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Abstract

Areke, a traditional Ethiopian distilled spirit, is primarily produced using biomass-fueled
stoves, which are characterized by inefficiency, deforestation, and significant contributions
to indoor air pollution which poses serious health risks. This research aims to design, man-
ufacture, and experimentally investigate an electrically powered distillation stove for areke
production to address inefficiencies, improve product quality, and reduce environmental
and health impacts. A prototype electric stove was developed, incorporating a clay pot,
coil-based heating element, bamboo shell-and-tube condenser, and a PID temperature con-
trol system. Performance was evaluated through controlled tests, including Water Boiling
Tests (WBT) and Controlled Cooking Tests (CCT), comparing the prototype to traditional
methods in terms of thermal efficiency, energy consumption, distillation time, and product

quality.

Through controlled testing and design modifications, the stove successfully produced high-
quality areke. The custom-designed electric areke distillation stove achieved thermal effi-
ciencies of 52.2% during cold start and 75.8% during hot start conditions, significantly
outperforming traditional biomass stoves, which typically operate at 10-23% efficiency,
and surpassing the Ethiopian standard requirement of 40%. With an average energy con-
sumption of 7.9 kWh to produce 1.5 liters of areke, the prototype achieved a 49% reduction
in estimated energy costs and a 69% decrease in energy consumption compared to tradi-
tional methods. Precise temperature control with PID controller provided consistent regu-
lation over the distillation rate and duration. Testing revealed that rate of distillation had a
direct impact on the final product's alcohol content. A longer distillation time resulting in

higher alcohol concentration in the final areke.

The prototype’s design, which integrates locally available materials and aligns with tradi-
tional practices, proved compatible with existing distillation setups, enhancing its potential
for widespread adoption. Additionally, the stove completely eliminated harmful emissions
associated with biomass combustion, addressing key environmental and health concerns.
The electrically powered distillation stove offers a sustainable and efficient alternative to

traditional biomass stoves, addressing critical environmental and health issues.

Key words: Areke distillation, electric stove, thermal efficiency, biomass alternatives, in-

door air pollution, sustainable technology, Ethiopia.
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Chapter 1

Introduction

1.1 Introduction

Ethiopia, known for its cultural richness and diversity, is home to a variety of traditional
beverages, including tela, tej, and areke. Areke is a traditional distilled spirit widely con-
sumed in Ethiopia, known for its strong alcoholic content and cultural significance in social
gatherings and ceremonies fostering communal bonds and serving as a shared experience.
Areke is made primarily from fermented grains, such as maize, barley, or wheat, using age-
old techniques passed down through generations. It is widely enjoyed, especially in rural
areas where its manufacture and consumption are still an important part of local traditions
and communal life. Areke's popularity extends across various Ethiopian regions each with
its unique variations and consumption customs, with notable mentions in Debre Berhan,
Arsi Negele, Debre Markos, and beyond. Especially in these areas, areke production serves
as a primary source of livelihood, generating income for producers, vendors, and related
businesses. For instance, in 2008, the municipality of Arsi Negele town reported collecting
approximately 1 million Birr annually from formal areke business operations, underscoring
its significant economic contribution at the local level (Gezahegne, 2008). This figure ex-
cludes the numerous informal businesses, which are believed to surpass formal ones in

number and operate without contributing to tax revenue.

According to Ethiopia National Clean Cook Stoves Program, more than 99% of the rural
households depend on firewood for cooking and heating purpose. In Ethiopia, 90 percent
of energy consumption comes from biomass (Alemayehu Zeleke Urge & Motuma Tolera
Feyisa, 2019). Despite its deep cultural and economic importance, the energy needed for
areke production and processing depends entirely on fuelwood (Gezahegne, 2008), which
come with significant drawbacks. These thermally inefficient methods, which heavily use
biomass fuel, raise concerns on environmental sustainability due to deforestation and health

risks due to pollution. And from a modern perspective, these traditional methods face a



significant limitation in their inability to consistently produce high-quality areke.

Indoor air pollution, stemming from the combustion of biomass, is a significant concern
associated with traditional areke production method. Traditional biomass stoves exhibit
low efficiencies primarily due to the incomplete combustion of biomass. This incomplete
combustion leads to the generation of health-damaging pollutants, with suspended particu-
lates and carbon monoxide being particularly prominent among them. These pollutants ex-
ceed acceptable levels inside poorly ventilated houses, especially those without chimneys
(Goldemberg et al., 2000).

Due to its complete reliance on biomass, traditional areke production contributes to the
alarming deforestation rate in Ethiopia. In 2022, Ethiopia lost 19.9 kha of tree cover, equiv-
alent to 11.7 Mt of CO: emissions (Vizzuality, 2022). As we strive to improve areke pro-

duction, addressing these environmental, health and quality issues becomes imperative.

Despite concerns about pollution and inefficiency, the traditional process of areke distilla-
tion has seen surprisingly few attempts at improvement by the existing body of research
(Getachew et al., 2022). While several attempts have been undertaken to address key chal-
lenges, such as pollution reduction and enhanced efficiency for traditional stoves, but much
progress is still needed. For example, attempts to design improved biomass stoves, such as
the Mirt areke stove (Assefa & Adem, 2022), the GTZ-SUN stove (Gezahegne, 2008), and
the Darfur areke stove (Bekele, 2019), have shown promise but they still emit pollution on
part or even above WHO-recommended levels. Exploring alternative energy sources like
biomass and solar energy also offered some promise (Demissie et al., 2016; Getachew et
al., 2022), but biomass options proved expensive, and solar-powered solutions, while pol-
lution-free, restricted production to daylight hours, significantly hampering producer flex-
ibility. Consequently, most of these inventions struggled to gain traction in the community,
highlighting the need for innovative solutions that address both environmental and practical
concerns while respecting the needs of areke producers. Overall, while marginal improve-
ments have been made, the fundamental constraints of the traditional distillation process
remain largely unaddressed. To achieve significant improvements more groundbreaking

innovations, likely driven by new technologies are essential.

The solution may lie in adopting a cleaner and more modern approach: electrically powered
distillation stoves. This technology, already utilized by spirit producers on both small and

large scales worldwide, presents unique benefits that could effectively address the



challenges currently facing the areke production industry. Among these advantages, elec-
tric heating stands out for its ability to eliminate harmful emissions associated with biomass
combustion. Furthermore, it facilitates precise temperature control, ensuring higher and
more consistent product quality. Ethiopia's majority electricity production from large hy-
dro-power plants further ensures a clean and environmentally friendly energy source for

areke production.

While electrical stoves have been proven effective for distilling other types of spirits, no
efforts have been made to design and develop electric distillation stoves specifically for
producing areke. Although commercial electric distillation stoves exist, they are neither
customized for areke production nor economically feasible for producers in Ethiopia.

This study seeks to fill this significant gap by developing an accessible, efficient, and cul-
turally sensitive electrically powered distillation stove designed specifically for Ethiopian
areke producers. The lack of comprehensive data on areke distillation from a thermal engi-
neering perspective further highlights the challenges and potential impact of this project.
Filling this knowledge gap will not only benefit this project but also future studies by laying
the groundwork.

1.2 Problem statement

Traditional methods of areke production in Ethiopia are heavily dependent on biomass as
the primary fuel source (Gezahegne, 2008). This widespread use of wood fires raises major
concerns around indoor air pollution, deforestation, thermal inefficiency, and product qual-

ity and consistency.

The use of biomass as a fuel for areke distillation contributes significantly to harmful emis-
sions, posing serious health risks. According to the World Health Organization (WHO),
indoor air pollution (IAP) resulting from biomass combustion is among the top ten global
health risks (Elbayoumi & Albelbeisi, 2023). In 2020 alone, household air pollution was
linked to approximately 3.2 million deaths annually, including over 237,000 deaths of chil-
dren under the age of five (Household Air Pollution, 2024). The adverse health impacts of
air pollution disproportionately affect the poorest and most vulnerable populations, with
women and children being the most affected (Fullerton et al., 2008; Household Air Pollu-
tion, 2024).



Deforestation remains a pressing concern in Ethiopia. In 2022 alone, the country lost 19.9
thousand hectares of tree cover, resulting in an estimated 11.7 million tons of CO: emis-
sions (Vizzuality, 2022). Traditional methods of producing areke exacerbate this issue, with
a single household consuming an average of 450 kilograms of firewood to distill 150 liters
of areke over six working days (Getachew et al., 2022). In Arsi Negele, one of Ethiopia's
largest areke-producing cities, the demand for fuelwood is particularly high. In addition to
wood transported by donkeys, carts, and individuals, approximately eight trucks, each with
a loading capacity of 10 cubic meters, deliver various types of fuelwood to the market daily,

underscoring the significant reliance on wood for areke production (Gezahegne, 2008).

Traditional stoves, such as the three-stone fire and mud stoves, are predominantly used for
areke production in Ethiopia. However, these stoves are highly inefficient, with an energy
efficiency of no more than 15% (Ikpambese et al., 2014; Koffi et al., 2014; Someswararao
et al., 2012; Tesfay et al., 2024), which is significantly lower than other stove types that
utilize modern energy sources. This inefficiency results in excessive fuel consumption, in-
creasing the demand for firewood and, consequently, accelerating deforestation and envi-
ronmental degradation. A significant amount of energy is lost as heat during the combustion
process, leading to higher fuel consumption, which in turn increases production costs and
reduces profits. Additionally, traditional stoves provide limited temperature control, result-

ing in inconsistent distillation and causing variations in product quality between batches.

Some attempts have been made to address aspects of these challenges through improved
biomass stoves or alternative energy sources. However, these interventions have achieved
limited real-world traction, with traditional methods still dominating. Fundamentally, the
core issues of deforestation, indoor air pollution, thermal inefficiency and batch incon-
sistency persist unresolved. Therefore, this study aims to investigate the potential of elec-
trically powered distillation methods to transform areke production. By eliminating bio-
mass combustion and enabling precise temperature control, electric stoves could provide a
cleaner, more efficient, and consistent distillation process aligned with modern quality and

sustainability standards.

The purpose of this research is to design, build and experimentally test a prototype electric
stove tailored to areke distillation. Through controlled testing, it will evaluate the technol-
ogy's ability to reduce emissions, enhance efficiency, improve product consistency and of-

fer a viable modern solution to Ethiopian areke producers.



1.3 Research Gap

A review of existing literature reveals that while some progress has been made in improving
areke distillation, previous solutions, while valuable, have not provided a practical answer.

Previous studies have primarily focused on:

e Improving Biomass Stoves: Innovations like the Mirt and GTZ-SUN stoves (Assefa
& Adem, 2022; Gezahegne, 2008) have enhanced fuel efficiency and reduced some
emissions. However, they do not eliminate indoor air pollution entirely and still rely

on a depleting biomass resource.

e Exploring Alternative Renewable Sources: Solar-powered and biogas systems have
been proposed (Getachew et al., 2022; Demissie et al., 2016). Solar solutions are
limited by daylight hours and weather dependency, while biogas requires significant
infrastructure (digesters) and a consistent supply of feedstock, which may not be

practical for all producers.

Existing improvements are either incremental (still polluting) or have significant practical
limitations (cost, complexity, daylight dependency). No efforts have been made on electri-

cal stoves tailored for Areke production.

While commercial electric stills exist globally, they are: very expensive, Not tailored for
areke production, and ignore culturally vital practices, like the use of traditional clay pots

which are believed to influence the final taste and aroma.

The Gap: There is no documented research on a locally appropriate, affordable, and effi-

cient electrically powered stove designed specifically for Ethiopian areke distillation.

1.4 Research Questions

Arising from the identified research gap, this study seeks to answer the following primary

research questions:

e Canan electrically powered stove be designed and fabricated using locally available
materials and skills that is compatible with the traditional clay pot distillation

method used for areke?



e What is the thermal performance (i.e., thermal efficiency, energy consumption) of
such a prototype, and how does it compare quantitatively to traditional biomass-

fueled stoves?

e How does the use of electric heating with precise temperature control affect key
product quality indicators, such as distillation time and final alcohol content (ABV),

compared to traditional, uncontrolled methods?

e Is the proposed electrically powered stove a technically feasible and economically

viable alternative for small-scale areke producers in Ethiopia?

1.5 Objectives

The general objective of this study is to design, manufacture and experimentally investigate

electrically powered distillation stove for areke production.
Specific objectives:

e To design electrically powered areke distillation stove.
e To manufacture a functional prototype of the electrically powered distillation stove.

e To conduct a series of controlled experiments to assess the stove's performance.

1.6 Significance

This study on designing, building and testing an electric stove for areke distillation carries

important health, environmental, technological, economic and policy significance.

Reducing indoor air pollution offers substantial health benefits. As stated in the problem
statement section, according to the World Health Organization (WHO), indoor air pollution
(IAP) resulting from biomass combustion ranks among the top ten global health risks (El-
bayoumi & Albelbeisi, 2023). In 2020, household air pollution contributed to an estimated
3.2 million deaths annually, including over 237,000 deaths among children under five
(Household Air Pollution, 2024). In Arsi Negele, over 3,500 households exclusively rely
on traditional methods for areke production (Demissie et al., 2016). Transitioning to electric
stoves has the potential to eliminate pollution-related illnesses and deaths within these
households. Extrapolating these findings to the national level suggests a significant poten-
tial for saving lives across Ethiopia.



From an environmental perspective, transitioning away from biomass combustion for areke
production offers significant potential for deforestation reduction. Given that each producer
typically consumes 77 kg of firewood daily (Mohammed, 2008), and considering Ethiopia's
alarming annual deforestation rate of 150,000 - 200,000 hectares (Mengistu, 2002), the
environmental impact is substantial. In Arsi Negele, where over 3,500 households exclu-
sively rely on traditional methods for areke production (Demissie et al., 2016), the annual
wood consumption for areke production alone amounts to approximately 98,367.5 metric
tons. The adoption of electric stoves would significantly mitigate this unsustainable envi-

ronmental impact.

Technologically, precise temperature controls with electric stoves enable higher con-
sistency between batches compared to traditional methods. Additionally, the development
and experimental evaluation of an electric stove prototype tailored for areke distillation
could establish proof-of-concept, performance benchmarks and design guidelines for fur-

ther innovation in the future.

areke production plays a significant role in the local economies especially in regions known
for its production, such as Debre Berhan and Arsi Negele. The municipality of Arsi Negele
reports an annual tax revenue of approximately 1 million Birr exclusively from formal mar-
ket transactions within the areke industry (Gezahegne, 2008), demonstrating its substantial
economic impact on both distillers and the government. With the anticipated increase in
production facilitated by electric stoves, this revenue stream is expected to grow signifi-
cantly. Furthermore, this initiative aligns with global and national development vision of

transitioning towards sustainable and renewable energy production.



Chapter 2

Literature Review

2.1 Traditional Areke Production

2.1.1 Traditional Areke Distillation Stoves

Two traditional stoves are employed in the distillation of areke: mud stoves and three-stone
fire stoves. Mud stoves, constructed with a blend of mud, clay, and stone, feature a cavity
to cradle the pot and are enclosed on all sides except for a front opening, providing insula-

tion.

Three-stone fire stoves, on the other hand, involve arranging three stones in a triangle to
support the cooking vessel. This straightforward and traditional method involves burning
fuel, typically wood, between the three stones. Its open design results in lower efficiency

compared to the mud stove, primarily due to heat loss as a result of lack of insulation.
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Figure 2.1: (a) Multiple mud distillation stoves (Getachew et al., 2022); (b) Three stone
fire areke distillation (Aregie Local Alcohol Cutting Dreams, 2022)

2.1.2 Preparation of Mash

Gesho leaves (scientifically known as Rhamnus Prinoides) and water are combined for
three to four days, creating a mixture referred to as tenses. Following this, a kita'(whole-
grain flour bread, typically made from teff or other cereals) and germinated barley or wheat

known as bikil along with additional water, are incorporated. The resulting mixture



undergoes fermentation for five to six days in warm regions and twelve days in colder areas,
transforming into what is termed difdif or mash. Subsequently, the fermented mash is sub-
jected to the distillation process (Assefa & Adem, 2022; Gezahegne, 2008; Kassa, 2015;
Selinus, 1971).

Figure 2.2: Difdif ready for distillation (Getachew et al., 2022)

2.1.3 Distillation Apparatus

The major apparatus needed for the setup of the distillation process include: pot and pot lid
made of clay, condensation tube made of bamboo, a distillate collector flask, and condenser

tub made of clay filled with cooling water. (Gezahegne, 2008; Kassa, 2015)

[ Condensation Tube ]
Y Collector Flask

Condenser Tub

Figure 2.3: areke distillation apparatus (Aregie Local Alcohol Cutting Dreams, 2022)

The sturdy clay pot serves as the main vessel for holding difdif. Even heat distribution
along the pot is crucial for consistent distillation. The pot lid, sealing the top of the pot,
featuring a small opening that allows a bamboo tube to connect and channel alcohol vapors
from the pot to the distillate collector flask (Getachew et al., 2022; Kassa, 2015).

The condensation tube with approximate internal diameter of 60mm connects the pot and
the collecting flask. The flask, usually made of aluminum, is immersed in the cooling tub
filled with water (Gezahegne, 2008). The tube has a small opening at one end which gets
inserted in the distillate collector flask (Getachew et al., 2022; Kassa, 2015).



The condensation cooling tub is an open container filled with cooling water on which the
distillate collector flask is immersed (Getachew et al., 2022). The water in the tub cools the
flask to maintain low temperature region that facilitates condensation (Gezahegne, 2008).
In the traditional method, the majority of the vapor undergoes condensation directly within
the collector flask itself, effectively functioning as a condenser in addition to its primary
role of collecting the distilled product. Maintaining the water temperature is essential for

successful distillation.

2.1.4 Working Procedure (Distillation process)

Following the cleaning of the distillation pot, difdif is poured into it. The quantity of difdif
added to the pot varies depends on the desired amount of areke required. In certain regions
of the country, eight liters of difdif are added to yield one liter of distilled areke, whereas
in other areas, twelve to fourteen liters of difdif are added to produce 1.5 to 2 liters of

distilled areke.

Next, Firewood is ignited to initiate combustion, and the pot is placed on the stove. The
fermented difdif mash inside the pot then undergoes constant stirring to facilitate even ther-
mal exposure. A generous amount of fuelwood is supplied to the stove at this stage to rap-
idly bring the pot contents to a boil. This continues until alcohol evaporation visibly starts
through the pot's opening (Assefa & Adem, 2022; Gezahegne, 2008; Kassa, 2015). Once
the evaporation process commences, stirring stops, and a clay lid is placed over the pot
opening. This lid is then sealed with either mud or a wet fabric soaked in difdif, effectively

preventing the evaporate from escaping into the atmosphere (Kassa, 2015).

