. However, when the Hinden-
burg—the largest airship ever built—was destroyed in a disaster in 1937, killing 36 
people, the era of the Zeppelin ended abruptly. 

However, the LPG era did not end with the Zeppelin era. On the contrary, it 
flourished, because there were a large number of gas canisters left at the airfields 
from which airships operated. In the state of Rio de Janeiro, Brazil alone, 6,000 gas 
cylinders became useless, which led businessman Ernesto Igel to have the idea of 
buying them and promoting gas as an excellent fuel for cooking food. This is how the 
Brazilian company, later known as Ultragaz, emerged [25]. In 1939, the company 
had three distribution trucks and 166 customers [26]. Eleven years later, in 1950, 
there were more than 70,000 customers and today Ultragaz is one of the largest LPG 
operators in the world. 

When World War II ended and industrial production resumed growth, LPG sales 
in the US surpassed 1 billion gallons [27]. Nearly 62% of all US homes had LPG 
installations at the time. In 1947, the first liquefied gas tanker was built and entered 
service. In 1950, the Chicago Transit Authority, a public transportation operator in 
Chicago, ordered 1000 buses powered by LPG, while in Milwaukee 270 cabs were 
converted in the same year [28]. In 1958, LPG sales reached 7 billion gallons, and 
in 1965 Chevrolet introduced 4 new LPG engines for commercial vehicles. Initial 
international export contracts were not made until the 1950s. However, the amount of 
LPG exported was still low in the 1960s—less than 1 million tons were shipped out 
of  the US [29]. Over the next 20 years, exports grew to 17 million tons and reached 
48 million tons in the year 2000. 

Currently, LPG is recovered from “wet” natural gas (gas with condensable 
compounds of heavy petroleum) by absorption [30]. The recovered product has a 
low boiling point and must be distilled to remove lighter fractions. It must then be 
treated to remove hydrogen sulfide, carbon dioxide, and water. The finished product 
is transported by pipelines and by specially built sea-going tankers. LPG reaches 
the domestic consumer in cylinders with relatively low pressure. Most of the LPG 
produced is used in central heating systems (a system that provides heat for an entire 
building), and the second largest as raw material for chemical industries. LPG is 
commonly used as a fuel for gas grills and gas stoves and ovens, gas fireplaces, and 
portable heaters [28]. In Europe, LPG water heaters are common. It is also used 
as engine fuel and for backup generators. Unlike diesel, LPG can be stored almost 
indefinitely without degradation. 

LPG is used for cooking in many countries for economic reasons, convenience, 
or because it is the preferred fuel source. In India, approximately 8.9 million tonnes 
of LPG were consumed in the domestic sector in the six months between April and 
September 2016, mainly for cooking [31]. The number of domestic connections is 
215 million (that is, one connection for every six people) with a circulation of more 
than 350 million LPG cylinders [32]. Most of the need for LPG is imported. Piped 
gas supply in India is not yet developed on a large scale. LPG is subsidized by the 
Indian government for domestic users. A rise in LPG prices has been a politically 
sensitive issue in India as it potentially affects the voting pattern of the middle class.
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Aside from electric, induction, or infrared stoves, LPG stoves are the only type of 
fuel available in most suburban villages and many public housing developments. In 
Brazil, LPG is the most common cooking fuel in urban areas, being used in virtually 
all households, except the cities of Rio de Janeiro and São Paulo, which have gas 
pipeline infrastructure [33]. Since 2001, needy families have received a government 
subsidy (“Vale Gás”) used exclusively for the purchase of LPG [34], and, since 2003, 
this subsidy has been part of the government’s main social welfare program (“Bolsa 
Família”). Also, since 2005, the national oil company Petrobras differentiates LPG 
destined for cooking from LPG destined for other uses, establishing a lower price for 
the former. This is the result of a directive from the Brazilian federal government, 
but its discontinuation is currently being debated. 

Currently, commercially available LPG is mainly derived from fossil fuels. 
Burning LPG releases carbon dioxide, a greenhouse gas. The reaction also produces 
some carbon monoxide. LPG, however, releases less carbon dioxide (CO2) per unit 
of energy than mineral coal or oil, but more than natural gas. It emits 81% of the CO2 
per kWh produced by oil, 70% by mineral coal, and less than 50% by coal-generated 
electricity distributed by the grid [35]. Being a mixture of propane and butane, LPG 
emits less carbon per joule than butane, but more carbon per joule than propane. 

4 Modern Biomass and Traditional Biomass: Which Ones 
Grew the Most Around the World? 

Despite biomass being widely used as a source of energy over the years, its use has 
been modernized through studies that have allowed technological implementations. 
In addition to the various improvements in burning systems, what we call modern 
biomass is opposed to traditional biomass in aspects related to how it is obtained. 
The biomass that was traditionally used was obtained in an extractive way, that is, the 
natural forests were exploited without the slightest planning and indications about 
the management and reestablishment of the species in the place. These extractive 
practices still exist today, especially in more economically affected communities [36]. 
However, with the modernization of knowledge about silviculture and sustainable 
forest management, countries like Brazil have been standing out for their innovative 
role in the rational use of forest resources and their correct application in the area of 
bioenergy [37]. 

Energy forests, as plantations with fast-growing species, good biomass produc-
tivity per area, and selected clones to maximize energy production are called, are 
already known by several segments of the bioenergy sector [37]. In addition to helping 
to reuse unproductive or poorly productive soils, these plantations help to fix carbon 
dioxide (CO2) and contribute to reducing the use of non-renewable energy sources. 
These fast-growing species, mainly of the Eucalyptus genus, stand out for the energy
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quality generated from the thermochemical transformation processes, being consid-
ered of high quality both for direct burning (such as firewood) and for the production 
of charcoal [18, 37]. 

These advances in the more modern use of biomass also extend to the area of 
sustainable forest management, where recent studies point to the high potential 
of using the residues of these practices to produce energy in an environmentally 
friendly way [38]. These residues demonstrate that, when the material classification 
is performed correctly, energy gains can be maximized, which improves the energy 
quality of the material and ensures its correct use [39]. These studies are impor-
tant, especially for more remote regions or those with difficult access to other energy 
sources, as is the case in the North region of Brazil, where the energy source available 
in greater quantity is biomass [38, 40]. However, due to several exploratory activities 
in the area, the use of forest residues has been proven to be a sustainable and viable 
alternative to meet the energy needs of these populations [40]. 

In addition to the already mentioned advances in the quality and obtaining of 
biomass, some transformations are being developed, related to the modification of 
the biomass form, more specifically working on the process of densification of this 
material [41]. The densification process is related to the reduction in the volume 
of biomass and, consequently, an increase in its density and the amount of energy 
concentrated per volume, i.e., higher energy density [42]. This densification process 
encompasses both briquettes and pellets and allows for a significant improvement in 
the energy quality of the biomass, as waste with a smaller granulometry is aggluti-
nated and transformed into larger materials, which provides benefits for its transport, 
storage, and further use [42, 43]. 

Figure 2 illustrates the process of transforming the use of biomass (i) leaving 
the traditional form of extractive exploration of the native forest, (ii) moving to 
the planting of fast-growing species for wood production, and (iii) the most recent 
updates of densification biomass, transformation into pellets and briquettes that can 
be used in burning equipment in homes. This modernization process has been taking 
place over the years, gradually, where, currently, there are still countries that make use 
of “traditional biomass”, with little technology. However, there are already several 
countries that have innovated in their technological aspects aimed at the energy area 
and already make use of “modern biomass”.

The number of studies evaluating these new applications of biomass, or new 
materials, such as agroforestry residues, for energy applications, has grown signif-
icantly in recent years [44]. The maintenance and expansion of these studies are 
important to guarantee a continuous supply of modern biomass to different countries 
of the world. From the characterization of the biomass and studies that evaluate in 
detail the most efficient transformation processes, from the energy point of view, 
it is possible to obtain a quality fuel that can be widely used in homes, reducing 
the consumption of wood obtained through the extractive consumption [18, 38]. The 
choice of biomass to be used is a factor of significant importance for energy planning 
in countries. Currently, with the trend of carbonization of economies and with the 
focus on renewable and less polluting sources, the choice for options derived from
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Fig. 2 The transition from “traditional” biomass to “modern” biomass (Source The authors 2023)

biomass becomes even more important, to the detriment of sources obtained from 
fossil fuels. 

In addition, the insertion of these solid products produced from the densification 
of biomass in the market allows for an increase in the variability of renewable fuels 
available in markets in different countries of the world. With the correct study of 
lignocellulosic residues available in their respective countries or regions, technical 
feasibility studies can be carried out to assess the possibility of transforming these 
residues into solid fuels such as pellets or briquettes. Thus, two benefits are achieved 
directly: the first, which is the reuse of waste from a specific sector of that location; 
and the second is the availability of a cleaner energy source that contributes little to 
climate change, especially when compared to other non-renewable sources. 

Even with these modernizations of biomass over the years, both in terms of fuel 
and in terms of burning equipment, in many parts of the world, Liquefied Petroleum 
Gas (LPG) has become the main energy source for cooking food in homes [45]. 
The impact generated on the air quality inside the homes that used firewood and 
started using stoves fuelled with LPG is undeniable, even knowing the environmental
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problems related to the exploitation of this fuel and the fact that it is not renewable 
[45]. This change in the energy source used in homes is related to technological 
advances and the implementation of different public policies in countries. In countries 
like Brazil, one of the important factors is socioeconomic, since, historically, firewood 
has been used by people in situations of social and economic fragility [45]. However, 
it is important to highlight that in addition to cultural and socioeconomic factors, some 
factors also seem to influence the choice of fuel to be used in homes. These factors 
are related to the price of LPG and proximity to the forest, given that much of the 
firewood used in homes is collected through extractivist [45]. 

Several studies correlate prolonged exposure to biomass smoke with the most 
diverse health problems, and this fact is observed for different extracts of the popu-
lation, with studies indicating that children and women are the most affected, prob-
ably because they spend more time indoors [20, 46–48]. These health problems 
affect developing countries more significantly, where populations suffer from various 
economic problems [48]. Thus, it is necessary to invest more significantly in the 
modernization of equipment, as well as in strategies to modernize the biomass in 
these countries, avoiding the use of lower quality materials, and emphasizing invest-
ment in planting fast-growing species, to the detriment of unrestrained exploitation 
of its natural resources. Initiatives like the Clean Cooking Alliance [49] operate in 
different countries to provide more efficient equipment that uses biomass as fuel. 
However, several countries lack effective public policies to help these populations. 

5 How Did the COVID-19 Pandemic Affect the Use 
of Forest Biomass and Liquefied Petroleum Gas (LPG) 
as an Energy Source? 

The COVID-19 pandemic, decreed by the World Health Organization in March 
2020, directly affected the lives of the entire world. Whether directly facing the 
health problems caused by the disease, including deaths, or the trail of economic 
destruction left by the impact of the paralysis of various productive sectors around 
the world [50]. These impacts on public health, economy, and culture of populations 
ended up generating several changes in habits that may, or may not, remain in these 
populations over the next few years. [51]. Among these changes, one of the main 
ones is linked to the daily lives of populations around the world: their diet. 

In addition to wondering about the quantity and quality of food that will be eaten 
by their families, the people who are heads of these families are also concerned with 
issues related to the way their food is cooked, an activity present in different cultures 
around the world [52, 53]. The change in this traditional practice is directly related 
to the type of fuel used for cooking food. Due to financial needs, populations tend 
to migrate to cheaper and easily accessible energy sources. Avoiding, for example, 
dependence on the international price of oil, which can directly impact the price of 
LPG, and opting for available sources close to their homes, such as forest biomass.
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This is a pattern that has been repeated over the years in several countries around 
the world, such as Brazil, a continental, diverse country with a high rate of social 
inequality. 

Over the years, the consumption of the two main fuels used to cook food in Brazil 
(firewood and electricity) has varied according to the country’s economic situation, 
which is a pattern throughout the world [54]. These economic factors are directly 
related to the quality, quantity and type of fuels used by communities to heat, light 
and, above all, cook in their homes [48]. Firewood, which was the main source 
of energy in homes, has been decreasing over the years, with LPG and electricity 
following opposite paths in this trend in Brazil. 

From the 2000s onwards, with the implementation of public policies encouraging 
the use of electricity in homes and with the advancement of technologies, this change 
in the consumption behaviour of populations was even clearer, even with firewood 
showing a slight tendency to increase between the late 1990s to the end of the first 
decade of the 2000s. In recent years, with Brazil’s political and financial crises, 
firewood consumption has grown again. This can be read as an indicator that this 
consumption may be related to the difficulty faced by families in purchasing LPG for 
cooking, even with government incentive programs, such as “Auxílio Gás” (gas aid), 
created by Law no. 14,237 of November 19, 2021 [55]. In addition, it is important 
to highlight that this data is formally collected and declared by consumers, that is, 
there is still much that is illegally exploited or consumed informally and not declared, 
given that a large part of the population that consumes firewood at home for financial 
reasons many times they do not buy firewood, but explore forests without quantitative 
control of actual consumption [45]. 

In addition to all the changes in the patterns of biomass consumption in homes 
over the years, due to different factors, the COVID-19 pandemic seems to have more 
significantly affected the substitution of fuels with a higher added value (LPG) for 
fuels with a lower added value (firewood). According to data from the National 
Energy Balance [54], firewood consumption in Brazilian homes increased from 7.2 
to just over 7.44 million tons of oil equivalent (toe), between 2020 and 2021, an 
increase of 0 0.7% in the period, it is worth noting that the figures from before the 
pandemic (2019) showed an annual consumption of just over 7.08 million tons in 
households in the country. Meanwhile, the values that show the consumption of LPG, 
had a drop of 0.9% in the period between 2020 and 2021, going from 6.74 million 
toes to 6.52 million toes, with the pre-pandemic values, in 2019, in the house of 6.49 
million toes. 

This information is important to guide the decision-making of countries in a situ-
ation of economic weakness, as in addition to the economic factors of market fluctu-
ations, exceptional events, such as the COVID-19 pandemic or the armed conflicts 
between Russia and Ukraine, end up further weakening the situation of these popu-
lations, which leads to an increase in the consumption of biomass for cooking food. 
Data from the National Energy Balance of Brazil demonstrate how this change in 
the pattern of energy consumption in homes was affected by the pandemic, however, 
we still do not have data on the impact of these changes in habits in the medium 
and long term [54]. Thus, it is important to follow up and monitor these families and
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carry out studies to assess the possible impact of this change on the economy and 
health of these people. 

Often, because cooking is carried out in low-quality equipment, in addition to 
bringing health problems to its direct users, the smoke emitted during the combustion 
of biomass can significantly contribute to climate change and the decrease in air 
quality in different regions around the world [48]. However, it is also observed that 
the pandemic had a direct impact on the acceleration of the implementation of low-
carbon energy sources in different countries, such as China, led mainly by the advance 
of solar energy and wind energy, which may have impacted the prospects of future 
carbon emissions in several countries [56]. Thus, the discussion of environmental 
issues at a global level becomes even more important, to highlight that, in addition to 
climate problems, health and food security problems are correlated in these situations. 

6 Impacts of Forest Biomass and Liquefied Petroleum Gas 
(LPG) on Climate Change 

Innumerable efforts are being made to use cooking fuels that are less harmful to the 
environment, to reduce indoor air pollution, improve air quality and reduce emissions 
into the atmosphere, as well as protect human health [57]. The assessment of impacts 
on climate change is mainly accounted for by the emission of greenhouse gases 
(GHG), mostly coming from fossil fuels. One of the fuel alternatives for cooking 
is Liquefied Petroleum Gas (LPG), which, despite being fossil, burns cleaner than 
other energy sources, such as mineral coal, and plays an important role in homes 
around the world, allowing more people to benefit from cleaner and more efficient 
energy, which 60% of the world’s population already enjoys [30, 58]. 

Devices powered by LPG considerably reduce domestic air pollution when 
compared to rudimentary biomass burning, however, in many places there is still 
resistance to the use of these stoves, influenced by a combination of different socioe-
conomic, structural, and sociocultural factors, especially taste for food and prepara-
tion time. For these reasons, the implementation of the LPG, based stove in conjunc-
tion with the solid fuel stove can be an effective means of mitigating climate change 
and transacting the change in fuel type [28, 59, 60]. 

Another alternative to the use of GHG-emitting fuels is the use of forest biomass, 
which has a renewable character, in which carbon dioxide (CO2) emissions can be 
reabsorbed in plant growth, through photosynthesis [61, 62]. Forest biomass has a 
high potential to be used in the transition from fossil fuels to bioenergy, however, its 
use faces some challenges related to the emission of GHG gases derived from fossil 
fuels. Mainly in the forest harvesting, processing, and transport processes and in the 
processing of biomass, which in addition to reducing the carbon sink area of forests, 
require inputs of materials and energy that emit GHGs [18, 62–64]. According to 
[65], it is necessary to adopt environmentally friendly forest management strategies 
to obtain forest products capable of impacting climate change mitigation. Active
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forest management, with high levels of harvest and efficient use of forest products, 
provides more climate benefits when in contrast to reducing the harvest and storing 
more carbon in the forest, acting in the mitigation of climate change [17]. 

It was generally assumed that CO2 emissions derived from biomass had no influ-
ence on climate change, however, in the last decade, scientists have noticed that these 
emissions have a positive impact on climate change, with what is called the Global 
Warming Potential. Positive (GWPbio), during its stay in the atmosphere [2, 66, 67]. 
However, it is verified that the permanence of CO2 emissions derived from biomass 
is shorter than those derived from fossil fuels, and is dependent on the biomass rota-
tion time, due to the compensation effect of biomass growth to counterbalance the 
biogenic emission of CO2, through photosynthesis [68–71]. 

If regeneration for compensation is accounted for to measure CO2 emissions, 
it should be incorporated into Life Cycle Assessments (LCA—tool used to assess 
impacts [72]) of biomass use, as one of the positive impacts of bioenergy in mitigating 
climate change [73]. However, because the energy efficiency of bioenergy production 
based on forest biomass is low, it is necessary to have a greater amount of raw material 
available to produce this bioenergy, compared to the demand necessary to produce 
fossil fuels [62, 74]. Thus, if the GWPbio from forest biomass is included in the 
LCA, the impact of bioenergy on climate change can become twice as large as that 
of fossil fuels [75]. Despite this, studies such as the one carried out by [62], show 
that, although the balance of emissions generated by bioenergy (GHG derived from 
fossil fuels, biogenic CO2 emissions, and regeneration for compensation) is positive 
and greater than the impacts of fossil fuels on climate change when integrating the 
negative impact generated by carbon sequestration and by stopping future carbon 
emissions from the equation, the final balance is reduced and much smaller than that 
of fossil fuels, ensuring that the use of biomass has total impacts favourable to the 
mitigation of climate change. 

On the other hand, GHG emissions from biofuels present in their life cycle are 
still underestimated, since they exclude emissions due to land use or changes in land 
use practices. In this sense, the cultivation of energy crops and the collection of 
waste destined for bioenergy can increase unexpected GHG emissions, by altering 
the soil and, although the transition from agricultural land to energy crops has the 
potential to increase the content of organic matter in soil and improve its quality, this 
conversion faces difficult acceptance due to threats to food security [17, 76]. With 
this, the use of forest biomass creates a challenge for global climate policy: while 
fossil CO2 emissions are partially avoided by the use of wood, other measures are 
needed to reduce the impacts generated by the reduction of the forest carbon sink 
and the changes in land use, as the goal is to reduce all GHG emissions in a few 
decades [65]. 

In addition to these obstacles, biomass burning is responsible for the release 
of other atmospheric pollutants, such as particulate matter (PM2.5), in which the 
particles that remain suspended in the atmosphere can interfere with the amount of 
solar radiation received by the Earth, through the dispersion and absorption processes, 
causing heating or cooling of the atmosphere, depending on the physical–chemical 
and optical properties of the particles [77, 78]. However, there are big differences in
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the emissions generated by the combustion of biomass, depending on which stove is 
used and how it is used. New, clean-burning stoves emit significantly lower amounts 
of local air pollutants than traditional stoves; and emissions resulting from incomplete 
combustion are strongly related to the way biomass is burned, with the frequency 
with which wood is placed in the stove and how much air is available for combustion, 
to which new stoves have greater control of the combustion process and the airflow 
[79]. 

7 Prospects for Fuels Arising from Discussions at COP27 

During the 26th Conference of the Parties (COP), held in Glasgow—Scotland in 
2021, world leaders agreed to accelerate their actions due to the alarming increase 
in global temperatures released by the Intergovernmental Panel on Climate Change 
(IPCC). However, arriving at the 27th COP, held in Sharm el Sheikh—Egypt, it was 
possible to see that this did not materialize, and the world went through countless 
consequences of climate change, such as floods in Pakistan, the dry season in the 
United States, hunger in Africa and heat waves in Europe [80]. 

COP27 brought some guidelines with the Adaptation Agenda of Sharm-El-
Sheikh, seeking to be established as “the COP of implementation”. The Agenda 
goes through some important points, aiming to protect more than 4 billion people 
from the growing climate consequences. These include (i) transitioning the world to 
sustainable and more climate-resilient agriculture, increasing production by 17% and 
reducing emissions by 21%, without expanding agricultural frontiers and improving 
livelihoods; (ii) the protection and restoration of 400 million ha of areas in a crit-
ical situation, both in terrestrial and freshwater ecosystems, supporting indigenous 
peoples and local communities and also, together with them, transforming 2 billion 
ha into a management area sustainable; (iii) the investment of 4 billion dollars in 
the protection of 15 million ha of mangroves, with a view to actions to protect all 
of them in the future; (iv) expanding access to clean cooking to 2,4 billion people 
and mobilizing up to USD 300 billion to adapt and encourage 2000 of the world’s 
largest companies to integrate climate risk and develop climate change adaptation 
and mitigation action plans [82]. 

