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Abstract Charcoal production stemming from 
small-scale Eucalyptus camaldulensis plantations has 
brought about significant socio-economic benefits 
and improved livelihoods in Ethiopia. Nevertheless, 
the current practice involves the use of traditional 
earth mound kilns, leading to inefficiencies, reduced 
charcoal income, and environmental pollution. This 
research aims to assess charcoal conversion effi-
ciency, perform a cost–benefit analysis, and meas-
ure gas emissions from improved charcoal-making 
kilns sourced from Eucalyptus camaldulensis small-
scale plantations in comparison to traditional earth 
mound kilns in northwestern Ethiopia. A one-way 

analysis of variance (ANOVA) was executed, with a 
significance level set at 0.05. The study results indi-
cate a significant (P < 0.001) disparity in charcoal 
conversion efficiency across the various tested kilns, 
with the ranking as follows: Green mad retort kiln 
(33.7%) > Casamance kiln (32.09%) > MRV steel kiln 
(28.25%) > traditional earth mound kilns (23.55%). 
The improved charcoal-making kilns enhanced wood-
to-charcoal conversion efficiency by 20–43% com-
pared to traditional earth mound kilns. In terms of 
financial viability, Casamance improved kilns gener-
ated the highest equivalent annual charcoal income 
(117,126.9 ETB/year), followed by Green Mad Retort 
(82,893.8 ETB/year) and MRV steel kilns (58,495.9 
ETB/year). As anticipated, traditional earth mound 
kilns yielded the lowest net present value (47,304.3 
ETB/year). Traditional earth mound kilns also 
exhibited significantly longer carbonization times 
(P < 0.001), taking 3.6 times longer than the Mark 
V kiln and 2 times longer than the Casamance kiln. 
Furthermore, the statistical analysis demonstrated 
that improved charcoal-making technology reduced 
carbon dioxide (CO2) emissions by 36.1–50.7%, car-
bon monoxide (CO) emissions by 39.2–54.3%, and 
methane (CH4) emissions by 29.6–47%. In conclu-
sion, the use of improved charcoal-making kilns has 
demonstrated significant enhancements in charcoal 
conversion efficiency, charcoal income, and environ-
mental sustainability. Given these positive outcomes, 
we strongly recommend a decisive transition from 
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traditional to cleaner, sustainable, and less emissions-
intensive charcoal making kilns.

Keywords Charcoal · Efficiency · Environment · 
Eucalyptus camaldulensis · Greenhouse gas 
emission · Improved charcoal-making kilns · Income

Introduction

Charcoal plays a crucial role in bolstering the income 
of rural households, serving as an essential energy 
source, and delivering a range of socio-economic 
advantages to their livelihoods (Ababa, 2019; Smith 
et  al., 2019; Tadesse et  al., 2019; Andaregie et  al., 
2020; Thabane, 2020; Bekele & Kemal, 2022). Char-
coal is the result of wood undergoing carbonization, 
a process where it is burned with limited oxygen 
(Koech et al., 2021).

The global production and consumption of char-
coal have seen a significant increase, surging from 17 
million tons in 1964 to a current 53 million tons, with 
Sub-Saharan Africa contributing to 61 percent of this 
production (Kenne et  al., 2022). Roughly one-third 
of the world’s population relies on inefficient cook 
stoves for cooking and heating, using unsustainable 
solid biomass. In Africa, approximately 195 million 
people, constituting around 20 percent of the conti-
nent’s population, are involved in charcoal produc-
tion (Dam, 2017). Kenya alone has 500,000 people 
engaged in charcoal production activities (Njenga 
et  al., 2013).). In many tropical countries, including 
Tanzania and Mozambique, woodlands can regen-
erate within 8–30  years after trees are harvested for 
charcoal production (Chidumayo & Gumbo, 2013;  
Woollen et  al., 2016). Given the rising trends in 
urbanization and population growth, coupled with 
the fact that charcoal produces less smoke and is rela-
tively more affordable compared to modern energy 
sources, the demand for charcoal is expected to dou-
ble in the upcoming decade (Neuberger, 2015; Dog-
gart & Meshack, 2017; Raza et al., 2022).

In Ethiopia, much like in other regions, charcoal 
production serves as a vital source of income for 
numerous rural households, constituting either their 
primary or secondary livelihood activity. This prac-
tice provides essential cash income to a substantial 
number of households in rural areas. Remarkably, 
Ethiopia ranks as the third-largest charcoal producer 

globally, trailing only behind Brazil and Nigeria, 
boasting an estimated production exceeding 4.4 mil-
lion tons of charcoal (Dam, 2017). According to the 
Ethiopian forest action program, fuel wood includ-
ing charcoal contributes 66% and 62% of the energy 
consumption in rural and urban areas, respectively 
(Abebe and Endalkachew, 2011; Endalew et  al., 
2022). Scientific studies also witness over 300,000 
households with at least five family members and over 
1.5 million people in Ethiopia depend on the charcoal 
business (MoWIE, 2010).1 Moreover, the per capita 
consumption of Ethiopian urban households was 
estimated at 386 kg/head while in rural areas it was 
merely 9 kg/head (Djampou, 2019). Despite the antic-
ipation of a twofold increase in demand for charcoal 
in developing nations in the forthcoming decades, 
charcoal producers lack access to essential knowl-
edge and advanced technologies for sustainable char-
coal production. For instance, the key barriers to the 
increased adoption of charcoal making kilns in Ethio-
pia encompass the lack of awareness among small-
holder charcoal producers concerning the economic 
and environmental benefits associated with improved 
kilns (Bekele & Kemal, 2022). Furthermore, chal-
lenges like substantial initial investment costs, a lack 
of proficiency among charcoal producers, and insuf-
ficient government attention to the charcoal indus-
try significantly impede widespread usage (Andar-
egie et  al., 2020). As a result, charcoal producers in 
developing countries including Ethiopia continue to 
employ inefficient charcoal-making kilns (Baumert 
et al., 2016; Zorrilla-Miras et al., 2018; Ferede et al., 
2019; Rodrigues & Junior, 2019; Koech et al., 2021a; 
Bekele & Kemal, 2022) and there is no intial incen-
tive or regulation to produce charcoal efficiently in 
subsharan Africa where food insecurity and poverty 
is sever (Bekele & Kemal, 2022).

Hence, the utilization of inefficient and unsus-
tainable traditional earth mound kilns for charcoal 
production results in low wood-to-charcoal con-
version efficiency, diminished charcoal income, 
increased greenhouse gas emissions, and adverse 
effects on the health of the charcoal producer com-
munity. Emissions from traditional charcoal-making 
were reported 71.2 million tonnes of carbon dioxide 

1 Alternative Technologies for Improved Access to Modern 
Rural Energy Technologies.
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and 1.3  million  tonnes of methane (Chidumayo & 
Gumbo, 2013) in tropical countries. Africa pro-
duces 62% of the 52 million tonnes of charcoal pro-
duced globally and one kilogram of unsustainably 
produced charcoal contributes 6–9 kg CO2 eq along 
its whole life cycle (Dam, 2017).