Condensate tube is then inserted to the lid opening and the other end of the collector tube
is inserted to the collector flask which is immersed in to the condenser tub filled with water.
The quantity of firewood is gradually decreased to achieve the optimal boiling temperature,
which is then maintained for the duration of the entire distillation process.

The evaporate coming from the difdif in distillate pot flows through the condensate tube
and enters into the collecting flask. The hot steam that enters into the flask cools by releas-
ing the heat to the cooling water in the cooling tub. When the cooling water in the tub gets
hot about (35 °C - 40 °C), it will be drained and replaced by cool water (Kassa, 2015)

The termination of the operation is determined by factors such as the frequency of replacing

the cooling water, the presence of specific odors and/or distinctive knocking sounds (Assefa
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and Adem, 2022). Subsequently, the remaining stillage, referred to as atella, is repurposed
as feed for livestock (Assefa & Adem, 2022; Kassa, 2015).

In addition to having a well-prepared mash, the quality of the product depends on the per-
formance of the cook. The areke distillation requires constant follow up and careful man-
agement of fire. The heat supply or fire is controlled by the amount of wood fed to the
stove. Less fuelwood could cause slower operation while more fuelwood could cause
scorching, which is the burning and sticking of mash to the bottom and sides of the pot, and

overflow of the mash down the condensation tube spoiling everything.

2.1.5 Types of Areke

Traditionally areke is classified into two: Terra-areke and Dagim-areke. The term dagim
in Amharic refers to second time and, indicates that it is distilled second time, whereas the
term terra in Ambharic refers to ordinary. Terra-areke is the initial batch of areke distilled
from difdif, with an average alcohol content of about 34%. Dagim-areke is a stronger var-
iant of Terra-areke, created by re-distilling Terra-areke, resulting in a higher alcohol con-
tent (Aregie Local Alcohol Cutting Dreams, Lives Short, 2022; Tafere, 2015; Wedajo Lemi,
2020).

2.2 Advancements in Areke Distillation

Traditional areke distillation methods utilize inefficient, polluting biomass-based distilla-
tion resulting in economic, health, quality and environmental issues. Seeking improve-
ments, few researchers have dedicated efforts to enhance Ethiopian local areke distillation
processes, with some technologies explored and findings published. Improved biomass

stoves as well as solar and biogas solutions are explored.

The subsequent sections critically evaluate and analyze these findings by the form of energy
employed. While emerging systems show potential, the research illustrates that further op-

timization is required before cleaner solutions are ready for widespread adoption.

2.2.1 Efficient Biomass Stoves for Areke Distillation

The reliance on biomass leads to indoor air pollution, energy wastage and deforestation
(Mohammed, 2008). To address this, innovative stove designs have been explored. Three

notable literatures stand out the most: the Berkeley-Darfur Stove, the Mirt Stove, and the
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GTZ-SUN Project. Each literature brings unique advancements and insights, offering

promising improvements to traditional biomass stoves.

The Berkeley-Darfur Stove

Bekele (2019) designed and tested an improved enclosed metal stove for areke distillation
as an alternative to the prevalent three-stone fires. The improved stove was designed based
on the Berkeley Darfur stove, a highly efficient wood-burning cookstove designed by en-
gineers at Lawrence Berkeley National Lab using the knowledge and input of local Darfuri
women (Berkeley-Darfur Stove V.14, 2014), was modified for distillation with a non-re-

movable skirt, fiber glass insulation, and metal shielding.

Pot skirt

Secondary Air Inlet

Supporter

——

Primary Air Inlet and Grate

Figure 2.4: (a) the Darfur stove (Berkeley-Darfur Stove V.14, 2014) (b)Parts of Biomass
Improved areke distillation Stove (Bekele, 2019)

A controlled cooking test (CCT) allowed comparative assessment of the traditional and
improved stoves. Qualitative observations revealed the three-stone fire had highest smoke

emissions during operation. Quantitative emissions testing was not undertaken.

Compared to the traditional biomass areke distillation stove, the improved biomass areke
distillation stove improves the thermal efficiency by 14.4% (from 11.2 % to 25.6%), re-
duced specific fuelwood consumption by 45% (from 2.65 to 1.322 g/g) and decreased total
distillation time by 50% (from 2 hours to 1 hour) to distillate 8 liter of difdif (Bekele, 2019).

During the areke distillation process, the new stove demonstrated better energy efficiency
than the three-stone stove. The author concludes replacing traditional three-stone fires
would conserve biomass resources and limit indoor pollution exposure from the crude
stoves. Further work should optimize design elements like the pot skirt and mouth gap to

maximize heat transfer efficiency.
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Mirt stove for areke Distillation

Mirt stove is a fairly modernized cylindrical stove constructed with mortar and cement us-
ing mold. While primarily used for injera baking, it can also serve other purposes, such as
areke distillation. Since Mirt injera stoves (injera is Ethiopian flat bread) have been under
dissemination for quite a number of years, producers have become comfortable to make

Mirt areke stove using similar approach (Assefa & Adem, 2022).
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Figure 2.5: (a) Mirt injera stove (Manaye Demissie et al., 2022), (b) Mud stove (c) Mirt
areke stove (Assefa & Adem, 2022)

Assefa and Adem (2022) compared the thermal and emissions performance of three differ-
ent stoves used for distilling areke. Employing three-stone fire (uses three-stones to support
the spherical round ceramic pot) as a baseline the stoves tested were, a traditional mud
areke stove (which is locally made out of mud and finally painted with wet dung), and an
improved and modified Mirt areke stove.

The tests conducted indicates that the Mirt areke stove outperformed both the traditional
mud stove and the three-stone fire in terms of fuel efficiency, brewing time, and emissions.
Specifically, compared to the three-stone fire, the Mirt stove reduced fuel consumption by
51%, decreased brewing time by 52% (1 hour and 4 minutes), and significantly lowered
indoor air pollutants, including CO by 29% (from 14 to 10 ppm), PM2.5 by 53% (from 347
to 163 ppm), and PM10 by 52% (from 387 to 185 ppm). The measured CO levels were

13



below the WHO recommendation of less than 30 ppm for one hour of exposure, aligning
with the strong recommendations set by world health organization (WHO) in 2014 (Assefa
& Adem, 2022).

By contrast, the traditional mud stove only reduced fuel use by 36% and brewing time by
23% (29 min) compared to the three-stone fire. It also increased CO emissions by 14%,
while modestly reducing PM emissions. Both PM2.5, and PM10 were reduced by 18%.

The paper summarized that, the Mirt areke stove has significantly better thermal perfor-
mance and lower emissions. And suggested that, disseminating the Mirt areke stove with
its mold for producers in the country will save a large amount of fuel and decreases indoor
air pollution for those who are currently engaged in the distillation of areke around the
country. (Assefa & Adem, 2022), which highlights the pressing nature of the issue, calling

for accelerated measures to address it.

The GTZ-SUN project

The GTZ-SUN (The German Development Cooperation) project has developed an im-
proved areke distilling stove that is designed to reduce indoor air pollution and specific fuel
consumption. The stove, made of bricks, has a number of features that make it more effi-
cient than traditional stoves, including separate inlets for the fuel and air, a closed combus-
tion chamber, a chimney, and a heat-retention jacket. The closed combustion chamber helps
to trap heat and prevent it from escaping up the chimney, while the chimney helps to draw
smoke and fumes away from the user. The heat-retention jacket helps to keep the stove

warm and efficient, even when it is not in use.

.
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Figure 2.6: GTZ-SUN brick stoves (Gezahegne, 2008)
Gezahegne (2008) studied air pollutant emissions and stove performance by comparing
traditional stoves with GTZ-SUN improved distilling stoves. The findings revealed signif-

icant reductions in air pollutant emissions with the improved stoves. Over the entire 12+
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hour distillation process, average CO levels decreased by 52.6% (from 49.81 to 23.61 ppm),
while average PM2.5 levels dropped by 57% (from 1.22 to 0.53 mg/mg3). During the more
intense first 8 hours of distillation, the improved stoves reduced average CO by 53.2%
(from 52.25 to 24.44 ppm) and average PM2.5 by 63.3% (from 1.27 to 0.47 mg/m3).

Even though these sizable reductions in emissions of harmful pollutants like CO and PM2.5
demonstrate the meaningful benefits of the improved stove compared to traditional stove,
the CO levels are still above the limits set in WHO AQGs standards (Gezahegne, 2008).

In terms of stove performance, the study found that fuelwood consumption decreased
slightly, by only 1.6%, from 56.68 kg with traditional stoves to 55.79 kg with improved
stoves per day for a complete distillation cycle. However, the improved stoves significantly
reduced the total distillation time, cutting it by an average of 22%, from 760 minutes to 597

minutes.

The author highlights the importance of controlling the temperature as it is one of the main
factors greatly influencing the end product. The task of controlling the fire is relatively
easier with the traditional stoves than with the improved ones. (Gezahegne, 2008) The study
suggested that Further optimization of the stove design and increased user experience may

lead to additional gains in thermal efficiency of the stoves.

2.2.2 Biogas Stove for Areke Distillation

Demissie et al. (2016) designed, fabricated and tested a biogas stove specifically for areke
distillation in Ethiopia, aiming to reduce dependence on fuelwood. The stove has a 2.5mm
injector nozzle, 17mm throat diameter, 220mm mixing tube length, 3mm/62 burner ports,
and 130mm burner manifold diameter based on analytical design calculations to meet on

areke distillation energy requirement of 1.547kW.
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Figure 2.7: Assembled biogas stove (Demissie et al., 2016)
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Stove performance was evaluated via water boiling tests and a controlled cooking test dis-
tilling areke. The water boiling test achieved up to 54.8% efficiency on 8 liters of water at
high flame intensity, and 43.6% on 10 liters at lower flame intensity - a significant im-
provement over traditional biomass stoves limited to 10% efficiency.

During tests comparing a biogas stove to a firewood stove for distilling alcohol, the biogas
stove took nearly half the time to distill the same amount. Based on an experienced distill-
er's opinion, two rounds of distilling with the biogas stove took approximately the same
amount of time as one round with the firewood stove. This demonstrated the biogas stove

provided a reduction in distilling time.

The improved stove consumed only 0.998 m3 of biogas on average to distill one liter of
areke. An economic analysis found a positive net present value and estimated payback pe-

riod between 3-4 years to adopt biogas stoves and digesters.

The study concluded that despite high upfront costs, using biogas for areke distillation

could be an environmentally and economically viable option.

2.2.3 Performance Comparison of Biomass and Biogas Stoves

The following table provides a comparative analysis of biomass-based and biogas-based
stoves for areke distillation. The comparison focuses on key performance indicators, in-
cluding thermal efficiency, distillation time. The objective is to highlight the strengths and

limitations of each stove type based on data extracted from the literatures presented.

Table 2.1: Performance comparison for biomass and biogas areke distillation stoves.

Metrics Berkeley-Darfur Mirt stove GTZ-SUN stove Biogas stove
Stove

Thermal 14.4% increase (from - - 54.8% on high flame

Efficiency 11.2 % to 25.6%) (8L) and 43.6% on
low flame intensity
(1oL)

Fuel Effi- 45% reduction (from | 51% reduction 1.6% reduction -

ciency (SFC) 2.65t0 1.322 g/g)

Distillation 50 % reduction 52 % reduction 22% reduction 50% reduction (distill-

time (2—1hr.) (8L) (1 hr 4 min) er's opinion)

Pollution - 29% CO & 53.8% CO & -

52% PM10 & 59% PM2.5 reduc-
PM2.5 reduction | tion

16



Drawbacks Complex design, less durable, and ~ Temperature con- Very high initial in-
High cost, and emis- | emission trol difficulty, vesment (3-4y PBP),
sion emission above technical Complexity,

WHO limits and and availability of
big, immobile, and  Feedstock
bulky

2.2.4 Solar-Powered Solutions for Areke Distillation

Researchers have investigated using solar energy as the thermal energy source for areke
distillation processes. Two different solar concentrator setups were tested - one method
involved directly heating the distillation pot using solar energy, while the other used an

indirect heating mechanism where the solar energy did not directly heat the pot.

Direct solar distillation

Kassa (2015) presents the design and testing of a direct parabolic solar dish areke distilla-
tion system. This arrangement heats the clay-pot (containing the mash) directly by the solar
concentrator. A 1.2m diameter dish with a 0.3m focal length was used. An absorber pot
made of clay with a 0.071 m? surface area and 4-liter capacity was positioned directly at

the focal point.

Solar radiation

Solar dish

Water + Areke ‘
Distillation
Condenser pot
tank

Distilled areke

Figure 2.8: Schematic diagram of the experimental setup (Kassa, 2015)

In tests using 2.5 liters of areke mash (difdif), the system reached the ethanol boiling point
of 70.4°C in 1 hour 15 minutes and it produced approximately 0.25 liters of areke with 44%
alcohol content in 3 hours. This compares to 0.33 liters expected from traditional methods
(Traditional distillation uses 8 liters of difedif to produce 1 liter of 40-45% alcohol content

areke in 2.5-3 hours.)
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By comparison the solar system using 2.5 liters of mash produced less areke (0.25 liters)
when compared to 0.33 liters expected from traditional methods in approximately the same
time, Meaning the solar system produced less areke than what is possible by the traditional

system. The instantaneous thermal efficiency in this test only ranged from 35-38%.

Despite this the author draws positive conclusions given (the author says) this was an initial
prototype test concluding further testing, optimization, and larger scale implementation will
boot these shortcomings. The results demonstrate the solar dish system successfully pro-

duced areke.

Indirect solar Distillation

Getachew et al. (2022), has investigated an experimental performance analysis of using a
solar parabolic dish concentrator for areke distillation in an indirect heating system.

In this experimental setup, a solar concentrator which uses an indirect heating setup with a
0.9m diameter parabolic dish reflector heats a water-filled receiver, causing the water to
vaporize. The resulting water vapor circulates to a clay pot through natural or density-
driven circulation due to elevation difference. The clay pot, enclosed by a helical copper
tube, facilitates efficient heat transfer to the mash, effectively inducing boiling. Subse-

quently, ethanol (areke vapor) evaporates condenses, and is collected at the opposite end.

.
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Figure 2.9: Schematic diagram and experimental setup of solar Distillation system. (Get-
achew et al., 2022)

Results showed the system increased areke distillation efficiency by 1.67% over the base-
line firewood method. The receiver attained temperatures exceeding 300°C with a thermal
efficiency of 54.6%. From an input of 2 liters of areke mash, one cycle of distillation with
0.2 liters of areke with 45% ethanol content could be produced in 65 minutes (0.185 I/h).
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Heat losses were analyzed - the receiver had the most losses due to high temperatures and

exposure.

The author generalized, the solar system demonstrates an insignificant 1.67% efficiency
improvement over the firewood method but most of all it eliminates excessive biomass use
and indoor pollution. The author recommends disseminating this technology to benefit rural

households engaged in areke production by saving costs and reducing health impacts.

2.2.5 Performance Comparison of Solar Distillation Stoves

Table 2.2 Performance comparison for solar areke distillation stoves.

Metrics Indirect Solar Distillation (Getachew, Direct Solar Distillation (Kassa, 2015)
Bekele and Pandey, 2022)

Efficiency 1.67% increase over firewood -

(thermal) (54.6% (receiver))

Distillation time = 2L difdif take 65 min, to produce 0.2L of 2.5L of difdif in 3 hrs. to produce 0.25L
areke of areke

Pollution No No

Drawbacks High receiver heat loss, and complex Inconsistent temperature distribution

Hard to control temperature, requires further optimization, low production rate com-
pared to traditional, and distillation restricted to only daytime.

2.2.6 Exploring Electrical Distillation Systems

Modernizing Feni Distillation with Induction Stove: Indian traditional spirit

In searching for traditional alcoholic beverages produced elsewhere in the world that bear
similarities to Ethiopia's areke, the feni liquor distilled in India was discovered. One study
in particular examined the potential to adapt induction heating technology for modernizing

feni's traditional distillation process with a satisfying result.

Feni, a traditional clear spirit from India, shares similarities with Ethiopia's areke in their
distillation processes. Both involve heating fermented fruit juices to extract and condense
ethanol vapor into liquor. The raw ingredients differ, with Feni originating from cashew
fruit or coconut palm sap, while areke comes from enset, cereal grains, or gesho leaves.
Though most Feni producers have shifted towards using copper pots, both traditionally use

clay pots for boiling the fermented juice, and both traditionally use biomass fuels like

19



firewood to heat the fermented liquors. The basic arrangement of distillation pot, condenser
tube leading to a collecting vessel is analogous. Cooling is achieved in both through col-
lecting vessel sank into a water tank. And to seal gaps making the setup airtight, feni pro-
ducers use mud from fine sand which is similar in application to the wheat dough areke
distillers use. So, while raw ingredients differ between the Indian Feni and Ethiopian areke,

their small-scale distillation processes employ comparable equipment and techniques.

Figure 2.10: Distillation setup for Feni using induction stove (Jalmi et al., 2018)

Jalmi et al. (2018) designed and prototyped a distillation apparatus shown in figure 2.10,
with a capacity of approximately 8 liters for distilling cashew fruit or coconut palm juice
feni mash. The system incorporates a condenser made of a helical copper tube, which is
submerged in a circulating water tank to facilitate efficient cooling. The stainless-steel pot

is heated by a highly efficient 2kW induction cooker with 80-84% efficiency.

In a test distilling 8 liters of fermented cashew juice using the induction heater at its 2kW
setting, the system yielded 1,440 ml of distillate over a 170-minute period. An additional
trial involved varying the power input to maintain a constant 80-90°C temperature in order
to improve alcohol concentration in the distillate. This test produced 800 ml of distillate

over 170 minutes.

Despite the lower alcohol concentrations of the distillate 15% compared to 16-17% of tra-
ditional, this 8-liter prototype unit achieved faster overall distillate production rates over
shorter periods of time. And using induction stove the efficiency of the distillation process
was improved substantially and the pollution emanating from using biomass was elimi-

nated.
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The paper suggested that the lack of insulation resulted in some heat losses from the system,
so further optimizations like integrated induction heating coils could enhance the efficiency

and performance.