At least 230 million dollars were donated to the Adaptation Fund to help less 
developed countries to adapt to the new targets, as well as the creation of a specific 
fund for developing countries to deal with Loss and Damage caused by climate 
change. Based on the FAO report on the state of the world’s forests, a Partnership 
between Forestry and Climate Leaders was launched, to implement the commitments 
established at COP26 and halt forest loss, biodiversity loss, as well as halt land 
degradation until 2030, including mobilization of financial support for indigenous 
peoples and local communities. COP27 also launched the Food and Agriculture for 
Sustainable Transformation (FAST) initiative to address climate impacts on both 
agriculture and food security.
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COP27 also reaffirmed the Paris Agreement target of limiting global warming 
to 1.5 °C, but with data from the IPCC report presented at the event, commitments 
made by countries still increase GHG emissions by 10.6% by 2030, which could cause 
warming of up to 2.5 °C by the end of the century. To meet the Paris Agreement target, 
emissions should decrease by 43% by 2030, a scenario that is far from becoming a 
reality. With that, a work plan was launched, aiming to accelerate efforts and gradually 
reduce the use of energy from mineral coal and eliminate subsidies to fossil fuels 
[81]. In this context, the countries participating in COP27 will have a lot to change in 
their policies, from energy bases to human rights policies, as well as the distribution 
of subsidies. It will be a long road, which requires commitment, so there is still a 
habitable world to fight for. 

8 Conclusions 

Historically, for both humans and the animal world in general, the fundamental 
question about food and energy has been that, to survive, an individual must acquire 
at least as much food energy as is expended in basal metabolism, reproduction, and 
acquisition of food. In recent years, the main point of interaction between food, 
energy, and health has changed radically. Access to unprecedented levels of usable 
energy and non-renewable energy transformation practices are responsible for most 
of the man-made greenhouse gas emissions that are causing climate change. This 
change, in turn, poses major risks to the health of the population, including affecting 
food production and nutrition. 

The use of forest-based biomass has the potential to contribute to the mitigation of 
climate change. However, although biomass can supply a significant part of primary 
energy demand with low or negative GHG emissions, these parallel targets are sensi-
tive to uncertain economic, technical, and political futures. In addition to being an 
abundantly available and renewable source, forest biomass is used by different crops 
over the years in different countries around the world. Research that defines strategies 
aimed at mitigating gaseous emissions from this energy source is important to ensure 
compliance with climate goals in developed and developing countries, without the 
need to resort to more fossil fuels. 
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Biomass as a Biofuel Used in Food 
Preparation: Qualitative Variables 
that Contribute to People’s Quality of Air 
and Life 
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Abstract The use of biomass for cooking food is a daily activity for many families 
and can cause an increase in morbidity and mortality in different parts of the world. 
Improper burning of this material can generate various polluting compounds that 
negatively impact the environment and people’s health. Wood-burning stoves and 
fireplaces emit significant amounts of harmful pollutants, including several carcino-
genic compounds, with CO and NOx being two of the primary gaseous pollutants 
from wood smoke. Thus, the objective of this chapter was to discuss the main vari-
ables that contribute to people’s air quality and life. For this, we debated biomass as a
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biofuel in food cooking, the combustion of biomass in air quality and people’s health, 
the evolution of cooking methods, the use and effect of biomass use in domestic envi-
ronments, and how to tackle the challenge of clean cooking. It was observed that 
the methods of preparing food with forest biomass are often carried out incorrectly, 
often with outdated preparation methods. This occurs mainly in developing countries 
by families without prior knowledge of the risks, or when there is knowledge, there 
need to be more economic subsidies. 

Keywords Air pollution · Respiratory diseases · Biomass burning 

1 Introduction 

The dependence on biomass has had its origins since ancient times. Defined as 
any organic material derived from plants, animals, and waste that can be used as 
a source of energy, this material has an important place in the history of humanity 
[55]. Biomass was the first energy source that humans were able to control and use 
its energy [10]. When burned, this material releases energy through heat, which can 
be used for cooking or heating. Until two centuries ago, biomass was the world’s 
primary source of energy [20]. Over the years, new sources of energy generation have 
developed, but biomass, along with kerosene, remains the main source of energy for 
cooking food for about 3 billion people worldwide. The proportion of the population 
that depends on biomass for cooking is higher in sub-Saharan Africa and India [74]. 
That’s right, one-third of humanity primarily cooks with biomass [32]. For centuries, 
this material has been a part of society’s daily life and continues to be used today. 
In various regions of the planet, biomass, such as wood, harvest waste, wet cake, or 
charcoal, is used for cooking food and heating and lighting residences. 

Biomass is a traditional and widely used fuel for cooking food in many countries 
worldwide. Often related to cultural practices, biomass is considered a sustainable 
and eco-friendly option for cooking food, especially in rural areas. In countries such 
as India, China, Africa, Brazil, and Indonesia, biomass is considered the primary 
raw material for preparing food in rural areas [7, 49, 55, 56]). Cooking with biomass 
has traditionally been practiced in developing countries where other fuel sources 
are scarce [45]. However, we emphasize that there is a small portion of the popu-
lation that uses biomass in a more “noble” way, in preparing food for people with 
higher purchasing power, such as in barbecues, pizzerias, and other dishes considered 
valuable by the fuel, such as the “dirty steak” made with food directly on charcoal 
embers. 

One of the advantages of cooking food with biomass is that this raw material 
is considered a renewable energy source. Unlike fossil fuels, which are finite and 
non-renewable, biomass can be grown and harvested continuously [23]. This makes 
this cooking practice an eco-friendly option for cooking food. There is a range of 
methods for cooking food from biomass, from direct contact with the heat source 
to open and closed ovens that use pots and other utensils for boiling, cooking, and
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baking based on indirect contact with the heat source generated by the fuel [22, 63]. 
We emphasize that there are various possibilities for using biomass for cooking food. 
However, cooking with biomass has its challenges. 

One of the main challenges is reducing smoke and other pollutants emitted during 
the cooking process, which can have adverse health effects [25, 46]. W To address this 
issue, several studies have been conducted worldwide, aiming to evaluate the impact 
of indoor air pollution caused by biomass burning on human health and seeking solu-
tions to this situation. Effective solutions to reduce indoor air pollution require the 
development and implementation of policies and programs that promote the adoption 
of cleaner cooking technologies and fuels. Additionally, education and training to 
communities on the importance of indoor air quality and the risks associated with 
indoor air pollution are vital to achieve significant results. In this context, it is essential 
to consider qualitative variables of biomass that can influence air quality and, conse-
quently, human health. This chapter aims to provide insights into the factors affecting 
biomass combustion and the resulting air pollution. By understanding the key factors 
influencing biomass combustion, policymakers, researchers, and communities can 
work together to develop and implement effective solutions to reduce indoor air pollu-
tion and improve human health. Overall, addressing the issue of indoor air pollution 
caused by burning biomass for cooking and heating purposes is crucial to achieving 
the Sustainable Development Goals and improving the health and well-being of 
people around the world. 

2 Biomass Combustion X Air Quality 

Despite biomass’s numerous benefits, its use has become a concerning factor [98]. 
One of the main challenges is that biomass as fuel is subject to the release of smoke 
and other hazardous pollutants to human health and the environment, mainly related 
to the equipment used in combustion. When biomass is burned in traditional stoves or 
fires, it releases various harmful pollutant gases into the air. These combustion gases 
can contain particulate matter, nitrogen oxides (NOx), sulfur oxides (SOx), carbon 
monoxide (CO), volatile organic compounds (VOCs), and other pollutants (such as 
particulate matter) (Fig. 1) [36, 99].

NOx can contribute to the formation of ground-level ozone and cause respiratory 
problems, while SOx can cause respiratory and cardiovascular issues and contribute 
to acid rain [93, 100]. CO is considered a toxic gas that can reduce oxygen delivery 
to the human body and cause various health problems [57]. VOCs can contribute to 
the formation of ground-level ozone and other secondary pollutants [73]. Particulate 
matter (PM) is a mixture of solid and liquid particles suspended in the air that can 
negatively impact air quality and human health [18]. But why do these compounds 
form during biomass burning? The quantity and type of emissions produced by 
biomass combustion depend on several factors, such as the type and quality of 
biomass, the combustion technology used, and the operating conditions [2, 33].
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Fig. 1 Diagram of biomass conversion and gas release (Source The authors 2023)

A factor that can influence gas emissions during the combustion process of a solid 
fuel is its chemical composition. In general, the chemical composition of biomass 
fuels is less complex than solid fossil fuels [48]. Biomass is mainly composed of 
carbohydrates, such as cellulose, hemicellulose, and lignin, which are compounds 
of carbon, hydrogen, and oxygen [29, 83]. Although it has a chemical composi-
tion rich in carbon, oxygen, and hydrogen, many elements in its composition can 
be problematic during combustion, especially nitrogen (N) and sulfur (S), which 
can directly influence gas emissions [48]. Studies suggest that NOx emissions from 
biomass combustion are directly related to the nitrogen content of the fuel [47, 61]. 

Regarding sulfur, the behavior of emissions is like that of nitrogen. The amount 
of SOx emissions produced during combustion is related to the amount of sulfur in 
the biomass [13]. For example, some biomasses, such as agricultural residues, may 
contain higher levels of sulfur-containing compounds than others. Additionally, the 
presence of sulfur may depend on soil conditions and fertilizers used during biomass 
growth. 

Another factor inherent to the characteristics of biomass that favors a greater 
amount of gas emissions during the combustion process is moisture. High mois-
ture content limits thermal performance and increases pollutant emissions after slow 
or incomplete combustion [18, 54]. In addition to the intrinsic characteristics of 
biomass, how the material is combusted plays an essential role in gas emissions 
during its burning. For example, well-designed and operated combustion systems 
can produce more emissions than well-designed and operated systems [74]. When 
biomass is burned, incomplete combustion can occur due to a lack of oxygen, leading 
to the formation of carbon monoxide (CO) emissions [86]. In addition to the gases 
mentioned, volatile organic compounds (VOCs) are also a threat to air quality and 
may be related to both the biomass combustion process and the chemical character-
istics of the material [65]. These emissions go far beyond air quality. Issues related



Biomass as a Biofuel Used in Food Preparation: Qualitative Variables … 27

to climate change and human health are among the main concerns that need to be 
considered regarding gas emissions from biomass burning. 

3 Is Biomass a Problem for Human Health? 

Cooking food is a necessary daily activity for human survival, but it can also pose 
health risks, especially when done with traditional equipment that relies on biomass 
fuels. Using biomass fuels, such as wood, crop residues, and animal dung, is common 
in many developing countries, particularly in rural areas where access to modern 
energy sources is limited. Although biomass fuel is an important energy source for 
millions of people, it also presents significant health risks, especially for women and 
children. The smoke and vapors released while cooking with biomass fuels contain 
harmful pollutants such as fine particulate matter, carbon monoxide, nitrogen oxides, 
and volatile organic compounds, which can have serious health consequences [4, 24]. 
Human health and gas emissions from biomass burning are closely interconnected, as 
exposure to these emissions can significantly impact the health of individuals, partic-
ularly those living nearby or in areas where biomass burning is common. Biomass 
burning is the combustion of organic matter, such as wood, crop residues, and animal 
waste, and is a significant source of air pollution in rural and urban areas [79]. Respi-
ratory diseases are one of the primary health impacts of gas emissions from biomass 
burning [17, 39, 69]. 

Exposure to particulate matter, carbon monoxide, nitrogen oxides, sulfur dioxide, 
and other pollutants released during biomass burning can cause or exacerbate respi-
ratory diseases such as asthma, chronic obstructive pulmonary disease (COPD), and 
bronchitis [27]. These pollutants can also increase the risk of lung cancer and other 
respiratory infections. In addition to respiratory diseases, biomass burning emissions 
can lead to cardiovascular diseases [34]. O Fine particulate matter released during 
biomass burning can penetrate deep into the lungs (Fig. 2) and enter the bloodstream, 
causing inflammation and increasing the risk of heart attacks and strokes [52, 87]. 
This particulate matter can also cause vasoconstriction, narrowing blood vessels and 
reducing blood flow to vital organs [52]. The most significant risk factors for these 
diseases are exposure to fine particles, carbon monoxide, and other harmful pollu-
tants released during biomass burning. However, given a series of problems related 
to biomass use, the following question arises: is biomass really the villain?

4 Is Biomass Really the Villain? 

Considering that the proper use of energy ensures the continuity of life and the 
sustainable development of communities, energy consumption management is one 
of the main topics on the agenda of all countries [1]. One of the energy sources in 
developing countries is biomass-based fuel [41]. This creates a conflicting factor:
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Fig. 2 Demonstration of the occurrence of cardiovascular diseases due to long-term exposure to 
smoke from burning biomass (Source The authors 2023)

the incidence of diseases due to high exposure to combustion compounds. Using 
biomass, especially wood, and charcoal, for cooking food is one of humanity’s oldest 
and most widespread methods. Over time, the use of equipment to handle fire has 
become a common practice that has been perpetuated for generations. Even with 
technological advances in recent times, humans still face a series of challenges in the 
best way to use fire, using various types of stoves to facilitate food preparation [40]. 
One of the types of stoves used in developing countries is a wood stove. This type is 
used for cooking food and residential heating. However, these stoves need to present 
an ideal standard. Some lack chimneys; others have inefficient or poorly constructed 
chimneys, often subject to leaks in their operating system and ventilation methods 
[21]. 

In biomass-based stoves (popularly known as wood-burning stoves), the combus-
tion of fuels often occurs incompletely, contributing to the generation of gases, 
fine particles, and compounds such as benzene, formaldehyde, and benzo[a]pyrene, 
which are highly carcinogenic to humans [21]. These components are also responsible 
for the growing incidence of respiratory infections, such as pneumonia, tuberculosis, 
chronic obstructive pulmonary disease, newborn malnutrition, cataracts, and even 
cardiovascular problems [3]. This is due to the need for more access to cooking and 
food preparation technologies, resulting from a confluence of factors ranging from 
the stove model to cooking in enclosed spaces. Almeida [5] analyzed the inefficiency 
of traditional wood-burning stoves and observed that their low-efficiency results in
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excessive and rapid firewood consumption due to incomplete energy utilization and 
faster fuel burning. In addition, the lack of insulation in the combustion chamber 
results in poor air circulation, leading to increased production and emission of toxic 
volatiles and soot particle [30]. These factors result in air pollution, leading to the 
health problems mentioned earlier. 

The World Health Organization (WHO) has stated that approximately 2.4 billion 
people worldwide use wood and dung fires or stoves to prepare food (OMS 2022). 
This creates a problematic situation due to a combination of socio-environmental 
and economic factors, ranging from the stove model, the location of its use (in an 
open or closed area), and who operates it [59]. It is essential that biomass stoves meet 
the WHO Guidelines emission targets, as this is a determining factor in contributing 
to the health of those exposed to them daily. 

5 Combustion with an Excess of Oxygen and Its Emissions 

The biomass stove is a physical arrangement in which fuel is added in the pres-
ence of air, leading to the release of heat [28]. However, it is known that these 
devices are also characterized by low energy efficiency and high gas emissions. Air 
entry into the combustion chamber, either in the form of primary or secondary air, 
sustains the combustion process [74]. However, an excess of air can cause incom-
plete combustion and inadequate heat transfer due to reduced temperatures in the 
combustion chamber [88]. During this process of incomplete combustion of biomass, 
some toxic components are emitted, among them one of the main classes of organic 
pollutants, polycyclic aromatic hydrocarbons (PAHs) [64], black carbon (BC) [85], 
organic carbon (OC), carbon monoxide, nitrogen oxides (NOx), sulfur dioxide (SO2), 
ammonia (NH3), benzene (C6 H6), formaldehyde (CH2O) and others. Due to the low 
efficiency of combustion of these traditional stoves, large quantities of harmful efflu-
ents are produced to the environment and human health due to the incomplete burning 
of biomass fuel. 

Biomass burning is a phenomenon capable of playing a fundamental role in terres-
trial and atmospheric dynamics [60]. When a fuel particle is burned, a balance of ash 
fraction occurs due to simultaneous physical and chemical transformations, which are 
influenced by high temperatures [9]. The process of modifying the raw material and 
its constituent elements via heat in the presence of oxygen is called combustion [60]. 
Wood-burning stoves mostly do not have a mechanism for controlling the combus-
tion process and require constant supervision by the operator. In many cases, they 
are operated improperly, contributing to incomplete combustion. This incomplete 
combustion results in the formation of gases such as carbon monoxide, breathable 
particulate matter, and a variety of greenhouse gases responsible for affecting human 
health and even contributing to climate change [70]. Another factor that affects the 
combustion process is the physical conditions of the biomass. In general, firewood for 
domestic burning does not follow a quality standard. Factors such as high moisture 
content, shape, size, density, and ash content can influence the combustion process. It
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is known that various uncontrollable factors are influential in the combustion process. 
Due to the harmful effects on the environment and human health, the development 
of new technologies to control the combustion process in traditional stoves and the 
possible reduction in the emission of these effluents has become relevant. 

6 The Evolution of Ways of Cooking 

The mastery of the stove begins with the discovery of the usability of fire and archae-
ological excavations in Chou Kutien, China [37]. Historically, it is known that using 
fire was responsible for our development as humans, mainly when related to meal 
preparation. Fire improved the ways of better utilizing the nutrients in food. This 
resulted in the evolution of the human organism, which stopped eating raw meals 
and began cooking them. Around half a million years ago, the mastery of fire popular-
ized a scenario of differentiated nutritional habits, allowing for increased nutritional 
gain through processes that gradually improved throughout human evolution, such 
as baking, drying, and even storing. These techniques were responsible for allowing 
settlement and exploring the potential of plants. They even led to the improvement 
of different cooking methods, such as boiling stones in leather or wooden containers 
[12]. 

The cooking methodologies of prehistory evolved with the use of fire. Subse-
quently, they improved to other traditional and widely used methods, such as the 
“three-stone” “wood stove type,” which operates based on wood burning. In its 
arrangement, three large, undefined stones support pots and vessels over an open 
bottom (Fig. 3) [53]. The designs of three-stone or “trempe” stoves are as their name 
implies. Compared to open fires, these stoves are considered inefficient. They are 
remarkably similar in their functioning methodology, allowing a large part of the 
heat to dissipate and gradually waste its fuel (wood) [95]. Over time, these stoves 
have steadily improved. Using a mixture of mud, water, and animal waste and some 
changes in shape, the traditional oven passed from “three stones” to the “Chulha.” 
This improvement occurred exponentially, with the goal of better utilizing fuel-
burning efficiency and indirectly minimizing emissions produced. Thanks to these 
adjustments, “modern” ovens could escape the smoke produced during biomass 
combustion outside of the kitchen in some stoves [50]. For example, the Chulha 
(fireplace in Hindi), traditionally used in India and other countries but not named, 
generally consists of a clay stove that operates based on biomass or humus-based 
fuels and is used for cooking meals (Fig. 3a) [43].

Fixed Chulhas with smoke removal apparatus is known as smokeless Chulhas 
and are modified versions of traditional Chulhas. As an example, the “Mid Chulha” 
does not have a smoke director and has a “U” shape. Reference [58] reiterated that 
Chulhas are designed for better fuel performance, promoting slightly more efficient 
combustion due to the presence of the chimney. Fuel consumption is reduced, and 
exhaust gases are removed through the chimney. The authors also considered that this 
cooking equipment has a 25–35% thermal efficiency and consumes less fuel. Another
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Fig. 3 Representation of stoves from different countries. Where: a Chulha stove; b traditional 
masonry stove; c Popular kiln in Kenya: Chepkube; d Traditional stove in Kenya: Cheproketes 
(Source The authors 2023)

traditional wood-burning stove model in Brazilian communities is made of masonry, 
cement, clay, and perforated metal plate for up to 5 pots (which may vary) (Fig. 3b). 
Some models of this oven already have a location for the exhaust gases to escape 
outside the residence (chimneys), but many still need this mechanism. Moreover, 
these wood-burning stoves have a low energy yield, emitting a considerable amount 
of gases and particulates inside the residences, harming the operator’s health [40]. 

In other countries such as Kenya, besides the three-stone stove, which has become 
popular, different types of stoves are also used for cooking, such as the Chepkube 
stove (Fig. 3c) with a 30.8% adoption rate among the population and then the Chep-
rocket stove with 8.9% usability [42]. When compared to other stoves, it can be 
observed that the Chepkube stove has a more comprehensive air intake. The Chep-
kube stove is an improved stove that typically features a clay lining. This stove 
is considered improved due to its fuel efficiency and, thus, lower emissions [84]. 
However, Cheproketes stoves (Fig. 3d) have lower energy efficiency and promote
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higher CO exposures compared to the Chepkube stove. The percentage of incom-
plete combustion is worsened due to poor air circulation in the combustion cham-
bers, where there is usually a buildup of ashes that causes blockage. Therefore, using 
different biomass stoves is based on the socioeconomic issues of the communities 
that use them. There are many adaptations of biomass stoves in different countries, 
but they all have the same functionality and operating principle. It is essential to 
understand that the wood-burning system’s lack of standardization and acquisition 
can be harmful despite the stove being based on biomass. Even though biomass is a 
renewable energy source, these stoves favor incomplete combustion of the material, 
releasing polluting gases that affect human health, especially women and children, 
and exacerbate the climate crisis. It is known that traditional technologies can have 
a negative impact on health, providing chronic diseases and premature deaths, going 
beyond the energy issue, and causing recurring problems for one gender in partic-
ular: Women, who have daily responsibilities for household tasks [8]. Therefore, it 
is necessary to employ new technologies that are accessible for cooking, accessible 
to all, and enable clean and sustainable cooking. 