Similarly, in 2010, Ethiopia recorded greenhouse 
gas emissions of 150  MtCO2e. Projections indicate 
that, under a business-as-usual scenario, this figure 
is expected to more than double to 400  MtCO2e 
by 2030 (Selvakkumaran and Silveira, 2019; M. 
A. Worku, 2020). Notably, a significant portion of 
these emissions, accounting for 37% of the total, 
is attributed to livestock and forest degradation 
resulting from fuelwood cutting and charcoal pro-
duction, contributing 65 Mt  CO2e and 55 Mt  CO2e, 
respectively (Selvakkumaran & Silveira, 2019; M. 
A. Worku, 2020). To address this, Ethiopia has 
established a target to reduce emissions in 2030 to 
approximately 150 Mt  CO2e, which is roughly 250 
Mt  CO2e less than the business-as-usual projection 
(Ethiopia, 2019). Ethiopia has responded to this 
challenge through a combination of conservation 
efforts and policy initiatives aimed at mitigating 
greenhouse gas emissions from agricultural activi-
ties. They have integrated climate-smart agriculture 
into various national policies, strategies, and pro-
grams (César & Ekbom, 2013; Yimer, 2016) with 
the overarching goal of enhancing climate resil-
ience and fostering a more sustainable, low-carbon 
growth trajectory, placing a strong emphasis on 
environmentally friendly agricultural practices. The 
aim is to strengthen climate resilience through a 
more sustainable low-carbon growth pathway with 
significant emphasis on a sustainable agricultural 
farming system that is environmentally friendly. 
The scientific enhancement of traditional charcoal-
making methods is not only an environmentally 
responsible step but also a vital one for economic 
development and achieving greenhouse gas emis-
sion reduction targets. It embodies a proactive 
approach to addressing a range of interconnected 
issues, from environmental conservation to eco-
nomic well-being and climate change mitigation. 
By enhancing traditional charcoal production meth-
ods, there is a potential to reduce the demand for 
cutting down forests for fuelwood. This helps con-
serve vital forest ecosystems and biodiversity while 

mitigating the adverse environmental impact associ-
ated with deforestation.

Prveousely, there have been attempts in conver-
sion of fuel wood to charcoal using improved char-
coal-making kilns in Africa (Jolien Schure et  al., 
2019), and retort kilns (Adam, 2009; Jolien Schure 
et  al., 2019) in India. Nevertheless, there is a scar-
city of scientific data in the literature that compares 
the efficiency of different improved charcoal kilns, 
their financial viability, and greenhouse gas emis-
sions against conventional methods for producing 
renewable, cleaner, and sustainable charcoal (Jolien 
Schure et al., 2019). Previous studies assessing con-
version efficiency (Kammen & Lew, 2005; Neufeldt 
et al., 2015) failed to account for factors such as the 
initial wood consumption for carbonization, unburned 
wood during the process, varying moisture levels in 
dry wood, wood diameter, tree species characteristics, 
and the carbonization process itself. These variables 
can result in differing levels of efficiency, economic 
benefits, and gas emissions. Moreover, past studies 
relied on indirect methods for estimating gas emis-
sions instead of direct, on-site measurements from 
charcoal kilns (Chidumayo & Gumbo, 2013; Tassie 
et  al., 2021). The financial profitability of different 
charcoal-making kilns has remained largely unad-
dressed. Therefore, there is a pressing need for a 
comprehensive comparative evaluation of efficiency 
and direct measurement of greenhouse gas emissions 
originating from a diverse range of charcoal-making 
kilns, encompassing advanced charcoal production 
technologies and conventional earth mound kilns. 
This undertaking is essential in identifying cost-effec-
tive, less emissions-intensive charcoal kilns, and sus-
tainable solutions for charcoal production.

Charcoal production has been widely criticized for 
its potential negative impact on the environment, and 
there is a global call for its replacement. However, 
the scenario in the South Achefer district of North-
west Ethiopia presents a unique perspective compared 
to other charcoal-producing regions. In this locality, 
local smallholder farmers cultivate Eucalyptus cama-
ldulensis tree species, raising them from nurseries, 
transplanting them to fields, and eventually harvest-
ing them at the age of 5–7  years. These Eucalyptus 
tree growers not only sell the poles but also generate 
income from the residues left after harvesting, which 
are locally referred to as "Kirisite." This dual source 
of income from pole sales and charcoal production 
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has proven to be a significant economic driver for the 
community. Moreover, a study conducted in north-
western Ethiopia has demonstrated that Eucalyptus 
cultivation contributes substantially to income and 
provides various socioeconomic benefits when com-
pared to households that do not engage in tree plant-
ing (Abate et al., 2022; Addis et al., 2016; Mekonnen 
et  al., 2007; Tesfaw et  al., 2021). Because of these 
benefits, smallholder farmers in the study area convert 
their cropland to Eucalyptus camaldulensis small-
scale plantation forest (Abate et  al., 2022; Molla 
et al., 2023; Tesfaw et al., 2023). Satellite imagery of 
vegetation and forest cover changes over 10–20 years 
analyze shows, a 55% increase in the amount of euca-
lyptus plantation coverage from 1999 to 2010, and the 
change expressly climbed to 69% in 2021 compared 
to the reference period (Tesfaw et al., 2023).

Nonetheless, it is important to note that charcoal 
production in the South Achefer district primarily 
relies on inefficient traditional earth mound kilns. 
These outdated kilns have shown poor wood-to-char-
coal conversion efficiency, resulting in reduced char-
coal income, heightened greenhouse gas emissions, 
and exposing charcoal producers to health risks dur-
ing the production process. To the best of the authors’ 
knowledge, there has been no scientifically conducted 
research focused on enhancing the conventional char-
coal-making method through the utilization of vari-
ous improved charcoal pyrolysis technologies, neither 
in Ethiopia as a whole nor within the specific study 
area. Previous studies on Eucalyptus were focused 
on socioeconomic importance (Abate et  al., 2022; 
Gizachew, 2017; Kebede, 2022; Tesfaw et al., 2021), 
challenges and opportunities (Tesfaw et  al., 2021), 
value chain (Nacke, 2021), and its expansion (Molla 
et al., 2023). Given the enduring importance of Euca-
lyptus camaldulensis small-scale plantation-based 
charcoal production as a vital income and energy 
source in the region for the foreseeable future, transi-
tioning from the current traditional earth mound kiln 
technology to improved charcoal production methods 
represents a potential avenue for enhancing efficiency 
in charcoal production. The examination of different 
charcoal-making technologies and their potential to 
reduce greenhouse gas emissions carries substantial 
environmental implications. Identifying technolo-
gies that are less emissions-intensive charcoal pro-
duction approaches can contribute to mitigating the 
adverse effects of climate change and preserving local 

ecosystems. Investigating the cost–benefit analyses of 
different kilns is also vital for making informed deci-
sions about investment in charcoal production. The 
findings can guide local producers and policymakers 
in choosing economically viable technologies and, 
in the process, enhance the economic sustainabil-
ity of the charcoal industry in the study area. Thus, 
the present research was initiated to: (i) assess the 
advantages of different improved charcoal-making 
kiln technologies concerning wood-to-charcoal con-
version efficiency in comparison to traditional earth 
mound kilns, (ii) examine the impacts of diverse 
improved charcoal-making technologies on the poten-
tial reduction of greenhouse gas emissions, (iii) eval-
uate the carbonization duration of various kilns, and 
(iv) investigate cost–benefit analyses of the different 
kilns and provide recommendations for the appro-
priate charcoal-making kiln technology in the study 
area.

Material and methods

Study area description

The research was carried out in the South Achefer 
district, situated in the West Gojam Zone of North 
Western Ethiopia, precisely located at 11°49′59.99" 
North latitude and 37°09′60" East longitude, as 
shown in Fig.  1. This study area is approximately 
502 km away from Addis Ababa, the capital city of 
Ethiopia, and about 60 km from Bahir-Dar. It shares 
its boundaries with North Achefer to the North, Awi 
Zone to the South and West, and Mecha district to 
the East. Durbete serves as its administrative center 
and is subdivided into 20 rural and 2 urban Kebele 
administrations. The district has a total population of 
163,052, comprising 78,839 men and 84,213 women, 
as reported by Dereje (2019). Among this population, 
roughly 16% reside in urban areas, while the remain-
ing 84% are rural dwellers.

