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Abstract: Indoor thermal comfort is an essential aspect of sustainable architecture and it is critical in
maintaining a safe indoor environment. Expectations, acceptability, and preferences of traditional and
modern buildings are different in terms of thermal comfort. This study, therefore, attempts to evaluate
the indoor thermal comforts of modern and traditional buildings and identify the contributing factors
that impede or facilitate indoor thermal comfort in Semera city, Ethiopia. This study employed
subjective and objective measurements. The subjective measurement is based on the ASHRAE
seven-point thermal sensation scale. An adaptive comfort model was employed according to the
ASHRAE standard to evaluate indoor thermal comfort. The results revealed that with regards to
thermal sensational votes between —1 and +1, 88% of the respondents are satisfied with the indoor
environment in traditional houses, while in modern houses this figure is 22%. Likewise, 83% of
occupants in traditional houses expressed a preference for their homes to remain the same or be
only slightly cooler or warmer. Traditional houses were, on average, in compliance with the 80%
acceptability band of the adaptive comfort standard. The study investigated that traditional building
techniques and materials, in combination with consideration of microclimate, were found to play a
significant role in regulating the indoor environment.

Keywords: bioclimatic; thermal comfort; vernacular house; condominium houses; Semera

1. Introduction

People spend up to 90% of their time inside buildings, so the quality of their indoor
environments has a significant impact on their quality of life [1]. Buildings should thus
consider the bioclimatic condition of the location where they are constructed in order to
improve the living standards of their occupants [2,3]. According to a study conducted by
Akande & Adebamowo [4], the term bioclimatic refers to the designing of buildings based
on the context of the local climate in order to provide the optimum thermal comfort of the
place.

Thermal comfort is defined by the American Society of Heat, Refrigeration, and Air-
conditioning Engineers (ASHRAE) as a condition of mind which expresses satisfaction
with the thermal environment [5]. Studies have also stated that thermal comfort is the
result of the interaction and adaptation of environmental and human body parameters [6,7]
and according to ASHRAE [5], the indoor thermal condition in a building is acceptable
when 80% of the building occupants are satisfied and comfortable within it.

The study undertaken by Fanger [8] reveled that thermal comfort is determined by
thermal environments, personal factors, and other contributing factors. Environmental
factors include air temperature, air velocity, humidity, and radiation [9], while clothing
and activity (metabolic rate) are categorized as personal factors [10]. Contributing factors
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includes food and drink, acclimatization, body shape, subcutaneous fat, age and sex, and
health status [11].

Fanger’s static model (PMV-PPD model) [8] of thermal comfort was a pioneering
intervention in human comfort research, defining comfort limits particularly in tightly
controlled chambers/air-conditioned buildings. The predicted mean vote (PMV) model
consists of a seven-point thermal sensation scale ranging from (+3) hot to (—3) cold [12] and
it is best suited to air-conditioned buildings in which the occupants have no control over
their immediate surroundings [13]. However, the works by Dear and Brager [14], Nicol [15],
Nicol and Humphreys [16], and Fanger and Toftum [17] suggested the importance of
adaptive thermal comfort model over the PMV model, as the latter fails to predicts exactly
actual thermal sensation in naturally ventilated buildings. The thermal comfort conditions
of people living in naturally ventilated buildings depend not only on physiological aspects
but also on adaptive nature. Because of this, Fanger’s theory fails in predicting thermal
comfort conditions in naturally ventilated buildings [14,16]. In the adaptive thermal
comfort model the comfort zone is around the neutrality /comfort line and represents the
comfortable upper and lower temperature parameters. Acceptability levels of 90% and 80%
limit the comfort zone, with the ideal comfort temperature falling between 2-3 °C on either
side of the comfort line, which is considered an acceptable limit [18]. The temperature range
identified corresponds to 90% and 80% acceptability limits and could reach approximately
30 °C according to the ASHRAE 55-2017 standard [5] (Figure 1).
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Figure 1. Adaptive comfort models represented in ANSI/130 ASHRAE 55:2017.

Studies have shown that good indoor thermal comfort has a significant role in affecting
occupant wellbeing, health, and productivity [19,20]. According to Dovjak et al. [21] the
failure of humans to respond to the indoor environment through the thermo regulatory
mechanism causes thermal discomfort. Thermal discomfort in buildings induces psycho-
logical stress, depression, and anxiety, as well as poor physical health, expressed as heart
disease, insomnia, headache, and low arousal levels [8,22]. Therefore, avoiding thermal
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discomfort within dwellings is not just about residents’ satisfaction and comfort; it is also
about protecting the health of the occupants [9].