7 Traditional Fuel: Inadequate Burning in Environments 

Regarding air pollution, the first association is usually air pollution in large urban 
centers, with images of pollutants being emitted by vehicles or even companies. 
However, this scenario is not limited to these areas only; a considerable portion of 
the world’s population lives with another source of pollution: burning forest biomass 
for domestic use (wood, charcoal, etc.). Approximately three billion people depend 
on traditional biomass for cooking and heating, causing various socio-environmental 
problems. About 35% of the population still used firewood for cooking in 2019, with 
37% depending on Liquefied Petroleum Gas (LPG), natural gas, or biogas, and 10% 
on electricity [19]. The impact on health and the environment from using traditional 
fuels is significant—and affects women disproportionately, as they are primarily 
responsible for household chores. At least about 2.6 million people were without 
access to clean cooking in 2019, and slow progress predicts that by 2030—the target 
year to achieve the Sustainable Development Goal (SDG)—2.4 billion people will 
continue to use traditional fuel [19]. 

As seen in the data presented above, a large part of the population still uses 
traditional stoves (such as wood stoves) for cooking, using inefficient raw mate-
rials that often result in “inadequate burning,” causing various health and environ-
mental damages. The health risks associated with biomass burning in household 
environments have been linked to acute respiratory infections, chronic obstructive 
pulmonary disease (COPD), pneumoconiosis, pulmonary tuberculosis, and adverse 
effects during pregnancy. Such effects are more likely to occur in developing coun-
tries, where women and children are particularly vulnerable to the health impacts of 
indoor air pollution from cooking with biomass fuels [16, 26]. Women, in particular, 
often spend many hours a day cooking over open fires or traditional stoves, exposing
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them to high levels of smoke and other pollutants. Children are also at risk, as they 
spend a significant amount of time indoors and are more susceptible to respiratory 
infections due to the development of their immune system. Domestic air pollution 
is the fourth most important risk factor for the global disease burden and, according 
to reports, causes approximately 3.5 million premature deaths annually [33, 35]. Of 
these deaths, a large proportion is attributed to respiratory diseases, such as COPD, 
pneumonia, and lung cancer [31]. 

This type of domestic pollution affects the health of women who cook and children, 
who are especially susceptible to declining lung function, chronic bronchitis, and 
respiratory infections, and is the leading cause of death in children in developing 
countries [91, 92]. Reference [38] state that exposure to domestic pollution from 
biomass burning during the first trimester of pregnancy can contribute to lower fetal 
weight gain. The elements analyzed in the present research were ozone (O3), nitrogen 
dioxide (NO2), sulfur dioxide (SO2), particulate matter with a diameter of less than 
10 µm (PM10), and carbon monoxide (CO). The research demonstrated that 4.6% of 
newborns had a birth weight of less than 2500 g, which was statistically significant. 
Inadequate burning results in the formation of potentially toxic substances, such as 
carbon monoxide (CO), ammonia (NH3), and methane (CH4), among others, with 
fine particles containing particles smaller or equal to 10 µm (PM10), i.e., inhalable 
particles, being the most toxic pollutants that have been studied. Constituting the 
largest percentage (94%) of fine and ultrafine particles, these particles reach the 
deepest parts of the respiratory system, causing severe diseases [96, 99, 100]. 

8 Effect of Biomass Burning on Health 

As the ability to control fire is often considered the distinguishing feature of pre-
human evolution and wood is the oldest fuel, it is true that exposure to wood smoke 
is as old as humanity. Since domestic use dominates the total fuel demand in many 
developing countries, especially in rural areas, biomass will likely continue to be 
the primary energy source for a considerable portion of humanity. Per capita use is 
highly dependent on local conditions. Countries with abundant wood supply, such as 
Finland, Sweden, and Canada, burn more biomass fuels per capita than most other 
countries, while those with low supply, such as South Korea and Singapore, burn 
less [80–82]. 

The notion that wood smoke, being a natural substance, must be benign to human 
beings is sometimes still heard. It is well established, however, that wood stoves, fire-
places, and forest and agricultural fires emit significant amounts of health-harmful 
pollutants, including several carcinogenic compounds (e.g., polycyclic aromatic 
hydrocarbons, benzene, aldehydes, and respirable particles). Some of these toxic 
pollutants during biomass burning, according to researchers Naesher et al. (2007) 
and [6] were represented in Fig. 4.

CO and NO, two of the primary pollutants in wood smoke, add to atmospheric 
levels of these gases emitted by other combustion sources. The health effects of
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Fig. 4 Primary pollutants harmful to health from biomass combustion (Source The authors 2023)

exposure to these gases and other components of wood smoke (e.g., benzene) are 
well-known in the scientific community. Emissions from biomass burning contain a 
wide variety of solid, liquid, and gaseous constituents that can change rapidly over 
time, temperature, sunlight, and interaction with other pollutants [77, 78]. Several 
constituents are known to be hazardous to human health but are not specifically regu-
lated or even thoroughly evaluated for their health effects. Wood-burning particles 
are typically smaller than 1 µm, with a peak in the size distribution between 0.15 
and 0.4 µm. This is the case with other combustion mixtures, such as diesel fuel 
and tobacco smoke. In fact, most of the particle mass in old wood smoke is formed 
by such condensation processes. Fine particles in this size range (0.15 and 0.4 µm) 
efficiently escape the mucociliary defense system and are deposited in the periph-
eral airways, where they can exert toxic effects. Particles in this size range are not 
easily removed by gravitational settling and thus can be transported long distances 
[72, 75, 76]. 

The transport of biomass combustion particles over hundreds of kilometers has 
been extensively documented [22, 44]. Studies conducted by [44] show that modern 
stoves emit 95% fewer PAH16 and 13 fewer total suspended particles (TSP) than 
wood stoves. Many gaseous species are converted into other gases or particles during 
transport. The “black carbon” from biomass emissions are believed to contribute to 
regional and global climate change and adverse health effects in some parts of the 
world [66–68]. Methoxyphenols are a class of chemicals derived from the pyrolysis 
of lignin wood polymer. This class of chemicals covers a range of volatilities, from 
relatively volatile (e.g., guaiacol) to exclusively particle-associated. These chemi-
cals are relatively abundant in wood smoke, although the most abundant compounds
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are predominantly in the vapor phase [96, 97, 99]. Accurate chemical analysis of 
methoxyphenols has proved to be an analytical challenge. Many methoxyphenols 
have been considered chemically reactive—a property that would impair their suit-
ability as tracers for biomass smoke [15, 66]. Methoxyphenols have been used as 
tracers of wood smoke in multivariate source apportionment models to determine 
the proportion of urban fine PM derived from wood burning [11, 14]. 

9 Meeting the Challenge of Clean Cooking 

Due to incomplete combustion and the lack of adequate air pollution control devices, 
emissions from burning biomass fuels contribute substantially to air pollution [90, 
92, 94]. Various cultural, economic, and social factors directly influence the adoption 
of clean cooking solutions. However, some options are available to rapidly expand 
adoption in an environmentally sustainable manner and bring various co-benefits. 
Renewable alternatives such as improved biomass stoves, biogas, ethanol, and solar 
cookers already contribute to expanded access. Renewable energy-enabled electric 
cooking has also begun to play an important role [71, 85, 89]. Biogas-based solutions 
have been deployed for a long time to expand access to clean cooking and improve 
agricultural waste management. 

However, inadequate policies banning traditional fuels and the high price of clean 
and renewable energy have weakened the motivation of households to use renewable 
energy. Meanwhile, low income and a lack of clear understanding of pollutants from 
burning biomass fuels have led families to adopt biomass fuels as a substitute for 
clean energy, which can further aggravate regional air pollution [51, 62]. Due to the 
current energy dilemma, a national cessation of biomass fuel burning and promoting 
an energy transition are incredibly challenging. Some measures that government 
agencies can take include reviewing and implementing national air quality standards 
in accordance with the latest WHO guidelines, monitoring air quality and identifying 
pollutant sources, and supporting and incentivizing the transition to exclusive use of 
clean domestic energy for cooking, lighting, and heating, and including air pollution 
themes for both domestic and urban centers in basic cycle disciplines, and providing 
tools for engagement in the health sector for citizens who do not have access to this 
knowledge. 

10 Conclusions 

The use of biomass as a fuel source can also generate harmful gas emissions, including 
carbon monoxide (CO), nitrogen oxides (NOx), and volatile organic compounds 
(VOCs). These emissions can have detrimental effects on human health, such as 
respiratory and cardiovascular diseases, and contribute to air pollution, which is 
a significant public health concern worldwide. The amount and composition of
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gaseous emissions from biomass combustion depend on several factors, including 
the type of biomass used and characteristics of the biomass involved in the process, 
such as humidity, density, chemical composition, and even the presence of resin. 
Furthermore, inefficient combustion processes increase gaseous emissions. Various 
measures can be taken to mitigate the negative impacts of gas emissions from 
biomass combustion. These include using sustainable and low-emission biomass 
sources, improving combustion efficiency, implementing emission controls and 
monitoring systems, and promoting cleaner technologies such as gas stoves and 
ovens. Developing and adopting these measures can help minimize the negative 
impacts of biomass combustion and facilitate the sustainable and low-carbon use of 
this renewable energy source. 
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Combustion Equipment Used in Food 
Preparation Around the World: What Is 
Its Influence on Air Pollution and How 
to Mitigate These Harmful Effects? 
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Abstract The use of wood or biomass-burning stoves for cooking is a common 
practice in many countries. Approximately 3 billion people cook and heat their homes 
with fires and stoves that burn biomass (wood, animal dung or agricultural waste) 
and charcoal. However, this practice can lead to serious environmental and public 
health problems, as the inefficient burning of biomass in these stoves produces large 
amounts of polluting gases and fine particles that are harmful both to those using 
the equipment and to the environment. To mitigate these impacts, there are several 
strategies that can be adopted. One of them is the use of more efficient stoves that 
consume less fuel and produce less smoke. These stoves can be of various types, 
from the simplest ones that use only a small amount of wood, to the most advanced 
ones that have combustion systems and filters to reduce the emissions of polluting 
gases. In addition, there are also other alternatives, such as the use of solar ovens, 
which use the energy of the sun to cook food, or the use of oven filters, which can
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be installed in existing equipment to reduce the emission of polluting gases. Despite 
these alternatives, there are still many gaps in scientific knowledge about the use of 
wood or biomass-burning stoves for cooking. In this context, the objective of this 
chapter is to address how the equipment used in food preparation leads to a significant 
increase in gas emissions. We will also address alternatives to overcome the reality 
of using rudimentary technologies, such as solar ovens and oven filters. Finally, we 
will show the existing gaps within this niche of study and what research should focus 
on in future studies. 

Keywords Food safety · Biomass · Household energy · Environmental health 

1 Introduction 

The use of wood or biomass-burning stoves for cooking is a common practice in 
various regions of the world, especially in rural and low-income communities. These 
stoves can range from the most rudimentary, such as clay stoves and open fires, 
to more modern equipment, such as wood-fired ovens and stoves with more effi-
cient burners. However, despite being considered a more accessible and econom-
ical alternative, these stoves can generate serious environmental and public health 
impacts. 

Since ancient times, wood or biomass-burning stoves have been used worldwide. 
In Africa, for example, the “jiko” is a type of clay stove used for cooking food [64]. In 
Asia, the use of “tandoors” or cylindrical clay ovens to cook bread and other foods is 
common [33]. In Latin America, wood-burning stoves are often used in rural areas. 
In recent years, more modern equipment has emerged, such as stoves with more 
efficient burners and wood-fired ovens with thermal insulation, which reduce the 
amount of fuel needed to cook food. 

However, despite the economic and cultural benefits, the use of wood or biomass 
equipment can generate serious environmental and public health impacts. The 
combustion of biomass produces large amounts of polluting gases that contribute 
to the greenhouse effect and climate change [51]. In addition, inhalation of smoke 
generated by these equipments can cause serious respiratory problems, such as lung 
diseases and lung cancer [103]. Among the main gases emitted by wood or biomass 
equipment are carbon dioxide, methane, and carbon monoxide [51]. Carbon dioxide 
is one of the main greenhouse gases, while methane is even more potent in terms 
of greenhouse effect. Carbon monoxide is a toxic gas that can cause poisoning and 
even death in high concentrations. 

There are several strategies to mitigate gas emissions from wood or biomass 
cooking equipment. One of them is the adoption of more efficient stoves, which 
consume less fuel and produce less smoke. Another strategy is the use of renewable 
energy sources, such as solar energy or biogas, for food preparation [100]. Addi-
tionally, community awareness about the environmental and public health impacts 
of using wood or biomass equipment is crucial for the adoption of more sustainable 
practices. In this sense, the objective of this chapter is to address the main biomass-
based equipment used in food preparation, from the oldest to the most modern, and
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their influence on gas emissions and climate change. We will also present the latest 
technologies for wood or biomass equipment in food preparation, with the aim of 
identifying innovative and sustainable solutions to reduce emissions and improve the 
energy efficiency of these devices. Moreover, we will present strategies to mitigate 
gas emissions from these cooking devices, taking into account technical, economic, 
and social aspects. Finally, we will also present scientific advances in this research 
field to determine existing gaps and what needs to be the focus of study in this area 
in the coming years. 

2 Equipment for Food Preparation: History 
and Technological Advances 

The history of stoves begins with the discovery of fire by our ancestors. After archaeo-
logical excavations in the village of Zhoukoudian (Chou Kutien), China, it was found 
that Homo erectus pekingnensis, or Peking Man, used biomass fuel inside caves to 
keep warm about 400,000 years ago [14]. Research conducted at the site later enabled 
the discovery of burned items such as charcoal, stones, and bones. These findings 
were widely accepted as the oldest reliable evidence of hominids using fire in the 
world [12, 78]. During the Paleolithic period, open fires (bonfires) (Fig. 1a) were used 
for warmth and protection against animal attacks, and only in the Middle Paleolithic 
period did the use of fire become known for cooking food [66, 102]. One of the 
earliest cooking methods was to roast meat in a type of oven that consisted of holes 
in the ground. The fire is made inside the hole with biomass fuels, and only when the 
flames are extinguished are the meats that are arranged in alternating layers between 
stones inserted into the pits and finished by covering them with soil (Fig. 1a). These 
methods are still used in some places today [102]. 

The initial period, prior to the seventeenth century, was marked by low-energy 
efficiency stoves with high smoke emissions due to the use of weak materials in their 
construction, known as “traditional stoves” [66]. The stove took on its basic familiar 
form about 12,000 years ago with the development of its design, which progressed 
from an open fire to a closed firebox with the goal of balancing pots on the fire. The

ba 

Fig. 1 Bonfire (a); Hole fire (b) (Source The authors 2023) 
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Fig. 2 Three-stone stove 
(Source The authors 2023) 

three-stone wood stove (trempé), the first model of a closed stove and still used today 
in underdeveloped countries, consists of an arrangement of three similarly shaped 
and sized stones, which are placed on a flat surface to maintain the stability of the 
pots that will be placed on top, with biomass arranged in the center of the stones 
(Fig. 2). Its dimensions are defined relative to the size of the utensil that will be used 
[66]. 

With the purpose of obtaining a more efficient stove, models were increasingly 
improved over time. As time went by, stoves evolved and took on various shapes and 
sizes, made with different types of materials and adapted to different cultures and 
needs [59]. With the development of the enclosed fire, the three-stone model became 
a clay stove in the shape of a “U”. In this model, the stove is made with a mixture 
of clay and straw, fixed to the ground in a “U” shape, modeling a semi-open oven, 
where the front has an opening for the biomass feed and there may be protrusions on 
its surface to improve the support of cooking utensils and facilitate air intake (Fig. 3) 
[66]. The mechanism for improving this model is the induction of secondary air for 
efficient combustion, as the air prevents the slip of unburned biomass, thus promoting 
complete burning of the fuel that was used. The first improved clay stove reported 
in the literature was created in India in 1947 and was called the “Magan Chulha”. 
Aimed at solving problems such as smoke production for health improvement and 
forest conservation, the model is now produced with blocks of clay and includes 
curved ducts, a metal grate, and a ceramic chimney attached to conduct the smoke 
produced during biomass burning [5, 58].

In the 1970s, the global oil crisis brought attention to energy issues [87]. However, 
during this time, researcher [29] published a report on “Wood: The Other Energy 
Crisis,” which highlighted the unsustainable use of wood in rural areas for domestic 
activities such as cooking and heating, which he deemed subtle but equally devas-
tating. According to [102] the period between 1970 and 1980 was known as the 
“first phase” or “first wave” of improved cookstove (IC) development. The primary 
goal of professionals during this first phase was to achieve more efficient combus-
tion to achieve biomass fuel savings [91]. The energy crisis of the 1970s led to the 
development of new improved cookstoves through research, introducing models with
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Fig. 3 “U” type stove 
(Source The authors 2023)

low biomass consumption in locations that heavily relied on this fuel for cooking, 
as attention was focused on environmental and energy conservation issues [30, 39, 
66]. It was in this context that the first projects were implemented. After a major 
earthquake hit Guatemala in 1976, the country received international aid to rebuild 
destroyed homes, and improvements were made to kitchens. As a result, they devel-
oped a stove model called the “Lorena stove,” made with clay blocks filled with a 
sand-clay mixture (Fig. 4). This stove model soon became popular in Guatemala and 
other Central American countries due to its efficiency, product promotion, and further 
research by the Aprovecho Research Center (ARC) [102]. The Lorena stove model 
has been modified over the years by other IC programs in South Asian countries, 
where [5] showcases several programs and their respective modifications based on 
the Guatemala model. 

Fig. 4 Lorena stove (Source 
Adapted from [37]
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Many of the programs carried out at this time were not accepted by the public 
since the creation of stoves by experts developed rapidly and extremely technically, 
without even considering the issue of social context, given that the majority of stove 
users in the world are women who were not involved in the development process as 
their empirical knowledge was considered inferior to the technical knowledge of the 
experts [19, 88]. 

The beginning of the second phase was marked by two scenarios that changed 
the course of improved cookstove organizations. Firstly, the understanding that the 
deficit of wood was not linked to subsistence consumption of rural communities, but 
rather to deforestation for subsequent cultivation or grazing of livestock, practices 
linked to agribusiness and which became a threat to energy resources [19, 36, 65, 
97]. Secondly, organizations understood the importance of community participation 
in the planning and development of improved cookstoves, which would result in 
greater acceptance of the products, since their involvement would make it possible 
to identify potential problems for that specific community [10, 102]. 

At this moment, several stove improvement programs were created in various 
parts of the world, but mainly in underdeveloped countries that had biomass as their 
main source of energy for domestic activities. The stoves were adapted over the 
years according to culinary habits and traditions. Improved stoves were developed 
in various countries around the world, such as Ethiopia, Eritrea, Ghana, Ivory Coast, 
Kenya, Madagascar, Malawi, Mozambique, Niger, Bangladesh, Indonesia, Nepal, 
Pakistan, Thailand, Bolivia, Argentina, Cuba, Peru, and Mexico [3]. However, India 
and China are countries that have developed more widespread programs and are 
therefore chosen to be explored throughout the chapter. 

The Indian National Program on Improved Chulha (NPIC) was established in 1983 
and only launched on a full-scale basis in mid-1985 [42]. As previously discussed, 
the main purpose was to improve the management of energy resources, and the 
NPIC included several objectives in its project to achieve this goal: (i) conserva-
tion of biomass, (ii) removal of kitchen smoke; (iii) updating of deforestation data; 
(iv) reduction of women’s labor-intensive work; and (v) providing opportunities for 
extra income for local communities [5]. Despite the program having 80 different 
models, all can be categorized into 6 different groups: (a) fixed mud stove, with 
and without a chimney, (b) fixed mud stove coated with ceramics, with or without a 
chimney; (c) portable metal stove without a chimney; (d) portable metal stove coated 
with ceramics, without a chimney; and (e) portable stove with a separate chimney 
system [3]. The “Astra Stove” model was designed by the Centre for Sustainable 
Technologies at the Indian Institute of Science in Bangalore. The Astra stove is 
considered one of the best stoves available in the country, offering more than 40% 
efficiency [53]. These results were achieved through improvements such as controlled 
entry of primary and secondary air, facilitating proper combustion, inclusion of a 
chimney with appropriate measurements, and the overall design [5]. In addition 
to improvements in efficient combustion, the NPIC program demonstrated other 
progress, such as female empowerment, and some states promoted improvements in 
cooking through these popular programs [3].
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As discussed earlier, each stove model corresponds to the local reality of the 
community. The most popular ICs in Sri Lanka, a country located south of India, is 
the “Anagi Stove” introduced by the Ceylon Electricity Board (CEB) in 1986. This 
stove is built with two pieces of clay pot and can be fueled by wood, leaves, coconut 
shells, and other biomass residues. Its unique design was developed to meet the needs 
and culinary habits of the local culture in Sri Lanka [5]. 