Regarding the livelihood activities of the local 
community in the study area, about 87.9% of the pop-
ulation is engaged in agriculture, 10% are engaged in 
different merchandise sectors, and 2% are engaged 
in civil service (Kerebih, 2017). The district has 
two agro-ecologic conditions; namely, mid-high-
land locally called "Woynadega" (87%) and lowland 
locally called "Kola" (13%). "Woynadega" refers 
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to areas with altitudes between 1,500 and 2,300  m, 
while "kola" refers to areas with altitudes ranging 
from 500 to 1,500 m (Desta et al., 2023).

The annual temperature of the south Achefer dis-
trict ranges from 18 to 28  oC with annual rainfall 
ranging between 1365  mm—1623  mm. Agricultural 
production is characterized by a mixed farming sys-
tem in which crop production dominates over live-
stock rearing (Teshome et  al., 2022). Eucalyptus-
based small-scale plantation for commercial pole 
and charcoal production is an important means of 
livelihood engaging different actors of stakehold-
ers from tree production to charcoal production to 
end users. The value of charcoal is one of the driver 
for the expansion of eucalyptus smallholder plan-
tations on agricultural lands (Fig.  2b; (A. Worku 
et al., 2021; Molla et al., 2023; Tesfaw et al., 2023). 
The prolonged cultivation of eucalyptus smallholder 

plantations on agricultural land could potentially neg-
atively affect the food supply in West Gojam due to 
the conversion of agricultural production to eucalyp-
tus plantations. However, the income generated from 
eucalyptus smallholder plantations is higher com-
pared to income from food crops (Abate et al., 2022; 
Addis et  al., 2016; Mekonnen et  al., 2007; Tesfaw 
et  al., 2021). This increased income can be utilized 
to purchase food crops, and the surplus income may 
contribute to diversifying livelihoods and enhancing 
overall well-being(Addis et al., 2016).

Wood drying and wood diameter measurement

The moisture content and the diameter of the sam-
pled wood represent crucial parameters when 
assessing the efficiency of wood-to-charcoal con-
version in a given charcoal kiln. To address this, 

Fig. 1  Map of the study area.  Source: Amhara Region Investment Bureau
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Eucalyptus camaldulensis wood sourced from 
smallholder plantations underwent a solar dry-
ing process lasting two to three weeks before ini-
tiating carbonization following methods similar to 
those employed in the local smallholder context 
(Fig. 3a). In the local smallholder setting, charcoal 
producers typically dry their wood for a period 
of two to three weeks after cutting trees on their 
farms and the dry wood is subjected to cross-cut 
in smaller size (Fig.  3b). This step are essential to 
reduce moisture content and, in turn, minimize heat 

energy wastage during the drying phase. The local 
charcoal producer believes that initiating carboniza-
tion of dry wood immediately after cutting results 
in lower charcoal yield due to high moisture con-
tent. Conversely, prolonged solar drying of wood 
for more than a month leads to similar issues, as 
excessively dry wood is prone to extensive burning. 
Consequently, we incorporate the local practice of 
an optimal drying time ranging from 2–3 weeks as 
the believed ideal wood drying phase for charcoal 
production.

Fig. 2  Existing traditional charcoal production technique on converted agricultural land (a) and around residential areas (b). Photo 
credit researcher (2022)

Fig. 3  Drying of wood (a) and the subsequent cross-cutting of the dry wood (b)
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To assess moisture content, portable handheld 
moisture meters equipped with two penetrating 
probes were used to obtain three moisture readings 
from 10% of the dried Eucalyptus camaldulensis 
wood. These readings were taken on selected pieces 
of wood at the lower, middle, and upper sections of 
the dry logs following the methodology (Manaye 
et  al., 2022). The process was repeated on the same 
pieces of wood to ensure that the moisture content 
of the dry wood was consistently below 20%. A final 
moisture reading was carried out just before the wood 
was arranged for immediate charcoal carbonization. 
Additionally, diameter measurements were conducted 
using diameter tape, following a similar methodol-
ogy to the moisture measurements. It was determined 
that, on average, the sampled wood had a diameter of 
approximately four centimeters.

Charcoal production

Charcoal production was carried out using a uniform 
weight of Eucalyptus camaldulensis wood (3502 kg) 
in Durbete, South Achefer district, North Western 
Ethiopia, as depicted in Fig. 1. In this study, various 
charcoal production technologies were employed: tra-
ditional Earth mounds (Fig. 4a), Casamance (Fig. 4b), 
modified Mark V steel kilns (Fig. 4c) and Green Mad 
Retort Kilns (Fig. 4d). The charcoal production pro-
cess were replicated three times for each charcoal 
production approaches, facilitating a comprehensive 
comparative analysis and accurate estimation of their 
efficiency, economic impact, and environmental ben-
efits. In the current study, the charcoal production 
process for various charcoal production approaches 

involved collaboration with two experienced charcoal 
producers within the local context. The smallholder 
charcoal production process in this area differs from 
other regions where only experienced charcoal pro-
ducers are involved in charcoal carbonization. In the 
local context, smallholder charcoal producers enlist 
the services of experienced charcoal producers at a 
rate of 10 ETB per bag, covering activities from char-
coal carbonization to loading charcoal to bagging and 
we have factored this cost into the financial analysis 
of the different charcoal production approaches. Our 
collaboration with the charcoal producer spanned 
the entire process, from wood cross-cutting to the 
final charcoal output, aligning with our established 
methodologies for data collection making our experi-
mental work more controlled than the normal local 
context.

Traditional earth mound kilns were exclusively 
used by local charcoal producers in North West-
ern Ethiopia (Ferede et  al., 2019; Bekele & Kemal, 
2022). The operation of these kilns began with stack-
ing wood in a conical shape on a well-prepared flat 
surface, with larger pieces placed in the center and 
covered with teff grass and soil to insulate the car-
bonizing wood, preventing excessive heat loss before 
carbonization.

The other charcoal making approaches used in 
the current study are improved charcoal making 
kilns which refer to advanced and more efficient 
designs for kilns used in the process of producing 
charcoal from biomass, such as wood or agricultural 
residues (Kammen & Lew, 2005). The charcoal-
making process entails heating organic materials 
through pyrolysis, a low-oxygen environment, to 

Fig. 4  the different charcoal production technology used in the current study; Earth mound kiln (a); Casamance (b); MRV steel (c); 
Green mad retort (d). Photo credit researcher (2022)
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transform them into charcoal a material with high 
carbon content (Mensah & Frimpong, 2018). The 
Casamance earth kiln employed in this study is a 
modified earth mound kiln equipped with a chimney 
affixed to one side (Fig. 4b). Another improved kiln 
used in this study is the modified MRV steel kiln 
(Mark V steel kiln) which is a portable steel kiln in 
the shape of a cylinder with a conical top (Fig. 4d). 
It features outer grooves filled with mud to secure 
the second ring and cover. Additional stiffening 
rings made from angle iron are welded to enhance 
stability and support the rings. The modified Mark 
V kiln comprises three interlocking parts: the lower 
ring, the upper ring, and the conical lid/cover at 
the top. On the other hand, the Green Mad Retort 
Kiln (GMDR) is a semi-industrial brick retort kiln 
with three sections: an external combustion cham-
ber for using lower-quality wood or other biomass, 
a charcoal chamber, and a chimney incorporating a 
simple system for post-combusting the gases gener-
ated during carbonization. The construction of Cas-
mance and MRV steel improved charcoal kilns was 
executed by the Ethiopian Rural Energy Develop-
ment Promotion Center (EREDPC) under the aus-
pices of UNDP projects and GMDR was onstructed 
by GIZ Ethiopia, with consultancy provided by Dr. 
Getachew Eshete. Kiln operation was overseen by 
operators from the ignition phase to the completion 
of carbonization for each kiln.