Green buildings are those defined as buildings that increase the efficiency with which
they use resources, energy, water, and materials while reducing their impacts on human
health and the environment [23]. They are currently viewed as a good example of buildings
that enhance the indoor thermal comfort of occupants [24,25] and green building materials
that are locally available, renewable, recyclable, and have a low embodied energy [26,27]
are thought to be the ideal materials for enhancing the indoor thermal comfort of buildings
in different parts of the globe [3]. Besides, orientation and forms of buildings also have
an important role in providing better indoor thermal comfort [28]. Additionally, research
carried out previously has shown that passive design strategies can provide the benefit of
achieving indoor thermal comfort while consuming low operating energy [29,30]. Accord-
ing to Simons et al. [31], these methods are definitely more cost-effective than considering
technology-assisted solutions.

Scholars argue that indoor thermal comfort is crucial for all occupants to be productive
and healthy [32]. Taking this into account, Western countries give considerable attention
to indoor thermal comfort, and they attempt to adjust the thermal comfort of their build-
ings using various techniques rather than relying solely on the behavioral adjustments
that our bodies are provided with by nature to regulate temperature governing the ther-
mal balance [33]. According to Nielsen [34], most buildings in developed countries use
thermo-active technology during construction. This allows the building’s thermal mass
to be activated with the aid of embedded piping, as well as providing an ideal indoor
environment with reduced energy usage for heating and cooling [35].

In contrast, developing countries use a variety of traditional cooling techniques for
their buildings owing to a lack of technology, such as locally available construction materi-
als including mud block, grass roofs, building orientations, and use of plants, among other
things [36]. Furthermore, developing countries have adopted a variety of strategies to
regulate indoor thermal comfort, including the use of various shading, particularly upper
shading [23], the installation of an external parapet wall as a divider between houses to
prevent hot air from the neighbor’s roof from moving into the house, the provision of slop
to the roof in the direction of a courtyard to enable cold air to flow in to the court [37], and
the use of external structures such as wooden pergola embodied with vegetation and water
to enhance the moisture of the air [22].

Studies have shown that traditional buildings that use passive design techniques for
heating and cooling purposes can provide better indoor thermal comfort in comparison
to modern buildings [38,39]. For instance, a study carried out by Karyono [40] on the
traditional architecture of Java, Indonesia, revealed that the roof of a traditional building
plays an important role in providing shade protection from direct solar radiation. It was
argued that in modern buildings, the height from the roof ceiling permits the transfer of
heat through radiation. On the contrary, in traditional buildings natural roof materials
such as bamboo, wood, and straw, among others, absorb solar radiation slowly. According
to Karyono [40] the roofs of the traditional buildings are commonly equipped with porous
materials which permit hot air to move from the inside to outside. The study concludes
that microclimate consideration plays an important role in the creation of thermal comfort
in buildings. Similarly, research conducted by Fernandes et al. [41] on older architecture in
northern and the southern parts of Portugal showed that older houses could provide good
thermal performance by passive strategies and occupants felt comfortable conditions most
of the time.

Traditional houses are often well adapted to local climate and environmental con-
ditions, including sociocultural circumstances [42]. Despite all these benefits, however,
most of the features of traditional houses have disappeared in contemporary housing
developments in sub-Saharan African countries such as Ethiopia.

Ethiopia has a variety of climates, and buildings should be designed to provide good
indoor thermal comfort while taking into account the microclimatic conditions of the area.
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However, almost all modern buildings in the country are designed and built without
taking due account of these factors. The adaptation of building materials, type of built
form, and orientation are decisions commonly made in most parts of Ethiopia without
the consideration of climatic zone [20,43]. For instance, as a strategy to provide shelter for
low-income people of the country, modular condominiums are designed at the federal level
and distributed to all cities and towns without taking into account the microclimates of
the towns and cities, resulting in people suffering from indoor thermal discomfort. The is
particularly notable in Semera city, where many condominium houses have been developed
and transferred to people, however owing to the high temperature of the indoor space,
people are not interested in living in the houses. Indoor thermal comfort issues were not
taken into account during the design and construction phase of these residential buildings.
It is therefore a priority to determine whether or not these people are comfortable and to
determine their degree of comfort and the range of acceptable conditions.