Another program with a high rate of dissemination of stoves was the Chinese 
National Improved Stove Program (NISP), created by the government in the early 
1980s and considered the world’s largest public financing initiative for stove improve-
ments. With more than 100 million units, the NISP is one of the most successful 
programs [106]. The FL model is a stove developed based on local cuisine and 
built with brick, cement, and cast iron. This stove has two design models: the FL 
Partial Composite Stove (FL-PCS) and the FL Complete Composite Stove (FL-CCS). 
The difference between the models is in the material they are constructed with, the 
FL-PCS has the combustion chamber and cast iron grate while the other parts are 
self-constructed, whereas the FL-CCS is entirely made of cast iron and includes a 
ready-to-install chimney [105]. 

As previously discussed, the second phase was mainly characterized by the need 
to save wood and reduce hard work, but reducing smoke was a secondary issue [91]. 
After research, it was found that the use of chimneys only shifted the smoke problem 
outside the houses but did not eliminate it [94]. As a consequence, in the early 
1990s, it was observed that the use of wood for cooking food could pose health risks 
due to the smoke produced during combustion, and in this problem, agents realized 
that the use of ICs could bring, once again, a solution to this impasse [34, 92]. At 
the World Summit on Sustainable Development held in Johannesburg in 2002, the 
U.S. Environmental Protection Agency (EPA) announced the “Partnership for Clean 
Indoor Air” project aimed at mitigating the health risks of people using biomass fuels 
in their homes [13]. In this third phase, improved stove programs were improved with 
an emphasis on health issues [7]. Single-pot metal stoves without chimneys were the 
most launched models during this period [59]. 

As a result, the Indian government, after the country’s Ministry of New and Renew-
able Energy (MNRE) considered the NPIC a failure, relaunched a “National Biomass 
Stove Initiative” project in December 2009 with the main objective of increasing the 
use of improved biomass stoves, but with more efficient, longer-lasting, effective, 
and easy-to-use products. Other objectives of the program are to develop and imple-
ment biomass stoves that provide cleaner energy, reduce the hard work of women and 
children who use traditional Chulhas, and reduce climate change by reducing black 
carbon emissions during biomass burning. The project has more than 40 different 
models divided into fixed and portable types (natural and forced draft) and can be 
made of metal, ceramic, and terracotta/ceramic [70]. 

Despite technological advancements in improving wood stoves, researchers 
around the world have been seeking more sustainable and low-cost alternatives for the 
development of cooking equipment. This interest is due to three important factors: (i) 
improving the quality of life of the population; (ii) reducing the emission of polluting 
gases released during biomass burning that influence climate change; and (iii) seeking
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renewable energy sources in order to reduce the use of petroleum and natural gas. 
These points are directly related to the Sustainable Development Goals (SDGs) 
established by the WHO (World Health Organization), specifically: 3—Good health 
and well-being; 7—Affordable and clean energy; 10—Reduced inequalities; 12— 
Responsible consumption and production; and 13—Climate action. Based on this, 
solar ovens stand out as a recent, accessible, and efficient technology for cooking that 
can reduce the use of wood stoves and consequently their social and environmental 
impacts [27, 74]. 

Solar stoves, also known as solar ovens, are devices that use solar radiation as 
the primary source of energy, mainly for cooking food, but also have potential for 
important processes such as pasteurization and sterilization [44, 46] Solar stoves are 
based on the principle of concentrating solar energy and using this heat for cooking 
food, without the need for any other fuel besides sunlight to operate these devices 
[77]. It is reported that the first solar ovens were developed in the eighteenth century, 
with physicist Horace de Saussure being the first researcher to use this equipment 
to cook fruits [20, 84]. However, according to [84], the World Wars and the energy 
crisis intensified the interest in using these types of stoves. 

Considering that around 2.4 billion people, mainly located in poor or developing 
countries, cook using polluting fuels [22] world organizations such as the Solar 
Cookers International (SCI) have intensified efforts to introduce the use of solar 
stoves in the daily lives of these populations for sustainable and environmentally 
friendly cooking, with the main mission of improving human health, economic well-
being, and the environment [4, 86]. 

Solar cookers can be found in different shapes, varying according to the manu-
facturers and the improvements made by researchers focused on developing more 
efficient devices. However, solar cookers fall into two categories based on the heat 
transfer method, namely the direct method, which includes box-type cookers, and the 
indirect method, which includes solar panel and parabolic cookers. Box-type solar 
cookers are characterized as an isolated device with a multiple or single glass lid, 
which has reflectors that direct the sun’s rays into the box. The interior of the box is 
coated with black paint to improve the absorption capabilities of the solar light [71]. 
According to [20], the first containers created for cooking food using solar radia-
tion were of the box type. However, it was only in the 1970s that an efficient and 
viable box-type solar oven model for domestic use was developed by Barbara Kerr, 
a resident of Arizona in the United States [84]. Generally, this cooker model can 
reach temperatures of up to 100 °C, a characteristic that enables boiling food [107]. 
However, the main limitation of this device is the lack of energy storage, which makes 
it difficult to use when it is not receiving solar radiation. Within this context, research 
is being developed mainly to improve the characteristics of these cookers in order to 
make them more efficient. Reference [21], when evaluating solar cookers with and 
without thermal energy storage, concluded that devices made up of Bayburt stone are 
an excellent material to complement box-type cookers due to their constant, efficient, 
and continuous cooking ability, as well as their capacity for thermal energy storage 
for different periods of the day. The advantages of box-type cookers are linked to 
the simplicity of the equipment’s construction, ease of use, no risk of fires or burns
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to the operator, and excellent energy capacity, whether reinforced by mirrors or not 
[60, 71, 77, 84]. 

Among the indirect heat transfer stoves, the solar panel and parabolic stoves stand 
out. Solar panel stoves are attractive equipment for travelers or people living alone, 
and they are easy to construct and do not require expensive materials for assembly. 
The basic principle of this type of device involves heat transfer to a container intended 
for cooking food through reflective plates [71]. This device is capable of providing a 
cooking temperature of around 140 °C, but it is entirely dependent on solar radiation, 
so it becomes unfeasible for use on cloudy days or at night [55, 77]. Unlike solar 
panel stoves, parabolic solar stoves stand out as one of the best models of solar 
stoves for their ability to reach high temperatures. The first models of this device 
were developed in the 1950s by researcher Ghai in India, who evaluated different 
ways of obtaining the most efficient parabolic stove. This type of equipment is a 
concentrator stove, meaning that it is a solar stove in which the pot is placed at the 
focus of a concentration mirror, so the cooking temperature can reach from 300 to 
450 °C [52, 71]. The main disadvantage of this type of equipment is the constant 
need for sun, the operator’s need to monitor the food preparation process to prevent 
burning, and the risk of fire during the activity [61]. To improve the efficiency of 
using this type of device, recent research is focused on developing mechanisms that 
can store energy in parabolic solar ovens to make them viable for use on days with 
low solar radiation, at night, and for indoor use [6, 31, 67, 69]. 

The main advantage of using solar cookers is the absence of toxic gas emis-
sions during food preparation. Additionally, these devices can be constructed using 
a variety of low-cost and highly efficient materials. In a study conducted by [82], 
different types of waste materials from humanitarian supply packaging were used 
to develop solar cookers. The authors concluded that the prototypes developed were 
suitable for domestic use, with those made of cardboard being able to heat food and 
boil water in relatively short times. Therefore, solar cookers are considered promising 
technological innovations for replacing biomass-fueled stoves, thereby reducing the 
emission of gases that affect human health and intensify climate change. 

3 Cooking Equipment and Gaseous Emissions: 
Implications for Climate Change and Human Health 

3.1 The Influence of Equipment on Gas Emissions 

Around the world, there are approximately 3 billion people who depend on tradi-
tional stoves to cook their food, primarily using solid biomass fuels [9]. Given their 
increasing use, the global research community has begun to shift its focus towards the 
health impacts associated with emissions during the combustion of fuels in kitchen 
stoves [9, 93]. Concerns over the type of biomass used are closely related to concerns 
over exposure to toxic gases that are generated during combustion. However, it is
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equally important to evaluate the efficiency of the stoves to which this biomass will 
be used, as more efficient stoves tend to minimize the propagation of smoke. 

Both the type of fuel used during cooking and the inefficiency of the stoves used 
can be harmful to human health, depending on the quantity and types of gases present 
in the ambient air. A new approach, where the main focus is to advance towards 
improving these devices to have high combustion efficiency and low emissions, 
and not to produce any significant pollution, should be given top priority. Stoves 
containing well-operated chimneys tend to avoid indoor air pollution, however, they 
will still transfer it to the outside, which could result in substantial human exposure. 
To truly achieve high performance, more reliable materials should be used in their 
construction. Advanced ceramics or metal alloys, as well as other components, should 
be made under good quality control by factories, complemented by other modern 
production techniques [99]. 

The search for more advanced and efficient stove designs has been going on 
for a long time, and it is possible to observe an evolution over the years. To face the 
challenges related to traditional biomass stoves, scientists have created the concept of 
improved stoves [8]. However, it was only after the 1980s that parameters such as heat 
transfer, fluid mechanics, standard testing, etc. were finally taken into consideration 
to improve stove efficiency [11]. 

Forced-air biomass stoves, such as those used for cooking and heating, are consid-
ered clean technology, containing fans that assist in providing air for the combustion 
of fuel [17]. They can potentially reduce carbon monoxide (CO) emissions by more 
than 50% compared to traditional stoves [89, 90]. However, the airflow, distribution, 
and velocity can directly influence pollutant emissions from incomplete combustion 
of the biomass used when the O2 content is not comparable to the combustion rate 
[24, 25]. For a wood stove, it is recommended that there be two limits and two main 
zones, the air flow and the mass flow. The air flow can usually be modeled as a limit 
with known velocity, or the mass flow [57]. 

Higher temperatures followed by good air conditions can make stoves more effi-
cient, generating lower concentrations of small aerodynamic particles (PM) and 
carbon monoxide (CO) [47]. This makes the presence of an excess air control system 
important to avoid excessive unsatisfactory air circulation that can result in higher 
particle mass concentrations [54]. 

The open burning of these fuels, on the other hand, can have catastrophic conse-
quences for the environment and human health. This includes the destruction of 
various ecosystems, increased air pollution, changes in soil properties and consequent 
increase in erosion, water pollution, and contribution to climate change [63, 80]. 

3.2 Main Gases Emitted During Food Preparation 

The inefficient combustion of wood is a major source of atmospheric pollutants that 
generate gases such as carbon monoxide (CO), sulfur dioxide (SO2), nitrogen dioxide 
(NOx), and particulate matter less than 2.5 µm (PM2.5), which cause numerous lung
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diseases [50, 72, 75, 96]. PM is one of the pollutants that poses the greatest risk to 
human health, in addition to contributing to climate change. PM is a group of solid 
and liquid particles that are suspended in the atmosphere and have a diameter of less 
than 2.5 µm [63]. 

Carbon monoxide is a colorless, odorless, and non-irritating gas that can be fatal 
in high concentrations, as it binds to hemoglobin in the blood, reducing the amount 
of oxygen available. It is a product of incomplete combustion of carbon-containing 
substances [68]. SO2 is also a colorless gas emitted from fuel combustion. Its forma-
tion results from particles containing sulfur and can cause a range of health prob-
lems [15]. Nitrogen oxide (NOx) can act alone or in combination with PM, directly 
affecting cardiovascular disease. Typically, NOx is more attributed to motor vehicle 
emissions [16], but its presence cannot be ruled out when gases from biomass fuel 
combustion are released. 

3.3 Effects of Polluted Gases in Food Preparation on Human 
Health 

Domestic air pollution is generated through the use of inefficient biomass tech-
nologies used in cooking or heating. It is estimated that around 3.8 million deaths 
worldwide are due to indoor air pollution from these technologies, which generate a 
series of harmful pollutants to human health, including small particles that penetrate 
the lungs and bloodstream [49]. Intoxication begins with the incomplete burning of 
the biomass used, emitting pollutants such as carbon monoxide, nitrogen dioxide, 
sulfur dioxide, among others, as well as volatile organic compounds such as aromatic 
hydrocarbons and benzene [76]. The particles emitted during burning are captured 
by the nasal cavity, airways, and thoracic cavity, with smaller particles tending to 
lodge in areas such as lung alveoli [22]. 

Organic compounds such as benzene and polycyclic aromatic hydrocarbons are 
carcinogenic and mutagenic compounds. Prolonged exposure to these pollutants 
tends to cause cellular alterations in exposed cells, such as those in the nasopharynx, 
oral cavity, and airways and lungs [28]. 

Several research studies report that diseases generated by inhaling this smoke 
occur more frequently in females. There is a disproportionate prevalence of chronic 
pulmonary diseases and lung cancer, even in those without a history of smoking [56]. 
This is because in most cases, women are responsible for household tasks, including 
cooking. Therefore, during the repetitive process of cooking for their family, women 
would be exposed to emissions generated by biomass fuels for hours, accumulating 
higher concentrations of these particulates in their bodies. Children who spend more 
time with their mothers during the cooking process are also diagnosed with these 
diseases [40]. 

Intense exposure to household air pollution tends to increase the prevalence of 
lung diseases, including asthma, tuberculosis, chronic obstructive pulmonary disease
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(COPD), interstitial lung disease, acute infections, lung cancer, as well as non-lung 
diseases such as nasopharyngeal cancer and ischemic heart disease [23, 26, 32, 83]. 
COPD is a common chronic inflammatory disease characterized by restriction of 
airflow in the affected person, as well as symptoms associated with the respiratory 
system. In general, COPD is considered preventable and treatable. On the other hand, 
its progression can cause respiratory failure, hypertension, pulmonary heart disease, 
which will seriously affect the patient’s quality and life expectancy [104]. 

In some cases, diseases resulting from excessive exposure to this smoke may 
come silently, and patients may be asymptomatic or present nonspecific signs such 
as cough, sputum production, and dyspnea [56]. In these cases, it is recommended 
that the exposed person undergo periodic examinations to evaluate their condition. 

4 Reducing Gas Emissions in Cooking Equipment: 
Innovative Solutions for a Healthy and Sustainable 
Future 

In recent years, the evaluation of emission reduction strategies for residential biomass 
combustion has been investigated with growing interest. However, the evaluation 
of emission factors from biomass combustion is complex due to the dynamics of 
combustion being influenced by many parameters, such as the technology employed 
in the stoves, the type of biomass used, and operating conditions. Therefore, strategies 
can be oriented towards optimizing the combustion process and/or improving the fuel 
(primary measures), or they can focus on flue gas cleaning technologies (secondary 
measures). 

When the focus is directed towards the use of primary measures in the combustion 
concept, studies have addressed projects that contemplate the supply of air through 
the implementation of “staged combustion with air” [18, 43, 62, 108]. In practice, 
staged combustion with air prioritizes effective mixing of pyrolysis gases and air 
with a satisfactory residence time. Typically, air supply occurs in two or three stages, 
depending on the project, with devolatilization of the fuel (primary) and oxidation of 
the combustion products (secondary and tertiary). Thus, the introduction of heated 
secondary air at the top of the primary combustion chamber further increases the 
ignition of the combustion gases. 

Regarding energy crops, it is possible to reduce particulate emissions by improving 
the fuel used. This involves the use of additives such as aluminum silicates (sewage 
sludge), calcium-based additives (limestone), and sulfur (lignosulfonate) to capture 
alkaline gas compounds and thus reduce particulate formation [38]. Furthermore, 
lower emissions can be achieved simply through good stove operating practices. 
Reference [85] conducted a study on the impact of operator behavior on emissions 
from manually operated systems. They modified the amount of fuel loaded into the 
stove and the air flow configuration and found that the operator can have up to six 
times the influence on particulate emissions from wood-burning stoves. Reference
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[101] conducted a study on how operating conditions affect emissions from a wood-
burning stove. Two ignition techniques (bottom-up versus top-down), hot start versus 
cold start, and different fuel loads (low, medium, and high load) were examined. The 
results indicated that these variables can have a significant impact on emissions. For 
example, the top-down ignition technique was able to reduce PM10 by more than 
50% compared to the traditional bottom-up ignition technique. 

Regarding secondary measures, there are several studies on devices that can be 
applied to combustion gases, controlling pollution in a certain way. Examples include 
electrostatic precipitators [73, 79, 109], condensation purifiers [41, 79] and catalytic 
converters [35, 45, 100]. 

Small-scale electrostatic precipitators (ESPs) are designed to remove inorganic 
particles present in combustion gases [79]. However, studies report a series of prob-
lems, mainly related to the increased toxicity of gases after combustion [48, 100]. 
This happens because the depollution device can alter the composition of particulate 
emissions and, as a result, some compounds may become enriched in the combustion 
gas after the ESP, altering the toxicity of the released particles. In practice, the use 
of electrostatic precipitators to control PM emissions from small-scale combustion 
appliances is not economically viable. In addition, their effectiveness is affected by 
the resistivity of particles, which constantly varies according to the composition of 
emitted particles [100]. 

Widely used, including in the residential heating sector, catalytic combustors have 
a surprising efficiency when it comes to converting polluting gases into non-harmful 
gases to the environment and human health. Catalytic converters are equipment 
whose interior has honeycomb-shaped holes composed of precious metals such as 
platinum, palladium, and rhodium [45]. In the first stage, the gases undergo a reduc-
tion, losing oxygen or electrons. In the second stage, the gases undergo an oxidation 
process. In these processes, gases resulting from incomplete biomass combustion 
are converted into CO2, H2O, and N2 [45]. A major problem resulting from the use 
in combustors is related to the low temperature of the combustion gases when using 
these devices in inefficient combustion appliances. When installed at the beginning 
of the chimney, temperatures above 500 °C are hardly reached. This is especially 
problematic during ignition, when emissions can be very high, but the temperature is 
very low. Another disadvantage is related to the presence of ash, soot, and creosote 
that encrust on the surface of the catalyst, decreasing its efficiency and requiring 
constant cleaning of catalytic converters [100]. 

Condensation purifiers are used in furnaces to reduce emissions of polluting gases 
into the atmosphere by condensing them, thus removing solid and liquid particles 
present. In this way, the condensed gases are filtered before being released into the 
atmosphere. Condensation purifiers are often used in centralized heating systems that 
use solid fuels such as wood, pellets, or charcoal. Installing a condensation purifier 
in a furnace requires some modifications to the exhaust system. It is necessary to add 
a condensation chamber to the system to allow the gases to be cooled and condensed. 
It is also important to ensure that the condensation purifier has an adequate filtering 
system to remove all solid and liquid particles present in the combustion gases [35]. 
Condensation purifiers are a relatively new technology and may be a costly option for
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many people. However, they are highly efficient in reducing emissions of pollutants 
and can help improve local air quality and reduce negative impacts on public health. 
It is important to remember that installing a condensation purifier is not a complete 
solution to air pollution but rather a part of a larger effort to reduce emissions of 
pollutants. 

Understanding the particulate matter emission factors is crucial for developing 
effective pollution control strategies. Several studies have shown that detailed anal-
ysis of emission factors, considering the technology and fuel type used, can result in 
large differences in emissions, especially when comparing older residential devices 
to modern energy conversion technologies, such as automated wood and pellet stoves 
and highly efficient boilers. While new biomass burning technologies perform much 
better than traditional systems, their adoption has been gradual. These systems 
offer significant advantages, such as automatic control, as well as reducing fuel 
consumption and pollutant emissions. In inefficient manual combustion devices, 
the main source of particulate matter (PM) is incomplete combustion, which is 
mainly composed of carbonaceous material, including soot and condensable organic 
compounds, which have high toxicity and carcinogenic properties [79, 100]. In 
contrast, properly operated automatic biomass combustion systems mainly emit 
inorganic salts [100]. Under non-ideal conditions, such as frequently observed in 
many small-scale combustion devices, the concentration of condensable organic 
compounds in the combustion gas can be up to 10 times higher than the mass 
concentration of solid particles collected directly on hot filters in the chimney. 

Although there are several options to reduce pollutant formation, secondary strate-
gies for emissions reduction are not well developed for household-scale applications. 
This is because their installation would increase costs and maintenance, as well 
as raise safety concerns. Before any implementation in the market, several opera-
tional and failure risks still need to be addressed, and test methods for determining 
removal efficiency need to be standardized and improved. Additionally, recent studies 
have shown that these reduction technologies can affect the physicochemical char-
acteristics of particulate matter, which can lead to unwanted changes in toxicolog-
ical responses [48, 100]. For these reasons, it is necessary to study and establish 
relationships between these alterations and toxicological effects in future research. 
Under real-life operating conditions, automatic heating appliances have a signifi-
cantly lower impact on air quality than manually operated stoves. Therefore, it is 
expected that replacing obsolete technology with modern, high-standard stoves will 
lead to a substantial reduction in emissions from residential biomass combustion.
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5 Advances in Studies on the Use of Combustion 
Equipment in Food Preparation and Its Environmental 
Impacts 

In order to understand the progress of research over the years on the use of equip-
ment and the environmental and human health impacts of gases released during food 
preparation around the world, we conducted a bibliometric analysis on the subject 
and investigated: (i) the number of publications over the years; (ii) countries and 
institutions that research the most on the topic under analysis; and (iii) keywords as 
indicative of the most studied topics. The Scopus reference database was used as a 
data source for bibliometric analysis because it is one of the largest international and 
multidisciplinary databases of scientific publications [95]. To carry out the survey 
comprehensively, we used keywords considering the central theme of the present 
study. Therefore, the following command was employed: (TITLE (“food prepara-
tion” OR “food equipment” OR “stove” OR “electric stove” OR “wood burning 
stove” OR “gas oven” OR “solar ovens”) AND TITLE-ABS-KEY (“food safety” 
OR “food contamination” OR “HPA” OR “climate changes” OR “air pollution” OR 
“environmental impacts”) AND TITLE-ABS-KEY (“biomass” OR “firewood” OR 
“coal” OR “charcoal” OR “fire” OR “cooking gas”)) AND (LIMIT-TO (DOCTYPE, 
“ar”) OR LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “ch”)). Data 
collection was carried out in February 2022, and then processed using the “bib-
lioshiny” function in the “bibliometrix” package (ARIA; CUCCURULLO, 2017) of 
the R Core Team software [81]. 