The completion of the wood-to-charcoal carboni-
zation process was noted by the change in smoke 
color emanating from the improved kiln chimneys 
and natural outlets, transitioning to a light blue hue, 
indicating the carbonization’s completion. In the 
case of traditional earth mounds, Casamance, and 
Mark V steel kilns, the reduction in the size of the 
piled wood to about two-thirds of its original size 
served as an indicator of the charcoal carboniza-
tion’s completion. Once carbonization had finished, 
the chimneys and breathers were removed. Follow-
ing the cooling of the charcoal, any remaining soil 
and unburned teff straw (in the case of traditional 
earth mounds and Casamance kilns) were cleared 
using spades and soil rakes. Unburned wood and 
non-commercial charcoal were segregated and 
separately weighed using a balance, for later use 
in the efficiency calculations of the various kilns 
employed in the study.

Efficiency and cost–benefit analysis

The efficiency of wood-to-charcoal conversion in the 
kilns stands as a pivotal factor in the decision-making 
process when selecting a particular charcoal-making 
kiln for investment. A greater charcoal conversion effi-
ciency from a given kiln translates to increased char-
coal sales and income. Bearing this parameter in mind, 
the wood-to-charcoal conversion efficiency of the kilns 
was calculated using (Girard, 2002).

NE = Net efficiency of the kiln, Mc = mass of char-
coal, MDW = mass of dry wood, MUW = mass of 
unburned wood, and BO, is the total energy used to 
obtain conversion yields (initial burnings).

Conversely, achieving a greater wood-to-charcoal 
conversion efficiency does not guarantee a consist-
ently positive income due to the specific cost dynam-
ics associated with enhanced charcoal kilns. These 
costs encompass various aspects, including production 
costs (dry wood, bags, ropes, strings, teff straw, cutting 
tools, wood harvesting, and producer expenses), as well 
as the benefits from charcoal sales (valued at 65 Ethio-
pian Birr per bag during the study season). For ease of 
comparison, all expenses and benefits were taken into 
account. To address the time value of money, future 
cost and benefit values were discounted, allowing for 
more straightforward comparisons with current values, 
as recommended by (Whitman & Terry, 2012). A finan-
cial analysis technique known as Net Present Value 
(NPV) was employed to assess the various incentives 
associated with investing in different charcoal kilns. 
NPV calculates the net returns of the production system 
by discounting the flows of benefits and costs back to 
the year of establishment, using a suitable discount rate 
for Ethiopian conditions (10%) over the lifespan of each 
kiln. The cost–benefit analysis of improved and tradi-
tional charcoal-making technology was computed using 
the formula proposed by (Garrett et al., 2000; Whitman 
& Terry, 2012; Duguma, 2013).

where B = Total benefit generated from the invest-
ment, C = Total costs invest for the investment, r = the 
discount rate, 10% in Ethiopian condition, t = period.

(1)NE =
(

Mc

MDW −MUW + BO

)

x100

(2)NPV =
∑n

t=0

(

(B − C)

(1 + r)t

)
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Charcoal-making kiln costs, charcoal income, sal-
vage values, and % of depreciation cost were con-
sidered for each life span of the kilns following the 
reducing balance method. This method is an impor-
tant mechanism of benefit evaluation of a given new 
investment because the percentage of the remaining 
value is reduced and a diminishing amount is charged 
each (Baldwin et al., 2005)

where, R = residual value; C = initial cost; n = service 
life.

Moreover, given the varying characteristics of 
charcoal-making kilns, including their useful life 
span, percentage of depreciation, and salvage values, 
we proceeded to calculate the equivalent annual char-
coal income for all kilns using the following method:

where, EAE = equivalent annual income, NPV, net 
present value, i = interests rate, and T = lifespan.

Measurement of emission of gases from different 
charcoal production kilns

Emissions of specific gases, including methane 
 (CH4), carbon dioxide  (CO2), nitrogen monoxide 
(NO), nitrogen oxides  (NOx), sulfur dioxide  (SO2), 
and carbon monoxide (CO), originating from all char-
coal production kilns, were measured using istagemi-
ssion gas chromatographic system equipped with a 
flame ionization detector (FID) and an electron cap-
ture detector (Usui et  al., 2018). The Istagemission 
gas chromatographic system is a portable handheld 
device designed for measuring various gases directly 
in field settings. To ensure accurate measurements, 
the istagemission gas chromatographic system was 
meticulously calibrated. This process involved posi-
tioning the equipment away from the emission source 
to establish a baseline, where oxygen concentration 
was determined to be in the range of 20.9% to 21%, 
while all other gases and particulate matter were 
recorded as 0% (Usui et al., 2018). Once the calibra-
tion was successfully executed, a metallic sampling 
probe was carefully introduced into a designated vent 
of each charcoal kiln. The recorded values were then 

(3)%ofdepreciation = 100

�

1 −
n

√

R∕C
�

EAE = NPVx
i(1 + i)T

(1 + i)T − 1

allowed to stabilize over a five-minute period before 
being saved for subsequent analysis. At the of end 
of the testing period, conduct a clean air purge every 
10 min before fully shutting down the analyzer. Addi-
tionally, replace the internal water trap as required, 
particularly if it displays cracks, accumulates a crusty 
layer of dust or particulates, or becomes wet. Care-
fully open the water trap and extract the inner plas-
tic piece from the top half, wiggling it as you pull for 
easier removal. This will provide access to the filter 
cartridge.

The different gases emissions from each charcoal 
production approach were then divided by the char-
coal yield produced from the respective charcoal pro-
duction kilns to determine the emission per unit of 
charcoal produced (Pennise et al., 2001).These emis-
sion values were even further translated to year bases 
considering the total amount of charcoal produced in 
the study season. Then the different values of green 
house gases emmssion were multiplied by their 
respective global warming potential (GWP) to calcu-
late total mass of  CO2-equivalents  (CO2e) that could 
be avoided in one year by transitioning from one 
earth mound kiln to one of each of the three improved 
kilns following (IPCC, 2006). Finally we sum up 
the total mass of  CO2-equivalents (CO2e) of each 
gresnhouse gases for each improved charcoal making 
kilns and substract it from the  CO2-equivalents fom 
the traditional earth mound kilns to get the avoided 
 CO2-equivalents (CO2e) from a given improved char-
coal making approaches.

Carbon Dioxide Equivalent (CO2e) serves as a 
measure to quantify the global warming potential of 
diverse greenhouse gases by expressing their impact 
in relation to the amount of carbon dioxide (CO2) 
that would produce an equivalent warming effect 
over a specified time frame. This approach facilitates 
the comparison of different greenhouse gases on a 
standardized scale, streamlining the assessment and 
communication of their respective contributions to 
climate change. The Intergovernmental Panel on Cli-
mate Change (IPCC, 2006) has indicated a GWP for 
methane between 28–36 when considering its impact 
over a 100-year timeframe (GWP100) (indicating that 
one tonne of methane will result in the same warming 
effect as 28–36 tonnes of  CO2), nitrous oxide registers 
at 298, and certain highly potent F-gases have GWPs 
exceeding 10,000. Carbon dioxide serves as the refer-
ence, possessing a Global Warming Potential (GWP) 
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of 1, regardless of the chosen time period.  CO2 emis-
sions contribute to elevated atmospheric concentra-
tions that endure for thousands of years.

Statistical analysis

The gathered data underwent statistical analysis 
through SPSS version 26. A one-way analysis of vari-
ance test (ANOVA) was executed, with a significance 
level set at 0.05. In cases where noteworthy distinc-
tions among various charcoal-making kilns were 
observed with a p-value less than 0.05, post-hoc 
mean separation was conducted using Tukey’s Hon-
estly Significant Difference (HSD) tests.