Despite its hefty price the paper generalized that, the quantitative results clearly demon-
strate the potential for this type of still to modernize and improve the productivity of tradi-
tional liquor production processes.

An electric still for the lab

Allen and Jacobs (1912) describes an externally-heated electric still adapted for difficult
laboratory distillations. The still uses a custom electric heater made of heat-resistant mate-
rials like magnesia and asbestos, enclosing the distillation flask. Nickel-chromium alloy
wires embedded in the heater allow precise control of temperatures up to 325°C under vac-
uum. This still was used to distill complex mixtures like crude oil containing up to 33%

water and suspended solids.
The paper discusses reasons for using the electric heater instead of gas heating to be:

e Fluctuating flame temperature causes irregular distillation rates
e Uneven heating causes strains and cracks in the glassware
e Local overheating causes decomposition of compounds

e Upper parts of flask are not directly heated, causing vapors to drip back and slow
distillation

After testing this apparatus, the key advantages of electric heating are then are outlined to
be - provides steady, uniform heating not subject to fluctuations and Temperature control
is always under the operator's control which improved repeatable results compared to gas
heating.

2.2.7 Commercial Areke Distillation Products

In cities such as Arsi Negele and Debre Berhan, local manufacturers have introduced larger
steel distillation stills capable of processing greater volumes of mash at once, which are
currently being produced and sold, albeit in very limited quantities. These distilling setups,
which operate using biomass fuel, are constructed by local manufacturers with little to no
research backing their design. However, producers report that areke distilled in these stills
lacks the aroma and taste quality of traditionally processed products. Furthermore, the steel

stills require a constant stirring mechanism throughout the distillation process to prevent
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scorching, adding to their cost and making them unaffordable for most distillers. Although
these innovations signify progress, they have yet to achieve the product quality and con-

sistency preferred by consumers and producers.

2.3 Temperature Controllers

One key advantage of utilizing electrical energy for areke distillation is the ease with which
temperature control can be automated with relatively inexpensive temperature controllers.
Temperature controllers are devices used to maintain the temperature of an object or envi-
ronment within a specified range. They receive input from a temperature sensor, compare
it to the desired setpoint, and provide an output to control the heating or cooling elements
accordingly (Indmall Automation, 2024).

Digital temperature controllers are used in a variety of applications, ranging from industrial
processes to consumer products. For example, industrial applications such as HVAC sys-
tems, food processing, and chemical processing often require precise temperature control
in order to ensure quality and safety. On the other hand, consumer products such as refrig-
erator air conditioners and waer heaters also rely on temperature controllers to maintain a

comfortable environment (OMEGA Engineering, n.d.-c).

2.3.1 Types of Temperature Controllers

The primary types of temperature controllers include On/Off controllers, Proportional con-
trollers, and PID controllers. Each type of controller has its unique characteristics and is
suited for different applications, ranging from simple home appliances to complex indus-

trial systems (Indmall Automation, 2024).

On-Off Controllers

These are the simplest form of temperature control, switching the output fully on or off
based on whether the temperature is above or below a setpoint. n on-off controller will
switch the output only when the temperature crosses the setpoint. For heating control, the
output is on when the temperature is below the setpoint, and off above setpoint. They are
suitable for applications where precision is not critical. Since the temperature crosses the
setpoint to change the output state, the process temperature will be cycling continually,

going from below setpoint to above, and back below (OEM Heaters, n.d.).
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Proportional Controllers

Proportional controls are designed to eliminate the cycling associated with on-off control.
A proportional controller decreases the average power being supplied to the heater as the
temperature approaches setpoint. This has the effect of slowing down the heater, so that it
will not overshoot the setpoint but will approach the setpoint and maintain a stable temper-
ature (OMEGA Engineering, n.d.-b).

PID Controllers

According to feng (2022), GoSwitchgear (2022) and New England Temperature Solutions
(2023) Proportional-Integral-Derivative (PID) controllers are the most advanced type, com-
bining proportional, integral, and derivative control actions to provide precise and stable
temperature regulation. The proportional control looks at the temperature difference be-
tween the desired level and the actual measurement. It applies an output based on how big
the difference is. If the difference is big, the controller applies a larger output. The inte-
gral control adds up the differences between the desired temperature and the actual meas-
urement over time. This helps get rid of ongoing errors and adjusts the output accordingly.
The derivative control predicts how the temperature will change based on how fast the error
is changing. It helps keep the control process stable by reducing overshooting and adjusting

the output based on how quickly the temperature is changing.

2.3.2 Components of PID Temperature Controller System

According to Instrumart, (n.d.) and Sinny (2024a, 2024b), in a PID temperature control
system, the primary components include sensors, the PID controller, and actuators such as
solid-state relays (SSRs). Sensors, like thermocouples or RTDs, measure the current tem-
perature and provide real-time data to the PID controller. Both quality and placement being
of the sensors plays great significance in regards to PID controller performance. The con-
troller processes this data by calculating the error between the desired setpoint and the
measured temperature, applying proportional, integral, and derivative calculations to deter-
mine the necessary corrective action. Actuators, such as SSRs, receive signals from the
controller to adjust the process temperature accordingly. SSRs are electronic switching de-
vices that control the power supplied to heating or cooling elements, enabling precise and
rapid adjustments without the mechanical wear associated with traditional electromechan-
ical relays. This coordinated operation ensures accurate and stable temperature control in

various simple to industrial applications.
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Together, these components work to automatically regulate temperature inside the pot and
record data as follows: The desired temperature is set on the digital panel meter. Thermo-
couples continuously measure the actual temperature within the distillation system and
sends the information to the PID controller and the data logger. The data logger reader
interprets, records and stores the temperature data for comprehensive monitoring and anal-
ysis. The PID controller compares the set point (desired temperature) with the actual tem-
perature. If the actual temperature deviates, the PID controller adjusts the heating element
to bring it back to the set point. This feedback loop ensures the temperature inside the pot

stays within the desired range, providing precise and predictable heating conditions.

2.3.3 Data Loggers

Data loggers are compact, battery-powered electronic devices designed to monitor and rec-
ord data over time, making them invaluable tools in temperature monitoring applications.
They typically consist of a microprocessor, internal memory for data storage, and sensors
that collect data from the environment. When measuring temperature, a data logger inter-
faces with temperature sensors such as thermocouples or RTDs, capturing temperature
readings at predefined intervals. The recorded data is stored in non-volatile memory, al-
lowing for long-term monitoring without the need for continuous human intervention. Data
loggers can operate as stand-alone devices or connect to computers for data analysis,
providing insights into temperature trends and fluctuations over time (dewesoft, n.d.;
OMEGA Engineering, n.d.-a).

2.4 Stove Efficiency: A Comparative Review

To assess the performance of the novel electric areke stove prototype, a comprehensive
literature review was conducted to compile thermal efficiency values for diverse stove

types. The findings are summarized in the following table.
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Table 2.3: Thermal Efficiency of Various Stove Types

Stove Type Thermal Efficiency Measure Protocol Reference
Traditional Open fire stove (Three stone fire) 9.55% Cold Start; 14.6% Hot Start WBT (Ikpambese et al., 2014)
5-20% (Koffi et al., 2014)
Traditional mud stove 14% Possibly WBT (Tesfay et al., 2024)
15.4% WBT (Someswararao et al., 2012)
Mirt stove 16% WBT (Tesfay et al., 2024)
22% - (Dagnew & Rzehak, 2015)
18-23% - (GIZ Ethiopia, 2011)
Biogas areke Stove 54.8% (higher flame intensity); 43.6% (lower flame intensity) =WBT (Demissie et al., 2016)
Resistance coil stove 49.1 % WBT (Muluken, 2020)
51% Cold Start; 58.3% Hot Start WBT (lkpambese et al., 2014)

Induction stove

32.43% (300w)
42.02% (600w)
39.3-51.8%
50-60%

59.4

81.78% (1800w)
70%-81

80.2%

25

WABT cold start
WBT cold start
WBT cold

WBT cold start

WABT cold start

(Aisyah et al., 2021)

(Aisyah et al., 2021)
(Karunanithy & Shafer, 2016)
(Chheti et al., 2015)

(Adria & Bethge, n.d.)
(Aisyah et al., 2021)
(Karunanithy & Shafer, 2016)

(Adria & Bethge, n.d.)



Chapter 3

Design

3.1 Design Requirements and Considerations

The design process commenced with a comprehensive analysis of areke distillers' needs,

observations of small-scale distillation setups, and an evaluation of best design practices.

This foundational work informed the development of a set of design requirements and con-

siderations to guide the project. These criteria ensure that the final design meets functional,

economic, and environmental objectives.

Design Requirements:

1.

Product Quality: The taste and aroma of the final areke product must closely match
that produced by traditional methods.

Heating Efficiency: The stove must efficiently heat and maintain the temperatures
required for the distillation process.

Safety: The system must incorporate appropriate thermal insulation and tempera-
ture controls to ensure safe operation.

Environmental Impact: The design should significantly reduce or eliminate pollu-
tion compared to traditional wood-fired stoves.

Design Considerations:

1.

Power Consumption: The stove’s power consumption must not exceed 6.6 kW,
which is the typical capacity of common Ethiopian electric meters.

. Affordability: The price of the stove should be affordable for small-scale areke pro-

ducers to encourage widespread adoption.

Local Materials: The design should incorporate locally available materials to reduce
costs and improve maintainability.

Ease of Manufacture: The design should be simple and easy to manufacture, ena-
bling local manufacturers to produce it without requiring specialized skills.
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5. Compatibility with Traditional Practices: Where feasible, the design should allow
the use of existing components from traditional distillation setups to facilitate a
seamless transition and reduce entry costs.

3.2 Concept Generation and Selection.

Commercial and DIY distillation stills worldwide were studied to identify key variables
that contribute to their design and differentiation. Three critical variables were identified:
(1) the materials used for components such as the pot and condenser tube, (2) the type and
placement of the heating element, and (3) the condensation or cooling system employed.
These variables informed the development of design concepts aligned with the project’s

objectives and requirements.

Most commercial distillation stills are constructed from copper and stainless steel, which
contribute to their high cost. To address the design requirement of cost reduction, the use
of locally available materials was prioritized. Additionally, to facilitate a seamless transi-
tion from traditional distillation methods, components such as the pot and potlid were di-
rectly adopted from traditional setups. These components are made of clay, a material that

is both affordable and readily available.

For the condensation tube, two primary condensation approaches were considered: Modi-
fied Traditional bamboo tube and a modernized condenser that is constructed from copper

for efficient heat exchange. Both of which will be explained later.

Heating elements were another critical consideration. Immersion heating elements and coil-
type heating elements, typically positioned at the bottom of the pot, are the most common
types observed. Coil heaters are typically placed at the bottom of the pot, while immersion
heaters require a specially designed hole in the pot for proper installation. Incorporating
immersion heaters introduces additional complexity to the manufacturing process, as pots
traditionally used in distillation cannot be directly sourced from the market and repurposed.
Instead, they must be custom-made to accommodate this type of heating element. Both

options were examined and considered for concept development.

3.2.1 Concept Generation

Based on the above decisions and in alignment with the design requirements and consider-

ations, three concepts were developed.
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Concept 1 utilizes a coil-type heating element, strategically placed within a groove in a clay
bowl to promote even heat distribution. The clay pot is housed within this bowl, which is
supported by a metal encasing to ensure structural integrity. Thermal insulation is imple-
mented between the bowl and the metal encasing to minimize heat loss. A traditional bam-
boo tube connects the pot to an aluminum flask, which is part of the water bath condenser.
The bamboo tube is modified by incorporating a shell-and-tube design, with the shell con-

structed from low-cost PVC.

The shell-and-tube design is added to study whether bamboo, a cheap and locally available
material, can effectively function as a condenser tube and potentially replace the water bath
condenser entirely. Given that the shell-and-tube design with a small pump is more efficient
than the water bath condenser, this modification aims to evaluate its performance in terms
of heat transfer efficiency, as well as its impact on the taste and aroma of the final product.
If bamboo alone cannot fully replace the water bath condenser, the modified shell-and-tube
design is expected to assist in handling the condensation load, particularly taking full re-
sponsibility during periods of low distillate flow rate. Additionally, this design has the ad-
vantage of preventing the bamboo from overheating, ensuring safer and more efficient op-

eration.

Pot Lid

Bamboo Tiube Modified Bamboo and PVC
Shell and Tube Condenser

A

Pot

Heating Water-Bath
Element Condenser

Aluminum
Fiber Glass Flask
Insulation
B Clay
i Bowl
Clay ' v
Bowl L i

Figure 3.1: Concept 1

Concept 2 employs an immersion heater installed through an opening in the clay pot. The
pot is insulated to reduce heat loss. This concept utilizes a modernized approach for con-
densation, incorporating an efficient shell-and-tube heat exchanger constructed from cop-
per powered by a small pump, negating the need for a water bath condenser. This design

also eliminates the need for an aluminum flask for product collection, allowing a any
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collector like glass bottle to be used. As a result, the overall setup is simplified, requires a

smaller footprint, and operates with greater efficiency.

Copper Tube

Copper

Pot Lid Shell

Copper
Shell and Tube

N
.
. Condenser
N
N

Fiber Glass
Insulation

Heating

Element Collector

Figure 3.2: Concept 2

Concept 3 retains the immersion heater, pot, and insulation setup but replaces the shell-
and-tube condenser with a copper coil condenser. This condenser can work with or without
a pump, offering manual filling as an option. By avoiding the need for a pump, the system
becomes cheaper and less complicated, while still delivering efficient performance.

Pot Lid Copper Tube

Coppe Coil
Condenser

_____ '_________‘!(/
|
Pot

Fiber Glass
Insulation

Plastic/Metal
Bucket

Heating

Element Collector

Figure 3.3: Concept 3

3.2.2 Concept Screening and Selection

The above concepts were evaluated against the key design requirements and considerations

using a screening table below.
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Table 3.1: Concept screening table.

Criteria

Cost

Manufacturabil-
ity

Maintainability /
Repairability

Component fail-
ure and cost of re-
placement

Compatibility
with Traditional
Practices

Heat Distribu-
tion/Surface Load

Efficiency

Adoption Poten-
tial

Concept 1,
(C1)

Lower material costs (clay, bamboo, PVC); Lower
manufacturing complexity

Easier to fabricate using local skills and less com-
plex assembly

Relatively harder to replace the heating element;
Easier to clean and maintain the water bath conden-
ser; Cheaper to replace condensation components
like bamboo, aluminum flask.

Heating element Less prone to failure and less cost
of replacing it.; Less durable but cheap bamboo con-
struction

Reuses traditional clay pot and lid; Incorporates fa-
miliar water bath condenser

More uniform heat distribution due to controlled coil
placement; Lower risk of scorching the mash

Potential for lower efficiency due to heat loss
through the clay bowl and insulation

Higher potential for adoption due to lower cost, ease
of integration with traditional practices, and familiar-
ity with existing components

Concept 2,
(C2)

Higher material costs (copper, immersion heater);
Higher manufacturing complexity (pot modification
and shell and tube construction)

Requires specialized skills for immersion heater in-
stallation and copper condenser manufacturing; Re-
quires specialized pot manufacturing

Easier to replace the heating element; Harder to clean
and maintain the shell and tube condenser; relatively

harder and expensive to replace condensation compo-
nents than concept 3.

Concept 3,
(C3)

Relatively less material and manufacturing cost
than concept 2

Requires specialized skill for manufacturing but
relatively easier than concept 2

Easier to replace the heating element; Harder to
clean and maintain the shell and tube condenser;
harder and expensive to replace condensation com-
ponents.

Higher risk of immersion heater failure and high cost of replacement; High durability of copper condenser;

Requires modification of traditional pot; Eliminates familiar water bath condenser

Potential for localized overheating due to high heat concentration from the immersion heater; Higher risk of

scorching the mash if not properly positioned

Potentially higher efficiency due to direct heat trans-
fer to the mash and efficient condenser.

Potentially higher efficiency due to direct heat
transfer to the mash but slightly lower efficiency
than concept 2 due to condenser.

Lower potential for immediate adoption due to higher cost, disruption of traditional practices, and require-

ment for specialized skills
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Total Score

C1

35

Score (1-5)
c2 C3
2 3
2 3
3 25
2 2
2 2
3 3
5 4
2 2
21 215



Concept 1 scores highly in cost, manufacturability, compatibility with traditional practices,
and adoption potential. It is the preferred choice mainly due to its affordability, ease of
fabrication, and alignment with traditional methods. Concept 2 and 3, while they offer
higher efficiency and easier maintenance for the heating element, these advantages are out-

weighed by their higher cost and complexity of condenser and heating element installation.

To further explore the trade-offs, a concept 2 style copper condenser will be designed to
determine if the performance improvements justify the increased cost. This analysis will

ensure that the final design optimally balances cost, performance, and ease of adoption.

3.3 Material Selection

The primary considerations for material selection are cost-effectiveness and minimizing
deviations from traditional distillation systems to ensure a high adoption rate among areke

producers.

3.3.1 Insulation Material

For the insulation material, after conducting comparative analysis of locally available in-
sulation materials as tabulated in table 3.2, fiberglass was selected as the insulation material
due to its optimal balance of low thermal conductivity, moderate cost, local availability,
and adequate operating temperature range, while also minimizing health risks compared to
alternative materials. Additionally, Tsegay (2011) employed fiberglass as insulation in a
study on a solar-powered injera baking pan and achieved successful results, further vali-
dating its suitability for this project. The following table lists commonly available local

materials being considered for insulation, along with their key properties.

Table 3.2: Comparison of Locally Available Insulation Materials.

Fiberglass/Glass Asbestos (loosely

Metri . Rock | W Ash
etric giber ock woo packed) ood As

Thermal Conduc-

L 0.033-0.04 0.033 - 0.045 0.154 0.048 - 0.055

tivity (W/(m-K))

Density (kg/m3) 24 -112 30-180 520 2970

Operating Tem- 4 - 350 100 - 750 Up to 1200 Up to 500 and

perature (°C) above

Toxicity Low (irritant) Low (irritant) High (carcino- Very Low

genic)
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Moderately ex-

Cost .
pensive

Moderate Cheap Very cheap

Widely available  Rarely Available Readily available

Local Availability Widely available

(imported) (imported) (locally)
S(E)c;ie _f; sljclt;(i)’k (Cetiner & Shea,
Reference (Hung Anh & Pésztory, 2021) L 2018; Vu et al.,
Edu Solutions Pvt. 2019)

Ltd., 2023)

3.3.2 Distillation Pot and Potlid

As outlined in the concept generation section, to meet the design requirements of cost re-
duction, utilization of locally available materials, and ensuring a smooth transition from
traditional distillation methods, components such as the pot and pot lid were directly
sourced from traditional setups. These components, crafted from clay, offer an affordable

and readily available material solution.