In contrast, traditional houses in Semera city have been built using traditional building
materials and passive design strategies, taking into account the hot-arid climatic condition
of the area. These typical dwellings offer people pleasant inside temperatures, despite the
severe hot desert climate. In this regard, the current research compares the thermal comfort
of traditional houses and condominium houses, as well as the factors that contribute to or
impede better indoor thermal comfort from an architectural point of view.

Despite the fact that numerous studies on thermal comfort have been conducted
around the world, research on indoor thermal comfort in hot-arid climates is still lim-
ited [44]. Nicol [45] conducted a limited study on sedentary subjects in hot-arid area of
Iraq and concluded that people who habitually live in hot-arid climates were adapted
to and mostly comfortable at a temperature of 32 °C. The results of study conducted by
Nicol [45] contrast with the study conducted by Hamphreys and Nicol [46] on English
office workers who were comfortable at a temperature of 20-25 °C [45]. More recently,
Cena and de Dear [44] carried out a large field study in Kalgoorlie-Boulder, located in
a hot-arid region of Western Australia. The main result of their study was that thermal
neutrality in accordance with the ASHRAE sensation scale occurred at 20.3 °C in winter
and at 23.3 °C in summer. Ariffin et al. [18] have also conducted thermal comfort studies on
traditional and modern houses in hot-arid climatic regions of Algeria. The results showed
that traditional houses performed best in retaining the temperature nearest to the comfort
range as indicated in the ASHRAE 55 [5] standards. Based on the results of the study
undertaken by Ariffin et al. [18], traditional houses have a better ability to provide indoor
thermal comfort for more extended periods than the modern houses in the same condition.
Low thermal conductivity due to thinner walls and the use of non-local building materials
such concrete in the modern houses create higher temperature variations compared to
traditional houses [18].

Studies on indoor thermal comfort in developing countries are not far from the aware-
ness creation stage [39,40]. This situation is also true in Ethiopia, where expectations,
acceptability, and preferences of indoor thermal comfort of traditional and modern build-
ings, as well as the factors that contribute to or impede better indoor thermal comfort in
buildings, is severely lacking. A study was conducted by Yadeta et al. in Jimma city to
analyze perceptions of residents with regard to thermal comfort and to investigate the
source of heat that allows the temperature of the indoor environment to be increased [20].
However, this study focuses only on investigating the perception of the residents through
subjective assessment. Moreover, the study was limited to modern homes and was not
supported by objective assessment.

Hence, this study is intended to contribute to filling these gaps by carrying out a more
comprehensive indoor thermal comfort analysis on traditional and condominium houses
in Semera city, which is found in a hot-arid climatic region of the country, through objective
and subjective evaluation methods. The research also aims to identify the contributing
factors that impede or facilitate indoor thermal comfort in the city and provide passive
solutions and strategies that would fit the city’s climate conditions, be culturally accept-
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able, provide affordable residencies particularly for low-income households, and reduce
energy use.

2. Materials and Methods
2.1. Description of the Study Area

Semera is a new city on the Awash-Asseb highway in the northeast of Ethiopia, and is
planned to replace Asaita as the capital city of the Afar region located in the administrative
zone 1. Semera has a latitude of 11°47/32” N and longitude of 41°0’31” E [47] and is situated
at a distance of 595 km from Addis Ababa (Figure 2). The altitude of the city is 433.5 m
above sea level.

SOUTHERN REGION

whoe

samara university o

Zone One

= Semera

mu L1 IMiles
037575 150 25 30

Figure 2. Map of the study area.

Today, the modified Képpen climate classification is the most generally used system for
classifying different climates in the world. It recognizes six main climatic types including
tropical moist climates, dry climates, moist mid-latitude climates with mild winters, moist
mid-latitude climates with cold winters, and polar climates [48]. According to the Koppen
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climatic classification subtype, Semera city is under “Bsh” hot semi-arid climate category
(Figure 3). The temperature in the city ranges from an average daily maximum of 36.7 °C
to a daily minimum of 18.3 °C. In the months of June, July, and August the temperatures
reach up to 40 °C. The mean humidity is highest in November (74%) and lowest in July
(28%). Semera receives an average of 210.8 mm of precipitation per year. With 55.9 mm of
precipitation on average, August is the month with the most precipitation and December is
the month with the least precipitation with an average of 2.5 mm.
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Figure 3. Climate map of the study area based on the Képpen climate classification.
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2.2. Methods for Evaluating Indoor Thermal Comfort