307 research studies were found, comprising 268 articles published in scien-
tific journals, 36 conference proceedings, and 3 book chapters, with a total of 1344 
authors, including 12 single-authored documents and 1332 multi-authored ones. The 
first three research articles on the topic analyzed in this survey were published in 
1980, and the periods of highest publication intensity were concentrated between the 
years 2000 and 2022, with 26 documents published in 2017 and 2021, respectively 
(Fig. 5). This result can be justified by the worldwide interest in seeking measures 
aimed at reducing environmental impacts caused by gas emissions, including those 
released during food preparation, which intensify the process of climate change, 
highlighting the Kyoto Protocol and the Paris Agreement [1].

A total of 57 countries were identified as having conducted research related to 
the theme under study (Fig. 6). The United States, China, and the United Kingdom 
are the countries that conduct the most research on gas emissions from food produc-
tion equipment, with a scientific production frequency of 149, 82, and 27, respec-
tively. These regions are also where the main institutes that conduct research on this 
theme are located, with the University of California (49 published articles), Tsinghua 
University (24 published articles), Colorado State University (19 published articles), 
and Peking University (14 published articles) standing out. The interest of these 
countries in conducting research on this topic is entirely linked to the fact that both 
countries are among the world’s largest economic powers and, consequently, the 
largest greenhouse gas (GHG) emitters, accelerating the process of climate change
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Fig. 5 Scientific production over the years (Source The authors 2023)

[2]. However, the countries responsible for the largest release of gases from the 
burning of biomass in food preparation are classified as poor or developing coun-
tries [22]. Nonetheless, they are the ones that least seek measures to minimize the 
environmental and human health impacts resulting from this practice, as evidenced 
in this research survey. 

A total of 754 keywords were identified by the authors for indexing the arti-
cles in databases, with the most frequent terms being indoor air pollution (n = 42), 
biomass (n = 35), household air pollution (n = 33), particulate matter (n = 28), 
carbon monoxide (n = 16), cookstove (n = 12), and China (n = 11). Keywords serve 
to indicate the thematic studies within a research niche [98]. Figure 7 shows the 
most commonly used keywords over a temporal scale, with recent studies focused

Fig. 6 Scientific production of the countries (Source The authors 2023) 
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Fig. 7 Network of interactions between keywords over time (Source The authors 2023) 

on researching the impacts and seeking solutions to air pollution in domestic envi-
ronments and the particulate matter released during biomass burning for food prepa-
ration. This result highlights the global concern to find new cooking equipment that 
is less harmful to the environment and human health. 

6 Conclusions 

Throughout history, biomass-fueled cooking equipment such as ovens, stoves, grills, 
and many others have been widely used worldwide, from the oldest to the most 
modern ones. These devices are essential for food preparation in many cultures. 
However, the use of these devices has a significant impact on gas emissions and 
climate change because the gases emitted during the burning of wood and biomass 
contribute to air pollution and global warming. The main gases emitted are carbon 
dioxide (CO2), carbon monoxide (CO), and particulate matter (PM), which can cause 
respiratory and cardiovascular problems in humans. To mitigate these gas emissions, 
many efforts have been made to develop more efficient technologies for biomass
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and wood-fired cooking equipment, such as stoves and ovens with more efficient 
and ventilated burners. Additionally, the use of alternative fuels such as biomass 
briquettes and pellets has also been explored. 

Although there are challenges in mitigating gas emissions from these equipment, 
technology is advancing rapidly and many innovations have been developed to make 
them more efficient and less polluting. The use of these equipment is part of the 
culture and tradition of many people, and the search for solutions to make them more 
sustainable is important to ensure the safety and health of human beings and the 
environment. 

From the bibliometric review, it is also evident the need for further studies aimed 
at the development of new equipment for more sustainable and less harmful food 
preparation, especially in countries where biomass is the main source of energy for 
cooking. Investment in research in this area will provide improvement in the quality 
of life of the world’s population and reduce the environmental impacts caused by 
greenhouse gas (GHG) emissions. 
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Abstract Knowledge about the availability and application of Amazonian wood 
wastes from sustainable forest management plans (SFMP) in energy generation is 
essential when considering a third of the world’s population depends on wood as 
an energy source. In tropical countries such as Brazil, technological initiatives may 
be combined with scientific studies to add value to forest biomass and enhance its 
use as an energy input in the Legal Amazonia. The integral conversion of dense 
tropical forest vegetation to charcoal or supplying thermoelectric plants would not 
be admissible; however, forest wastes are sustainable and promising alternatives. 
This chapter aims to present: (i) the energy potential of wood wastes from SFMP in 
Amazonia and its importance in the sustainable expansion of energy systems and (ii) 
the potential of wood wastes to replace non-renewable sources, such as fossil fuels, to 
reduce the logging of tropical forests for energy generation. The biggest challenges
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to producing sustainable energy from forest wastes in Amazonia are related to the 
low technological level of the kilns used to produce charcoal and the high variation 
in the wood characteristics concerning its dimensions and its physical, chemical, 
and energy properties. In that chapter, it was demonstrated that the diameter of the 
wastes varies from 0.123 to 0.760 m, and the basic density, for example, varies from 
0.221 to 0.935 g/cm3 between species. Studies were carried out to characterize these 
residual woods and solve these problems. This characterization promoted scientific 
development. The segregation of wastes according to their properties, mainly the 
basic density, increased the productivity of the kilns and the quality of the char-
coal derived. Future research will address technological improvements in energy 
production through SFMP wastes to increase efficiency, quality, and sustainability. 

Keywords Renewable energy · Wood quality · Residual biomass · Carajás pole ·
Bioreducer 

1 Introduction 

Using wood wastes from SFMP as fuel is a sustainable alternative for diversifying the 
national and even global energy matrix. In Amazonia, these lignocellulosic wastes 
are formed mainly by branches, buttresses, and stumps of felled trees, usually of large 
dimensions. Such wastes can represent up to two-thirds of the dry mass of the tree 
[29]. Therefore, they are highly available and economically viable. In addition, waste 
consumption is heading towards maximum efficiency in using natural resources. 

Some studies have discussed interesting aspects of the environmental impact of 
extracting wastes from SFMP worldwide [1, 25] and found no negative effect on tree 
growth. On the contrary, they indicated positive effects of stump extraction on forest 
regeneration [25, 28]. Based on published data worldwide, the literature indicates 
that waste extraction increases nutrient export [1]. The export effect is complex 
because it is affected by the harvest cycle and specific characteristics of the logged 
forest ecosystem, such as the input of nutrients by weathering and output by leaching 
[32, 44]. Compared to fossil fuels, burning wood and charcoal emits low amounts 
of greenhouse gases [11]. The carbon emitted will be stored again during forest 
regeneration [9] promoted by techniques associated with SFMP [28]. 

Carbonization is an important conversion route for using by-products from forest 
management. In addition to its wide domestic use, charcoal is used in blast furnaces 
of steel mills as a biothermoreducer for pig iron, in the production of the called 
“green steel.” The Carajás region, located in eastern Amazonia, has the largest pig 
iron production in northern Brazil [41]. Forest wastes partially supply the region’s 
firewood demand for charcoal production [24]. 

The great challenge for the energy use of wastes from SFMP refers to the high 
variability of their characteristics. Lima et al. [19] found variation in the wood basic 
density from 0.525 to 0.895 g/cm3. In addition, the wood presents high moisture, 
representing up to 45% of the wet mass without bark [24]. Basic density and moisture
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influence the productivity of the kilns [4]. This variability is increased by the lack of 
carbonization control [39] commonly carried out in brick kilns of low technologic 
level known as “hot tail.” The carbonization in these handmade kilns is controlled 
empirically, without temperature control or waste separation into quality classes. 

Studies have been carried out to understand the variation in the quality of charcoal 
derived from waste [19, 23]. In general, the separation of wastes into groups of 
species according to the different wood characteristics significantly improves the 
productivity of the kilns, increases the yield, and reduces the variation in the charcoal 
quality compared to the conventional method [5]. The next steps involve conducting 
research that will contribute to more effective control of carbonization, increase 
its yield, improve the quality of charcoal derived from forest wastes in Amazonia, 
and mitigate gas emissions during carbonization. This chapter aims to describe the 
advances obtained so far related to the energy use of forest wastes arising from SFMP 
in Amazonia. 

2 Background of Studies with Wastes from SFMP 

The project entitled “Valuation of wood wastes from sustainable forest management 
for bioenergy in Legal Amazonia” (Public Selection Notice for Scientific and Tech-
nological Research—Edition 2018) was developed by the Federal Rural University 
of Amazonia (website: https://novo.ufra.edu.br/) and financed directly by the Banco 
da Amazônia. Several advances were achieved in understanding the characteristics 
of primary wastes from SFMP in Amazonia. It was possible to understand the vari-
ability of the main physical, chemical, and energy properties of the forest biomass 
used for bioenergy in Amazonia [19, 23]. Consequently, the data collected will allow 
decision-making in industrial units, such as steel mills and ceramics. 

The various studies analyzed the wood characteristics of species from 22 genera. 
The waste characteristics that varied the most were basic density (0.525–0.895 
g/cm3), ash content (0.3–2.5%), and total extractives (1.7–17.9%). However, 
the elemental carbon content (49.18–52.16%), total lignin (30.2–38.1%), fixed 
carbon (16.5–22.0%), volatile matter (76.7–82. 8%), and higher heating value 
(19.4–20.4 MJ/kg) were characteristics that showed the smallest variations between 
the studied species [19]. Within the same species, wood properties have smaller 
ranges of variation. In the study of Lima et al. [19], Manilkara elata and Dinizia 
excelsa had a basic density of 0.900 and 0.890 g/cm3, respectively. On the other 
hand, Lima et al. [24] reported values of 0.872 and 0.927 g/cm3 of basic density 
for the same species. Between the two studies, there was a difference of about 3%. 
This variation can be considered low since this residual biomass has no genetic, 
age, or site control. These findings indicate the reliability and possibility of data 
extrapolation to represent the overall quality of waste from these species. 

Based on the physical, chemical, and energy characterization of the wastes, it was 
demonstrated that the wood of the species has the quality to generate electric energy 
in boilers [19] and in charcoal production for domestic and industrial use. Lima

https://novo.ufra.edu.br/
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et al. [19] verified a species effect on the technological properties of residual woods, 
making it necessary to qualify them for energy production. The use of wood wastes 
with up to 30% moisture (wet basis) has proven to be viable in modern cogeneration 
systems. 

The species studied, such as D. excelsa, M. elata, P. altissium, and G. glabra, 
showed better energy properties than species and clones traditionally used in energy 
forests. D. excelsa had the highest mass of CO2eq fixed in 1 m3 of wood wastes 
(1687 kg), meaning that the use of 1 m3 of wood wastes of this species would mitigate 
the emission of 1687 kg of CO2eq. Finally, the wastes of this species showed the 
best properties for bioenergy. 

The second step of the project proposed waste segregation for charcoal production. 
Principal component analysis (PCA), a multivariate statistical technique, enabled 
forming species groups with similar properties [19, 34]. 

Correlations of the physical and energetic properties of the wood with colorimetry 
parameters were found [20]. Near-infrared (NIR) spectroscopy was also evaluated 
with the same objective [21]. Both methods were effective in separating waste. 

Lima et al. [20] reported that woods with greater red pigmentation (M. elata and D. 
excelsa had higher energy density. All groups formed by PCA can be recommended 
for bioenergy; however, the group formed by the species M. elata and D. excelsa, 
with a purplish-brown color, is the most promising. 

In general, waste segregation increases carbonization efficiency, mainly due to the 
effect of wood basic density. High-density waste has less moisture, allowing to add 
a greater amount of wood mass in the kiln, increasing production and productivity 
per carbonization cycle. Figure 1 shows the productivity parameters of segregated 
and non-segregated woods in the different studies carried out during the execution 
of the project.

Lima et al. [22] reported a species effect on the physical, chemical, and energy 
properties of charcoal derived from SFMP wastes. The results showed that the content 
of extractives in the wood positively influenced the gravimetric yields of charcoal, 
the carbonization mass balance, the heating value, and the energy performance index 
of charcoal. Apparent relative density, gravimetric yields of charcoal, gravimetric 
yields of non-condensable gases, ash content, fixed carbon yield, energy density, 
energy yield, and retained carbon were the properties with a wide variation between 
species. The PCA separated charcoal samples from SFMP wastes of 48 species into 
five distinct groups. These groups can be used in carbonization in brick kilns to supply 
the Carajás Steel Pole and cogeneration systems in remote Amazonian communi-
ties. Finally, the D. excelsa species wastes showed the best charcoal properties and 
processes. 

Table 1 presents the project outputs to date. Seven articles were published aiming 
to understand the waste properties and improve charcoal production through its 
segregation.

Currently, the project “Generation of bioenergy from wastes from sustainable 
forest management: decentralization of the energy matrix and socio-environmental 
impacts in Amazonia” (CNPq/MCTI/FNDCT No. 59/2022) is in effect. The project 
aims to clarify the combustibility processes of burning co-products from SFMP in
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Fig. 1 Summary of results related to kiln productivity during project execution (Source The authors 
2023)

Amazonia and mitigate the emission of greenhouse gases during the wood carboniza-
tion by implementing a furnace-kiln system, which allows the burning of gases 
formed during the carbonization. 

3 Traditional Production of Charcoal from SFMP Wastes 
in Amazonia 

The model of charcoal production in Brazilian Amazonia mainly includes rudimen-
tary brick kilns of the hot tail type, which are semi-spherical kilns built by combining 
clay and sandy textured soil to avoid cracking. These relatively simple, handmade 
kilns present low conversion efficiency and are empirically controlled by experi-
enced workers based on the color and amount of smoke expelled, in addition to 
touch. Consequently, these brick kilns have low productivity and gravimetric yields 
of charcoal between 15 and 25% on a wet basis [33, 34]. Typically, brick kilns do 
not include gas cleaning systems and may release unburned by-products into the 
environment [42]. A typical hot tail kiln is presented in Fig. 2.

The study conducted by Barros et al. [5] describes the carbonization model with 
wastes in Amazonia. The authors reported kilns with a base diameter of 3.20 m and 
a height of 2.5 m, with six openings at the base, six at the top, and one chimney, 
with a height of 70 cm for gas exhaustion. The kilns have a capacity of 10 m3 of 
wood. The carbonization cycle normally ranges from 12 to 13 days, including filling, 
ignition, carbonization, cooling, and kiln discharge steps. The cooling stage refers
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Table 1 Products of the project financed directly by the Banco da Amazônia “Valuation of wood 
wastes from sustainable forest management for bioenergy in Legal Amazonia” 

Article Goal References 

Logging wastes from sustainable 
forest management as alternative 
fuels for thermochemical 
conversion systems in Brazilian 
Amazon 

Energy characterization of the wood wastes 
from twenty commercial Amazon species 
harvested in an SFMP and their energy 
equivalence to fossil fuels 

[19] 

Charcoal of logging wastes from 
sustainable forest management for 
industrial and domestic uses in the 
Brazilian Amazon 

Characterization and production of charcoal 
from groups of wastes from SFMP in 
Amazonia according to their physical, 
chemical, and energy properties 

[22] 

Grouping of wood wastes from 
sustainable forest management 
aiming at bioenergy generation 

Grouping of wood wastes from SFMP for 
firewood and charcoal production for 
steelmaking 

[34] 

Colorimetry as a criterion for 
segregation of logging wastes from 
sustainable forest management in 
the Brazilian Amazon for 
bioenergy 

Use of wood color parameters to segregate 
SFMP wastes 

[20] 

Efficiency of near-infrared 
spectroscopy in classifying 
Amazonian wood wastes for 
bioenergy generation 

Presentation of a method for classifying wood 
wastes from 12 Amazonian hardwoods based 
on near-infrared spectroscopy (NIR) and basic 
density 

[24] 

Classifying waste wood from 
Amazonian species by 
near-infrared spectroscopy (NIRS) 
to improve charcoal production 

Classification of wood waste from 12 
Amazonian species by near-infrared 
spectroscopy (NIRS) to improve charcoal 
production 

[21] 

Clarifying the carbonization 
temperature effects on the 
production and apparent density of 
charcoal derived from Amazonia 
wood wastes 

Presentation of the effects of final 
carbonization temperature and different 
species of Amazonian wood on carbonization 
efficiency and apparent relative density of 
charcoal 

[18] 

Does the segregation of wood 
waste from Amazonia improve the 
quality of charcoal produced in 
brick kilns? 

Comparison of the quality of charcoal derived 
from wood wastes previously segregated into 
four distinct and non-segregated groups of 23 
Amazonian species carbonized in brick kilns 

[5]

to the application of water mixed with clay on the kiln wall (Fig. 3a), with the aid of 
a tractor (Fig. 3b), intending to seal the kilns and reduce their internal temperatures 
to about 50 °C, which reduces the chances of charcoal reignition after opening the 
kiln.

Allied to the low technological apparatus used in the charcoal production model, 
the raw material used is very heterogeneous (Fig. 4). Typical wood wastes present low 
energy density, high moisture content, and variable diameters, hindering their use as 
energy sources, mainly for charcoal production with suitable quality for domestic and 
industrial applications. The empiricism of the activity is also related to raw material
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Fig. 2 Rudimentary brick kiln commonly used in charcoal production with SFMP wastes in 
Brazilian Amazonia (Source The authors 2023)

Fig. 3 Cooling of the kilns through the application of water and clay (a) with the aid of a tractor, 
Massey Ferguson 275 model (b) (Source The authors 2023)

control, as it is carbonized without diametric standardization and moisture control. 
It is known that the higher the water content in wood, the lower its heating value, and 
the combustion will occur in an inadequate regime [12]. In addition, the charcoal 
yield reduces since the energy expenditure for the process’s first stage, drying, is 
likely to be high. Canal et al. [7] demonstrated that the emissions of condensable 
gases (pyroligneous liquid) and non-condensable gases (CO2, CO,  CH4, and H2) 
increased, and the gravimetric yield of charcoal decreased with the increase in wood 
moisture during the carbonization processes.

Currently, there is no control over the moisture content of forest wastes for 
charcoal production in Legal Amazonia and, consequently, there is the excessive 
expenditure of energy, the appearance of cracks and internal fissures in the charcoal 
due to the sudden release of water in the form of steam and, consequent decrease
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Fig. 4 SFMP wastes in the storage yard of a charcoal production unit in Brazilian Amazonia 
(Source The authors 2023)

in the mechanical properties of charcoal. Moreover, countless forest species are 
carbonized concomitantly; therefore, the wood’s qualitative and quantitative aspects 
are not under control. Finally, it is necessary to improve carbonization by, for 
example, adjusting the process control ranges as a function of time and temperature, 
considering the thermal degradation of wood to maximize charcoal yield [8, 10, 30]. 

The effect of raw material heterogeneity and empirically controlled carbonization 
on charcoal production can be evidenced by data from a Brazilian Amazonia produc-
tion unit (Table 2). SFMP wastes are carbonized in this production unit, especially 
branches. Table 2 shows the mass and volume balances obtained in twelve brick kilns 
in 2017, as well as the descriptive statistics associated with the analyzed variables.

The average values of the wet mass of wastes in the kiln (MW), estimated dry 
mass of wastes in the kiln (MSM), and estimated volume of wastes in the kiln (VW) 
obtained by the traditional carbonization model were 8.456 ± 0.371 t, 6.577 ± 
0.295 t, and 17.16 ± 0.86 st, respectively. The evaluated kilns produce, on average, 
1.762 ± 0.126 t of charcoal per cycle. The average volume of charcoal in the hot tail 
kilns was 6.01 ± 0.36 m3. 

The gravimetric and volumetric surveys performed were based on the operational 
conditions of the charcoal production unit and not necessarily on experimental condi-
tions, which, in turn, are controlled. In this way, the factors inherent to the raw mate-
rial, labor, and the control of carbonization can considerably affect the production 
and productivity of hot tail kilns. This effect can be verified by analyzing the mass of 
semi-carbonized pieces (MSP) produced per cycle, in which kiln 4 did not produce 
these by-products. In contrast, kiln 6 produced a high amount of semi-carbonized 
pieces (1.240 t) and, consequently, a low gravimetric yield of charcoal. Therefore, 
they cannot be considered wood or charcoal but a by-product of carbonization.