Significant deviations from the traditional design could hinder the adoption rate of the new
stove. Historical examples, such as the slow adoption of modern injera baking stoves, il-
lustrate the challenges of introducing innovations that differ significantly from traditional

practices.

Additionally, the impact of clay pots on the taste and aroma of areke is not yet fully under-
stood. Introducing new materials could complicate the process by adding too many varia-
bles, making it difficult to identify areas for improvement in the stove's performance.

3.3.3 Condenser Tube Material

Traditional distillation typically employs a water bath condenser as the primary condensa-
tion unit, with a bamboo tube serving as a connector between the distillation pot and the
water bath condenser. The condenser setup consists of an aluminum flask acting as both

the collector and condenser, submerged in a water bath contained within a large bowl.

As outlined in the concept generation section, a decision was made to upgrade the bamboo
tube to a shell-and-tube condenser for evaluation as a potential condenser tube material.
The primary role of the condenser tube is to effectively transfer heat from the vaporized
areke spirit, ensuring efficient phase transition from gas to liquid. Therefore, the material's
thermal conductivity is critical to the overall performance of the distillation process. Bam-

boo, however, has a significantly lower thermal conductivity of 0.39-0.43 W/m-K (Shah et
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al., 2019), compared to widely used materials such as copper (110-401 W/m-K) and alu-
minum alloys (127-237 W/m-K) (Dewitt et al., 2017), resulting in a less efficient conden-

sation process.

For this reason, the design of a copper shell and tube condenser will be performed. Copper
is widely recognized in distillation practices for its superior performance. However, while
copper offers high thermal conductivity and proven effectiveness, its cost is considerably
higher. This study, by designing a copper condenser, aims to assess whether the perfor-
mance improvements offered by a copper condenser tube justify its additional cost. Addi-
tionally, the adoption of a copper condenser would eliminate the need for a water bath
condenser, potentially simplifying the system in addition to its performance gain.

3.3.4 Heating Element Material

The selection of an appropriate heating element material was based on a comparative re-
view of the most common resistance heating alloys. While several options exist (Molyb-
denum Disilicide (MoSi2), Silicon Carbide (SiC), etc.), the primary contenders for this ap-
plication were Nickel-Chromium (Nichrome) and Iron-Chromium-Aluminum (FeCrAl or
Kanthal) alloys. While FeCrAl alloys offer higher maximum service temperatures, Ni-
chrome's operating temperature of up to 1200°C is more than sufficient for the thermal
requirements of areke distillation. More importantly, Nichrome exhibits superior mechan-
ical strength and formability (ductility) at high temperatures, making more durable and
easier to form into coils without becoming brittle. It also exhibits strong corrosion re-
sistance, which contributes to a longer service life (Heanjia Super-Metals Co., Ltd, 2015;
“Heating Element,” 2025; Types and Properties of Heating Elements, 2025; Thermcraft,
Inc., 2016).

Ultimately, the decision was driven by the project's core design considerations. As the most
widely used and readily available resistance wire in the local Ethiopian market, Nichrome
was the most cost-effective and practical choice. This ensures the stove is not only func-
tional but also easily maintainable and replicable by local producers. For these reasons,

Nichrome 80/20 was selected as the optimal material.

Nichrome is a nickel-chromium alloy with non-magnetic properties. The alloy also some-
times includes some parts of iron as its constituents. The Nickel-Chrome alloys have been
in use back to 1900 and these have been successfully employed in heating element appli-

cations. A well-known alloy combines 80% Nickel and 20% Chromium. This alloy is
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known as Nichrome 80/20. There are however other alloy compositions which combine

nickel, chromium and iron in different other ratios. (Heanjia Super-Metals Co., Ltd, 2015).

3.4 Pot Sizing and Capacity

The pots commonly used in traditional distillation have a capacity of 12—14 liters. To ensure
ease of comparison and maintain consistency with traditional practices, a pot of the same
capacity was selected for this project. Traditional pot on average has an internal radius (; ,)
of 16 cm, a height of 50 cm, and a thickness (t) of 1.2 cm. According to Cengel & Ghajar
(2019), the thermal conductivity of burned clay is 1 W/m.K.

Figure 3.4: Traditional clay distillation pot.

3.5 Thermal Analysis: Initial Heating Phase

The areke distillation process, as observed from traditional distillation methods, naturally
progresses through two phases: the initial heating phase and the distillation phase. In the
heating phase the fermented mash is loaded into the pot and heated at a high-power setting
to raise its temperature from ambient to the desired distillation temperature as quickly as
possible, without causing violent boiling or bubbling. During this phase, the mash inside
the pot undergoes constant stirring to ensure even thermal exposure. This phase continues
until visible alcohol evaporation commences through the pot's opening. The temperature of

the mash changes over time, making this phase a transient heat transfer process.

The goal of the thermal analysis is to determine the power required to design the heating
element. To achieve this, it is essential to identify which phase demands more power, as
the heating element’s power requirement is determined by the phase with the highest de-
mand. Therefore, power requirements of both phases will be calculated and compared. This

section focuses on the power requirement for the initial heating phase.
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3.5.1 Power Requirement to Heat Mash

The power requirements of the mash can be estimated using the following equation (Cengel
& Ghajar, 2019). The equation calculates the total sensible heat energy required to raise the

temperature of the mash from ambient to the distillation temperature.
Q = mcyAT (3.1)

Where Q is the amount of heat energy needed to heat up the mash(kJ), m is the mass of the
mash (kg), cp is the specific heat at constant pressure (kJ/kg°C), and AT is the temperature

change of the system (°C).

The composition and properties of areke mash exhibit considerable variation across differ-
ent regions of the country and can even differ within the same locality. Consequently, pre-
cise average values for specific heat capacity of the mash are not currently available. Ad-
ditionally, there is no existing research or literature from which such data can be sourced.

Based on the conducted survey, a 262 kg areke mash (difdif) typically consists of 30 kg of
germinated wheat, 2 kg of gesho (Rhamnus prinoides), 170 liters of water, and 60 kg of
corn. The specific heat capacities of wheat, water, and corn are reported as 1.0792 to 5.5336
kJ/kg°C (Cao, Y et al., 2010), 4.2 kJ/kg°C, and 1.4868 to 2.4224 kJ/kg°C (INCE et al.,
2008), respectively. This wide range suggests that theoretical calculations of the specific

heat capacity of the mash would yield significant variability.

However, given that water constitutes the majority of the mash and has the highest specific
heat capacity, it is reasonable to assume that the specific heat capacity of the mixture will
be closer to that of water. Therefore, given that m = 12 kg (obtained by measurement),
¢, = 4.2KkJ/kg°C and AT = 60°C (from 20°C, room temperature, to 80°C, where 80°C is
the average temperature at which distillation starts in traditional areke production), the total
sensible heat Q Can be calculated as 3024 kj.

To determine the power requirement, the total heat energy, is divided by the desired heating

time:

(3.2)

Q
Pm:?

Where P is power (W) and t is the desired time (s). Traditional distillation, based on ob-

servations, typically takes 45 minutes to 1 hour to reach the distillation temperature.
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Assuming this time can be improved with efficient heating, the time (t) can be reduced and
assumed to be 30 minutes (1800 seconds). Given Q = 3024 kJ and t = 1800s, B, =
1.68 kW.

3.5.2 Heat Loss Through Mash Surface

The heat loss through the mash surface due to convection is a significant factor during the
heating phase. This loss happens during the heating phase when the mash is occasionally
stirred and exposed to the ambient environment. This convective heat loss increases with
the temperature of the mash, necessitating a transient heat analysis to accurately model the
heat transfer dynamics throughout the heating process. However, since the heating element
must be designed to accommodate the maximum heat loss, which occurs when the mash
reaches its distillation temperature of 80°C, the power rating of the heating element should
be based on this peak heat loss scenario, as the heating element must be capable of supply-
ing sufficient power to counterbalance this peak loss. Consequently, the problem can be
approximated as a steady-state heat transfer process at this critical temperature. Designing
the heating system to meet this maximum thermal demand ensures operational reliability

during the distillation process.

To calculate the heat loss through the mash surface due to convection, we use Newton's
Law of Cooling (Cengel & Ghajar, 2019):

Qconv = hA(Ty, — Tw) (3-3)

Where Q... is the heat loss (W), h is the convective heat transfer coefficient (W/m2K), A
is the surface area (m?), T, is the temperature of the mash (°C), and T, is the ambient
temperature (°C). An ambient temperature (T,,) of 20°C was taken for all calculations. This
value represents a standard and widely accepted reference temperature for indoor thermal
analysis in engineering calculations. It also closely reflects the typical daytime indoor tem-
perature conditions in Debre Berhan, where the experiments were conducted, providing a

realistic basis for the heat loss analysis.

The typical range for natural convection of air at room temperature is approximately 5-25
W/m2-K (Dassault Systéme, n.d.); However, the areke distillation process involves occa-
sional manual stirring, which disrupts the boundary layer and induces periods of forced
convection. To account for this enhanced heat transfer, a conservatively high value of h =

100 W/m2-K was selected. This value, which falls in the range of forced convection for air,
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ensures that the heating element is designed to overcome the peak heat loss scenario, guar-

anteeing robust performance throughout the process.

Given T,, = 80°C, T, = 20°C, A = nr? = (0.16)* = 0.0804m?, and h = 100W/m? -

K , the convective heat loss is calculated to be Q,,,, = 482.4 W.

Mash

Heating Insulation

Element

Figure 3.5: Heat loss from the mash surface via convection

3.5.3 Insulation Heat Loss and Insulation Thickness

Given that the heating elements maintain a constant temperature throughout the initial heat-
ing period, the system can be simplified to a steady-state heat transfer problem across the
insulation layer. For this analysis, the effects of radiation are disregarded.

Heat transfer direction

Element ,, R, R
Figure 3.6: Thermal Resistance Network for Heat Loss through Insulation.

After an iterative calculation process, a design target of 100W maximum allowable heat
loss through the insulated base was established. The iterative process involved assuming a

heat loss value, calculating the corresponding insulation thickness and resulting outer
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surface temperature, and adjusting the parameters repeatedly until a suitable balance was
achieved. This value was selected because it offered an optimal compromise between com-
peting design priorities: High Thermal Efficiency (Ensuring most of the electrical input
directly heats the mash), User Safety (Keeping the external stove surface at a safe temper-
ature, calculated at 33.65°C), and Cost and Practicality (Avoiding the need for excessively

thick or expensive insulation materials).

The heat loss through the insulation, for steady state heat transfer, can be calculated using

the thermal resistance network approach as:

rate of heat rate of heat
conduction through | = | convection from
insulation insulation

Th - Ts,i — Ts,i —Tw

)i loss = 3.4
Ql,lOSS Ri Rconv.i ( )
Adding the numerators and denominators yields:
. T =Ty 35
Qi,loss - Ri + Rconv,i ( : )

Where Q; 155 is heat loss rate through insulation, T, is heating element temperature, Ty ; is
insulation surface temperature, T,, is ambient temperature, R; is insulation thermal re-

sistance and R_,n.; 1S the convective thermal resistance at the insulation surface.

The thermal resistance of insulation R;,,; and convection resistance R.,y,,; for a hemispher-

ical setup can be calculated from (Cengel & Ghajar, 2019):

_ Toi T Tii
L ano,iri,ik (36)
1
Reonvi = 5—=— (3.7)
conv,l anoz,ih

Where 1y ;, 1, ; are inner and outer radius of insulation respectively, k is thermal conductiv-

ity of insulation material (fiberglass), and h is convective heat transfer coefficient.

A heating element thickness (or coil diameter) of 0.6 cm was assumed based on the typical
specifications of commercially available heating coils commonly sold in local markets.

Thus, the inner radius of the insulation becomes 17.8 cm.

A convective heat transfer coefficient h of 25 W/m2-K, representing the typical maximum
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value for natural convection in air at room temperature, as documented by Dassault Sys-

teme (2025), is adopted in this analysis.

During the heating phase, a greater amount of heat should be applied to rapidly raise the
mash temperature to the distillation level without inducing violent boiling. To achieve this,
the mash is heated using the stove's high-power setting. While distillation stoves at their
highest power setting generally operate within a temperature range of 100 to 400 °C, a
conservative heating element temperature of T, = 500°C is selected for the insulation

thickness design to incorporate an additional safety margin.

Given r;; =0.178m, and k = 0.038 W/m.K, h = 25W/m’K, T, =500°C, T, =
20°C, and Q; ;055 = 100 W, Using a trial-and-error method, the outer radius of the insula-
tion was calculated to be approximately r,; = 0.222 m, resulting in an insulation thick-

ness, t;, of 4.4 cm.

The outer surface temperature of the insulation, T ;, can be calculated using Eq. (3.4). By

rearranging the equation, the temperature is determined to be 33.65 °C.

3.5.4 Heating Phase Power Requirement

During the initial heating phase, the required power must both raise the mash temperature

and compensate for heat losses. Therefore, the total power needed for this phase, Pheqting,
is the sum of the mash heating power B,,, the convective heat loss from the mash surface

Qconv» and the insulation heat l0ss Q; ;o5s, EXpressed as:

Pheating = by + Qconv + Qi,loss (3.8)

Given B, = 1680W, Qcony = 482.4W, and Q; ;.5 = 100W, the total power requirement
of the heating phase is calculated to be Ppeqting = 2262.4 W.

3.6 Thermal Analysis: Distillation Phase

In this phase, the distillation of areke occurs by maintaining a constant distillation temper-
ature for the mash. During this stage, the entire system can be effectively modeled as a
steady-state heat transfer process, as there is no significant variation in the temperatures of

the heating element and mash over time.
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3.6.1 Power Required to Evaporate Distillate

In the distillation process, a significant amount of energy is required to vaporize the distil-
late. This section focuses on calculating the power needed to overcome the latent heat of
vaporization and maintain steady evaporation during the distillation phase. The energy re-
quired for vaporization is directly proportional to the mass flow rate of the distillate and its

latent heat of vaporization, as described by the formula:

Qvap =m:- hfg (3.9)
Where Q,,, is heat transfer rate required for vaporization (kW), m is the mass flow rate

(kg/s) and hy is the latent heat of vaporization of the distillate mixture (kJ/kg).

Once the mash reaches a specific boiling point, additional heat input directly influences
vapor generation. Thus, to calculate the necessary power, a desired evaporation rate must
be established, ensuring the system can efficiently produce the required amount of vapor.
Based on the conducted survey, 1.5 liters of areke can be distilled in 2 hours from 12 liters
of mash when production speed is prioritized. To accommodate for a higher throughput in
the new stove, the stove design assumes a production rate of 1.5 liters (equivalent to 1.4025
kg) in 1 hour. Taking the density of 40% ethanol by volume as 935 kg/m3 (The Engineering
Toolbox, n.d.), this translates to a mass flow rate of 0.0003896 kg/s.

Areke is primarily composed of water and ethanol, on average 37.22% ethanol by volume
and the remaining portion predominantly water (Tafere, 2015). To convert these volume
fractions to mass fractions, the respective densities of ethanol (789 kg/m?3) and water (997
kg/m3) were used. Assuming a 100 mL mixture, the mass of ethanol becomes 31.56 g (40
mL x 0.789 g/mL), and the mass of water becomes 59.82 g (60 mL x 0.997 g/mL), resulting
in a total mass of 91.38 g. From this, the mass fractions were calculated to be approximately
34.5% ethanol and 65.5% water. These values were then used in a weighted average method

to estimate the enthalpy of vaporization (hy4) of the mixture using,

hfg =Xk hfg,water +y* hfg,ethanol (3.10)

Where x is the mass fraction of water, y is the mass fraction of ethanol, and h¢g 4t and
hs g ethanot are the enthalpy of vaporization for water and ethanol at their respective boiling

points at standard atmospheric pressure (1 atm), respectively.

Given x = 0.655, y = 0.345, h¢g yarer = 2256 kj /kg and hsg etpano = 846 kJ /kg, the
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enthalpy of vaporization for areke was calculated as hr, = 1769.5 kJ /kg. And given m =
0.0003896 kg/s, the heat transfer rate required for vaporization utilizing Eqg. (3.9) is cal-
culated as, Qyqp = 0.6894 kW = 689.4 W.

Note that this approximation assumes ideal behavior of the mixture (no significant interac-
tions between water and ethanol molecules). In reality, water-ethanol mixtures exhibit non-

ideal behavior due to hydrogen bonding, so the actual enthalpy of vaporization may differ

slightly.

3.6.2 Heat Loss Through Distillation Pot

Heat flows from the inner section of the pot to the surroundings through conduction across
the clay surface of the pot. The temperature of the air and vapor inside the illustrated sys-
tem, as depicted in figure 3.7, is assumed to be approximately 80°C (average distillation

temperature), similar to that of the mash.

0.063m 0.224m

flat circular wall

Heat transfer direction
-> > > >

RP R conv, p

0.09m 0.012m

Figure 3.7: Geometric Simplification and thermal resistance network for distillation pot

heat loss.

Due to the intricate design of the pot, accurately calculating heat transfer rates is challeng-
ing. To simplify the analysis, the pot's structure is approximated as a basic cylindrical
shape, as depicted in figure 3.7. By modeling the pot in CAD software and measuring its
surface area, the dimensions of the cylindrical approximation were adjusted to match this

value, providing an estimated representation for subsequent calculations.

The simplified cylindrical model consists of three primary elements: a short, wide cylinder

(cylinder-1), a long, narrow cylinder (cylinder-2), and a circular flat wall (formed by
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projecting the bottom flat ring upwards). Consequently, the overall heat loss is determined

by summing the heat losses from these three components.

Heat loss through flat circular pot wall

The heat loss through the flat circular wall can be obtained by equation:

rate of heat rate of heat
conduction through | = | convection from
clay pot clay pot
. Thm—Tsp Tsp—Te
Qpr = —=— 3.11
Pt Rp,f Rconv.p,f ( )
Adding the numerators and denominators yields:
. Ty — T
Qpr=5— (3.12)

Rp,f + Rconv.p,f
Where Q'p,f is conduction heat transfer rate through flat clay pot, T,,, is mash temperature,
T, is clay pot surface temperature, T, is ambient temperature, Ry, ¢ is clay pot thermal

resistance, and R,ny.p, ¢ IS the convective thermal resistance at the pot surface.