Indoor thermal comfort can be measured using subjective and/or objective meth-
ods [5]. Subjective methods include using the ASHRAE seven-point thermal sensational
scale, thermal preference, standardized questioners, and interviews to assess residents’
feelings. The residents” adaptation as well as their mood will influence this method [49].
The objective measurement approach is focused on measuring the indoor thermal com-
fort variables of the indoor environment such as air temperature, relative humidity, air
velocity, and mean radiant temperature, and comparing these values to standards such as
the ASHRAE 55 and others [50]. In this study, to compare the indoor thermal comfort of
traditional houses with condominium houses, both methods were employed.

2.2.1. Type and Source of Data

Data was collected from both primary and secondary sources. Primary data were
collected from household surveys, focus group discussions, and key informant interviews
with respondents who had experience of living in both types of houses. Additionally,
primary data were collected by personal measuring of the air temperature and relative
humidity of traditional houses and condominium houses. The main sources for secondary
data were books, different articles, and government publications.

2.2.2. Sampling Technique and Sample Size

Semera city has five kebeles (the lowest level of town or city administration). Out of
the total kebeles, kebele 01 and 02 were selected purposively in consultation with experts
of the city administration. These kebeles were selected as all condominiums houses are
found in kebeles 01 and 02 of the city. There are two basic forms of survey sampling in
indoor thermal comfort assessment. These are transverse and longitudinal sampling. In
the transverse survey the whole or a substantial proportion of a population each give a
single comfort assessment. This type of sampling helps to reduce sampling bias and also
minimizes disruption to the lives and work of the subjects. In the longitudinal survey
each of a small number of subjects gives a large number of comfort assessments over
an extended period of perhaps several days or weeks [51]. In this study, in order to use
a large sample size, to reduce sampling bias, and to make sure that the results will be
representative, transverse survey sampling was used to collect information on the thermal
sensation vote, the thermal satisfaction scale, and the thermal preference of the occupants
in the traditional residential buildings and modern residential buildings. Therefore, to
obtain representative information from both the traditional and modern buildings it is
important to determine the sample size from the total households of kebeles 01 and 02.

The number of the sample size was determined using a formula developed by

Kish [52].
1

n=n-
1+n!/N
where:
n = sample size
N = Total population size
N = 1750 (total population size)
1_gq2
n°=5°
V2

where:

S = maximum standard deviation among the population of elements (total error of 0.1
at a confidence interval of 95%)

V = standard error of the distribution assumed to be 0.05

S? = p (1-p) where p represents the proportion of the population elements belonging
to the class defined
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S%2=0.5(1-0.5)
S?=0.25
n' = 0.25
(0.05)?
n' =100
N =100
1+100
1750
N =94.59 ~ 95

12 x 95 =11.4 = 11(contingency)
100
N =11 + 95 = 106 (population sample size)

Accordingly, out of 1750 households, 106 sample informants were selected for subjec-
tive surveys for condominium houses. To achieve a representative sample size for each
kebele, a proportional size allocation approach was used. Subjects are chosen in proportion
to their prevalence in the population in this type of sampling [53]. This means that the
sample size for each kebele was determined by the proportion of households contributed
by each kebele to the total number of households (1750) in the two kebeles. The sample
households were selected using the purposive sampling method. The households were
selected based on their experience of living in both traditional houses and condominium
houses. Similar to condominium houses, for traditional houses 106 sample informants
were selected for the subjective survey following the same procedure.

Since the study aim is to compare the indoor thermal comfort of traditional houses
(vernacular) and standard condominium houses in Semera city, two houses, one traditional
and one condominium, with nearly the same orientation were selected for measuring
relative humidity and air temperature data. The main reason for selecting one traditional
house was that traditional houses have the same characteristics in terms of the construction
materials used and the availability of traditional cooling and ventilation system. In a similar
architectural design, condominium houses have four floors and floors are connected by
stairs. Their structure is made of stone and mortar, plaster, beams, and flat rooftops. All
rooms have a rectangular design. Hence, due to the similar features, one house was also
selected from condominium houses randomly.