Wastes from Sustainable Forest Management as a Source of Biomass … 75

Table 2 Mass and volume balances per carbonization cycle of SFMP wastes in Brazilian Amazonia 

Kiln MW (t) VW (st) MSM (t) Mch (t) Vch (m3) MSP (t) 

1 8.010 16.57 6.312 1.725 6.26 0.140 

2 8.250 14.86 6.501 1.455 5.38 0.580 

3 9.250 17.10 7.290 1.759 5.69 0.860 

4 8.420 15.31 6.635 2.027 6.91 0.000 

5 8.400 15.82 6.620 1.793 6.05 0.320 

6 9.050 18.99 6.945 1.460 5.21 1.240 

7 7.790 17.16 5.978 1.395 4.76 0.460 

8 7.470 17.29 5.733 1.640 5.78 0.620 

9 8.510 18.64 6.531 1.884 6.33 0.220 

10 8.830 18.79 6.777 2.011 7.03 0.100 

11 9.900 20.00 7.700 2.156 6.81 0.220 

12 7.590 15.33 5.903 1.837 5.88 0.320 

Average 8.456 17.16 6.577 1.762 6.01 423.3 

CV (%) 8.46 9.70 8.64 13.75 11.68 83.98 

MW wet mass of wastes in the kiln (in tons, t); VW estimated volume of wastes in the kiln (in stereo, 
st); MSM estimated dry mass of wastes in the kiln (t); Mch mass of charcoal (t); Vch volume of 
charcoal (in cubic meters, m3); MSP mass of semi-carbonized pieces (t); CV coefficient of variation 
(%) (Source The authors 2017)

The following variations were reported for the gravimetric yield of charcoal— 
GYC (%, on a wet and dry mass basis) and gravimetric yield of semi-carbonized 
pieces—GYS (%, on a wet and dry mass basis): 16.13–24.20% (GYC, wet mass 
basis), 21.02–31.12% (GYC, dry mass basis), 0.00–13.70% (GYS, wet mass basis), 
and 0.00–17.85% (GYS, dry mass basis) (Table 3).

The production of semi-carbonized pieces is undesirable, as it decreases the kilns’ 
production and productivity (Fig. 5a) and the gravimetric conversion coefficient 
(Fig. 5b). Kiln 6 presented GYC, wet mass basis, of 16.13%. Kilns 4 and 12, on the 
other hand, with lower production of semi-carbonized pieces, stood out in converting 
wood into charcoal. As already mentioned, the generation of semi-carbonized pieces 
is related to the raw material and the control of carbonization.

The kilns evaluated showed, on average, a GYC of 20.87 ± 1.35% (wet mass 
basis) and 26.84 ± 1.73% (dry mass basis). The GYS was 5.00 (based on wet mass) 
and 6.44% (based on dry mass), with high variation between kilns. These results 
indicate that the carbonization was performed differently in the kilns, probably due 
to the empirical character associated with charcoal production (lack of control based 
on specific temperature ranges and time). 

Figure 6 shows the gravimetric yields of products and by-products generated in 
a charcoal production unit concerning the initial total wet mass (110.74 t). 67.51% 
of forest wastes are transformed into gases during carbonization, 19.09% result in
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Table 3 Gravimetric yields of charcoal and semi-carbonized pieces per brick kiln in a charcoal 
production unit in Brazilian Amazonia 

Kiln GYC (%) GYS (%) 

Wet basis dry basis Wet basis Dry basis 

1 21.54 27.33 1.75 2.22 

2 17.64 22.38 7.03 8.92 

3 19.02 24.13 9.30 11.80 

4 24.07 30.55 0.00 0.00 

5 21.35 27.09 3.81 4.83 

6 16.13 21.02 13.70 17.85 

7 17.91 23.33 5.91 7.69 

8 21.95 28.61 8.30 10.81 

9 22.14 28.85 2.59 3.37 

10 22.77 29.68 1.13 1.48 

11 21.78 28.00 2.22 2.86 

12 24.20 31.12 4.22 5.42 

Average 20.87 26.84 5.00 6.44 

CV (%) 12.46 12.42 80.10 80.53 

GYC gravimetric yield of charcoal on a wet and dry basis (%); GYS gravimetric yield of semi-
carbonized pieces on a wet and dry basis (%); CV coefficient of variation (%) (Source The authors 
2017)

Fig. 5 Relationship between the gravimetric yield (GYC) (a) and volume of charcoal (b) with the 
gravimetric yield of semi-carbonized pieces (GYS) in the brick kilns of a charcoal production unit 
in Brazilian Amazonia (Source The authors 2017)
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Fig. 6 Gravimetric yields of products and by-products generated in charcoal production, consid-
ering the initial total mass with 22.22% of moisture (Source The authors 2017) 

charcoal, 4.59% in semi-carbonized pieces, and 8.81% are by-products generated in 
the sectioning wastes (sawdust, wood fragments, and bark). 

The charcoal bulk density per kiln (CBD) evaluated in 2017 and the average value 
obtained for this initial prospecting can be seen in Fig. 7. On average, the CBD of 
waste was 0.293 t/m3. The variation between the kilns was low; consequently, the 
minimum (0.270 t/m3) and maximum (0.317 t/m3) values were similar. 

In summary, using different species with different physicochemical properties 
without prior separation for carbonization, combined with the diametric differences 
of the waste logs and empirical control of carbonization, help explain the previously 
reported results. Thus, alternatives are needed to maximize kiln productivity based 
on raw material and process control.

Fig. 7 Charcoal bulk density (CBD) per kiln evaluated in the production unit in Brazilian Amazonia 
(Source The authors 2017) 
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4 Characteristics of Wood Wastes from SFMP 

According to previously published studies, the physical, chemical, and energy prop-
erties of SMFP wood wastes corroborate wide heterogeneity [19]. In addition, it is 
a heterogeneous biomass concerning diameter classes, formats, and origins (root, 
stem, and branches). A diametric variation of 0.123–0.760 m was reported by Barros 
et al. [5] for carbonized wastes in brick kilns in Amazonia. The wide variation 
in wood properties negatively influences charcoal production [23]. In addition, the 
need to classify woods based on diameter is highlighted since this property strongly 
influences the thermal profile, heat transfer, and carbonization rate [14, 17]. 

Regarding the physical properties of wastes, the basic density and moisture 
have already been studied. Pereira et al. [34] reported a variation of 0.221 (Ster-
culia pruriens) at 0.867 g/cm3 (Pseudopiptadenia psilostachya), evaluating wood 
wastes of 18 tropical species from Brazilian Amazonia. Values ranging from 0.525 
(Couratari guianensis) to 0.895 g/cm3 (M. elata) were described by Lima et al. [19], 
evaluating wood wastes of 20 native species to the Amazonia. More recently, evalu-
ating wood wastes with the near-infrared (NIR) spectroscopy technique, Lima et al. 
[24] reported basic density values between 0.354 (Simara guianensis) and 0.927 g/ 
cm3(D. excelsa). 

A compilation of average waste basic density values from the previous studies 
and the basic density classes proposed by the International Association of Wood 
Anatomists [16] is shown in Table 4. Three classes were used, namely: low density 
(Db ≤ 0.500 g/cm3); medium density (0.500 < Db ≤ 0.720 g/cm3); and high density 
(Db > 0.720 g/cm3). These are 55 tropical species, ranging from 0.221 to 0.935 g/cm3.

The amplitudes reported for Amazonian wood wastes are within the variation 
range (0.140–1.210 g/cm3) published by Fearnside [13], evaluating the wood prop-
erties of 268 tropical species from the same biome. The literature demonstrates that 
low-density woods (< 0.500 g/cm3) are not suitable for energy purposes. Thus, they 
should not be carbonized with the high basic density woods to produce bioreducers. 

In the reality of Amazonia, wood in all density ranges is carbonized, negatively 
influencing the gravimetric yield and charcoal productivity of brick kilns. Protásio 
et al. [37] reported a positive relationship between wood basic density and charcoal 
apparent relative density of Eucalyptus sp., indicating that denser woods result in 
dense charcoals. 

Pereira et al. [34] also reported moisture values under operational conditions 
ranging from 24.99 (Cordia goeldiana) to 159.26% (Sterculia sp.) on a dry basis. 
Moisture is negatively correlated with the wood basic density [24], indicating that 
high-density woods present lower moisture due to the smaller volume of empty 
spaces in the wood [31]. For energy purposes, woods with moisture below the fiber 
saturation point (< 30%, dry basis) are recommended. Above that, the negative effects 
are significant in the gravimetric yield of charcoal, as a considerable part of the 
firewood is burned to release energy to meet the drying stage, as well as in the 
carbonization cycle, making it longer. In this sense, greater control of the moisture 
of wood wastes under operational conditions is necessary.



Wastes from Sustainable Forest Management as a Source of Biomass … 79

Table 4 Basic density of wood wastes of tropical species from Brazilian Amazonia 

N Species Commercial name BD (g/cm3) Class 

1 Sterculia pruriens Envira-quiabo 0.221 ± 0.016 Low 

2 Simaba guianensis Marupá-amarelo 0.354 ± 0.015 Low 

3 Simarouba amara Marupá 0.367 ± 0.015 Low 

4 Sterculia sp. Sucupira-babona 0.377 ± 0.052 Low 

5 Protium sp.2 Breu-amesclim 0.392 ± 0.007 Low 

6 Tapirira guianensis Tapiririca 0.397 ± 0.017 Low 

7 Parkia gigantocarpa Fava-atanã 0.436 ± 0.033 Low 

8 Ocotea sp.2 Louro-amarelo 0.452 ± 0.022 Low 

9 Cordia goeldiana Freijó 0.457 ± 0.023 Low 

10 Ocotea sp.3 Louro-preto 0.470 ± 0.042 Low 

11 Anacardium giganteum Cajuaçu 0.486 ± 0.020 Low 

12 Parkia sp. Fava-branca 0.501 ± 0.010 Medium 

13 Couratari guianensis Tauarí-liso 0.525 ± 0.050 Medium 

14 Tetragastris altissima Amesclim 0.545 ± 0.042 Medium 

15 Couratari oblongifolia Tauarí-branco 0.545 ± 0.033 Medium 

16 Pouteria sp.1 Guajará-bolacha 0.574 ± 0.028 Medium 

17 Ocotea sp.1 Canela 0.586 ± 0.038 Medium 

18 Brosimum gaudichaudii Inharé 0.599 ± 0.006 Medium 

19 Peltogyne sp. Roxinho 0.641 ± 0.038 Medium 

20 Sclerolobium sp. Tachi 0.642 ± 0.042 Medium 

21 Pouteria sp.5 Guajará-bolacha 0.667 ± 0.044 Medium 

22 Protium sp.1 Breu-barrote 0.683 ± 0.057 Medium 

23 Pouteria oblanceolata Abiu 0.683 ± 0.038 Medium 

24 Vatairea sericea Angelim-amargoso 0.686 ± 0.051 Medium 

25 Lecythis sp. Sapucaia 0.690 ± 0.117 Medium 

26 Vantanea parviflora Uxirana 0.699 ± 0.070 Medium 

27 Pouteria sp.4 Abiorana 0.701 ± 0.075 Medium 

28 Pouteria sp.3 Abiorana 0.701 ± 0.061 Medium 

29 Caryocar sp.2 Pequiarana 0.701 ± 0.029 Medium 

30 Caryocar glabrum Pequiarana 0.702 ± 0.074 Medium 

31 Caryocar villosum Pequiá 0.711 ± 0.048 Medium 

32 Protium altissimum Breu-barrote 0.721 ± 0.030 High 

33 Eschweilera pedicellata Matamatá 0.724 ± 0.045 High 

34 Eschweilera amazonica Jiboião 0.728 ± 0.050 High 

35 Pseudopiptadenia suaveolens Timborana 0.744 ± 0.086 High 

36 Eschweilera grandiflora Matamatá-preto 0.749 ± 0.057 High

(continued)
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Table 4 (continued)

N Species Commercial name BD (g/cm3) Class

37 Goupia glabra Cupiúba 0.752 ± 0.035 High 

38 Pouteria sp.2 Guajará-cinza 0.754 ± 0.011 High 

39 Lecythis lurida Jarana 0.755 ± 0.031 High 

40 Eschweilera sp.1 Matamatá 0.779 ± 0.078 High 

41 Eschweilera coriacea Matamatá-branco 0.785 ± 0.012 High 

42 Eschweilera sp.2 Matamatá 0.792 ± 0.029 High 

43 Parinari rodolphii Coco-pau 0.801 ± 0.046 High 

44 Caryocar sp.1 Pequiá 0.802 ± 0.016 High 

45 Manilkara sp.1 Maçaranduba 0.806 ± 0.079 High 

46 Hymenaea sp. Jatobá 0.811 ± 0.130 High 

47 Lecythis pisonis Sapucaia 0.812 ± 0.064 High 

48 Terminalia sp. Tanibuca 0.814 ± 0.021 High 

49 Enterolobium schomburgkii Orelha-de-macaco 0.836 ± 0.036 High 

50 Vantanea guianensis Uxirana 0.843 ± 0.114 High 

51 Licania canescens Casca-seca 0.858 ± 0.047 High 

52 Pseudopiptadenia psilostachya Timborana 0.867 ± 0.074 High 

53 Manilkara sp.2 Maçaranduba 0.872 ± 0.010 High 

54 Manilkara elata Maçaranduba 0.903 ± 0.023 High 

55 Dinizia excelsa Angelim-vermelho 0.935 ± 0.044 High 

N species number; BD wood basic density (g/cm3). Commercial name in Brazil. Average ± standard 
deviation (Source The authors 2023)

Average values of the chemical properties of wood wastes, such as total lignin 
(LigT), total extractives (EXT), and elemental carbon (C), can be seen in Table 5. 
These are data on wood from branches of 20 logged tropical species by the reduced 
impact logging method in an SFMP certified by the Forest Stewardship Council 
(FSC) in Brazilian Amazonia, previously published by Lima et al. [19].

EXT (1.8–17.9%, dry mass basis), LigT (30.2–38.1, dry mass basis free of extrac-
tives), and C (49.2–52.4%, basis mass dry) demonstrated high variability in native 
tropical woods of Amazonia. Wood species with high levels of EXT, LigT, and C are 
promising for energy purposes, especially to supply the charcoal-producing complex 
in the Carajás region, located between Maranhão and Pará states, in Brazil. Lima et al. 
[23] demonstrated that the EXT had a positive relationship with the GYC, indicating 
that the species D. excelsa, P. altissimum, M. elata, and G. glabra showed the best 
carbonization mass balances. 

The C value (42.82%) described by Haqiqi et al. [15] for  Eucalyptus pellita and 
the variation range (47.23–48.80%) reported by Santos et al. [40] of four  Euca-
lyptus hybrid clones (three Eucalyptus urophylla × E. grandis and one Eucalyptus 
camaldulensis × E. grandis) at seven years of age, were lower than the values found
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Table 5 Total extractives, total lignin, and elemental carbon from SFMP wastes in Brazilian 
Amazonia 

Species Commercial name EXT (%)* LigT (%)** C (%)*  

Dinizia excelsa Angelim-vermelho 17.9 37.6 51.7 

Protium altissimum Breu-barrote 12.6 31.0 50.9 

Manilkara elata Maçaranduba 11.9 30.2 51.0 

Goupia glabra Cupiúba 11.4 34.0 51.0 

Pouteria sp. 2 Guajará-bolacha 9.0 33.3 50.3 

Pouteria oblanceolata Abiu 9.0 32.3 50.6 

Lecythis lurida Jarana 8.4 34.3 49.7 

Pseudopiptadenia suaveolens Timborana 8.0 32.9 52.0 

Eschweilera grandiflora Matamatá-preto 7.7 30.9 49.2 

Caryocar glabrum Pequiarana 7.7 32.6 50.7 

Enterolobium schomburgkii Orelha-de-macaco 6.0 33.0 51.8 

Eschweilera pedicellata Matamatá 6.0 32.4 52.4 

Lecythis pisonis Sapucaia 5.9 33.5 52.2 

Couratari guianensis Tauarí-liso 5.3 33.6 49.9 

Caryocar villosum Piquiá 4.9 34.5 51.0 

Pouteria sp. 1 Abiorana 4.0 33.6 50.1 

Couratari oblongifolia Tauarí-branco 3.8 32.6 49.7 

Licania canescens Casca-Seca 3.6 36.6 49.7 

Vantanea parviflora Uxirana 2.4 33.3 50.0 

Parinari rodolphii Coco-pau 1.8 38.1 50.9 

EXT total extractives (%); LigT total lignin (%); and C elemental carbon (%). *Based on dry wood 
mass. ** Based on dry wood mass free of extractives (Source Lima et al. [19])

for wood wastes, which ranged from 49.2 to 52.4%. This range of C indicates that 
the wastes are very promising since C is the main energetic element of biomass [2]. 
Woods of the Eucalyptus genus are the most used to compose energy forests, Brazil’s 
main source of forest biomass. Thus, alternative renewable sources are important for 
diversifying the energy sector’s raw materials. 

Pereira et al. [35] discussed that woods with LigT above 28% are desired for char-
coal production. All species shown in Table 5 showed values above the reference 
published by the authors, indicating that the species are suitable for this purpose. 
Wood species with high LigT values are more thermally stable and contribute posi-
tively to the gravimetric yield of charcoal of the production unit [27]. In addition, 
they have a high heating value, which indicates more energy is generated during 
combustion [43]. 

Although wastes from SFMP have suitable quality for charcoal production, the 
carbonization of wood with different physical and chemical characteristics negatively 
affects charcoal production unity, productivity in brick kilns, and the quality of the
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charcoal produced. Barros et al. [5] demonstrated that the carbonization of different 
woods together, which is the traditional model of carbonization in Amazonia, results 
in a reduction in the charcoal quality, negatively affecting friability, apparent relative 
density, ash content, volatile matter, fixed carbon, higher heating value, and energy 
density. The authors highlighted the need for better control of the raw material factor 
under operational conditions, especially with the wood segregation before carboniza-
tion, aiming to reduce the effect of heterogeneity on the production, productivity, and 
quality of the charcoal produced in traditional kilns. 

5 Carbonization of Similar Wood Wastes 

Several proposals were presented in the literature to reduce the heterogeneity of the 
residual raw material to produce charcoal based on the properties of the wood [19, 20, 
34] and charcoal [23]. Carbonization should prioritize woods with similar properties 
to homogenize the process phases and the bioreducer quality. The wood basic density 
can be a criterion to separate wastes, as well as several combined properties, through 
multivariate statistical analyses of grouping. 

Pereira et al. [34] proposed carbonization considering basic density classes. In 
this study, the authors separate wood wastes into classes of low (Sterculia pruriens, 
Sterculia sp., and Cordia goeldiana), medium (Tetragastris altissima, Pouteria sp., 
Ocotea sp., Peltogyne sp., Sclerolobium sp., Protium sp., Lecythis sp., and Cary-
ocar villosum), and high (Eschweilera amazonia, Lecythis lurida, Eschweilera sp., 
Manilkara sp., Hymenaea sp., Terminalea sp., and Pseudopiptadenia psilostachya) 
density. They recommended wood of medium and high basic density for steel char-
coal production, as it will result in a bioreducer with adequate apparent relative 
density. 

Lima et al. [19] verified four groups of similar residual woods through the PCA 
technique, using physical (basic density, moisture, and maximum moisture content); 
chemical (proximate analysis: fixed carbon, volatile matter, and ash; and molecular 
analysis: total extractives, soluble, insoluble, and total lignin); and energy (higher 
heating value and energy density) properties; in addition to the specific consump-
tion of firewood in charcoal production. This proposal promoted improvements of 
(+) 22, (−) 9.4, (+) 2.0, (−) 2.3, (+) 1.0, and (+) 23.6% in apparent relative density, ash 
content, fixed carbon, friability, higher heating value, and energy density of charcoal 
produced in brick kilns in Amazonia [5]. Table 6 presents the wood groups evaluated 
by the authors and the basic density variation ranges.

Lima et al. [23] used the same grouping analysis to separate species in charcoal 
production units in Amazonia based on physical, chemical, and energy properties. 
Furthermore, the authors considered the yields of the carbonization process under 
laboratory conditions. Colorimetric characteristics (lightness, green/red axis, blue/ 
yellow axis, color saturation, and hue angle), physical (moisture and basic density), 
chemical (total extractives and total lignin), and energy density of these residual 
woods contributed to the formation of six species groups using the PCA technique
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[20]. In the study, the basic and energy densities were negatively correlated with 
lightness, blue/yellow axis, color saturation, and hue angle, demonstrating that darker 
woods, such as D. excelsa and M. elata, present greater energy potential. 

Two methods were tested to segregate residual wood on an operational scale. 
The first was based on the basic density [34], and the second was based on several 
characteristics of the wood [19]. In this sense, positive effects are evident in the 
productivity of brick kilns with raw material control. Figure 8 shows the effects of 
separating wood into density classes (medium–high and medium–low) on charcoal 
production at an operational scale. 

Medium–high basic density woods (0.739–0.993 g/cm3) had lower average 
MC (41.1%, dry mass basis), while medium–low basic density woods (0.517– 
0.630 g/cm3) had higher MC (67.5%, based on dry mass). The trend of water reduc-
tion in woods with high BD can be seen in Fig. 9a. Traditional carbonization brings

Fig. 8 Effects of waste segregation into density classes (medium–high and medium–low) on char-
coal productivity at operational scale in Brazilian Amazonia. Relationship between basic density— 
BD (g/cm3) and moisture content—MC (%) (a), mass of charcoal—Mch (t) and MC (%) (b), basic 
density—BD (g/cm3) and gravimetric yield of charcoal—GYC (%) (c), and GYC (%) and Mch (t) 
(d) (Source The authors 2023) 
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together woods with a wide variation in BD, which is not interesting due to the 
different MCs of the woods, which makes it difficult to control the carbonization 
process, reducing Mch (Figs. 9b and d) and GYC (Fig. 9c). Traditional carboniza-
tion showed a GYC of 30.3% (based on dry mass), lower than the average values 
reported for the medium–high (33.4%, based on dry mass) and medium–low wood 
groups (31.6%, based on dry mass) density. It is important to note that traditional 
carbonization negatively affects bioreducer production, the unit’s operational effi-
ciency, and revenues. Segregation promotes greater production of charcoal with the 
same quantity of wood mass inserted in the kiln. From an operational and charcoal 
productivity point of view, BD as a criterion to separate residual wood is the most 
appropriate and simple method to be carried out by the employees. 