The conduction resistance of the pot Ry, » and convection resistance R,y s Can be calcu-

lated from:
L
R, = o (3.13)
1
Rconv,p,f = A (3.14)
S

Where L is thickness of circular wall, A is conduction surface area, A, is convection surface

area, k is thermal conductivity of clay pot and h is convective heat transfer coefficient.

Given, h = 25 W /m?K (typical value for natural convection in air at room temperature
(Dassault Systéme, 2025)), A = A, = nr? = % 0.172%2 = 0.093 m?, L = 0.012 m and
k=1W/m.K, the thermal resistances are calculated as: R, = 0.13°C/W and

Reonvp,s = 043 °C/W.
And given T,,, = 80°C and T,, = 20°C, heat loss via the circular wall is Q,, ; = 107.14 W.

Heat loss through cylinders

The heat loss through the cylinder walls can be obtained by Eq (3.11) and Eq (3.12) with

the exception of the conduction resistance of the cylindrical pot R, . and convection
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resistance Rony p,c Which can be calculated from:

In(r, /7;)
—_~o0r'tJ 3.15
p.c 2Lk (3.15)

1

Reonvyp,c = rh (3.16)
0

Where L is length of cylindrical wall, 7, r; are inner and outer diameters of the cylinders
respectively, k is thermal conductivity of clay pot and h is convective heat transfer coeffi-

cient.

For cylinder-1: Givenr, = 0.172m, r; = 0.16 m, h = 25 W /m?K, L = 0.09 m and k =
1 W /m.K, the thermal resistances are calculated as: R, .; = 0.128 °C/W and Reonypc1 =

0.037 °C/W.

For cylinder-2: Given r, = 0.112m, r; = 0.1 m and L = 0.32 m the thermal resistances
are calculated as: R, ., = 0.056 °C/W and Ronyp,c2 = 0.056 °C/W.

AndgivenT,, = 80°C and T,, = 20°C, heat loss via the cylindrical wall utilizing Eq. (3.12)
is Qpc1 = 363.6 W for cylinder-1 and Q, ., = 535.7 W for cylinder-2.

Total Distillation Pot Heat Loss

The total distillation pot heat loss thus becomes the addition of the above three component

heat losses which becomes, Qp, 1055 = Qps + Qpc1 + Qpcz = 1006.4 W

3.6.3 Insulation Heat Loss

As is well understood, the heating element operates at a lower temperature during distilla-
tion phase compared to the initial heating phase. With the designed insulation thickness of
4.4 cm in the heating phase, this lower operating temperature naturally results in reduced
heat loss compared to the 100W loss of the heating phase. However, since distillers may
adjust the heating element's temperature to control the distillation rate, the maximum heat

loss of Qi,loss = 100W is conservatively taken as insulation heat loss during this phase.

3.6.4 Distillation Phase Power Requirement

During the distillation phase, the required power must both supply power to evaporate the
distillate (areke vapor) and compensate for heat losses. Therefore, the total power needed

for this phase, P,istination 1S the sum of the power requirement to evaporate the distillate
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Quap, the heat loss through distillation pot Q,, ;,ss, and heat loss through insulation Q; ;ss,

expressed as:
Pdistillation = Qvap + Qp,loss + Qi,loss (3-17)

Given Qpqp = 689.4 W, Q,10ss = 1006.4 W, and Q; ;055 = 100 W, the total power re-

quirement of the distillation phase is calculated to be P;;stinnation = 1795.8 W.

3.7 Heating Element Design

The heating phase, requiring 2262.4 W, demands more power than the distillation phase,
which needs 1795.8 W. As a result, the heating element must be capable of handling at
least 2262.4 W to accommodate peak demand during the initial heating phase. To ensure
reliability and account for safety margins, operational variability, and power fluctuations
on the grid (a common phenomenon in Ethiopia where the voltage often falls below the
stated 220 V) the heating element will be designed with a 3kW power rating. This ensures
consistent performance even under suboptimal grid conditions. This 3 kW for heating the
mash during the initial heating phase falls within the typical capacity (6.6 kW) of residential

electrical meters in Ethiopia, indicating the feasibility of the design.

3.7.1 Wire Diameter and Length

As described by Hegbom (1997), a common method for determining wire diameter in-
volves calculating the ratio of surface area to cold resistance (S/Ro). This ratio can then be
used to find the corresponding wire diameter from a reference table.

S CP?

R, U?p

(3.18)

Where S represents the wire surface area (cm?), R, is the cold resistance or resistance at
room temperature (2), C; is dimensionless resistance temperature factor, P is power (W),

U is voltage, and p is surface load of wire (w/cm?).

Table A8 in the Appendix of Hegbom (1997) provides the S/R,, ratio as a function of wire
diameter for nichrome 80 alloy (80 Ni, 20 Cr), a widely used heating element material
composed of 80% nickel and 20% chromium. This alloy, selected as the heating element

material for this project, has a resistivity of 1.09 Q mm?/m (Kanthal AB, 2019) and a density
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of 8.3 g/cm3 (VZPS, n.d.). The Nichrome 80 properties table, sourced from Kanthal AB
(2019), is included in Appendix A-1 for reference.

Surface load, also known as surface watt density, refers to the amount of power (in watts)
dissipated per unit area of the heating element's surface area. At a higher surface load, less
material is needed to build the heating element, but the durability and life expectancy of
the heating element is reduced (AGH University, 2012; Design Calculations for Heating
Elements — Kanthal®, n.d.). For a heating element in grooves or sandwiched in between,
the recommended surface load is 4 W /cm? (Kanthal AB, 2018, 2019).

The dimensionless resistance temperature factor (C;) for Nichrome 80 at 500 °C, as taken
from the Nichrome 80 properties table provided by Kanthal AB (2019), is 1.05.

Given C, = 1.05, P = 3000W, U = 220V, and p = 4 W /cm?, surface area to cold re-
sistance ratio is calculated to be S/R, = 48.8 cm? /(. Based on the calculated S/R, ratio,
the corresponding wire diameter was determined by referencing the table and choosing the
closest value, resulting in a diameter of 1.291 mm. Approximating this value to the nearest

standard on the local market value we have, d = 1.2 mm.

The wire length can be calculated by dividing the resistance (R,) by the resistance per unit

length (R,,,;;) of the material as expressed by the formula:
L = Ry/Runit (3.19)

Where [ is length of the wire (m), R, is total resistance of the wire (Q), and R,;; IS re-

sistance per unit length of the material (Q/m).
The resistance (R,) can be calculated using the formula:

UZ

> (3.20)

R,

Where U is voltage (V), and P is power (W). Given P = 3000W and U = 220V, The re-
sistance is calculated to be 16.13 Q.

For a wire diameter of 1.2 mm, nichrome 80 (Nikrothal 80) has a resistance per meter value
of 0.964 Q/m (Kanthal AB, 2018). Using this value and the calculated resistance of
16.13 Q, the required wire length is determined as: [ = 16.13 2/0.964 Q/m = 16.7 m.
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3.7.2 Diameter, Pitch, Number of Turns and Length of Coil

The outer diameter D of the spiral heating element is related to the wire diameter d by the
ratio D /d, which is recommended to be between 5 and 12 (Kanthal AB, 2019). This means
D can range from 6 mm to 14.4 mm. Since a 6 mm coil diameter is locally available, this

minimum value has been selected.

Figure 3.8: Schematics for heating coil

When the coil length and diameter are known, the coil pitch, s, can be estimated. According
to Kanthal AB (2019), the coil pitch s is typically 2 to 4 times the wire diameter d (1.2mm).

Using the average value of three, the coil pitch is calculated to be 3.6 mm:
s=3xd (3.21)

The number n of the turns of the spiral heating element is determined to be 1259.9 = 1260

turns from equation:

l

(3.22)

where (D — d) is the average length (circumference) of one turn of the spiral heating el-
ement.
The Un-stretched length of coil is 1512 mm ~ 1.5 m from equation:

Lunstrachea = d * M (3.23)

The stretched spiral heating element length Is is 4536 mm ~ 4.6 m from equation:

Il =sxn (3.24)
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3.8 Condenser Design

The objective of this heat exchanger design is to determine the optimum coolant mass flow
rate and the required heat transfer surface area (length of the distillation tube hence the

diameter is known) to effectively condense the distillate vapor.

The log mean temperature difference (LMTD) method is used for this analysis. The LMTD
method is very suitable for determining the size of a heat exchanger to achieve prescribed
outlet temperatures when the mass flow rates and the inlet and outlet temperatures of the
hot and cold fluids are specified (Cengel & Ghajar, 2019).

To find optimum heat transfer surface areas, size the condenser, the following procedure
from Cengel & Ghajar (2019) are used.

First, select the type of heat exchanger suitable for the application. A simple counter-flow
double-pipe heat exchanger configuration as illustrated in figure 3.9 is selected for this
application. This type of heat exchanger is chosen because it compatible with the existing
traditional distillation tube, minimizing modifications to the traditional process. The dou-
ble-pipe heat exchanger is a cost-effective and straightforward design, making it a practical

choice for this application.

Figure 3.9: Schematics of Simple counter-flow double-pipe areke condenser

Second, assuming a reasonable temperature difference between the coolant inlet and outlet,
determine the required coolant mass flow rate necessary to dissipate the heat load using an

energy balance.
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Third, calculate the log mean temperature difference AT},,. The log mean temperature dif-
ference is the suitable form of the average temperature difference between the hot and cold
fluids, which varies along the heat exchangers length, for use in the analysis of heat ex-

changers.

Then, select from a tabulated data sheet, the value of the overall heat transfer coefficient,
U, that is suitable for alcohol condensers. And finally calculate the heat transfer surface

area As.

3.8.1 Coolant Mass Flow Rate

The total load on the condenser is calculated in section 3.7.2 as distillate’s evaporation heat

flow rate to be Quap = Qroaa = Quistiniate = 689.4 W.

Assuming the outer surface of the heat exchanger is perfectly insulated, so that there is no
heat loss to the surrounding medium, and any heat transfer occurs between the two fluids
only, the first law of thermodynamics requires that the rate of heat transfer from the distil-

late fluid be equal to the rate of heat transfer to the coolant water. That is,

Qwater = Qdistillate
mwcpw (Tw,out - Tw,in) = mhfg (3.25)

Where Q,,4¢er IS the heat transferred to the coolant water, cpw 1S the specific heat capacity
of water, T, o, IS the outlet temperature of water, and T,, ;,, is the inlet temperature of

water.

Assuming a coolant temperature increase of 2°C (T, oyt — Tw.in), and given the specific
heat capacity of water (c,,,) as 4186 J/kg°C and the distillate heat l0ad (Qg;stisiate = Mhsg)

of 689.4 W, the required coolant mass flow rate (1,,) is calculated as 0.08 kg/s.

3.8.2 The Log Mean Temperature Difference

The log mean temperature difference can be calculated from (Cengel & Ghajar, 2019):

ATI - ATZ

Alum = 1 AT, /ATy

(3.26)

Where [AT] _1=T (d,in)-T_(w,out) and [AT)] _2=T (d,out)-T_(w,in) represent the
temperature difference between the distillate and coolant water at the two ends (inlet and

outlet) of the heat exchanger as illustrated in figure 3.9.
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Since the phase change can be assumed to occurs at a constant temperature of 80°C for the
condenser, Ty in = Tq0ue = 80 °C. Given a room temperature inlet coolant temperature of
Ty,in = 20°C and an assumed 2°C temperature rise to T,, o, = 22°C, the inlet and outlet
temperature differences are calculated as AT; = 58°C and AT, = 60°C. Consequently, the

log mean temperature difference (LMTD) is determined to be AT}, = 58.9°C.

3.8.3 Length of Condenser

According to Cengel (2019), a heat exchanger typically involves two flowing fluids sepa-
rated by a solid wall. Heat transfer occurs in three stages: (1) convection from the hot fluid
to the wall, (2) conduction through the wall, and (3) convection from the wall to the cold
fluid. The thermal resistance network associated with this process consists of two convec-
tion resistances and one conduction resistance, as illustrated in Figure 3.10. The total ther-

mal resistance (R¢y¢q;) 1S €Xpressed as:

1, In0i/D,) 1
h'iAi 2mkL hvo

Riotar = Ri + Ryau + R, = (3-27)

Where k is the thermal conductivity of the wall material, L is the length of the tube, 4; is
the inner surface area of the wall, 4, is the outer surface area of the wall, and h; and h, are
the convection heat transfer coefficients for the inner and outer fluids, respectively.

Heat
transfer

T;
Hot fluid
T,
Cold T » * 4 ° 1,
Fluid Hot _ 1 'R _ 1
Fluid R, = A wall R, = A

Figure 3.10: Thermal resistance network associated with heat transfer in a double-pipe
heat exchanger (Cengel & Ghajar, 2019).

In heat exchanger analysis, it is often convenient to use the overall heat transfer coefficient
(U), which simplifies the calculation of heat transfer rates. The overall heat transfer coeffi-

cient accounts for all resistances in the system and is defined as:
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1 1 1
=R =——+R
UA,  UA;  U,A, %7 ha T Rwau +hOAO

(3.28)

where U is the overall heat transfer coefficient, and U; and U, are the overall heat transfer

coefficients based on the inner and outer surface areas, respectively.

For the condenser tube design, copper is selected as the material due to its high thermal
conductivity. When the tube wall thickness is small and the thermal conductivity is high,
common conditions in heat exchangers, the thermal resistance of the tube wall becomes
negligible (R,,,;; = 0). Additionally, the inner and outer surface areas of the tube are nearly
identical (4; = A, = Ag). These criteria simplify the equation for the overall heat transfer

coefficient to:

| -

1+1 3.29
Nhl ho (' )

For heat exchangers or condensers meeting these criteria, which is the case for this design,
the overall heat transfer coefficient (U) can be selected from tabulated data. Such tables are
prepared based on experimental and empirical data for various fluid combinations and op-
erating conditions. A relevant table can be found in Cengel (2019), and a copy of this table
is attached in Appendix A-2 for reference. According to Cengel & Ghajar (2019), the typ-
ical U-value range for water-cooled alcohol condensers is 250 to 700 W/m2K. To ensure
robust performance, a conservative value of 300 W/m2K is chosen. This results in a larger
heat transfer area, ensuring that the designed condenser will exceed performance require-

ments even under sub-optimal conditions.

Once the log-mean temperature difference (AT},,,), the mass flow rates, and the overall heat
transfer coefficient are available, the heat transfer surface area of the heat exchanger, A,

can be determined from equation:
Q = UAGAT,,, (3.30)

Where Q is the heat load (W), U is the overall heat transfer coefficient (W/m2K), A; is the

heat transfer surface area (m?), and AT}, is the log mean temperature difference (°C).

Given the heat load Q = 689.4 W, U = 300 W/m?K and AT},,, = 58.9°C, the surface area

is calculated to be A, = 0.039 m?2.

Based on measurements, traditional bamboo tubes typically have an average diameter of 3
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cm. However, to ensure sufficient surface area for effective heat transfer, the diameter can
be reduced to 2 cm. By fixing the condenser radius, r, at 1 cm, the required condenser
length, L, is calculated to be L = A;/2nr = 0.621 m (or 62.1 cm). To connect the heat
condenser to the pot and a distillate collector, an additional 20 cm of copper tube is required

at each end, bringing the total copper tube length to 102.1 cm.

3.9 Temperature Control Design

3.9.1 Why PID Controller?

For this project, two primary temperature control options were considered: PID and on/off.
despite its steeper cost, a PID controller was ultimately chosen over an on/off controller
due its superior ability to maintain precise temperature levels which is crucial for producing

high quality areke product.

As shown in the figure 3.11, the PID controller maintains a much more stable temperature
compared to the on/off controller. The on/off controller's graph exhibits significant temper-
ature fluctuations around the setpoint (SP), repeatedly overshooting and undershooting the
target temperature (TT), which is undesirable for a distillation system. In contrast, the PID
controller's graph demonstrates a smooth response that quickly reaches and closely main-
tains the target temperature. This results in several key benefits, including greater energy
efficiency as the PID controller makes small, continuous adjustments, avoiding the frequent
cycling between full power and no power characteristic of the on/off controller. Addition-
ally, the smooth operation of the PID controller reduces stress on heating elements and

other components, potentially extending the lifespan of the distillation equipment.

Temperature Temperature

Time

 J

(a) (b)

Figure 3.11: Temperature vs Time graph for (a) on/off controller and (b) PID controller.
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3.9.2 System Components and Connections

The areke distillation stove's temperature control system consists of several key compo-
nents working in conjunction. The main control components are thermocouple (k-type),
PID controller and Solid-State Relay (SSR). The connection between those components

(control design) is presented in the diagram below.

@ 220VAC ﬁ
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Figure 3.12: Temperature control system diagram.

The control loop operates as follows: The thermocouple TC-1 continuously measures the
temperature of the vapor leaving the pot and entering the condenser tube at the point of no
return (as soon as it is about to enter the tube). This temperature data is sent to the PID
controller, which compares the measured temperature with the setpoint and calculates the
necessary control output. The control signal is then sent to the SSR (Solid State Relay),
which switches the power of the heating element on or off as needed based on the control

signal, bringing it closer to the setpoint temperature.

For the control cooking test (CCT), additional components such as a watt meter and data
logger are required to monitor power consumption and record temperature data over time.
These additional components are integrated into the distillation setup, as illustrated in fig-
ure 3.13.

The data logger records temperature measurements over time at five locations: vapor tem-
perature entering the condenser tube (TC-2), heating element temperature (TC-3), shell and
tube condenser temperature (TC-4), water bath condenser temperature (TC-5), and ambient

temperature (TC-6).
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Figure 3.13: Temperature control system with CCT components.
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Chapter 4

Manufacturing

4.1 Materials and Tools used

This section provides a comprehensive overview of the materials, components, and tools
utilized during the manufacturing process of the electrically powered distillation stove pro-
totype. The selection of materials and tools was guided by the design requirements, avail-
ability, and the need to ensure safety, durability, and functionality. The tables below cate-
gorize and detail the base materials, thermal control and electrical components, fabrication

and measurement tools, consumables, and safety equipment used throughout the project.