2.2.3. Temperature and Humidity Data Collection

Air temperature and relative humidity are important factors in determining comfort
levels in hot-arid climatic regions [54]. Hence, since Semera city is categorized as a hot-arid
climate region, the objective measurement was restricted only to air temperature and
relative humidity to evaluate the indoor thermal comfort. In this study, the data of indoor
and outdoor temperature and humidity were collected using two digital thermometers.
The temperature and humidity data were recorded in both the traditional house as well as
in the standard condominium house in the absence of any kind of mechanical cooling and
ventilation system. The data were recorded for three consecutive months with gaps of three
days, resulting in eight measurements per month. The data were manually recorded five
times in a day with intervals of three hours starting from 7:00 a.m. to 6:00 p.m. Among all
the seasons in the study area, Bega (winter) and Belg (autumn) are those that causes major
discomfort due to the presence of high relative humidity at elevated temperatures. Hence,
it is important to assess the indoor thermal comfort in these two seasons. The months of
February, March, and April were considered in this study. The month of February will
represent Bega (winter) and the months of March and April will represent Belg (autumn)
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seasons in the study area. The air temperature and relative humidity measurements were
carried out on the third floor at a northwest orientation. Since the recorded data for
both houses was required over three consecutive months the selection of the room was
dependent on the willingness of the homeowners for both types of houses. However, data
loggers were placed in the room at a position in which sunlight and heating and cooling
devices did not affect them. Figure 4 shows the sensors and data loggers used for the
purpose of this study.
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Figure 4. Sensors and data loggers used for the purpose of data collection.

Detailed descriptions and specifications of the sensors and data loggers are provided
Table 1 below.

Table 1. Specifications of the sensors and data loggers.

Digital infrared thermometer Digital hygrometer

Infrared thermometer color screen display Humidity range: 10~99% RH

Range: —50~400 °C (—58 °F~752 °F) Resolution humidity 1% RH
Accuracy: £1.5°C/£1.5% Accuracy humidity +5% RH (40-80%)
Resolution: 0.1 °C/0.1 °F Storage condition 20-80% RH
Distance spot ratio: 12 Auto power off and data hold
Emissivity: 0.95 (fixed) Humidity range: 10-99% RH

°C/°F unit selectable Laser ON/OFF selectable

2.2.4. Questionnaire Survey

The questionnaires were used to evaluate the thermal comfort vote of the occupants.
The questionnaire obtained data related to the age of building, number of occupants in a
building, factors that contribute to or impede better thermal comfort in buildings, and the
methods used regulate the thermal comfort of buildings including energy consumption,
construction material, cooling and heating methods, and opening size.

One of the disadvantages of the thermal comfort vote is that there is often a difference
in the use of the scales by people with different languages or cultures [55]. Thus a person
living in a cold climate might see “warm” as having a positive connotation (“nice and
warm”), while the inhabitant of a hot climate would say the same of “cool” (“nice and
cool”). This tends to skew the use of the scale by creating confusion between comfort
and hotness. To overcome these challenges it is advisable to add a preference vote [56].
Hence, in this study, the thermal sensational, preferences, and satisfaction scale of the
respondents were assessed by the ASHRAE seven-point thermal sensational scale [57] as
shown in Table 2 below. Participants were asked to rate their thermal sensation, preference,
and satisfaction on the ASHRAE seven-point scale. These helped to gather information
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on how the occupants feel within their home indoor environment. The measurement of
metabolic rate for each respondent was not undertaken since the aim of study is not to
compare observed comfort vote and predicted PMV [51] and the respondent activities were
restricted to sitting or standing or reading, or writing doing light work during the period
of assessment. The metabolic rate of these activates ranges between 1.0 met and 1.3 met.
During the subjective measurement, the majority of women wear the guntiino, a long
stretch of cloth tied over the shoulder and draped around the waist and some of them wear
a baati. A baati is a long dress made out of comfortable polyester. Men wear the macawis
(ma’awiis), a sarong-like garment worn around the waist and a large cloth wrapped around
the upper part of their body. There were also respondents wearing short sleeve shirts,
sandals, and trousers. Hence, in general the clothing insulation of the cloth worn by
participants was between 0.5 clo and 1.0 clo. Both in the traditional and modern houses,
occupant behavior was classified into three lifestyles: low consumer, standard consumer,
and high consumer, and during the subjective measurement the respondents came from
all the three occupant behavior groups. For each sampled household, respondents with a
sensible mind and keen observation skills regarding indoor thermal comfort levels were
selected for the survey. They were briefed about the scope of the survey and were given
sufficient information regarding how to respond to the questionnaire before conducting
the survey. The questionnaire was administered on the first week of February for the
respondents in both the traditional and condominium houses.