Additional wood characteristics can be used as a separation criterion to improve 
the production and quality of the steel bioreducer. In this sense, the carbonization of 
the groups proposed by Lima et al. [19] was tested under operational conditions in 
brick kilns. Figure 9 presents weighted average data for moisture—MCw (Fig. 9a) 
and basic density—BDWw (Fig. 9b), wet mass—MW (Fig. 9c), and volume—VW 
(Fig. 9d) of wood per hot-tail kiln. Groups 2 (9.117 m3) and 3 (9.500 m3) filled the 
kilns with the highest average volumes of waste. Groups 1, 2, and 4 showed average 
MW, MCw, and BDWw above group 5 (conventional model).

Fig. 9 Weighted moisture content of the wastes (a), weighted basic density of wastes (b), wet mass 
of wood (c), and volume of wood (d) by waste groups in brick kilns in Brazilian Amazonia. Error 
bars refer to standard deviations (Source The authors 2023) 
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Waste groups 1, 2, and 4, which combine medium and high-density species, had 
the highest MW. Consequently, they allowed better use of the kiln’s internal space. 
In addition, such combined wood species had lower MCw and higher BDWw. The 
woods in group 3 presented a lower MW inside the kiln due to the lower BDWw. 
In summary, grouping similar tropical woods provided encouraging results related 
to the wood amount inserted in the kilns. It is known that the greater the dry wood 
mass in the kiln, the greater the mass of charcoal produced. The traditional model 
of carbonization promotes greater variation in the MW, and VW used in the process, 
which is not interesting, as it makes the monthly and annual planning of wood in the 
charcoal plant difficult. 

Compared to the traditional model without wood separation, the charcoal produc-
tivity dataset from brick kilns demonstrates the positive effects of waste wood segre-
gation in Amazonia (Fig. 10). In order, groups 1 (7.84 m3), 2 (7.33 m3), 4 (6.61 m3), 
and 3 (6.43 m3) showed better average values of charcoal volume (Vch), compared 
to the group without segregation, which produced 6.02 m3. Regarding mass (Mch), 
gravimetric yield (GYC), and bulk density (CBD) of charcoal, the highest average 
values were reported for groups 1, 2, and 4. 

The highest Mch and GYC results reported for group 1 (D. excelsa) are associated 
with the high content of extractives and lignin in the wood (see Table 5). The H/C

Fig. 10 Volume (a), mass (b), gravimetric yield (c),  and bulk density  (d) of charcoal produced in 
brick kilns at a production plant in Brazilian Amazonia using segregated waste groups (Source The 
authors 2023) 
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ratio and the high thermal stability of the extractives, mainly the phenolics, contribute 
to the increase in Mch and GYC [36]. In addition, this group will present reduced 
emissions of condensable and non-condensable gases into the atmosphere. Woods 
with higher densities explain the high CBD mean values of groups 1 (0.372 t/m3), 
2 (0.339 t/m3), and 4 (0.304 t/m3). In this sense, segregation will promote a greater 
mass of charcoal transported to the steel industries compared to group 5. On the other 
hand, the charcoal of group 3 is less dense and voluminous and can be considered as 
a basis for commercialization. 

The production of charcoal must be better controlled, especially concerning raw 
materials and factors associated with the process. Clearly, the separation of wood 
promotes encouraging results related to the production and quality of charcoal, 
which can influence the operational and financial planning of the plant. Thus, the 
methodology to adequately control the quality of the consumed raw material must 
be adjusted. As charcoal is commercialized based on its mass, the basic density 
can be used as a qualitative index to discriminate the material by its quality. Further-
more, it is an easily determined property. The literature corroborates that dense woods 
generate charcoals with high apparent relative density [23]. On the other hand, groups 
with similar physical, chemical, and energy properties can clearly improve charcoal 
quality. 

6 Future Prospects for Charcoal Production from Wood 
Wastes 

The energy use of forest wastes contributes to reducing the environmental impact 
caused by improper disposal and the exacerbated use of “dirty” energy sources 
and, consequently, to the mitigation of greenhouse gas emissions. Forest biomass 
stands out among the various renewable materials used for energy purposes due 
to the numerous solid, liquid, and gaseous fuels obtained through thermochemical, 
biochemical, and mechanical routes and their conciliation. It is worth noting that 
Normative Instruction No. 5, of December 11, 2006, published by the Ministry of the 
Environment, mentions in Article 2, item XIV, that forest logging wastes (branches, 
buttresses, and remains of trunks, for example) can be used as secondary products of 
SFMP for wood and energy production [6]. However, there is still a lack of scientific 
research and technology transfer for the sustainable valorization of these resources 
for bioenergy generation on industrial and domestic scales. 

Many advances have been obtained with the understanding of the quality of SFMP 
wastes destined for energy generation and steel charcoal production. However, there 
is a need to continue research to reach technological maturity for a real under-
standing of the energy potential of this biomass. Furthermore, converting this raw 
material into energy products is not sufficiently mastered. In this sense, thermo-
chemical conversion routes must be sufficiently analyzed with integrated method-
ologies (energetic-environmental-economic). For example, the life cycle inventory
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will provide a technical–economic-environmental assessment of strategies for the 
sustainable use of residual biomass in SFMP associated with the carbon balance of 
conversion processes. 

The studies carried out so far have promoted important advances in clarifying 
the quality parameters of forest wastes destined for energy production. Despite this, 
some aspects of its energy use need to be elucidated. As pointed out by Lima et al. 
[19], the thermal behavior and combustion kinetics of this fuel remains unclear. It 
is also necessary to know the energy performance of the wastes at different final 
carbonization temperatures. These studies will allow more efficient use of wood and 
subsidize new conversion routes, such as densification, torrefaction, gasification, 
and liquefaction. Biomass has been widely studied for producing electricity, bio-oil, 
and chemical compounds [26]. Although there is research on wood from Amazonian 
species [38] and other biomass types common in the region [3], there is no large-scale 
research on woody Amazonian wastes for this purpose. 

From a strategic point of view, biomass energy conversion processes are econom-
ically viable techniques to generate energy for local communities and industrial 
production systems, even in remote locals, as in several regions of the Amazonia. In 
Brazil, direct combustion and carbonization are the two most widespread ways of 
using wood wastes from SFMP, the main legal tool for the rational use of timber and 
non-timber forest products in Brazilian Amazonia. 

Previously reported studies were limited to a single charcoal production unit from 
waste wood. Future research needs to include more wooden species and Amazonian 
forest management regions in their studies. It is also necessary to know the amount 
of waste stored in the forests. Thus, efficient harvesting and storage strategies for 
these biomasses must be developed. 

The sustainability of the entire production chain for the use of waste must become 
one of the main objects of future research, generating technological impacts for 
the full use of waste and improving sustainable technologies for bioenergy use of 
tropical forest resources; with new, creative, and viable solutions that contribute 
to technological, economic, and social developments, through research. Thus, the 
following questions must be answered: (i) How much carbon is emitted from the 
collection, transport, carbonization, and combustion of waste?; (ii) Does the carbon 
stored in the forest soil and the regeneration of trees after harvesting neutralize 
the carbon emitted by the production chain?; (iii) Are the strategies effective in 
minimizing environmental impacts? 

The answers to these questions will support the development of new solutions in 
Amazonia for increasing the efficiency of waste use and minimizing polluting gas 
emissions during wood carbonization. The technologies used for planted forests burn 
polluting gases formed during carbonization [8] and can be improved, adapted, and 
applied to the carbonization of SFMP wood wastes.
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7 Conclusions 

SFMP wastes have suitable properties for charcoal production for domestic and 
industrial use. However, there are great challenges to producing sustainable energy 
with this Amazonian biomass, mainly due to the low technological level of the 
carbonization kilns and the high variation in the waste properties concerning their 
dimensions and physical, chemical, and energy properties. 

For example, waste diameter and basic density show high variability among 
species, studies were carried out to characterize and classify these wood wastes 
into different groups to solve these problems. The results demonstrate an increase in 
the gravimetric yield of charcoal, the productivity of the kilns, and an improvement 
in the bioreducer quality. 

Therefore, the importance of technological research is emphasized to enable the 
development of carbonization, direct heat generation, and other energy routes to adapt 
the industry in Brazil to the current requirements of the national and international 
markets. Future research should highlight technological improvements in energy 
production using SFMP wastes to increase efficiency, quality, and sustainability. 
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Abstract Several examples in the literature and worldwide place biomass as an 
undervalued fuel, considering that it could have a more noble use than its use in 
combustion. However, is there anything nobler than eating? Forest biomass is used 
for cooking food in the wealthiest and most vulnerable social classes as a primary or 
secondary energy source. For underprivileged families, forest biomass is used in a raw 
form or with little processing in ineffective energy conversion technologies, which 
can bring health risks due to long-term exposure. For wealthy families, forest biomass 
is used with greater use of technology, for example, in densified fuels or efficient 
ovens and even, in some cases, in preparing “gourmet” foods. Therefore, as it is a
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fuel for the daily use of many populations, forest biomass becomes directly related to 
food security issues. In addition to participating in broader contexts, forest biomass 
can promote economic and social development in different locations, enabling food 
production with added value by families, for example, in rural settlements. Thus, 
this chapter presents an approach to how other family groups from different social 
classes use biomass for cooking and maintaining their survival or enjoying exclusive 
pleasures provided by biomass energy. 

Keywords Food security · Sustainable food production · Cooking technologies ·
Food policy · Clean cooking 

1 Introduction 

How can we promote using forest biomass in food preparation without harming the 
environment and people? The answer to this question goes through many dimensions. 
These issues permeate discussions about food security and sovereignty and broader 
discussions, such as: economic, social, political, and technological. Thus, it becomes 
necessary to understand these aspects to use forest biomass for cooking efficiently. 

Food and Nutritional Security (FNS) is the realization of everyone’s right to 
regular and permanent access to quality food in sufficient quantity without compro-
mising access to other essential needs, based on health-promoting food policies that 
respect diversity culturally and that are socially, economically, and environmentally 
sustainable [74]. It is observed that the FNS concept is a mixture of issues that bring 
up the challenges of having access to quality food, consuming it in healthy ways, 
and producing it in sustainable practices. 

The conceptualization of FNS is interpreted in different ways around the world. 
Wealthy countries and large agricultural producers claim to be fighting for their food 
and nutritional security when they impose barriers to imports and, in this way, increase 
food prices artificially [72, 152]. On the other hand, in poor or developing countries 
governed by leaders with a populist position, the concept of Food and Nutrition 
Security is used to tabulate costs and to establish a villainous image of agricultural 
producers [107, 110]. With these statements, one arrives at the thought that defining 
food security is difficult, considering factors ranging from culture and regionality to 
industrialization and politics. This definition becomes even more complicated when 
there is a diverse social and cultural panorama, where several peoples and cultures 
coexist in the same space and, according to the FNS concept, have the same right 
[13]. In Italy, efforts are to ensure food security and sustainable food production 
by shifting from conventional to organic farming and encouraging diet changes to 
reduce meat consumption [92]. In Uganda and Tanzania, efforts are being made to 
ensure food security through research, development, and agricultural extension for 
using high-efficiency nitrogen fertilizers in maize crops so that less favored families 
can access adequate food [42]. 

To deal with an issue such as Food and Nutritional Security in a country the 
size of Brazil, considering factors such as the abundance of natural, territorial, and 
cultural resources, one must first deal with a concept contrary to FNS, the idea of
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hunger. To define the concept of hunger, dividing a single word into three meanings 
is necessary. In English, we have three words that can lead to a better understanding: 
hunger, starvation, and famine. Hunger is a desire, a momentary and biological need, 
and the rich can feel this hunger as much as the poor. Starvation is the increase in 
hunger; it ceases to be individual and becomes collective; we can give the example of 
students who only eat at school; it is prolonged hunger until a certain point. Finally, 
famine is understood as hunger imposed as a condition on a social group; it is the 
complete lack of access to food and the means of producing it [84]. 

In Brazil, there is a belief that the issue of hunger in the country begins in the 
formation process of Brazilian society, starting in the colonial period. However, on 
the contrary, it is observed that the first studies on eating habits only began to appear 
in the nineteenth century (1880–1890), and the first measures to combat hunger 
were instituted during the Vargas Dictatorship (1937–1945), that is, the political 
emergency of tackling the scourge of hunger in Brazil was perceived very late, leaving 
the problem to settle down almost wholly [139]. Nowadays, Federal Government 
programs aim to establish food security in Brazil in a way adapted to people’s social, 
cultural, and economic reality. The Brazilian federal government, during the term of 
President Luiz Inácio Lula da Silva, to combat hunger by focusing on its structural 
causes to guarantee Food and Nutritional Security for Brazilians on three fronts: a set 
of public policies, the participatory construction of a National Food and Nutrition 
Security Policy; and a great effort against hunger, involving the three spheres of 
Government (Federal, State, and Municipal) and all Ministries. 

The program’s initiatives range from financial aid to the poorest families (with 
the Bolsa Família card) to the creation of cisterns in the northeastern hinterland, 
passing through the construction of popular restaurants, instruction on eating habits, 
distribution of vitamins and food supplements, microcredit loan for poorer families, 
among others [134]. It should also be mentioned measures that are not directly linked 
to the issue of Food Security but which have the consequence of providing the poorest 
regions and those affected by hunger with access and the possibility of changing this 
reality, such as the transposition of the São Francisco River and construction of roads 
in the north of the country. Measures like these facilitate food production in areas 
where there was no production before and contribute to family farming, which many 
see as the solution to hunger and food insecurity in Brazil. 

When discussing the territorial area and cultivable areas, Brazil is undoubtedly 
interpreted as synonymous with abundance. After all, 851,0345.540 km2 of extension 
is a privileged number concerning other countries considered “rich,” such as France 
(55,1695 km2) and Germany (35,7588 km2), bringing this to the food production 
scene. Brazil has 55 million hectares of food grown [62]. However, at the same time 
as the country deals with super crops and the international recognition of the strength 
of its power to produce agricultural commodities and food, a significant portion of its 
people deal with the ghost of hunger, despite Brazil not currently being considered 
a “poor” country social injustices and the dynamics of the construction process 
country’s economy have contributed to the social problems being experienced by the 
contemporary Brazilian population [95]. 

Issues such as land distribution, slavery, European immigration, the unplanned 
growth of urban areas, lack of access to knowledge, and lack of incentive for those
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who plant to survive, are problems that link the FNS concept with the concept of 
food sovereignty [33, 139]. The term sovereignty has a widespread meaning: Supe-
rior authority that any other power cannot restrict. Therefore, food sovereignty is 
connected mainly to the concept of FNS. It is correct to say that the portrait of a 
country where the two issues are not treated with a singularity is the loss of focus on 
a primary objective and, consequently, hunger. Although in Brazil, there are model 
programs that act almost entirely against the issue of Food Insecurity, it is still a 
challenge to deliver Food Sovereignty to all. Most critics believe it creates a place 
of passivity and complacency between government and beneficiary since none frees 
the people from hunger. Whoever kills the need of the people is the government and 
not the people themselves [7, 34]. 

Observing history, changes in government, political and cultural bias, between 
growth and economic setbacks, Food and Nutritional Security in Brazil, and Food 
Sovereignty is and has been interpreted in different ways over time. However, in 
all kinds of situational diversity, it has had There is and still is a clear objective, 
the realization of the right of all to regular and permanent access to quality food, in 
sufficient quantity, without compromising access to other essential needs, based on 
health-promoting food policies that respect cultural diversity and that are socially, 
economically, and environmentally sustainable. 

2 Forest Biomass in the World 

It is undeniable that biomass is one of the most important fuels for cooking. Yet, 
according to the [149], about 2.4 billion people still lack access to clean cooking 
technologies. Forest biomass for household use generally comes in the following 
forms: firewood, charcoal, briquettes, and pellets. Their use cuts across all social 
classes, from the poorest to the richest [5, 133]. 

Firewood is the raw form of wood and requires less technology. Therefore, it is 
used primarily in South America, sub-Saharan Africa, and South Asia for cooking 
over open fires and low-technology stoves [16, 79, 86]. Another way to use firewood 
is to prepare food in bakeries and pizzerias [77] or in restaurants to prepare grilled 
and smoked food [101, 122]. 

Charcoal can be produced from forest biomass through the pyrolysis process and 
has about twice the calorific value of raw wood [115]. As firewood, charcoal is 
used for grilling and smoking food, especially in countries in South America and 
sub-Saharan Africa [88, 97]. Families in developing countries also use charcoal for 
heating and lighting [109]. 

Forest biomass is the raw material for producing briquettes and pellets through 
a densification process. The result is a fuel with more homogeneous particle sizes, 
high heating value, and low greenhouse gas and particulate emissions [26, 50, 124]. 
Briquettes and pellets undergo a more technological manufacturing process. They 
require more efficient stoves for combustion, which is why they are more commonly 
used in developed countries in North America, Europe, and China [45, 90, 105]. 
Generally, pellets and briquettes are usually used to heat and light homes because
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they have a high heating value, more controlled combustion, and low gas emissions 
[85, 144]. 

We can understand that people widely use forest biomass to meet their cooking, 
heating, and lighting needs. Firewood is most used for cooking and is common among 
both the poorest and wealthiest segments of the population. Charcoal is also used 
primarily for cooking at home. Still, it is less common compared to firewood because 
it must go through a pyrolysis process. Briquettes and pellets are the least used 
forest biomass fuels because they must undergo a densification process and require 
more technically sophisticated stoves, primarily in European and North American 
countries. 

3 What Does Forest Biomass Mean for Households? 

Forest biomass is one of the renewable energy sources. With wind, water, solar, 
geothermal, and ocean energy, it is essential to transition away from the fossil-fuel-
based global economic model. Today, the production of heat, electricity, fuels, chem-
icals, and other petroleum-based materials contributes to climate change by releasing 
greenhouse gases (GHGs) and deficits in carbon sequestration. In this context, we 
face increasing pressure on natural ecosystems, changing land-use patterns, intensive 
agriculture, biodiversity loss, and energy crisis [112]. In addition, extreme weather 
events are likely to become more frequent [63], and human and non-human popula-
tions face heat waves, storms, floods, and droughts. This results in losses in agricul-
tural productivity, generating food shortages and favoring population displacement, 
promoting numerous conflicts [127]. In general, the use of forest biomass among 
renewable sources can mitigate environmental impacts because it does not alter the 
carbon cycle in the long term and helps optimize CO2 levels in the atmosphere [14]. 
It is also a feedstock for local and decentralized businesses, helping to reduce depen-
dence on fossil fuels [142]. In addition, research on vegetable biomass is diverse and 
has recently been summarized. Among the possible uses are conversion into biofuels 
or bioproducts and electricity generation [119]. 

Moreover, what is biomass? It is a biological and renewable material derived from 
living or recently dead organisms, including plants and animals. There are two typical 
applications of the term. The first refers to the ecological sense of biomass, which 
usually indicates the carbon stock of ecosystems from living or dead matter below 
or above ground [47]. The second relates to energy practices, including traditional 
heat production for cooking, domestic heating, modern conversion to biofuels, and 
combined heat and power generation [65]. Biomass of plant origin has a broad scope, 
as it comprises materials formed through photosynthesis or generated in its use [19], 
including wood and firewood, energy crops, charcoal, agroforestry, rural, industrial, 
domestic, and commercial waste (Fig. 1).

In this context, we can classify it as a heterogeneous raw material. Moreover, forest 
biomass is distributed in different spaces and times, so its volume and characteristics 
are influenced by local climatic and geographic factors [142]. Therefore, production,
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Fig. 1 Possibilities for using forest biomass (Source The authors 2023)

stock, and transport data are essential in building a forest biomass production chain 
[54]. Thus, regional solutions for biomass use for energy are thought in countries 
from the south [18, 59] to the global north [48, 58, 99]. 

Humanity has always had its socioeconomic progress linked to using biomass 
for energy. However, the separation between traditional and modern use, or bioen-
ergy, has opened space to depreciate biomass for such a noble purpose as cooking. 
Cooking is a necessary process for humankind. Proper cooking techniques make food 
more digestible and increase food’s bioavailability and flavor [69]. It is further esti-
mated that raw or unprocessed biomass and charcoal in cooking food occur in 39.5% 
of households worldwide [147, 148]. However, this high number is affiliated with 
reality in emerging and developing countries [116]. In these nations, large popula-
tions use energy sources that contribute to household air pollution by emitting carbon 
monoxide (CO) and particulate materials [98]. The term clean cooking refers to the 
use of efficient fuels or equipment inside homes, seeking a lower emission of pollu-
tants. According to the WHO Global Air Quality Guidelines [148], emissions should 
meet the annual average air quality guideline level (AQG, 5 µg m−3) or the  Interim  
Target-1 level (IT1, 35 µg m−3) for PM2.5, and either the 24-h average air quality 
guideline level (AQG, 4 mg m−3) or the Interim Target-1 level (IT-1, 7 mg m−3) 
for CO [148]. As WHO [146] described, solar-based, electric cooking systems that 
use biogas, natural gas, liquefied petroleum gas (LPG), or alcohol fuels, including 
ethanol, are considered clean. Solid fuels can also fall into this category, provided 
they meet adequate levels confirmed in laboratory tests following an international 
laboratory testing protocol. 