Table 4.1: Base Materials

Name Specification Quantity = Price, Br

Clay pot Locally made; average thickness: 1.2 cm 1 600
Clay pot lid Locally made; average thickness: 1.2 cm 1 200
Clay bowl Locally made; average thickness: 2 cm 1 400
Aluminum pot Internal diameter: 34 cm; thickness 2 mm 1 4700
Aluminum flask 2-liter capacity 1 600
Bamboo tube Diameter: 3 cm; length: 80 cm 1 120
PVC tube Internal diameter: 8 cm; length: 60 cm 1 100
End caps for PVC tube 8 cm PVC tube end caps 2 120
Aluminum sheet metal = 72 x 60 cm; Thickness: 1 mm 2 400
Fiber glass insulation 2kg 1 500
Ply wood 1.22 x 1m; 1cm thickness 1 300

54

Total Price 8,040.00



Table 4.2: Thermal Control and Electrical Components

Name Specification Quantity
PID Controller Pixsys ATR243-20ABC (1 relay + 1Ssr/V/ImA) 1
Temperature Sensors PT100 RTD 1
Thermocouples K - type 5
Heating Element Nichrome aI.on;_Wire di.ameter:.1.2 mm; Coil diam- 2
eter 0.6 mm; Coil length: 70 cm; resistance 32 ochm
;I'V\\/,\éirs;}e)d resistor wire 1 meter 1
Electrical wire Copper wire; diameter:4 mm; length: 10 meters 1
Solid State Relay (SSR) \C/ZICdL:?]pSUCt?Eg%OVii A Load; output 25 - 520 1
ON/OFF Switch - 1
plug (male connector) 25 Ampere 1
socket (female con- 25 Ampere 1
nector)
Screw terminal block Material: Copper 2
Total Price

Price, Br
6000
(DBU)
(AAIT)

340

80
300
2000

200

70
100

300

9,390.00

(DBU), (AAIT) = Freely rented from Debre Berhan University and Addis Ababa Institute of Technology respectively.

Table 4.3: Fabrication and Measurement Tools and Equipment

Name Specification Quantity

Combination plier, Util-

ity knife, Measuring

Tape, Tin Snips, Rub-

ber Mallet, Metal ham- i

mer, Table saw, Cord-

less drill, and Jig saw

Multimeter Metrahit 2+ Universal True RMS Multimeter 1

Data logger cDAQ-9172 Chassis equipped with NI19211(A) 1

thermocouple module

Power Clamp Extech 382075 3¢/1¢ Power Clamp 1

Infrared Thermometer Fluke 868 IR Thermometer 1
Total Price

Price, Br

5000*

(DBU)
(AAIT)

(AAIT)
(AAIT)

5,000.00

(DBU), (AAIT) = Freely rented from Debre Berhan University and Addis Ababa Institute of Technology respectively.

* Rented from local woodworking and metal working shops at specified amount.
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Table 4.4: Consumables, Safety Equipment and other expenses

Name Specification Quantity Price, Br

Two-part epoxy - 1 400
Super glue - 1 50
Wood screws Size; 3cm 30 30
Protective Gloves - 1 100
Safety Goggles - 1 80
Mask - 3 30
Ear Plug - 1 100
Transport - - 1000
Labor - 1 3000

Total Price 4,790.00

4.1.1 Manufacturing Cost Analysis

The total cost of manufacturing the prototype amounts to 27,220 birr, which includes all
expenses related to materials, labor, and production. By eliminating costs associated with
labor, transport, tools, and machine rentals, since these expenses are accounted for within
the profit margin. and opting for more affordable alternatives, such as replacing the alumi-
num pot with a clay pot typically priced at 500 birr and using a more affordable commer-
cially available PID controller priced at 3,500 birr, the overall material cost is significantly

reduced. As a result, brings the total material cost down to 11,520 birr.

If the prototype were to be sold to consumers, a 50% profit margin would be added to the
material cost. This 50% profit margin is a generous estimate, determined through a study
of the profit margins typically observed among local machine producers, furniture manu-
facturers, and metal workers. With this markup, the final selling price would be set at

17,280 birr, balancing competitive pricing with fair profitability for the manufacturer.

4.2 Fabrication Process

This section provides a detailed account of the step-by-step process involved in the fabri-
cation of the prototype. The areke distillation stove prototype was fabricated with a focus

on local manufacturing and readily available resources.
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4.2.1 Production of Clay Components

The clay components, including the distillation pot, pot lid, and heating element bowl, were
outsourced to a local artisan. The pot and pot-lid are those utilized in traditional distillation
processes, while the bowl serves as an additional clay component designed to house the
heating element. It features grooves slightly wider than the diameter of the heating element
(resistor wire) and holes at the end of those grooves for ease of connecting the heating
element to a power source. After the bowl structure was made by the local artesian (1),
grooves were created in the clay using a homemade compass with a rod tip (2). The rod tip
is slightly larger than the heating element diameter. The groove was made while the clay
bowl was still wet (approximately 1 day old). Once the grooves were completed, the clay
components were fired and finished by the artisan following standard practices (3). Finally,
the pot is prepared for distillation by first firing the pot and its lid (4). Then, water is boiled
inside the pot, and Urtica simensis (a locally grown plant known as samma) is added (5),
boiled for about 30 minutes, and the pot is thoroughly washed. This entire process is

traditionally referred to as mamuashet.

v

o
of -
.‘ ;2‘ -

Bowl fabrication process

Figure 4.2. Traditional process of pot preparation (mamuashet)
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bl
Figure 4.3: (a) Homemade compass, (b) Finished clay pot and pot lid

4.2.2 Heating Elements Installation

With the clay bowl ready, the next step was the installation of the heating elements. To
ensure proper connection, the ends of the heating element were straightened to a length of
10 cm and then twisted together using a pre-twisted heating element wire purchased locally

(1). This reduces resistance preventing overheating at the ends of the heating element wire.

Figure 4.4: Heating Elements Installation

Then, the length of the groove for the heating element was measured with a rope (2), and
the element was stretched to match this length, ensuring a precise fit. Two heating elements
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purchased in the local market, each with a resistance of approximately 30 ohms, were then
installed in parallel within the grooves of the clay bowl (3). This arrangement was selected
to reduce the overall resistance and increase the wattage of the stove. The heating elements
were purchased locally to avoid complications and additional costs that would arise from

sourcing them elsewhere.

Once positioned, the ends of the element were connected to a #4 electrical conductor wire
using a screw terminal block (4). The ends of the conductor wire were fitted with a plug

(male connector) for connection to the temperature control box.

4.2.3 Stove Assembly and Insulation

The clay bowl was then positioned inside an aluminum pot, which functioned as both struc-
tural support and housing for insulation and the clay bowl itself. The aluminum pot is a
standard cooking pot purchased from the local market, and the bowl was specifically de-

signed to fit this pot leaving a 4 cm gap around the bowl for insulation.

Figure 4.5: Distillation prototype stove assembly

Metal scraps, 4 cm in height, were placed at the bottom of the aluminum pot to elevate the
bowl, ensuring its top edge aligned with the rim of the metal pot (1). Fiberglass insulation
was then placed at the bottom of the aluminum pot and around the sides of the clay bowl,

filling the gap between the bowl and the aluminum walls (2).
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To cover the insulation, a metal pot lid was cut into a ring shape using a 1 mm thick alumi-
num sheet (3&4). The inner diameter of the ring is slightly larger than that of the clay pot,
allowing for easy insertion and removal of the pot. Finally, the heating element embedded
in the grooves was securely sealed with a thin layer of gypsum (5).

4.2.4 Bamboo Shell and Tube Condenser Fabrication

Copper tubes required for building a shell-and-tube condenser were difficult to source and
expensive, which would significantly increase the overall cost and hinder early adoption.
As aresult, abamboo tube purchased from the local market, already prepared for traditional
distillation use, was utilized for the prototype due to its low cost and local availability (1).
It should be noted that as outlined in the design chapter, the bamboo shell-and-tube design
is intended to complement the water bath condenser.

The traditional bamboo is typically wrapped with rope, which is wetted with cold water to
help lower the temperature during operation. The manufacturing process begins with un-
wrapping and removing the rope (2).

Next, PVC end caps were drilled to a diameter slightly smaller than that of the bamboo to
ensure a snug fit (3). One end cap, positioned to the product collection side, was heated
until it softened and then inserted onto the bamboo (4). The cap and bamboo were then
secured with epoxy from both sides. Prioritizing the insertion of the cap on the collector
side is crucial. During operation, the condenser tube is tilted towards the collector, resulting
in higher pressure at that end. By starting with the collector side, both the inner and outer
openings can be effectively sealed.

Then the PVC tube was cut to length and its end was heated and the remaining end cap was
inserted (5). The end cap was then heated and the entire sub assembly was fitted to the other
end of the bamboo tube.

After allowing the epoxy to harden for approximately one hour, the remaining PVC end
was heated and attached to the first end cap (6). This connection was then sealed with epoxy
from the outside (6).

A small, conical-shaped plastic piece (from a light bulb) was then inserted into a hole drilled
at the top (pot-side) of the PVC pipe to facilitated water filling. During operation, water is
added at the start of the distillation process, and when it becomes warm, cold water is
poured by syphoning out the hot water to create space.
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Figure 4.6: Fabrication of bamboo shell and tube type condenser

4.2.5 Temperature Controller Box Construction

Plywood was chosen for the box due to already rented and available woodworking tools,
although sheet metal or plastic could be used as well.

The box was first modeled in Fusion360 3D modeling software. Plywood panels (1 cm
thick) were cut to the required dimensions using a table saw, and openings were drilled and
cut for the PID controller, switch, SSR and electrical socket using a cordless drill and jig-
saw. The box was then assembled using wood screws of various sizes (1.5, 3, and 5). The
SSR, PID, switch, and socket were then screwed or fixed into their designated spot. Elec-
trical connections were then made using terminal connectors, following the wiring diagram
detailed in the design section.
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Figure 4.7: Temperature control box

4.2.6 Final Assembly and Initial Testing

With the stove, condenser assembly, and temperature control box complete, the prototype
was ready for initial testing. Before full-scale testing, the temperature control box was ini-
tially checked for functionality using a commercial stove. The PID controller was then
tuned (using its autotune function) under conditions similar to the distillation process. The
heating element was subsequently turned on and tested. Finally, the shell and tube conden-

ser were inspected for leaks.

Note that the clay pot to potlid and potlid to condenser connections were sealed using dough
to prevent leaks during the distillation process. An aluminum flask placed within a water
bath will serve as the product collector, with the aluminum flask and water bath together

forming the water bath condenser. The complete setup is shown in Figure 5.2.
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Chapter 5

Material and Method

5.1 Introduction

This chapter outlines the materials, equipment, and methodologies employed in the exper-
imental investigation of the electrically powered stove prototype designed and constructed
for areke distillation in previous chapters. It provides a detailed description of the experi-
mental setup, the procedures followed during testing, and the methods used for data collec-
tion and analysis. The goal of this chapter is to ensure the replicability of the experiment

and offer clarity on how the performance of the stove was evaluated.

The primary objective of the test is to assess the stove's ability to efficiently distill areke
while ensuring optimal product quality and minimizing energy consumption. Two distinct
testing protocols were employed: the Water Boiling Test (WBT), to assess the stove's en-
ergy efficiency, and the Controlled Cooking Test (CCT) to assess the stove and condensers
performance in distilling areke under controlled conditions, simulating real-world usage
scenarios. Two distinct experimental setups were employed, each corresponding to a spe-

cific testing protocol, with three trials conducted for each method.

5.2 Experimental Setup for Water Boiling Test

The WBT followed the Ethiopian Standards Agency (2018) guidelines for testing. As per
the standard, an aluminum pot containing 5 liters of water was placed on the stove. The
WBT experimental setup, illustrated in Figure 5.1, consisted of:

e Stove Prototype: The electrically powered areke distillation stove prototype.

e Aluminum Pot: An aluminum pot size of 33 cm internal diameter, and 21 cm height,
as specified by Ethiopian Standards Agency (2018), was chosen to match the heat-

ing area.
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e Temperature Measurement: A PID controller and a data logger (connected to a PC)
were used to monitor water temperature. A PT100 RTD sensor (connected to the
PID controller) and a K-type thermocouple (connected to the data logger) were po-
sitioned at the center of the pot, midway between the bottom and water surface,

secured with a wooden fixture.

e Power Measurement: A power clamp-on meter (Extech 382075 3¢/1¢) was used to

measure grid voltage, current, and active power.

e Stopwatch: A stopwatch was used to measure time.

LabVIEW Temperature Data Loggers PID’s RTD Aluminum
Controller Box Water Thermocouple sensor

Data Logger s ___/ Data Power Wooden Fixture

Ambient Thermocouple Logger Clamp to Hold Sensors

Figure 5.1: Water Boiling Test (WBT) experimental setup

5.3 Testing Methodology for WBT

The Water Boiling Test (WBT) is conducted under two conditions: the cold start and the
hot start. In the cold start, both the stove and the water begin at room temperature, this test
strictly follows the Ethiopian Standards Agency (2018) protocol. The hot start test begins
immediately after completing the cold start test, using a fresh batch of room-temperature
water while the stove remains hot from the previous test. Distillers typically carry out 4 to
5 consecutive distillations each day, with only the first distillation starting from a cold state,
while all subsequent batches begin under hot start conditions. To provide a more thorough
evaluation of the stove's performance across varying operating conditions and better repre-
sent real-world usage, the hot start test was included in the assessment.
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Prior to the test, the local boiling temperature of water was determined experimentally by
bringing water to a boil and measuring the temperature using a PID controller and a PT100
temperature sensor. The measured boiling temperature was found to be 90.1°C. This result
can be cross-checked using the known formula (Eqg. 5.1), which estimates boiling temper-
ature based on altitude. For the reported altitude of 2805 m for Debre Berhan, the formula

predicts a boiling temperature of 90.5°C.

Altitude
Boiling Point = (100 — W) (5.1)

The tests begin by filling the saucepan (Aluminum pot) with 5 kg of water, ensuring that
both the stove and saucepan are at ambient temperature. The saucepan, without a lid, is
then placed centrally on the cooking zone. The thermocouples are inserted at the center of
the pot secured with a fixture as shown in figure 5.1. Once all preparations are complete
and testing setup checked, the test commences by activating the stove and all measurement
instruments. Data collection then begins.

5.4 Data Collection and Analysis for WBT

Time, energy reading, and water temperature were recorded at the start and when the water
reached boiling point. The final water weight was measured to account for evaporation.
The full set of data recorded at the start and upon reaching the boiling temperature is pre-

sented in the table below. The table is applicable for both cold and hot start tests.

Table 5.1: Test Data Collection Format (Ethiopian Standards Agency, 2018)

Cold Start Hot Start
Parameters Test-1 Test-2 Test-3 Test-1 Test-2 Test-3
Date
Stove Rated Power, P (kW)
Initial Readings

Initial Ambient Air Temperature, T,y ;
°C)

Initial Water Temperature, T; (°C)
Initial Weight of Water, W; (g)

Starting Time, t; (H:M:S)
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Final Readings and Initial Analysis

Final Ambient Air Temperature, Ty,
0

Final Weight of water, W, (Q)
Boiling Temperature, T}, (°C)
Time for Boiling (t, — t;), t (min)

Energy Input/Consumed (E, —E;), E
(KWh)

*Where t,, t, and E;, E, are time and energy (kWh) readings at the start and end of the test.

The test was repeated at least three times for both cold and hot start tests for consistency,
with any inconsistent data being discarded due to external interference. Then, the test re-
sults are analyzed based on the following formulas.

Table 5.2: Formula for WBT result analysis (Ethiopian Standards Agency, 2018)

Parameter Formula Equation no.
Temperature corrected Time to Time to Boil * 75/ (T, — Ty) (52)
Boil (min) :
W

Energy Output (kWh) (1080 *4.186(T, — Ty) + 2.26 * (W, — W2)>/3600 (5.3)
Power Input (kW) Energy Input (5.4)

(Time to Boil/60) ’
Power Output (kW) Energy Output (5.5)

(Time to Boil/60) '
Efficiency (%) Energy Output

( Energy Input ) * 100% (5.6)

Temperature corrected Time to Time to Boil 5.7)
Boil (min/kg) (W, % 1000) '
Specific Energy Consumption Energy Input 5.9)
(kWh/kg) (W; *1000) :

5.5 Experimental Setup for Controlled Cooking Test

The Control Cooking Test (CCT) setup consists of the distillation prototype stove, a clay
pot with lid, and the condenser assembly. During distillation, the clay pot, pot lid, and con-
denser are sealed together using dough. The clay pot has a capacity to hold 12 liters of

mash. An aluminum bottle is used to collect the areke product.

The stove assembly includes a bow! housing the heating element and fiberglass insulation,
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all fit inside an aluminum pot (providing support). The stove is connected to a PID temper-
ature controller box to regulates the power based on the set temperature of the vapor enter-
ing the condenser. This box, detailed in the manufacturing chapter, incorporates a PID con-
troller, solid-state relay (SSR), socket, RTD (PT100), and a switch.

The RTD (Pt100) sensor is positioned at the pot lid, specifically at the entry point where
the areke vapor enters the condenser. This placement is crucial to make sure the PID con-

troller measures the vapor temperature that will be condensed to areke.

During the test, temperature data tracking occurs at Four points along the distillation setup
using the data logger (NI Cdag-9172 Chassis with N19211(A) thermocouple module) with
K-type thermocouples. The sensors were placed: inside the stove to measure heating ele-
ment temperature, at the pot lid alongside the PID's RTD to measure vapor temperature,
suspended in air to measure ambient temperature and inside the shell and tube condenser

or water bath condenser to measure condenser liquid (water) temperature over time.

The setup employs a traditional water bath condenser, where the aluminum collection bottle
is immersed in a water bath. To modernize the system, the traditional bamboo tube, tradi-
tionally used as vapor channel instead of condenser, is modified to a shell and tube conden-
ser. This upgrade aims to modernize the system and evaluate whether the bamboo shell-
and-tube condenser alone is adequate for effective condensation. A power meter and power

clamp-on meter are utilized to measure energy consumption and active power.

LabVIEW Temperature Distillation PID’s RTD Data Logger Bamboo Shell and
8 \ Controller Box Thermocouples Tube Condenser

Wooden Fixture
to Hold Flask

Aluminum
Flask

Distillation
Stove

Data Power
Logger  Clamp

Data Logger's
Ambient Thermocouple

Figure 5.2: Control Cooking Test (CCT) experimental setup.
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5.6 Testing Methodology for CCT

The distillation process begins by filling the clay pot with 12 liters of mash. The pot is
placed on the stove, and a temperature sensor is attached to monitor the stove temperature
throughout the operation. The data logger is initiated, and the stove is powered on with the
PID controller set to 60°C.