Results and discussion

Wood to the charcoal conversion efficiency of 
different charcoal-making kilns

The efficiency of converting Eucalyptus camaldu-
lensis wood into charcoal using various improved 
charcoal-making kilns is summarized in Table  1. 
The study’s results indicate that the improved 
charcoal-making technology kilns led to a signifi-
cant (P < 0.001) increase in both charcoal conver-
sion efficiency and charcoal yield. Remarkably, the 
kilns exhibited the highest charcoal conversion effi-
ciency in the following order: Green mad retort kiln 
(33.7%) > Casamance kiln (32.09%) > MRV steel kiln 
(28.25%) > Traditional earth mound kilns (23.55%) 
(Table  1). The findings underscore that the Green 
mad retort kiln delivered the highest wood-to-char-
coal conversion efficiency, whereas the traditional 

earth mound kiln exhibited the lowest conversion 
efficiency. In line with these results, field trials of 
charcoal production conducted in northern Mada-
gascar using the Green mad retort (GMDR) external 
combustion chamber kiln achieved an efficiency of 
approximately 34% when sourced from plantation 
forests (Temmerman et al., 2019).

An analysis of charcoal yield reveals that improved 
charcoal-making technology requires a smaller quan-
tity of wood to produce an equivalent quantity of 
charcoal compared to earth mound kilns. Our findings 
align with previous research on the efficiency of char-
coal production kilns, showing favorable comparisons 
with studies (Kimaryo & Ngereza, 1989; Kammen & 
Lew, 2005; Adam, 2009; Jolien Schure et al., 2019). 
However, our results are higher in comparison to 
other studies (Mutimba & Barasa, 2005; Heinze et al., 
2013; Luwaya et  al., 2014; Morgan-Brown & Sam-
weli, 2018; J Schure et  al., 2021). Conversely, our 
findings are lower than those similar other reported 
research (Wartluft and White, 1984; Swami, 2009). 
The variability in findings across different studies can 
likely be attributed to factors such as the initial wood 
consumption required for carbonization, unburned 
wood during the carbonization process, varying mois-
ture content in dry wood, wood diameter, tree species 
characteristics, and the carbonization process during 
charcoal production, all of which may differ across 
various locations (Ojelel et al., 2015; M Temmerman, 
2016; Ferede et al., 2019; Charvet et al., 2022).

The Green mad retort improved kiln, using 
2976  kg of anhydrous wood, consistently yielded 
an average of 961.88  kg (equivalent to 128.2 bags) 
of charcoal. In contrast, the traditional earth mound 
charcoal-making kiln at the study site, also employing 

Table 1  Mean ± SE values of charcoal yield and yield components of different charcoal-making technology approaches using Euca-
lyptus camaldulensis at South Achefer district, North Western, Ethiopia

Columns with different letters are significantly different at P < 0.05.GMDR: Green mad retort kiln; MRV: Mark v steel kiln; ns: not 
significant CV: Coefficient of variation; ***: P ≤ 0.001

Kiln type wood weight Moisture content (%) Charcoal yield(kg) Unburned wood(kg) Noncommercial 
charcoal(kg)

Efficiency (%)

Traditional 3502 15.01 ± 0.06a 685.6 ± 2.60d 64.40 ± 1.90c 37.4 ± 0.83ab 23.55 ± 0.05d

GMDR 3502 15.00 ± 0.03a 961.8 ± 3.27a 122.4 ± 1.73d 19.2 ± 0.62c 33.70 ± 0.09a

Casamance 3502 14.97 ± 0.03a 940.8 ± 4.21b 46. ± 0.35b 25.5 ± 0.50b 32.09 ± 0.13b

MRV steel 3502 14.95 ± 0.02a 808.9 ± 2.02c 173.7 ± 1.36a 45.3 ± 5.43a 28.25 ± 0.25c

P- Value 3502 ns *** *** ** ***
CV (%) 0.44 0.63 2.5 15.1 0.88
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2976  kg of anhydrous wood, produced the lowest 
charcoal yield at 685.6 kg (equivalent to 97.95 bags) 
compared to the other kilns. Likewise, improvements 
in charcoal yield were observed with the Casamance 
kiln, producing 940.83  kg (or 125.4 bags), and the 
MRV-improved steel kiln, generating 808.96  kg 
(about 111.5 bags). It is worth noting that studies 
in this domain indicate that enhancing the conver-
sion efficiency of traditional charcoal kilns from 15 
to 25 percent could result in a substantial 40 percent 
reduction in the amount of wood required to produce 
the same quantity of charcoal (Dam, 2017). This 
could be beneficial in Ethiopia, where the demand 
for charcoal production is increasing from time time 
due to increasing population, deforestation of forest 
resources as well as the inefficiency of charcoal pro-
duction using traditional methods nationwide (Brob-
bey et  al., 2019; Guta, 2014). The price of charcoal 
continues to rise, emphasizing the need to enhance 
charcoal production mechanisms. The increased effi-
ciency observed in improved charcoal-making kilns 
can be attributed to their thoughtful design. The radial 
arrangement of wood stringers and the presence of a 
circumferential air space beneath the apron ensure 
a steady, uninterrupted flow of air and gas, result-
ing in consistent carbonization. Additionally, these 
advanced kilns incorporate a chimney on one side, 
which effectively encourages a reverse airflow, main-
taining the integrity of the circumferential air cham-
ber throughout the entire burning cycle, thus sustain-
ing continuous ventilation (Mabonga-Mwisaka, 1983; 
Kimaryo & Ngereza, 1989). In contrast, traditional 
earth mound kilns tend to be less efficient and waste-
ful, mainly due to excessive air circulation within the 
mound, which leads to reduced charcoal yield (Ferede 
et al., 2019; Bekele & Kemal, 2022).

Our research revealed that the utilization of 
advanced charcoal-making technology kilns signifi-
cantly improved the efficiency of converting wood 
into charcoal, with enhancements ranging from 20 
to 43% when compared to traditional earth mound 
kilns. An examination of conversion efficiency 
results from carbonization tests involving various 
wood types and kiln designs, including the tradi-
tional masonry or earth kilns employed in diverse 
regions across the globe, highlighted the substantial 
variability in charcoal yields, typically falling within 
the range of 20% to 35% by weight (Sparrevik et al., 
2015a; Jolien Schure et  al., 2019; Nahrul Hayawin 

& Idris, 2022). A substantial increase in conversion 
efficiency is highly advantageous for smallholders in 
the southern Achefer district, as it enables them to 
obtain greater charcoal yields from the same modest 
plots of land within the Eucalyptus camaldulensis 
small-scale plantation-based charcoal production sys-
tem. Enhancing the efficiency of the wood-to-char-
coal conversion process also carries the potential to 
serve a dual purpose: conserving trees and reducing 
greenhouse gas emissions. By reducing the quantity 
of dry wood required to produce the same amount of 
charcoal, more trees and shrubs can remain intact, 
preserving their stored carbon and thus contribut-
ing to climate change mitigation. This is a departure 
from the scenario when traditional earth mound kilns 
are employed (J Schure et al., 2021), which typically 
result in the removal of these trees.

Furthermore, our study’s findings indicate that 
improving wood-to-charcoal conversion efficiency 
through advanced kilns would facilitate the expan-
sion or afforestation of Eucalyptus plantations on 
previously degraded lands that had remained devoid 
of tree cover. Key indicators of the sustainability of 
Eucalyptus plantation-based charcoal production 
include the superior benefits offered in comparison to 
croplands, the practice of rotating Eucalyptus planta-
tions every 5–7 years during harvesting, and the con-
version of both fertile and degraded land into affor-
ested Eucalyptus plantations for charcoal production 
(A. Worku et  al., 2021; Tesfaw et  al., 2023). These 
lands, previously unsuitable for crop cultivation due 
to degradation, could benefit from the introduction 
of Eucalyptus plantations, which have the potential 
to mitigate or prevent erosion in such areas. Conse-
quently, enhancing wood-to-charcoal conversion effi-
ciency and reducing emissions will further bolster the 
sustainability of this practice and promote its expan-
sion onto degraded lands. Given that Eucalyptus plan-
tations may adversely affect groundwater supply in 
specific regions of West Gojam, it becomes crucial to 
implement effective management practices, including 
proper spacing and selecting suitable farming sites.