Table 2. Thermal sensation scale.

Thermal sensation scale

Cold Cool Slightly cool Neutral Slightly Warm Warm Hot
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Thermal preference scale
Much cooler Cooler Slightly cool No change Slightly Warmer Much warmer
Warmer
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Satisfaction scale
Very e Slightly Slightly s s
dissatisfied Dissatisfied dissatisfied Neutral satisfied Satisfied Very satisfied
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

A key informant interview was also conducted with purposively selected owners of
the traditional houses, with the people who had earlier experience of living in both types
of houses, and with construction workers and experts in the Semera city municipality. The
main instrument used to interview the key informant was a semi-structured interview,
which contained open-ended questions whereby the respondents were given the chance to
discuss all issues of concern. The semi-structured interview deals with particular features
of the houses, especially regarding the comfort level and the adaptive solutions used to
provide optimum thermal comfort in the house. In addition, the key informants were
asked about user preferences concerning residential architecture in the city.

2.2.5. Indoor Thermal Comfort Evaluation Model

There are two main thermal comfort models used by ASHRAE; the predicted mean
vote (PMV) and the predicted percentage dissatisfied (PPD) model and adaptive ther-
mal comfort models [58]. The adaptive thermal comfort method only works in free-run
buildings and not in air-conditioned buildings, whereas PMV /PPV only works well in air-
conditioned buildings and not in free-running buildings [59]. Based on the ANSI/ ASHRAE
55 [5] standard, the adaptive comfort model may only be applied to occupant-controlled,
naturally conditioned spaces, where (i) no mechanical cooling system is installed (regard-
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less of its operational status), (ii) no heating system is in operation, (iii) occupants’ metabolic
rates range between 1.0 met and 1.3 met, (iv) the occupants are free to adapt their clothing
to the indoor and/or outdoor thermal conditions with a clothing resistance that ranges,
at least, between 0.5 clo and 1.0 clo, and (v) the prevailing mean outdoor temperature
falls between 10 °C and 33.5 °C. Therefore, in this study the adaptive comfort model was
used to evaluate whether the existing indoor thermal conditions of traditional and modern
buildings were in compliance with the 80% acceptability band of the adaptive comfort
standard model or not at the given clothing and activity level.

The fundamental justification for using the adaptive comfort model in this study is
that both the selected building (i.e., the traditional and modern buildings) are naturally
ventilated buildings, in which building occupants have access to operable windows, they
have some form of heating installed which is controlled by the building occupants, and
building occupants have developed some adaptive approaches to adapt to their natural
environment, such as opening or closing doors and windows, changing their clothes,
activity level, or their intake of hot or cold drinks. Additionally, since the prevailing mean
outdoor temperatures for the months of March, April, and May are 28.37 °C, 30.37 °C,
and 33.53 °C, respectively, the adaptive comfort model was used to evaluate whether the
existing indoor thermal conditions of traditional and modern buildings were within the
acceptability of 90% and 80% comfort limits or not in this study. Moreover, the reason
for using the adaptive thermal comfort model over other thermal comfort modules (i.e.,
the predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD)) was that
it uses a wider range of operative temperature to sustain occupants’ thermal comfort.
Similarly, studies have also used the adaptive thermal comfort model to evaluate indoor
thermal comfort with the acceptability of 90% and 80% limits of the comfort zone [60-63].

The acceptable operative temperature limits from the adaptive comfort model were
determined based on the measured outdoor air temperature. This standard introduces the
prevailing mean outdoor temperature (Tmo) as the input variable for the adaptive model.
It is based on the arithmetic average of the mean daily outdoor temperatures over no fewer
than 7 and no more than 30 sequential days prior to the day in question for the period
under study.

The adaptive thermal comfort temperature for free-running buildings (the comfort
temperature, Tc) can be calculated through ASHRAE 55 [5].

Tce=17.8 +0.31 x Tmo

where,

Tmo: prevailing mean outdoor temperature (°C).

Tc: operative temperature (°C).