During the initial heating phase, the pot lid is secured and sealed with dough. Two temper-
ature sensors are inserted through the lid and sealed with dough: a PT100 sensor for the
PID controller and a K-type thermocouple for the data logger.

The shell and tube condenser are then attached and sealed to the pot lid with dough. An
aluminum bottle collector is positioned at the condenser's outlet and submerged in a water-
filled bowl, serving as a secondary water bath condenser. Temperature sensors are then
installed on the condensers. Water is added to the condensers at the start, with periodic
replacement of warm water with cold water through a siphoning system to maintain effec-

tive cooling.

The distillation process is monitored using both PID controller and data logger. When the
vapor temperature reaches the initial set point of 60°C, the PID temperature is increased to
70°C. The actual distillation begins once the vapor temperature reaches around 70°C. The
temperature is then gradually increased by 2-3 degrees based on monitoring the product
flow rate. As the flow rate decreases, the set temperature is incrementally raised. The pro-
cess is terminated when either the vapor temperature reaches 90°C or the collected product
volume reaches 1.5 liters. Finally, the alcohol samples were sent to the Debre Berhan Uni-

versity Chemical Laboratory for alcohol content analysis.

5.7 Data Collection and Analysis for CCT

To gain insights into traditional areke distillation practices, local distillers were inter-
viewed. Data on biomass consumption, monthly production and sales, frequency and extent
of product loss, and other relevant operational details were collected. Additionally, direct
process observation enabled close monitoring of traditional distillation, capturing key pa-
rameters such as total distillation time, product volume, and temperature progression with
time. Due to the absence of electrical infrastructure, temperature data was manually rec-

orded at one-minute intervals using a Fluke 568 IR Thermometer with a K-type
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thermocouple extension, allowing for comprehensive documentation of the temperature

profile throughout the distillation process.

During the test, data acquisition was performed using a National Instruments cDAQ-9172
Chassis equipped with an N19211(A) thermocouple module. The data logging system was
programmed using LabVIEW 2017, running the NI-DAQmx 17.0 driver, which is the final
version compatible with this specific hardware configuration. The data was collected at
intervals of 10 seconds. For reference and reproducibility, the LabVIEW Virtual Instrument

(V1) developed for this setup has been included in the appendix B.

Three consecutive Control Cooking Tests (CCTs) were conducted, with modifications
made to the setup and components after each iteration to refine the process and achieve a
high-quality product. A detailed overview of these modifications and their corresponding
results is presented in the Results and Discussion chapter. The collected data was analyzed
using Microsoft Excel.
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Chapter 6

Result and Discussion

6.1 Water Boiling Test Result

The Water Boiling Test (WBT), as briefly described in the Materials and Methods chapter,
includes cold and hot start phases. In cold start, both stove and water begin at room tem-
perature. The cold start test strictly adheres to Ethiopian standard ES 6053:2018. Hot start
follows immediately after the cold start test, using fresh room-temperature water while the

stove remains hot.

During the tests, the grid voltage was on the lower side, fluctuating between 165-190 volts,
while the grid was supposed to deliver 200-240 volts. As a result, the stove could not op-
erate at its designed power of 3 kW. Presented below are two graphs displaying the power

consumption over time during the first cold and hot start Water Boiling Tests (WBT).
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Figure 6.1: Power consumption over time for cold start WBT
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Figure 6.2: Power consumption over time for hot start WBT
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The total electrical energy consumed during each test was determined by calculating the
area under the corresponding power-time curve (Figures 6.1 and 6.2). This was achieved
through numerical integration using the trapezoidal rule, a standard method for approxi-
mating the area under a curve from a set of discrete data points.

The calculation was performed in Microsoft Excel. With power readings (P) taken every 1
seconds (At), the energy for each small-time step was calculated as:

Pi+P(i+1)>( At )

Energy step (kWh) = ( 2 3600

(6.1)

Where P; is the power reading at the beginning of a time interval, P;, 1y is the power reading
at the end of that time interval, and At is the 10-second interval converted to hours. The
total energy consumed for the entire test was then found by summing the energy values
from all the individual time steps. As a result, the cold start test used 0.92 kWh, 0.88 kWh,
and 0.91 kwh for the first, second, and third tests, respectively. In contrast, the hot start
test consumed 0.6 kWh, 0.62 kWh, and 0.59 kWh for the corresponding tests. The table
below presents the initial and final readings for the water boiling tests.

Table 6.1: Cold and hot start water boiling test readings

Cold Start Hot Start
Parameters Test-1 Test-2 Test-3 Avg. Test-1 Test-2 Test-3 Avg.
Date 21/10/24 = 24/11/24 @ 25/11/24 - 21/10/24  24/11/24  25/11/24
Stove Rated Power, P (kW) 3
Initial Readings
Starting Time, £, (H:M:S) 3:3;?\254 3:?}]&25 3:|23(|)\;|14 ) 4:.’;?\;'43 4:(;7\238 3:g\:/|24
'Tr:;:j'(fgbiem AlrTemperaure, 163 167 166 - 182 181 182
Initial Water Temperature, T; (°C) 16.6 16.8 16.9 16.77 19.3 18.9 18.5 18.9
Initial Weight of Water, W; (g) 5000

Final Readings and Initial Analysis

Final Ambient Air Temperature,

o 17.7 17.9 18.2 - 19.2 195 18.9
Tam,f ( C)
Final Weight of water, W, (g) 4940 4930 4920 4930 4915 4910 4920 4915
Boiling Temperature, T;, (°C) 90

Time for Boiling (t, — t;), t

. 24:14 24:01 24:25 | 24:13 | 19:15 19:00 18:40  18:58
(mm:ss)
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Energy Input/Consumed (E, —

E,), E (kWh) 0.92 0.88 0.91 0.9 0.62 0.62 0.59 0.61

By analyzing the recorded readings and applying equations from 5.2 to 5.8, the performance

of the stove was evaluated and tabulated in table 6.2.

Table 6.2: Test result analysis

Parameter Cold Start Hot Start
Temperature corrected Time to Boil (mm: ss) 24:48 20:01
Efficiency 52.22 % 75.8 %
Temperature corrected Time to Boil 4.84 min/kg 3.79 min/kg
Specific Energy Consumption 0.18 kWh/kg 0.12 kWh/kg
Energy Input 0.9 kWh 0.61 kWh
Energy Output 0.47 kWh 0.47 kWh
Power Input 2.23 kW 1.93 kW
Power Output 1.16 kW 1.49 kW

* Specific heat capacity of water = 4.186 kJ/kg, Latent heat of vaporization = 2.26 kJ/g

The following graphs illustrate the temperature progression over time for the first cold and
hot start tests. This graph serves to highlight the typical heating pattern observed during

tests.
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Figure 6.3: Temperature vs. Time for Cold Start Water Boiling Test
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————— Ambient Temperature Water Temperature
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Figure 6.4: Temperature vs. Time for hot Start Water Boiling Test

The temperature-time graph for both the cold and hot Start WBT demonstrates a linear
progression, indicating a steady rate of temperature increase as the water approaches its
boiling point. This implies that the energy supplied to the water is being used efficiently to
raise its temperature without significant losses or changes in the heating rate. The linearity
also implies minimal temperature fluctuations, reinforcing the stove’s efficiency and pre-

dictability in achieving boiling under similar conditions.

The custom designed and fabricated areke distillation stove demonstrated a thermal effi-
ciency of 52.2% during cold start conditions. During hot start conditions, the efficiency
further increased to 75.8%. This substantial improvement can be attributed to the thermal
properties of the stove's clay construction material. during cold start, the clay initially ab-
sorbs substantial thermal energy to reach operational temperature, reducing efficiency. This

effect diminishes during hot start operation.

These efficiency values exceed the minimum 40% efficiency set by the Ethiopian Standards
Agency (2018) and considerably surpass biomass areke stoves like three stone fire (10-20%
efficiency), mud stoves (14-15.4% efficiency) and mirt stoves (16-23% efficiency), as well
as outperforming typical commercial modern resistance coil cookstoves (39.3-60% effi-
ciency) as illustrated in the thermal efficiency comparison chart (Figure 6.5). The enhanced
efficiency compared to commercial resistance coil stoves can be attributed to the stove's

tailored design and fit to the distillation pot and adequate insulation, as these stoves lack
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insulation and are designed to accommodate a variety of pot designs. The thermal efficiency

of various stove types is summarized in Section 2.4 of the literature review chapter.
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Figure 6.5: Thermal efficiency comparison chart

Considering that distillers often perform 4 to 5 consecutive distillations daily, with only the
first distillation operating under cold start conditions, subsequent batches benefit from the
hot start efficiency of 75.8%. Consequently, the overall daily operational efficiency of the

stove is predominantly governed by its superior hot start performance.

It is important to note that differences in research methods (efficiency calculation methods),
testing conditions, and other factors can make it challenging to directly compare the effi-
ciency of stoves across various studies. While this comparison provides valuable insights
into stove performance, it was essential to consider these limitations when interpreting the

results.

6.2 Energy Usage analysis of the Traditional Areke Dis-
tillation Stove

In this section the energy consumption of a traditional distillation stoves (in the study area
of Debre Berhan) per 1.5 liters of areke is calculated for the purpose of comparing it with

the performance of the prototype.

The thermal efficiency of open fire stoves typically ranges from 10-20% (Ikpambese et al.,
2014; Koffi et al., 2014; Someswararao et al., 2012; Tesfay et al., 2024). Traditional
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cookstoves, locally made from mud or metal, are slightly more fuel-efficient than the three-
stone fire (Koffi et al., 2014). The commonly used mud stoves in the study area, as depicted
in figure 6.6, are mud stoves. Given the design and performance characteristics of such
stoves a conservative 20% efficiency is assumed for the analysis.

The stove consumed 68 kg of dry eucalyptus wood to distill 20 liters of areke, as measured
during the study. The calorific value of dry eucalyptus wood is taken as 18,000 kJ/kg
(Sibongiseni et al., 2024; Biomass Connect, n.d.; The SHORTFOR research project, n.d.).

¥ X > !5
A

Figure 6.6: Traditional distillation mud stove taken at (a) location 1, and (b) location 2.
6.2.1 Total Energy Calculation
The total energy released by the biomass is calculated using the formula:
Etotar = W * CV (6.2)

The total energy released by the biomass (E;,:4;) IS calculated based on the weight of the
biomass (W) and the calorific value of eucalyptus wood biomass (CV), both measured in
kilojoules. Substituting the values into the formula, with W = 68 kg and CV = 18,000 kJ/kg,
the total energy released by 68 kg of eucalyptus wood biomass is E;y¢q; = 1,224,000 kJ.

6.2.2 Usable Energy Calculation

The usable energy accounts for the stove's thermal efficiency. It is calculated using:

Evsavie = Etotar * M (6.3)

The usable energy (E,sanie) represents the portion of the total energy effectively utilized

by the stove, calculated by factoring in the thermal efficiency (1) of the stove, which is 20%
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or 0.20. Substituting the values into the formula, the usable energy for the system is E sqpie
= 244,800 kJ.
6.2.3 Energy Usage per Batch

Since 60 kg of biomass is used to distill 20 liters of areke, the energy usage for one batch

of 1.5 liters can be calculated as:

Etotal

Epatch totar = ( {./a ) * Vpatcn (6-4)
Evsabi

Ebatch usable = ( us‘; e) * Vpatch (6.5)

Where V represents the total volume of areke produced (20 liters) and V,,.r, denotes the
batch volume (1.5 liters). Substituting these values, the total energy required for one batch
of 1.5 liters is Epgech totar = 91,800 kJ, while the usable energy for the same batch is
Epatch usabie = 18,360 kJ.

To compare with electrical energy, converting the energy values to kilowatt-hours (kWh),
where 1 kWh:3,600k\], Ebatch total (kWh) =25.5 kWh and Ebatch usable (kWh) =5.1 kWh.

These values will serve as a benchmark for evaluating the energy performance of the elec-

tric distillation stove discussed in subsequent sections.

6.3 Control Cooking Test Result

The Control Cooking Test (CCT) evaluates the performance of the stove and condenser
during distillation under controlled conditions, simulating real-world usage scenarios. The
mash used in the distillation is sourced from local producers. A total of three tests have
been conducted. After each test, certain aspects of the setup and components were modified

to achieve a desired and high-quality product in the final test.

6.3.1 Initial Test Results

For the first test heating element coil configuration shown in Figure 4.5 were employed. In
this arrangement, the stove's heating element coil was wrapped around the clay bowl, al-
lowing heat transfer to the distillation pot from both its lateral sides and base. This design
was chosen to ensure more uniform heat distribution and maximize the heating surface area

in contact with the distillation pot.

76



Temperature Profiles and Condensation Behavior:

Temperature variations during CCT-1 of vapor, condenser and ambient temperature are
illustrated in Figure 6.7. Cooling water was applied to both the shell and tube condenser
and a water bath condenser. Due to the slower distillation rate and consequently reduced
vapor flow, condensation primarily occurred in the shell and tube condenser rather than in
the water bath condenser - a deviation from traditional patterns. The temperature curve in
Figure 6.7 reflects the shell and tube condenser’s water temperature. The water bath con-
denser's temperature remained relatively stable throughout this test. Periodic replacement
of the condenser water maintained efficient condensation as shown in the condenser tem-
perature profile of figure 6.7. For this initial test, the condenser water was pre-chilled in a
freezer to ensure maximum vapor condensation, although subsequent tests demonstrated

room temperature water was equally effective.
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Figure 6.7: Temperature profiles at key locations during initial test.
Temperature Profile Comparison with Traditional Method:

To evaluate the prototype's performance against traditional methods, the vapor temperature
progression curve from CCT-1 was plotted alongside data collected from local traditional
distillers, as shown in Figure 6.8. This curve acts as a baseline for evaluating the perfor-

mance of the electrical stove prototype.

This comparison reveals comparable durations for both the prototype and traditional meth-
ods to reach the distillation commencement temperature of approximately 80°C, indicating

similar heating characteristics and thermal response.
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Figure 6.8: Temperature profile comparison: new (Initial test) vs. traditional method

In both prototype and traditional distillation, the vapor temperature rises rapidly from
around 60-80°C but naturally slows after approximately 82°C, suggesting that this behav-
ior could be an inherent characteristic of areke vapor during distillation. A separate test in
Debre Berhan showed areke vapor begins boiling at ~70°C, where ethanol concentration is
highest. In the traditional temperature curve (with no precise temperature controller), dis-
tillation (dripping) started at about 81-82°C and continue to ~89°C, whereas the prototype,
despite an initial rise to ~80°C, was able to control the temperature down to ~72°C, captur-

ing high-ethanol vapor (70-82°C) and continuing distillation to ~91°C.

Although distillation was carried out up to 91°C, compared to the traditional 89°C, this
approach produced a higher-alcohol-content areke but extended the distillation time rela-
tive to traditional methods. Local distillers recognize slow distillation improves quality but
often prioritize speed for business practicality. The rapid 60-80°C rise was likely due to
the clay stove’s thermal inertia and it made it challenging for effective PID temperature

control.

Heating Element Temperature Profile:

The heating element temperature profile over time during CCT-1 is presented in Figure 6.9,
illustrating the thermal behavior of the heating system. This data is presented independently
due to its significantly higher temperature range. The heating element temperature data is
essential for analyzing and comparing heating profiles. Examining how each test manages
heating temperature over time helps identify differences in response times, stability, power
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consumption, and energy efficiency. This comparison provides valuable insights into the
impact of heating temperature on product quality, enabling informed decisions to optimize

cooking methods for improved outcomes.
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Figure 6.9: Initial test heating element temperature profile

Test Performance Summary:

The first test consumed 8.3 kWh of energy and yielded 1.55 liters of areke from 12 liters
of mash. This yield slightly exceeded the expected 1.5 liters from traditional processes.
However, the product exhibited an undesirable red tint, a quality issue targeted for improve-
ment in subsequent tests. CCT-1 distillation time was 4 hours and 35 minutes, longer than

the traditional 3 hours and 44 minutes.

6.3.2 Modifications and Second Test (CCT - 2)

Following the initial test (CCT-1), an investigation was conducted to address the undesira-
ble red tint observed in the areke product. Consultation with a local areke producer involved
in the project identified two potential causes: mash scorching due to excessive heat on the
pot sides and potential coloration contribution from the new clay pot and bamboo tube.
Further investigation indicated that traditional distillation methods primarily concentrate
heat at the pot's bottom, with minimal heat distribution along the sides.

Modifications:

To reduce mash scorching and coloration in CCT-2, the heating element coil was rear-
ranged to concentrate heat at the bottom of the pot, mimicking traditional methods.
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Additionally, the new pot and bamboo were thoroughly cleaned by a local distiller to elim-

inate any potential contribution to the coloration.

Figure 6.10: Heating element coil arrangement modification: (a) old, (b) modified.

Temperature Profiles and Condensation Behavior:

Figure 6.11 illustrates the temperature variations at key locations during CCT-2. The con-
denser temperature curve in Figure 6.11 reflects the performance of the shell and tube con-
denser. However, in contrast to CCT-1, the water bath condenser in CCT-2 reached a
slightly higher temperature of 50°C by the end of the distillation process.
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Figure 6.11: Temperature profiles at key locations during second test.

Temperature Profile Comparison with Traditional Method:

Instead of initiating distillation at lower temperatures between (70-80°C), this test aimed to
replicate the traditional distillation method as depicted in figure 6.12.
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Areke Vapor (CCT-2, Prototype) = ====- Areke Vapor (Traditional)
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Figure 6.12: Temperature profile comparison: new (second test) vs. traditional method

While the overall distillation time remained comparable, the initial heating phase (time until
distillation began) was shorter for the prototype in CCT-2 compared to traditional methods.
Conversely, the distillation phase itself took longer to produce the same amount of areke,
resulting in a product with a slightly higher alcohol content than traditional areke.

Heating Element Temperature Profile:

Figure 6.13 illustrate the thermal behavior of the heating system with the modified coil
arrangement. As shown in Figure 6.13, the heating element temperature remained, on av-
erage, at 325°C during most of the distillation phase. This test utilized a higher average
temperature compared to the previous test (CCT-1), which was around 275°C, resulting in
a reduction of the distillation time by 8.36%.
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Figure 6.13: Second test heating element temperature profile
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Test Performance Summary:

CCT-2 consumed 7.8 kWh of energy and took 4 hours and 12 minutes to distill 1.5 liters
of areke. The coloration of the areke product was reduced but not entirely eliminated in
CCT-2.