Conversely, our findings reveal that small-scale 
charcoal producers in the study area suffer losses 
ranging from 20 to 43% of their total charcoal pro-
duction due to the utilization of inefficient traditional 
earth mound kilns in the South Achefer district, 
North Western, Ethiopia. Examining the values asso-
ciated with non-commercial charcoal, the GMDR 
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kiln markedly reduces non-commercial charcoal by 
approximately 48.7% when compared to the earth 
mound system (Table 1). This improvement is attrib-
uted to the more uniform carbonization process in 
the advanced kiln in contrast to the traditional earth 
mound charcoal production method. Observations 
indicate that approximately 3–5% of the charcoal 
produced consists of non-commercial charcoal, char-
acterized by very fine particles left over, small frag-
ments, or mixed with soil. This amounts to approxi-
mately 176,000 tons of non-commercial charcoal 
within the total production of 4.4 million tons of char-
coal in Ethiopia. There is a need for research inves-
tigations to explore the potential utilization of this 
leftover fine charcoal, referred to as biochar, for soil 
improvement in Ethiopia. If the charcoal production 
process is confirmed to be free of organic pollutants, 
collecting, crushing, and combining biochar with 
nitrogen fertilizer whether organic or mineral could 
emerge as a viable method to enhance soil quality. 
This approach holds promise for increasing soil pH, 
improving water storage capacity, enhancing nitro-
gen retention, and contributing to carbon sequestra-
tion through the application of biochar fertilizer. Such 
measures have the potential to enhance the income of 
charcoal producers.

Conversely, it is worth mentioning that the 
unburned wood percentage increased by 90% in the 
GMDR kiln compared to the traditional kiln. Incom-
plete combustion of wood, leading to a higher pro-
portion of unburned material in the charcoal, may 
arise from the design conditions of GMR kilns. 
For instance, an elevation nature of the composi-
tion chamber of GMDR kilns by approximately 
5–7 cm from the floor could impede the initiation of 

carbonization for the dry wood stacked below this 
elevated chamber. The combustion chamber is the 
site of the initial firing, a phase crucial for initiating 
the carb onization process.The composition cham-
ber influences the efficiency of converting wood into 
charcoal, thereby impacting the overall carbonization 
yield (Temmerman et al., 2019).

Gases emission in kilogram per tonne of charcoal 
produced from Eucalyptus camaldulensis small-scale 
plantation

An examination of gases emissions data reveals 
substantial variability across different charcoal-
making technology kilns. Notably, a statistically 
significant difference (P < 0.001) was observed in 
the emissions of selected gases, with the follow-
ing order: Green mad retort kiln (GMDR) < MRV 
steel < Casamance < traditional earth mound kilns 
(Table  2). The lowest carbon dioxide  (CO2) emis-
sions per tonne of charcoal were recorded at the 
Green mad retort kiln (1295.87), followed by 
MRV steel (1541.37), and Casamance (1682.37), 
while the traditional Earth mound kiln exhibited 
the highest  CO2 emissions (2632.77). Further-
more, the results of a one-way analysis of vari-
ance indicate that the emissions of carbon mon-
oxide (CO) and methane  (CH4) in kilograms per 
tonne of charcoal produced were as follows: Green 
mad retort (222.57 ± 5.26 and 27.73 ± 0.42), MRV 
steel (265.60 ± 6.26 and 32.13 ± 0.57), Casamance 
(295.93 ± 8.13 and 36.87 ± 0.58), and Traditional 
earth mound kilns (486.87 ± 11.97 and 52.37 ± 1.3). 
The findings of significant variation in greenhouse 
gas emissions among different charcoal-making 

Table 2  Mean ± SE values of selected gases emission in kilogram per tonne of charcoal produced from Eucalyptus camaldulensis at 
South Achefer district, North Western, Ethiopia

Columns with different letters are significantly different at P < 0.05.GMDR: Green mad retort kiln; MRV: Mark v steal kiln; ns: not 
significant CV: Coefficient of variation;  CO2: carbon dioxide; CO: carbon monoxide; NO: nitrogen monoxide; NOx: nitrogen diox-
ide;  SO2: Sulphur dioxide; and  CH4: methane; ***: P ≤ 0.001

Kiln type CO2 CO NO NOX SO2 CH4

Traditional 2632.77 ± 22.23a 486.87 ± 11.97a 1.27 ± 0.09a 1.80 ± 0.09a 0.73 ± 0.03a 52.37 ± 1.3a

Casamance 1682.37 ± 11.66b 295.93 ± 8.13b 0.77 ± 0.04b 0.73 ± 0.04b 0.43 ± 0.04b 36.87 ± 0.58b

GMDR 1295.87 ± 13.29d 222.57 ± 5.26c 0.23 ± 0.03c 0.37 ± 0.03c 0.37 ± 0.03b 27.73 ± 0.42c

MRV steel 1541.37 ± 22.75c 265.60 ± 6.26b 0.17 ± 0.03c 0.43 ± 0.03c 0.37 ± 0.03b 32.13 ± 0.576

P-value *** *** *** *** *** ***
CV 1.7 4.5 13.3 8.1 11.3 3.8
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kilns have far-reaching implications for the environ-
ment, economics, public health, and sustainability. 
These results emphasize the importance of adopting 
more efficient chrcoal kilns and policies to mitigate 
the environmental impact of charcoal production 
while promoting sustainable practices in the char-
coal industry. The comparative analysis of different 
kilns and their emissions can also provides valuable 
information for stakeholders in the charcoal produc-
tion industry. It allows charcoal producers to make 
informed decisions regarding technology choices, 
environmental regulations, and sustainable produc-
tion practices.

Consistent with these findings, a similar study 
of improved charcoal-making kilns revealed com-
parable mean emission factors per tonne of char-
coal production as follows: carbon dioxide  (CO2) 
at 1950 ± 209, carbon monoxide (CO) at 157 ± 64, 
and methane  (CH4) at 24 ± 17 compared with the 
emissions from traditional kilns, which recorded 
 CO2 at 2380 ± 973, CO at 480 ± 141, and  CH4 at 
54 ± 29 (Sparrevik et al. 2015b). A separate investi-
gation focusing on charcoal-making kilns frequently 
employed in Kenya and Brazil similarly revealed 
a spectrum of emissions for various pollutants per 
kilogram of charcoal produced. These emissions 
included carbon dioxide  (CO2) ranging from 543 
to 3027 g, methane  (CH4) from 32 to 62 g, carbon 
monoxide (CO) spanning 143 to 373  g, total non-
methane organic compounds varying between 24 
and 124  g, nitrous oxide  (N2O) fluctuating from 
0.011 to 0.30 g, and nitrogen oxides  (NOx) between 
0.0054 and 0.13 g (Pennise et al., 2001).

Similar patterns, with very limited emissions (less 
than 0.77  kg per tonne of charcoal), were observed 
for gas concentration–time profiles, including NO, 
 NOx, and  SO2, across all types of charcoal kilns. 
This suggests that the carbonization process proceeds 
uniformly throughout the cross-section of the kilns. 
Nevertheless, differences were noted in the instan-
taneous concentration values of emissions measured 
across all kilns. For instance, there was an increasing 
trend in the concentration of carbon monoxide (CO) 
and methane  (CH4) between day two in the case of 
improved kilns and days two to four for traditional 
earth mound kilns. This phenomenon was particularly 
evident in the cases of  CO2 and CO, which are the 
dominant product species in the carbonization gas. 
These species exhibited an increase as soon as the 

levels of  N2 and  O2 began to decrease over the subse-
quent four days (Charvet et al., 2022).