To find the adaptive thermal comfort 80% acceptability limit inside the building, where
at least 80% of the occupants are satisfied with the temperatures ranges [58], we used the
following equation:

80% acceptability limits impels to Tc £ 3.5 °C

Then,

Upper 80% acceptability limit (°C) = Tc + 3.5 °C

Lower 80% acceptability limit (°C) = Tc — 3.5 °C

Different researches have been undertaken on indoor thermal comfort using ASHRAE,
the adaptive comfort standard for objective evaluation, and the ASHRAE seven-point
thermal sensation scale for subjective measurement in areas that have the same climatic
condition with Semera town, i.e., a hot-arid climate [4,18,64], and the research results have
revealed that the methods and standards used acceptable for hot-arid climate regions.
Therefore, the adaptive comfort standard method is applicable in the local context of the
study area.

The analysis and discussion of quantitative and qualitative data were performed by
triangulating results to either supplement or verify qualitative responses and/or quanti-
tative results. For instance, the data obtained from the household survey on the thermal
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comfort vote were verified and supported by the data obtained from the air temperature
and relative humidity measurements.

3. Description of the Case Study
3.1. Characteristics of Traditional Houses

Old thatch roof houses constitute some of the first permanent living houses in Semera
city, according to information obtained from key informant interviews (Figure 5). The walls
of the houses are made of wood and plastered with thick mud. The roof is built in wood
and covered in thick thatch. The floor is usually made of sand, but it may also be made of
soil. Sand and soil floors promote the use of evaporative cooling. When water is sprayed
on sand floors, hot and dry air comes in contact with water and it begins to evaporate with
the help of latent energy taken from the air. There are no ceilings in these houses, and the
internal space elevation is up to 4 m.

Figure 5. Thatch village.

The roofs of thatch houses have a small link to the wall, which reduces heat transfer
from the roof to the wall during the day. The roofs of these houses can also provide shade
to the walls from the harshest sun (Figure 6). When the door is closed, small and opposite
windows are the only sources of natural light (Figure 7). These windows on opposite sides
facilitate cross ventilation.

Figure 6. Roof shading.
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Figure 7. Narrow windows.

The thatch roof houses also have a special approach towards the climate of the area.
The houses in the compound are distinguished by their separation from one another.
They are arranged far apart and arbitrarily without a pattern, not only because of their
detachment, but also because of their orientation. As a result, they may provide a large
compound for air circulation. The majority of these houses have a basket shelter attached
to the front, providing cool air to the surrounding area (Figure 8).

Figure 8. Basket shelter attachments.

Similar to thatch roof houses, old thick brick houses are also other permanent living

houses in Semera city. These buildings were built 40 to 50 years ago according to inhabitants
of the area (Figure 9).
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Figure 9. Old thick brick house with a basket shelter extension.

The thick brick walls have a high thermal mass, which is one of the key ecological
characteristics of these houses. The majority of old thick brick houses have small unglazed
window openings on the top or just one regular unglazed window per room (Figure 10).
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Figure 10. Old thick brick houses with small windows.

Based on data obtained from field observations, all thick brick houses have two doors
that are opposite to one other (Figure 11). When the internal space becomes hot, cross
ventilation enables hot air from the rooms to be exhaled through one door and cold air
from the basket shelter to be inhaled through the other door. Every block can contain two,
three, or more units that are oriented in a row. A large backyard with trees and a straw
shelter is located behind these row houses. Cooking, eating, and gathering are done in
these straw houses, which have progressed to basket houses. To enter this courtyard, the
second door has a value (Figure 12). Researches revealed that straw has an important role
in thermal efficiency and the formation of health buildings [65].

Old thick brick houses often have an internal space elevation above 4 m without a
ceiling. As the hot air floats to the higher roof, the occupants will be able to enjoy cooler air
on the ground (Figure 13). A sand or soil floor is also among the features of these houses.
Painting the external wall white is also among the characteristics observed on old thick
brick houses (Figure 14).
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3

Figure 11. Old thick brick houses with doors opposite one another.

Figure 12. Backyard basket shelters.

In general, according to information obtained from the field survey and key informant
interviews, it is possible to infer that traditional houses in Semera city have certain physical
characteristics in common. Mud is used as a flooring medium in all traditional buildings,
and mud combined with wood is used for the walls. They have no ceiling at all, and
the roofs are made of grass, plastic, soil, and sometimes by iron sheet. The majority of
these houses have a basket shelter attached to the front. These types of materials and
construction methods have been used in the city in order to regulate the thermal comfort
of the indoor environment. Similar to traditional houses in Semera city, studies reference
the fact that traditional houses in hot-arid climatic regions of the tropics use these types of
material and construction techniques to regulate the indoor environment [66-68].
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Figure 14. White painted external wall.