Expanding access to clean cooking is a strong ally for advances in at least 5 of 
the United Nations (UN) Sustainable Development Goals (SDGs), these being (3) 
Good health and well-being, (5) Gender equality, (7) Affordable and clean energy, 
(13) Climate action, (15) Life on land [118]. When forcing on SDG 7, which aims 
at universal provision of modern, reliable, and affordable energy services by 2030, 
including services of electricity and clean cooking facilities, we notice progress over
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time. However, the historical series given by the World Health Organization [150] 
indicates a slow pace of growth, not compatible with the targets set. Hence, there is 
a double question, one of technical nature and the other of social interest: are there 
efficient ways to use traditional biomass for cooking food for these populations? 
At the same time, are there ways to mitigate the effects of domestic air pollution? 
Finally, having overcome these material questions, what is the role of biomass in the 
food security of these populations? 

4 Forest Biomass in Food Preparation by Different 
Socioeconomic Classes 

In addition to carbon–neutral products and energy, the appropriate use of forest 
biomass is necessary to develop robust production models that transform linear 
production chains into circular ones. Thus, we could advance the transition to a 
circular economy [76] and strengthen the United Nations’ 17 SDGs, which aim to 
motivate and facilitate the world’s economies to address serious social and envi-
ronmental problems. In practice, products necessary for modern life could be from 
renewable sources. Therefore, it is common that biomass applications such as sophis-
ticated biofuels and other bioproducts are always required and encouraged. However, 
the traditional use of biomass in food preparation is given low prominence in socioe-
conomic and technical studies. It is even treated as a less noble material that needs 
to be avoided because it offers health risks (Fig. 2). 

There are examples of studies that prove the association of the use of biomass for 
cooking with symptoms of depression and anxiety in the elderly [37], loss in cognitive

Fig. 2 Exposure to biomass smoke may increase the risk of developing respiratory diseases (Source 
The authors 2023) 
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skills in children up to 4 years old [83], with respiratory health risks in pregnant 
women [138] and even consequences with pre-menopausal depression [10]. Such 
cited researches are naturally observational, so they compared different populations 
and investigated a sole factor: the employment of biomass in households. There is 
robustness in this type of verification, and we can obtain data without purposely 
subjecting people to a risk factor for their health. In this sense, it is necessary to 
remember that populations that use biomass are often poor and dependent on its 
frequent use for food. 

By 2020, sub-Saharan Africa and South Asia countries culminated in the list 
of nations with the lowest share of the population with access to clean cooking 
fuels and technologies [147]. People in these countries are also more likely to be 
deprived of adequate nutrition, sanitation, housing, or access to clean water and 
electricity [136]. Thus, we must consider that poverty brings with it personal material 
disadvantages, systemic and environmental constraints, daily experiences of stress, 
cognitive demands, and situations of scarcity that together act to worsen people’s 
health [6], with the use of biomass for cooking being one more conditioning factor 
among them. There is a technical bias that transforms traditional biomass into a 
more efficient biofuel. At the same time, it is possible to modify the conditions of a 
household and its equipment to receive this energy source for cooking food without 
serious emissions of pollutants. Thus, we must understand that forest biomass is a 
potential source and instrument of an energy chain that should be broad and diverse. 
With it, we can start an integrated approach to overcome the systemic deprivations 
conditioned to the lower social classes, in which policies for improving conversion 
systems into biofuels and domestic equipment with low pollutant emissions are 
included. 

Another relevant context is utilizing forest biomass as an alternative and not 
exclusive fuel in food preparation. In these cases, the use of charcoal is ordinary in 
food preparation due to the characteristics it gives to food in terms of flavor and texture 
[141]. In South American countries such as Brazil and Argentina, charcoal takes 
center stage in specific preparations: the barbecue [28, 43]. This is a combination of 
the culinary techniques of the native peoples with beef obtained from the cattle raising 
implemented by the colonizers [52]. For similar purposes, firewood, briquettes, and 
pellets can still be found in markets in the USA, European Union, Australia, and 
Japan [68, 128]. Such cited fuels will be explored in the following session. 

Thus, going beyond the limits of food security for homes, forest biomass is also 
fuel for the culinary tradition. It helps food to become an object of adequate consump-
tion by attributing physicochemical characteristics and flavor through the interac-
tion of ingredients and preparation techniques. In addition to corroborating with the 
maintenance of a symbolic purpose, food is also appreciated because of the socially 
attributed values or the relationships that can be established in its consumption [52]. 
Finally, it is crucial to understand that the preferences of fuel for cooking food have 
as background the socioeconomic and cultural aspects of the populations.
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5 Conversion of Forest Biomass into Clean Energy 
for Cooking 

5.1 Solid Biofuels to Replace Traditional Firewood 

Densification is the first example of technology to generate modern and efficient 
solid biofuels. It is a biomass compaction process that allows the production of a 
new product with higher apparent density than the raw material that originated it. Its 
application in residual biomass is common, bringing as an advantage the energy use 
associated with the reduction of deforestation for the removal of firewood and the use 
of renewable sources for fuels [135]. Densification occurs under different operating 
conditions of temperature and pressure, in natural binders’ presence exclusively or 
not [17]. The type of biomass used influences the production parameters employed. 
In general, the compaction pressure creates plastic and elastic deformities that reduce 
the voids between particles, favoring the mechanical strength of the biofuel [106] and 
the energy increment [111]. Temperature acts by modifying lignin and extractives to 
the plastic condition, which is necessary for the connection and adhesion of biomass 
particles [24, 71]. Under these conditions, the binding agents inherent in biomass 
(e.g., lignin, starch, and proteins) corroborate with interparticle adhesion. However, 
adding binders may be necessary [123]. Densification is integrated with preparation 
steps, which may include drying, biomass reduction, and grading of the particles 
obtained. 

In general, we can obtain two different products in the form of briquettes or pellets. 
Both have higher volumetric energy concentration, lower humidity, and homogeneity 
than the source feedstock [51]. The dimensions of pellets vary between 6 and 16 mm. 
At the same time, briquettes have diameters starting at 50 mm, varying according to 
market demand or standards [38]. Both products are direct substitutes for wood in 
furnaces, heaters, and boilers. According to FAO [96], pellets are the forest biomass 
fuels with the greater economic importance globally, moving approximately 4.4 
billion dollars in imports and exports. The same authors estimated that the production 
and consumption of pellets worldwide increased by 49% and 41%, respectively, 
between 2016 and 2020. 

The use of these biofuels in domestic furnaces has been the subject of research. 
In Nigeria, briquettes produced with corn cob and bark of palm oil trunks showed 
suitable thermal properties for combustion and GHG emissions aligned with envi-
ronmental standards [78]. Studies in Uganda have emphasized that household use of 
briquettes made from rice husks, coffee, and binders translates into energy savings 
[93]. In the Bolivian context, briquettes with waste cardboard and sawdust showed 
better performance through environmental Life Cycle Assessment (LCA) within a 
100–130 km radius of the production plant, being superior to all fossil fuels used in 
Andean areas for heating and cooking food [44]. Finally, we point out that replacing 
raw biomass with briquettes can benefit health. This was indicated by the research of 
[108], elucidating the similarities and differences in PM2.5 (particulate matter with
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diameter ≤ 2.5 µm) emissions and cytotoxicity between these two fuels. The emis-
sion characteristics of briquettes decrease inflammatory response and cell membrane 
damage, which contributes to reducing adverse pulmonary effects. In this context, 
studies that perform on-site analysis of densified fuels associated with traditional and 
efficient kilns are still required. 

Furthermore, thermochemical processes can convert biomass into another biofuel 
suitable for a domestic environment without pollution if they meet the above recom-
mendations. The pyrolysis or carbonization of woody materials occurs in high-
temperature environments with low presence or absence of oxygen, and its main 
product is charcoal. This material is rich in carbon and has higher specific energy, 
resulting from removing water and other volatile compounds [41]. However, we can 
tense a debate about using environmentally and socially responsible sources of char-
coal production. In sub-Saharan African countries such as Ghana, charcoal activity 
results in vegetation loss and ecological impacts while meeting household energy 
needs, supporting the livelihoods of different social groups, and transforming local 
economies [2]. In this sense, there are social risks to extinguishing charcoal produc-
tion. However, it is recommended to incorporate interventions such as switching 
from the more efficient production models that earth mound for charcoal production, 
given that producers are flexible in adapting to any new technology indicated [8]. For 
[12] decision-makers should look at production methods, creating policies to make it 
economically viable and environmentally friendly, especially to reduce GHG emis-
sions. A similar narrative is supported by [70], who indicated that this conversion 
technology is a valuable tool in the energy diversification process in Mozambique. 
Even though these same authors raise questions about applying laws disfavoring 
already weakened social groups that depend on coal for subsistence activities, finally, 
local and context-specific planning and evaluation should be considered for projects 
that aim at rural development so that the actors and stakeholders can contribute to 
the process and the production cycle [57]. 

In Brazil, in a different context from the production for homes and subsistence 
purposes, authors have indicated that the substitution of traditional kilns by the 
furnace-kiln system (Fig. 3) has shown excellent performance in reducing the emis-
sions of pollutants, following the targets established by international agreements 
[120].

As for the source of woody material, this can also be diversified and thus mitigate 
pressures on native biomes. Studies in the Brazilian Amazon, as seen in Chap. 4 of 
this book, indicate that using residues from forest harvesting activities can supply 
domestic systems with quality charcoal [88]. Furthermore, due to the great diversity 
of residues, it is also possible to control the carbonization process in brick kilns to 
obtain a high-quality product [87]. Pruning residues are other potential sources of 
charcoal in nearby or urban areas [102].
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Fig. 3 Types of kilns for charcoal production, where: a traditional kiln; b furnace-kiln system) 
(Source [120])

5.2 Gaseous Biofuels Replacing Cooking Gas 

Households with access to clean cooking facilities have increased in recent years 
in favor of liquefied petroleum gas (LPG). According to the International Energy 
Agency [64], this fuel is essential to significantly reduce indoor air pollution, bringing 
health benefits to several households. Crucial policy instruments for this reality 
involve informing about the LPG market and clarifying the consequences of using 
traditional biomass for cooking [66]. Alternatively, biogas fulfills the function of 
clean fuel, with a smaller carbon footprint and not dependent on fossil sources. It is a 
product of the biochemical conversion of biomass in an anaerobic environment. The 
elements that makeup biogas are primarily composed of methane (CH4) in a propor-
tion ranging from 50 to 75%, along with carbon dioxide (CO2), which comprises 
25–50% of the composition [55]. Small amounts of other gases, such as oxygen (O2), 
hydrogen sulfide (H2S), nitrogen (N2), and water vapor, are also present. In addition, 
biogas can be converted into biomethane using techniques to purify CH4 and recover 
CO2 simultaneously [89], which is employed in industry for various purposes. 

Biogas from household digesters could improve the standard of living of families. 
In rural areas, this biogas contributes to reducing fuel costs and time to collect 
firewood, besides mitigating PM2.5 emissions in the domestic environment [113]. 
We emphasize that its use applies to homes with sufficient outdoor space to store the 
equipment. In this context of rural homes, LPG usually has higher costs due to supply 
logistics, transportation, and storage requirements [60]. In this sense, biogas can 
contribute to the energy transition of cooking fuels in areas with land availability and 
near the feedstock. It is necessary to (i) overcome technologies poorly adapted to local 
conditions, (ii) overcome barriers to financing facilities [125], (iii) study available 
biomass; and (iv) manage waste professionally and in the long term [91]. Sound
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policies focusing on the environmental and social benefits of biogas are demanded 
that will contribute to this paradigm shift. Case studies of measures to expand and 
democratize LPG has already been employed in emerging countries [15, 75] and can 
be adapted to a reality of mitigating climate change and improving social factors. 

5.3 Efficient Equipment for Cooking Food 

Traditional stoves using raw/unprocessed biomass have low energy efficiency and 
high pollutant emissions due to their rudimentary structure [36]. Some geometric 
configurations of the stove are essential, all of which will affect the efficiency of the 
biomass burning, the combustion gases, and consequently, the energy that reaches 
the pot with the food [104]. During biomass combustion in traditional stoves, heat 
is released diffusely. However, the optimal is to concentrate this energy in a single 
direction, allowing food cooking with less fuel [94]. Thus, a combustion chamber is 
necessary, in adequate proportions, and made of material that limits energy loss to 
the environment. The size of combustion chambers will also affect energy efficiency 
[36]. So larger heights favor the reaction time of the combustion gases with oxygen, 
releasing more heat into the system. However, there are limits so that the height 
does not affect the flame temperature, which is responsible for heating the pots used 
to cook the food. In the study by [61], the ideal measurements for the combustion 
chamber of 16 cm in height and 13 cm in diameter were obtained through modeling. 

Another critical component of an efficient stove is the chimney. Its existence 
mitigates the emissions of particles and pollutants in the indoor environment, favoring 
people’s health [82]. Moreover, it dictates the stove’s power supply since it tends to 
change the gas temperature and the combustion efficiency [114]. It is worth clarifying 
that excess air is mandatory in complete combustion [35, 143]. Therefore, building 
systems that favor airflow is appropriate, as this burns the biomass and gains in 
convective heat transfer [4]. However, care must be taken with high airflow. The 
combustion gases are expected to be removed from the system with improving energy 
efficiency, instead, it only favors biomass consumption [67]. 

The biomass source used will also modify the efficiency of the stove, as well as 
its layout, size, moisture content, and heating value. [94] Therefore, in practice, only 
some models can replace traditional stoves. It is valid to ensure suitable configurations 
for different stoves and families according to their needs [80]. So, the uptake of 
efficient stoves by poorer populations occurs through programs that consider people’s 
preferences. Experiments show that stove dissemination rates are low when these 
factors are ignored and programs fail [40]. Finally, it should be remembered that 
efficient equipment is no long-term substitute for universal access to affordable, 
reliable, and modern energy services.
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6 Promoting the Sustainable Use of Forest Biomass 

In addition to security and food sovereignty issues, promoting forest biomass with low 
environmental and human health impacts also involves economic, social, political, 
and technological discussions. 

From an economic perspective, using forest biomass is a cost-effective way to 
obtain energy for cooking food because it is a fuel that can be easily found anywhere 
in the world and can often be obtained from nature without much effort [16]. The 
use of raw biomass in the form of firewood is usually associated with low-income 
families who do not have access to another energy source for cooking and rely on 
obtaining wood from the nearest forest for survival [100, 101]. The data on the use 
of forest biomass for cooking can be alarming when we put them in context, such 
as in two large emerging economies, Brazil and India, where about 25% and 50% 
of households, respectively, rely on fuelwood [53, 75]. Indiscriminate use of forest 
biomass for cooking can cause problems such as high gas emissions, suppression of 
native vegetation, and loss of biodiversity. However, public policies, technological 
development, and financial incentives for properly using forest biomass can restrain 
this practice. 

From a social perspective, using biomass may be based on regional or cultural 
reasons, making the transition from raw biomass to cleaner energy sources chal-
lenging. Most families that use forest biomass inefficiently to cook food live either 
in remote regions or on the outskirts of cities and are usually composed of poor 
people [56, 96, 131]. The geographic location of this population is often a deter-
mining factor in the choice of energy source used for cooking, so the closest option 
is firewood [1, 101]. Another social aspect of using forest biomass for cooking is the 
culture of a particular population. Often the preparation way of food is passed down 
from generation to generation, so the use of this energy source continues. In the case 
of Brazil, grilling is a food embedded in the country’s culture, and the most common 
energy source used is charcoal, which directly affects the outcome of the meal [39, 
103]. Thus, the social aspect is essential in promoting the sustainable use of forest 
biomass. 

From a political perspective, the use of forest biomass should be encouraged by 
public actions in the form of laws, either reducing the social insecurity of people 
who need to use this source of energy or creating protection mechanisms against 
the exploitation of native forests and for the implementation of forests for energy 
purposes. The uncontrolled extraction of wood can lead to the destruction of ecosys-
tems, soil deterioration, and change of ownership of watercourses, among others [1, 
137]. Many countries have laws that combat illegal logging. However, more than 
enforcement is needed to prevent environmental impacts [11, 121, 140]. In China, 
there are public policies that aim at the transition from the use of traditional biomass 
to the use of modern biomass in rural homes [29, 151]. In Ethiopia, public policy 
development focuses on educating rural households about using biomass and more 
efficient cooking equipment [73]. In Brazil, the National Biofuels Policy presents 
as one of its foundations the importance of adding value to biomass as a form of
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environmental preservation and promotion of development and economic and social 
inclusion [22]. In developing countries such as Brazil, Nepal, and Ethiopia, the use 
of forest biomass is linked to the collection distance, in which low-income fami-
lies prefer to use the closer material [49, 83, 126]. In developed countries such as 
Portugal, Italy, and Germany, the use of forest biomass is regulated by more specific 
norms, mainly regarding the technical characteristics of the fuel and the cooking 
technology [129]. Another point to be addressed politically is creating social assis-
tance mechanisms that allow the poorest population to use forest biomass for cooking 
more efficiently. 

From a technological perspective, the use of forest biomass can be improved on 
two points: (I) technologies for burning with greater thermal efficiency and (II) more 
efficient forest-based fuels. More efficient cooking appliances provide lower green-
house gas (GHG) emissions and greater energy efficiency so that human exposure 
to harmful gases is reduced and the fuel needed is lower [20, 130]. The emission of 
GHG, nitrous oxides (NOX), polycyclic aromatic hydrocarbons (PAHs), and partic-
ulate matter from the inefficient burning of biomass can generate serious problems 
for public health and the environment [21, 145]. Another critical point that can be 
approached from a technological perspective to encourage the use of forest biomass 
for cooking is the development of more efficient fuels through physical–mechan-
ical or thermochemical routes. Concrete evidence suggests biomass densification 
techniques can increase its physical properties and energy efficiency [9, 27, 36]. 
Briquettes and pellets are the most common forms of densified biomass. The main 
characteristics that make them more efficient than firewood are higher energy density, 
a lower percentage of moisture, a better combustion rate, and lower emission of 
particulate matter [25, 81]. 

In addition to densification processes, there are also thermochemical routes for 
improving forest biomass for cooking, such as torrefaction and pyrolysis. Torrefac-
tion is a thermochemical process that aims to improve the characteristics of biomass, 
taking place in an environment lacking or with little oxygen at temperatures ranging 
between 200 and 300 °C [30, 96]. Pyrolysis is a thermochemical process that aims at 
the complete transformation of forest biomass into new products: charcoal, pyrolig-
neous liquid, and non-condensable gases, occurring at temperatures above 350 °C, 
with heating rates and residence time in the reactors varying depending on the type 
of pyrolysis [31, 32]. As it is a process that depends on technology, the pyrolysis 
product commonly used for cooking is charcoal, as it does not need any treatment 
after production [3, 15, 23]. Charcoal is a fuel that may have its origin in forest 
biomass. It has some characteristics superior to firewood, such as higher calorific 
value, less volatile materials, and higher energy density [39, 115]. In domestic envi-
ronments, charcoal is used in stoves or barbecues with low technology employed, 
usually without a ventilation system (Fig. 4a) [117].

On the other hand, steakhouses, pizzerias, or restaurants use charcoal to prepare 
“gourmet” dishes with high added value in ovens with an exhaust system and liquid 
collection (Fig. 4b). Therefore, the use of charcoal as a source of energy for cooking 
permeates all social classes, from less favored families in rural areas to families with 
greater purchasing power in urban centers. In this way, developing technologies for
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Fig. 4 Illustration of ovens for cooking food in which: a rural oven with low technology, without 
air circulation system and liquid collection; b oven in a commercial environment, with an exhaust 
system and collection channels (Source The authors 2023)

stoves and forest biomass fuels can guarantee access to more efficient renewable 
energy sources for cooking food. 

Therefore, understanding the economic, social, political, and technological 
perspectives can sustainably promote the use of forest biomass to ensure its ecolog-
ically correct, socially just, and economically viable use. In this way, it contributes 
to developing food sovereignty in countries. Furthermore, it provides the popula-
tion’s food security by promoting the efficient use of forest biomass in the household 
energy matrix. 

7 Conclusions 

In a world with frequent discussions about food distribution, public policies, 
and sustainability, the role of people, governments, and non-governmental enti-
ties becomes more evident when solving these problems directly bound to human 
survival. This chapter addressed concerns about how food security and food 
sovereignty are correlated and what actions all actors involved can take to produce, 
consume, and distribute food sufficiently and fairly without negatively affecting 
future generations. Another point addressed was how families from different social 
classes relate to forest biomass in food preparation. There is the perception that 
wealthier families are more likely to achieve cleaner and more efficient cooking 
technologies. However, in comparison, poorer families use natural forest fuel in 
more rustic equipment, generating public health problems. Thus, to mitigate this 
food inequality, public policies are needed to expand the access of poorer people to 
more efficient cooking technologies and the development of equipment and fuel that 
are cheaper and simpler to use. Only then will a food transition be possible for less
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favored peoples, allowing access to food in an economically viable, environmentally 
correct, and socially just way. 
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