Moreover, more efficient charcoal kilns results in 
a substantial reduction in gas emissions, including 
a decrease in carbon dioxide  (CO2) by 39.2–50.7%, 
carbon monoxide (CO) by 39.2–54.3%, and meth-
ane  (CH4) by 29.6–47%. This study underscores 
that improved kilns effectively curtail the amount 
of wood required for charcoal production, achieved 
through enhanced techniques and the implementation 
of chimneys. Consequently, these advancements play 
a pivotal role in mitigating atmospheric pollution by 
lowering greenhouse gas emissions (Ahmad et  al., 
2022; Cornelissen et  al., 2016; Girard, 2002; Rai 
et al., 2019; Tippayawong et al., 2019).

Consistent with these findings, the process of char-
coal production from Acacia decurrens smallholder 
plantations showcased substantial emissions reduc-
tions through the use of improved charcoal mak-
ing kilns (Tazebew et  al., 2023). These reductions 
ranged from 46% to 57.9% for  CO2, 29.4% to 56.6% 
for CO, 61.7% to 86.1% for NO, 56.6% to 86.2% for 
NOx, 41% to 62.8% for  SO2, and 35.7% to 57% for 
 CH4 (Tazebew et  al., 2023). Similarly, other studies 
have consistently identified the GMDR kiln as one of 
the cleanest charcoal-making technologies with sig-
nificantly reduced emissions of methane (M Temmer-
man, 2016; Temmerman et  al., 2019; Tippayawong 
et al., 2019; Schettini et al., 2022). This advantage is 
attributed to the combustion of methane within the 
kiln-furnace system, which not only offers techno-
logical benefits but also contributes to a lower envi-
ronmental impact compared to conventional charcoal 
production methods (Ribeiro et al., 2020).

Moreover, the study reveals a substantial con-
trast in greenhouse gas (GHG) emissions, with tra-
ditional earth mound kilns registering the highest at 
126,482  kg  CO2e  yr−1, while GMDR recorded the 
lowest at 88,848.7  kg  CO2e  yr−1 (Fig.  5). Conse-
quently, the implementation of enhanced charcoal-
making kilns resulted in the avoidance of 11,539 kg 
of  CO2e  yr−1 in Casamance and 37,633  kg  CO2e 
 yr−1 in GMDR (Fig.  5). This can be attributed to 
the superior efficiency of wood-to-charcoal conver-
sion in improved charcoal-making kilns, facilitated 
by controlled airflow mechanisms and an effectively 
designed system, preventing the release of green-
house gases during charcoal production (Pennise 
et al., 2001; Temmerman et al., 2019). These findings 
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underscore the significant implications of exploring 
opportunities for carbon credits and securing funding 
from climate initiatives to facilitate the transition to 
advanced charcoal-making technology. Based on the 
current finding encourage and support the widespread 
adoption of improved charcoal-making kilns, as they 
have been demonstrated to significantly reduce emis-
sions. This can be achieved through financial incen-
tives, technology transfer, and capacity building for 
charcoal producers. Furthermore, invest in research 
and development to further enhance the efficiency 
and environmental performance of charcoal-making 
kilns. Continuous innovation in this sector can lead to 
even more significant emissions reductions.The envi-
ronmental impact of carbonization gases, such as CO, 
presents a serious health hazard to local communities 
and has significant consequences for the environment, 
as well as broader natural resource management prac-
tices (M Rai et  al., 2019; Temmerman, 2016). The 
implications of this research are significant, as they 

shed light on the critical environmental and health 
impacts of carbonization gases, particularly carbon 
monoxide (CO). It highlights the detrimental effects 
on local communities and the environment, making 
it imperative to address these issues. Notably, the 
GMDR improved kiln stands out as having the low-
est greenhouse gas emissions due to its innovative 
approach. This kiln recirculates smoke gases from the 
carbonization chamber back to the external fire-box, 
effectively burning a higher proportion of tar compo-
nents and harnessing the generated heat for further 
wood-to-charcoal carbonization (Temmerman et  al., 
2019). Consequently, the adoption of less emissions-
intensive charcoal kilns technology could offers the 
potential to substantially reduce emissions, enabling 
countries in Sub-Saharan Africa to contribute to 
the fight against climate change while also access-
ing a sustainable source of cooking fuel (Temmer-
man et  al., 2019). It is worth noting that the values 
of greenhouse gas emissions, particularly methane, 

Fig. 5  Emission of GHGs in  CO2e  yr−1 and avoided emission 
of GHGs in  CO2e  yr−1. Columns with different letters are sig-
nificantly different at P < 0.05. GMDR: Green mad retort kiln, 

MRV: Mark v kiln, GHGs: Greenhouse gases,  CO2e: Carbon 
dioxide equivalent, Error bars: mean ± SE
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in the current study exceed those observed in a 
study conducted in Madagascar (Temmerman et  al., 
2019). This variance in values may be attributed to 
differences in the characteristics of wood, including 
diameter and moisture content, as well as variations 
in the carbonization processes employed during the 
charcoal-making process (Kammen and Lew, 2005). 
These differences underscore the importance of tai-
loring solutions to specific regional contexts.

Carbonization time of wood to charcoal 
conversion of Eucalyptus camaldulensis dry wood 
for the different improved charcoal kilns

The GMDR and traditional earth mound kilns dem-
onstrated the lengthiest average carbonization period, 
lasting 144  h, as evidenced in Fig.  6. Conversely, 
MRV kilns required the shortest duration, only 40 h, 
while Casamance kilns needed 72  h to complete 
the carbonization process. Traditional earth mound 
kilns, on average, yielded 685.9  kg of charcoal 
every 6 days. In contrast, Casamance and MRV steel 

kilns were more efficient, producing 940.83  kg and 
808.6 kg of charcoal every 3 and 2 days, respectively. 
For the GMDR kiln, the cooling phase accounted for 
the longest duration at 96 h, while effective carboni-
zation was achieved in just 48 h. Other reports from 
the Namibian Charcoal Association indicate that the 
charcoal carbonization cycle in traditional kilns lasted 
approximately 144  h, in contrast to the Green Mad 
Retort (GMDR) kiln, which achieved effective car-
bonization in just 24 h (M Temmerman, 2016).

The conversion time from wood to charcoal was 
reduced by 50% and 72% when using Casamance 
and Mark V steel kilns, respectively. This reduc-
tion aligns with the findings reported by J Schure 
et al. (2021). The significant difference in carboniza-
tion times between kiln types indicates variations in 
resource utilization. Longer carbonization periods, as 
observed in traditional earth mound kilns, may lead 
to less efficient resource use. The frequency of char-
coal production is closely linked to carbonization 
times. Kilns with shorter carbonization durations can 
produce charcoal more frequently, potentially impact-
ing market supply and income for producers. Also, 

Fig. 6  Carbonization 
time of wood to charcoal 
conversion of the different 
charcoal-making kilns in 
the South Achefer district, 
North Western, Ethiopia. 
Columns with different 
letters are significantly dif-
ferent at P < 0.05. GMDR: 
Green mad retort kiln, 
MRV: Mark v kiln; Error 
bars: mean ± SE
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more frequent charcoal production from kilns with 
shorter carbonization times may contribute to market 
stability and meet growing demand. Whereas, longer 
carbonization times, especially in traditional kilns, 
demand constant supervision and close attention to 
ventilation, making the operation more complex and 
labor-intensive.