6.3.3 Final Process Optimization and Third Test

Despite the process modifications implemented for CCT-2, the areke product still exhibited
some coloration, although much reduced compared to CCT-1. Upon inspection, mash
scorching was still observed on the mash surface, indicating heat exposure to the pot sides
despite repositioning the heating element to focus primarily on the bottom, as the insulation
directed heat upward, causing it to escape at the stove top and warm the pot's sides along

the way.

Setup Modifications:

To further minimize heat exposure to the pot sides and eliminate mash scorching, a final
process optimization was introduced for the third Control Cooking Test (CCT-3): pot ele-
vation. As illustrated in Figure 6.14, the clay pot was elevated by placing clay fragment
supports underneath it. Clay fragments were also used to seal the gap created between the
stove and the pot, providing additional insulation and preventing heat from reaching the pot

sides.

Figure 6.14: Pot placement modification
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The temperature variations of vapor, condenser and ambient temperature during the third

test are illustrated in the following graph.

Temperature Profiles and Condensation Behavior:

In contrast to the previous two tests, the condenser temperature curve in Figure 6.15 reflects
the performance of the water bath condenser. Due to an increased vapor flow rate in CCT-
3, the shell and tube condenser alone became ineffective. Consequently, both condenser
types were used, with the water bath condenser acting as the primary condensation unit.
This shift is attributed to the superior heat transfer properties of the aluminum collector
flask in the water bath condenser compared to the bamboo tubes in the shell and tube con-

denser under higher vapor load conditions.
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Figure 6.15: Temperature profiles at key locations during final test.

Temperature Profile Comparison with Traditional Method:

Figure 6.16 compares the vapor temperature profile of the prototype during CCT-3 against
that of traditional distillation methods. The primary distillation phase in CCT-3, similar to
traditional methods, occurred within the 80-90°C temperature range. However, the distilla-
tion process in CCT-3 was notably quicker, resulting, as expected, in a slightly lower alco-
hol content in the final areke product compared to traditionally distilled areke from the
same mash. The initial heating phase, time up to the start of distillation, in CCT-3 was
nearly halved compared to traditional methods, partially attributable to hot start conditions
as CCT-3 followed immediately after CCT-2. Overall, the complete distillation process in
CCT-3 finished 19.64% faster than the traditional method.
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Areke Vapor (CCT-3, Prototype) = ====- Areke Vapor (Traditional)
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Figure 6.16: Temperature profile comparison: new (Final test) vs. traditional method

Heating Element Temperature Profile:

During the distillation phase of CCT-3, the heating element temperature was significantly
elevated, fluctuating between 400-500°C, compared to previous tests. This elevated heating
element temperature is considered a contributing factor to the shorter distillation time
achieved in CCT-3.
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Figure 6.17: Final test heating element temperature profile

Test Performance Summary:

The areke product from CCT-3 was completely free of coloration, resulting in a pure, col-

orless, and ready-for-consumption product. CCT-3 consumed 7.6 kWh of energy and took
3 hours to distill 1.6 liters of areke.
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6.4 Comparative Analysis of Distillation Methods

This section provides a comparative analysis of the electric distillation method against tra-
ditional methods and literature values, focusing on key performance indicators: alcohol

content, distillation time, and energy cost.

6.4.1 Alcohol Content Comparison

The alcohol content of the areke produced by the prototype across the three Control Cook-
ing Tests (CCTs) and a traditional distillation sample were measured at the Chemical En-
gineering Laboratory of Debre Berhan University using an Alcoolometer Cent. Gay Lussac
hydrometer, calibrated at 20°C. At the time of testing, sample temperatures ranged from
19.8t0 20.1°C, closely matching the calibration temperature. Figure 6.18 visually compares
the alcohol content (by volume percentage - ABV) achieved in each CCT and traditional
distillation, produced from the same mash, alongside a reference literature value taken from
Yohannes et al. (2013).

The electrical distillation method produced areke with alcohol content both higher and
lower than that of the traditional method, varying across the three CCTs. CCT-1 yielded
the highest ABV at 49%, while CCT-3 had the lowest at 42.5%. Traditional areke from the
same mash measured 45% ABV. Yohannes et al. (2013) reported a lower average ABV
(37.22%) for areke samples from Addis Ababa, likely due to variations in mash ABV and
regional distillation processes. As observed in the three control cooking tests, the alcohol
content is directly influenced by the duration of the distillation phase and the temperature
at which this phase begins. The results demonstrate the prototype's capability to modulate

alcohol content based on operator control of these parameters.
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Figure 6.18: Alcohol Content Comparison: Prototype vs. Traditional
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6.4.2 Distillation Time Comparison

The control cooking tests (CCTs) demonstrated the electrical stove prototype's ability to
adjust distillation time to suit distiller preferences and production goals. The results indicate
that the electric prototype can achieve distillation times comparable to or even shorter than
traditional methods, while also offering the flexibility to extend distillation time for poten-

tially higher alcohol content as observed in CCT-1.
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Figure 6.19: Distillation Time Comparison: Prototype vs. Traditional

6.4.3 Energy Cost Comparison

The energy consumption data from the controlled tests (CCTs) revealed an average energy
consumption of 7.9 kWh to produce 1.5 liters of areke. Based on the current Ethiopian
Electric Utility rate of 2.92 Birr per kWh, this translates to an electricity cost of 15.3 Birr
per liter of areke. In contrast, a survey of traditional distillation practices indicated an av-
erage biomass cost of 600 Birr to produce 20 liters of areke, equivalent to 30 Birr per liter.

This comparison demonstrates a significant energy cost reduction of 49% per liter of areke
with the electric prototype compared to traditional biomass-based methods. This translates
to potential savings of 14.7 Birr per liter. For a typical distiller producing 200 liters of areke
per month, this could result in substantial savings of 2,940 Birr per month and 35,280 Birr

per year, significantly enhancing profitability.

6.5 Summary of Findings and Discussion

The Control Cooking Tests (CCTs) and Water Boiling Tests (WBTS) provided valuable

insights into the performance of the electric areke distillation stove prototype. Key findings
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and discussion points are summarized below:

Mash Scorching and Product Quality: Mash scorching, resulting in an undesirable red tint
in the areke, was initially observed and identified as primarily occurring due to excessive
heat application to the sides of the distillation pot. Modifying the heating element to focus
heat at the pot's bottom and minimizing side heating effectively resolved this issue and
improved product quality. This challenge is also faced by traditional distillers, as noted
during discussions with local producers, who indicated that scorching is common among
novice distillers and occasionally affects experienced ones as well, impacting both product

consistency and profitability.

Bamboo Condenser Performance and Potential Enhancements: Bamboo was selected for
the shell-and-tube condenser tubing instead of aluminum or copper, not only because of
cost and sourcing challenges but also due to concerns about its potential impact on the
flavor and aroma of the distilled areke. There was uncertainty about where the majority of
the vapor condensed during the process. Testing traditional methods revealed that while the
bamboo tube effectively transported vapor, the majority of condensation occurred within
the aluminum collector flask of the water bath condenser. This finding demonstrates that
the bamboo tubing does not contribute any discernible flavor or aroma to the areke product.
Therefore, replacing bamboo with aluminum or copper for the condenser tube appears fea-
sible without affecting the product’s flavor or aroma. Additionally, While the bamboo shell
and tube condenser proved functional for low vapor flow rates and extended distillation
durations, as the flow rate increases, bamboo struggles to condense the vapor efficiently.

Thus, switching to copper or aluminum is necessary to accommodate higher flow rates.

Distillation Duration and Alcohol Content: The Control Cooking Test (CCT) provided
strong evidence that the duration of the distillation process (the rate of distillation) signifi-
cantly impacts the alcohol content of the final areke product. A longer distillation time
generally resulted in a higher alcohol concentration in the final areke. This relationship
suggests that careful control over the distillation duration is crucial for achieving the desired
alcoholic strength in the final product.

areke Vapor Temperature Behavior: A distinct characteristic of areke vapor was observed
in both CCTs and traditional distillation: a rapid temperature rise between 60°C and 80°C,
followed by stabilization above 80-82°C, where distillation (product drip) naturally begins.
In Debre Berhan, ethanol boils at approximately 70°C, and Starting distillation at this
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temperature and proceeding from there may result in a higher alcohol content, as the vapor
at lower temperatures contains a greater concentration of ethanol. While it was possible to
force distillation at a lower temperature, doing so required a temperature controller to pre-

cisely control power.

6.6 Significance and Implications of Results

The electric areke distillation stove prototype offers significant advantages and implica-

tions for areke production and beyond:

Pollution Elimination and Health Benefits: The most significant and immediate implication
of the electric distillation stove prototype is the elimination of pollution associated with
traditional biomass-based areke distillation. As discussed in the literature review, the com-
bustion of biomass fuels for distillation is a major source of harmful air pollutants that can
lead to various health issues. Exposure to pollutants such as particulate matter, carbon mon-
oxide, and other toxic emissions from traditional biomass-fired stoves has been linked to
respiratory diseases, cardiovascular problems, and other serious health conditions. By
adopting the electric stove and removing this source of pollution, it has the potential to
significantly improve the health and well-being of areke distillers, who often operate in
confined spaces with limited ventilation, carrying profound public health and environmen-

tal benefits.

Enhanced Process Control and Product Consistency: The prototype provides distillers with
greater control over the distillation process, allowing for adjustments like distillation time
to influence alcohol content and tailor product characteristics to market demands. This con-
trol also promotes batch-to-batch consistency, minimizing the risk of ruined batches, fur-
ther maximizing profitability. Additionally, the ability to consistently stop distillation based
on vapor temperature monitoring further enhances product uniformity compared to tradi-
tional methods which rely on less precise indicators like volume of product and/or the num-
ber of times the condenser water has changed. This feature of the electric stove prototype
empowers distillers to achieve a level of process control and product consistency that is

extremely challenging to attain with conventional biomass-fired stoves.

Energy Efficiency and Cost Reduction: The prototype’s high energy efficiency, achieving
52.2% in cold start and 75.8% in hot start conditions, far surpasses traditional biomass

stoves (10-23% efficiency). This translates to significant energy cost reductions for areke
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distillers, potentially saving around 35,280 Birr annually for typical distillers and contrib-

uting to a more sustainable and environmentally friendly production model.

Widespread Adoption Potential: The electric stove prototype exhibits strong potential for
widespread adoption due to its affordability (Priced at 17,280 Birr or less), ease of con-
struction using locally available materials, and compatibility with traditional distillation
practices. Its design seamlessly integrates with familiar clay pots, easing the transition for
distillers to electric technology while preserving established methods. These factors, com-
bined with the promise of improved efficiency, quality, and profitability, make the stove

an accessible and appealing option for the areke distilling community.

Contribution to Research: This study addresses a notable research gap regarding thermal
data for areke distillation. The findings contribute valuable insights into the thermal aspects

of areke distillation and offer a foundational basis for future research in this area.
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Chapter 7

Conclusion and Recommendation

7.1 Conclusion

This study successfully demonstrated the design, fabrication, and testing of a custom-de-
signed electric areke distillation stove, offering a sustainable and efficient alternative to
traditional biomass-based methods. The prototype directly addresses critical challenges
within the local areke distillation sector, including environmental pollution, inconsistent
product quality, and the high energy costs associated with biomass fuel. The custom-de-
signed stove achieved thermal efficiencies of 52.2% during cold starts and 75.8% during
hot starts, exceeding the Ethiopian standard requirement of 40% and far surpassing tradi-
tional stoves operating at 10-23% efficiency. This improved efficiency resulted in consid-
erable energy savings, with the prototype consuming an average of only 7.9 kWh to pro-
duce 1.5 liters of areke, compared to 25.5 kWh required by the traditional method, repre-
senting a 69% reduction in energy use. This notable decrease in energy consumption also
translated into a 49% reduction in operating costs when compared to traditional biomass-
based distillation methods.

The integration of a PID temperature controller enabled precise regulation of temperature,
distillation rate and duration. By controlling distillation rate and duration, the prototype
was able to control alcohol content, ensuring consistent product quality. The prototype also

completely eliminated harmful emissions from biomass combustion.

The performance metrics were compared with traditional biomass stoves (10-23% effi-
ciency) and commercial resistance coil cookstoves (39.3-60% efficiency), confirming the
prototype's superior performance. Energy cost analysis revealed average savings of 2,940
Birr per month which translates to 35,280 Birr per year for small production volumes. The
inclusion of local materials for manufacturing and alignment with traditional practices fur-

ther validated the stove’s compatibility and practicality for Ethiopian areke producers. The
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prototype demonstrates that electric areke distillation is technically feasible, economically
viable, and environmentally sustainable. The findings also provide valuable thermal data

for areke distillation, addressing a significant gap in existing research.

Future studies should explore optimizing the design for mass production, integrating alter-
native materials like copper and aluminum for improved durability and efficiency, and scal-
ing the prototype for larger production capacities. Economic and lifecycle analyses will

also provide deeper insights into the stove’s practical adoption and environmental impact.
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Appendix-A: Calculation Tables

Table A-1: S/R, ratio as a function of wire diameter for nichrome 80 alloy, valid for re-

sistivity p = 1.08 ohm.mm?/m and density = 8.3 g/cm? (Hegbom, 1997).

B&S d R/1 S/R W/l B&S d R/1 S/R Ww/1
no. (mm) (ohm/m) (cm?/ohm) (g/m) no. (mm) (ohm/m) (cm?/ohm) (g/m)
0 8.253 0.0202 12,828 444 20.5 0.766 2.34 10.3 3.82
0.5 7.788 0.0227 10,780 395 21 0.723 2.63 8.62 3.40
| 7.349 0.0255 9,059 352 21.5 0.682 2.96 7.24 3.03
1.5 6.935 0.0286 7,613 313 22 0.644 3.32 6.09 2.70
6.545 0.0321 6,398 279 22.5 0.607 3.73 5.12 2.40
2.5 6.176 0.0361 5,377 249 23 0.573 4.19 4.30 2.14
3 5.828 0.0405 4518 221 23,5 0.541 4.70 3.61 1.91
3.5 5.500 0.0455 3,797 197 24 0.510 5.28 3.04 1.70
4 5.190 0.0511 3,191 176 24.5 0.482 5.93 2.55 1.51
45 4.898 0.0574 2,682 156 25 0.455 6.66 2.14 1.35
5 4.622 0.0644 2,253 139 25.5 0429 7.48 1.80 1.20
5.5 4362 0.0723 1,894 124 26 0.405 8.39 1.51 1.07
6 4.116 0.0812 1,591 110 26.5 0.382 943 1.27 0.951
6.5 3.884 0.0912 1,337 98.3 27 0.361 10.6 1.07 0.847
7 3.665 0.102 1,124 87.5 27.5 0.340 11.9 0.899 0.754
7.5 3.459 0.115 944 78.0 28 0.321 13.3 0.755 0.672
8 3.264 0.129 794 69.4 28.5 0.303 15.0 0.635 0.598
8.5 3.080 0.145 667 61.8 29 0.286 16.8 0.533 0.533
9 2.907 0.163 561 551 295 0.270 18.9 0.448 0474
9.5 2743 0.183 471 490 30 0.255 21.2 0.377 0422
10 2.589 0.205 396 437 30.5 0.240 23.8 0.317 0.376
10.5 2.443 0.231 333 389 31 0.227 26.8 0.266 0.335
11 2.305 0.259 280 346 315 0214 30.1 0.224 0.298
11.5 2.175 0.291 235 30.8 32 0.202 33.7 0.188 0.266
12 2.053 0.326 197 27.5 32,5 0.191 37.9 0.158 0.237
12.5 1.937 0.367 166 245 33 0.180 42.6 0.133 0.211
13 1.828 0.412 139 21.8 335 0.170 47.8 0.111 0.188
13.5 1.725 0.462 117 19.4 34 0.160 53.7 0.0937 0.167
14 1.628 0.519 98.5 17.3 345 0.151 60.3 0.0787 0.149
14.5 1.536 0.583 82.7 154 35 0.143 67:7 0.0662 0.132
15 1.450 0.655 69.5 13.7 355 0.135 76.0 0.0556 0.118
15.5 1.368 0.735 58.4 12.2 36 0.127 85.3 0.0467 0.105
16 1.291 0.825 49.1 109 36.5 0.120 95.8 0.0393 0.0936
16.5 1.218 0.927 41.3 9.67 37 0.113 108 0.0330 0.0833
17 1.150 1.04 34.7 8.61 37.5 0.107 121 0.0277 0.0742
17.5 1.085 1.17 29.1 7.67 38 0.101 136 0.0233 0.0661
18 1.024 1.31 24.5 6.83 38.5 0.0950 152 0.0196 0.0588
18.5 0966 147 20.6 6.08 39 0.0897 171 0.0165 0.0524
19 0912 1.66 17.3 542 39.5 0.0846 192 0.0138 0.0467
19.5 0.860 1.86 14.5 4.82 40 0.0799 216 0.0116 0.0416
20 0.812 2.09 12.2 430 40.5 0.0754 242 0.0098 0.0370
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Table A-2: Representative values of the overall heat transfer coefficients in heat exchang-

ers (Cengel & Ghajar, 2019).

Type of Heat Exchanger U, W/m2K*
Water-to-water 850-1700
Water-to-oil 100-350
Water-to-gasoline or kerosene 300-1000
Water-to-brine 600-1200
Feedwater heaters 1000-8500
Steam-to-light fuel oil 200400
Steam-to-heavy fuel oil 50-200
Steam condenser 1000-6000
Freon condenser (water cooled) 300-1000
Ammonia condenser (water cooled) 8001400
Alcohol condensers (water cooled) 250-700
Gas-to-gas 1040
Gas-to-brine 10250
Oil-to-oil 50400
Organic vapors-to-water 700-1000
Organic solvents-to-organic solvents 100-300

Water-to-air in finned tubes (water in tubes) 30-60°

400-850*

Steam-to-air in finned tubes (steam in tubes) 30-300"

400-4000*

*Multiply the listed values by 0.176 to convert them to Btu/h-ft>-°F.

"Based on air-side surface area.
*Based on water- or steam-side surface area.
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Appendix-B: LabVIEW VI Diagrams
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Figure B-1: Front Panel of LabVIEW VI used to log data for CCT.
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Figure B-2: Block diagram of LabVIEW V1 used to log data for CCT.
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Appendix-C: Drawings
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