Cost–benefit analysis of the different 
charcoal-making kilns

Enhancing traditional charcoal-making methods 
through improved kiln technology holds the potential 
to boost charcoal income derived from Eucalyptus 
camaldulensis smallholder plantations in the study 
area. Furthermore, it promises increased efficiency 
and environmental benefits, as indicated by the data 
presented in Table  1 and 2, as well as in Figs.  5. 
Although the installation costs of these improved 
charcoal kilns surpass those of traditional kilns, their 
appeal to rural smallholder farmers hinges on their 
capacity to produce more charcoal per unit of wood. 
Analyzing the financial profitability of different 
charcoal-making kilns, as depicted in Fig. 7, reveals 
that the Casamance improved charcoal-making 

kiln yields the highest equivalent annual charcoal 
income (117,126.9 ETB  yr−1), followed by the Green 
Mad Retort (82,893.8 ETB  yr−1) and MRV steel 
kiln (58,495.9 ETB  yr−1). Notably, traditional earth 
mound kilns, with a charcoal income of 47,304.3 
ETB  yr−1, exhibit the lowest net present value.

The adoption of improved kiln technology has 
the potential to significantly boost charcoal income 
for smallholder farmers in the study area. This can 
have a positive economic impact on these communi-
ties. The text emphasizes that the appeal of improved 
kilns to rural smallholder farmers is contingent on 
their capacity to produce more charcoal per unit of 
wood. The financial profitability analysis presented 
in Fig.  7 demonstrates that certain kilns, like the 
Casamance kiln, offer higher equivalent annual char-
coal income, despite their higher installation costs. 
Enhanced energy efficiency can increase the biomass 
available for various other purposes, benefitting a 
larger proportion of rural households through more 
effective biomass stoves, as seen in prvous studies 
(Gebreegziabher et  al., 2017; Nigussie et  al., 2021; 
Villamor et al., 2020). It is imperative to address the 
drawbacks of traditional earth mound kilns, which are 
widely used in Africa, including poor carbonization, 

Fig. 7  Financial profitabil-
ity of the different charcoal-
making kilns
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leading to woody biomass loss, diminished earnings 
for charcoal producers, elevated pollution levels, and 
increased greenhouse gas emissions (Mugo et  al., 
2007).

In this section, it is evident that the costs associ-
ated with kilns play a significant role in determining 
the economic advantages of charcoal sales, regard-
less of the wood-to-charcoal conversion efficiency of 
each production technique. For instance, the Green 
Mad Retort (GMDR) demonstrated a higher effi-
ciency (37.7%) compared to Casamance (32.09%). 
However, despite its lower efficiency, Casamance 
kiln achieved higher net present values, generat-
ing an annual income of 117,126.9 ETB. The Casa-
mance kiln’s shorter carbonization time allows for 
more frequent charcoal production, contributing to 
its higher net present value. Furthermore, this out-
come can be attributed to the variance in kiln costs, 
with the GMDR costing 48,333 ETB as opposed to 
the more cost-effective Casamance kiln, which is 
priced at 15,000 ETB. Moreover, the shorter carboni-
zation time observed with the Casamance improved 
kiln allowed for more frequent charcoal production 
throughout the year, surpassing the performance of 
the other kilns considered in our study, as indicated 
in studies by (Ribeiro et  al., 2020); Schettini et  al. 
(2021).

Both MRV steel and traditional earth mound kilns 
display consistent trends in terms of efficiency and 
annual equivalent income. Enhanced charcoal-mak-
ing kilns demonstrate the ability to produce charcoal 
at substantially reduced financial and economic costs 
per unit of wood, resulting in superior financial ben-
efits (Swami, 2009; Schettini et  al., 2021). Further-
more, a study conducted by Oliveira et  al. (2014) 
revealed that when producing an equivalent amount 
of charcoal, the kiln furnace system outperformed the 
"hot tail" type by consuming 20% less wood. This not 
only enhanced cash flow and economic performance 
but also resulted in a remarkable 16.4% increase in 
profitability.

In our study, we found that apart from the Casa-
mance improved kiln, both MRV steel and Green 
Mad Retort (GMDR) kilns substantially reduced the 
costs associated with wood cross-cutting by 50% 
and 75%, respectively. The reduction in wood cross-
cutting costs in the case of the improved kiln was 
attributed to the practice of cross-cutting wood logs 
to approximately 1–1.5  m in length, as opposed to 

the less efficient process of cross-cutting wood to less 
than 80 cm, which is common with traditional earth 
mound kilns. Furthermore, our research revealed that 
the use of teff straw for covering the kiln or mound, 
which incurs an additional cost, was entirely elimi-
nated with the employment of Green Mad Retort and 
MRV steel kilns.

Additionally, the incorporation of superimposed 
metal barrels in improved kilns offered the advantage 
of collecting wood vinegar, which can be employed 
for insect pest and crop disease control. However, it’s 
important to note that Green Mad Retort kilns are sta-
tionary once constructed, limiting their use to areas 
with a consistent and permanent supply of Eucalyp-
tus camaldulensis dry wood, as observed in the South 
Achefer district within our study area. The Casa-
mance-improved charcoal kilns are mobile and flex-
ible, making them easily relocatable to different parts 
of farmland. This flexibility can be beneficial for 
charcoal producers, allowing for wider applications 
and adaptability to varying production scenarios. In 
cases where stationary or fixed dry wood charcoal 
production sites are suitable, both Green Mad Retort 
and Casamance kilns can be effectively utilized.

Conclusion

In conclusion, the findings of this study provide 
strong evidence in favor of adopting improved 
charcoal-making technology kilns over traditional 
earth mound kilns. The use of these advanced kilns 
resulted in a substantial increase in wood-to-charcoal 
conversion efficiency, ranging from 20 to 43%. This 
heightened efficiency has the potential to bring about 
significant economic benefits, as it allows smallhold-
ers to achieve higher yields within the Eucalyptus 
camaldulensis small-scale plantation-based char-
coal production system. This not only enhances the 
financial prospects for individual producers but also 
has the potential to positively impact the economic 
well-being of local communities. Furthermore, the 
replacement of traditional earth mound kilns with 
improved kilns led to a notable reduction in carboni-
zation time, ranging from 50 to 72%. This reduction 
translates to increased productivity, as charcoal pro-
ducers can either complete an additional round of 
charcoal production or engage in alternative liveli-
hood activities within the same timeframe that would 
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have been required for a single round in a traditional 
kiln. This efficiency gain is crucial for improving the 
overall productivity of the charcoal industry.

Additionally, when evaluating the financial profit-
ability of various charcoal-making kilns, Casamance 
and Green Mad Retort improved kilns emerged as 
more financially rewarding options in the study area, 
compared to traditional earth mound kilns. This 
highlights the economic viability of transitioning to 
advanced technology. Moreover, the adoption less 
emissions-intensive charcoal kilns technology con-
tributes to a substantial reduction in greenhouse gas 
emissions, including carbon dioxide (CO2), carbon 
monoxide (CO), and Methane (CH4). This less emis-
sions-intensive charcoal production approach aligns 
with global efforts to combat climate change and pro-
tect the environment.

In summary, the results strongly support the exten-
sion of Casamance and Green Mad Retort kilns due to 
their superior wood-to-charcoal conversion efficiency, 
net present values, and environmental benefits. As 
such, it is recommended that the government and rel-
evant authorities encourage and support the transition 
from traditional charcoal-making methods to these 
sustainable and environmentally friendly improved 
charcoal-making kilns. This transition can be facili-
tated through a range of policy measures, incentives, 
and initiatives, ultimately leading to a more prosper-
ous, sustainable, and less emissions-intensive char-
coal production system. It is important to explore the 
potential for carbon credits and funding from climate 
initiatives to support the transition to improved char-
coal-making technology. This can provide additional 
financial incentives for producers to switch to more 
sustainable practices. These measures are expected to 
attract local charcoal producers toward a renewable 
and more sustainable improved charcoal production 
system. Future research could replicate this study in 
other regions of Ethiopia and beyond to assess the 
feasibility and impact of transitioning to improved 
charcoal-making technology on a broader scale. Simi-
larly, investigating the social and economic impacts 
of transitioning to improved kilns, including how it 
affects the livelihoods of small-scale charcoal produc-
ers, their communities, and the local economy.
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