3.2. Characteristics of Condominium Houses

The condominium houses in Semera city are made of plastered concrete hollow block
(CHB) walls with wide glass windows, reinforced concrete (RC) slabs, and a ceiling, and in
most cases, a small balcony linked to the units, which is rather narrow. The condominium
blocks are located on the ground floor plus four stories (G + 4) in height. There are
three unit typologies incorporated into each condominium block: a studio, one-bedroom,
and one-bedroom unit types (Figure 15). Each unit has a bathroom, which includes a
shower, flushing toilet, and basin, and a separate kitchen. Each unit has water, sewage,
and electricity connections. The ground floor is allocated for commercial purposes and the
commercial units are small shops, restaurants, pharmacies, salons, and music shops.
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Figure 15. Typical floor plan of a condominium block.

The orientation of the doors and windows in condominium houses are primarily
for entry and openings, with no consideration for environmental implications. Most of
the windows in the condominium houses are wide, however, the wider portion is the
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non-operable part of the window and the operable part is narrower, thus the harshest sun
penetrates the wide fixed glass but very low wind or air circulation is allowed (Figure 16).

- d 4

Figure 16. Kitchen with small operable window in a condominium house.

According to the data gathered through field observations, almost all bedrooms in
the condominium houses lack operable windows (Figure 17). Residents use the bed-
rooms for storage, instead using the corridor and balcony as bedrooms for this and other
reasons (Figure 18).

Figure 17. Bedroom used for storage in a condominium house.

Figure 18. Bed positioned at corridor and balcony.
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Unlike traditional homes, condominium houses are generally hot both during the day
and at the night. The fixed glass window and bounded concrete hollow block wall are
responsible for the daytime and nighttime heat, respectively.

4. Results and Discussion
4.1. Analysis of Thermal Sensation, Preferences, and Satisfaction Level

The thermal sensation vote of the occupants in both condominiums and traditional
houses were registered. The percentage of thermal sensation vote in the study area is
shown in Figure 19. As shown in the figure, with regards to condominium houses about
63.2% of respondents voted for the warm option, while about 14.2% voted slightly warm,
and 14.15% voted hot. Approximately 5.65% of respondents voted for the neutral (0) option
and 2.8% voted for slightly cool. According to the ASHRAE seven-point sensation scale,
three central options (—1 to +1) indicate the comfort zone [5]. Based on this, 77.35% of
respondents were not in the comfort zone and 22.65% were in the condominium houses.

70
63.2%
60 -
50
43.4%
40 I
33%
30 ® Modern Houses
20 - . 3 ,14.2% 14:15% Traditional Houses
11.3% o
10 - e I ! 5%
ol v 5
0 - -
-3 -2 -1 0 1 2 3
Cold Cool |[Slightly Neutral  Slightly| Warm Hot
Cool Warm

Figure 19. Thermal sensational scales for condominium and traditional houses.

Regarding the traditional houses, 43.4% of the respondents voted for the slightly
warm option, about 33% of respondents voted for the neutral option, almost 11.3% voted
for slightly cool, 8.5% voted warm, and about 3.8% voted for the hot option (Figure 19).
According to the ASHRAE [5] standard, 87.7% were within the comfort zone since they
were positioned in one of three center alternatives (—1 to +1), whereas 12.3% were outside
of the comfort zone.

Centered on the predictor of thermal preference, Figure 20 depicts the respondents’
responses to the thermal environment in both the traditional and condominium houses.
Based on Figure 20, 19.8% of the occupants in condominium houses would prefer for the
thermal environment of their home to remain the same (no change), while 21.7% would
prefer it to be a bit cooler. On the other hand, in the condominium houses, about 32% of
occupants indicated that they would prefer a cooler environment and 26.5% a much cooler
environment. This finding indicates that the temperature conditions in condominium
houses were higher than the respondents’ preferred temperature. Based on the finding,
58.5% were out of the comfort zone of the preference scale and 41.5% were between the
standard of the ASHRAE.
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Figure 20. Thermal preference scale for condominium and traditional houses.

Concerning traditional houses, 38.7% of the respondents stated that they would
prefer a slightly cooler temperature, while 35.8% preferred no change in the conditions.
Additionally, 10.4% and 6.6% of respondents indicated that they would prefer to have a
cooler and much cooler condition, respectively, if they had an opportunity to change their
thermal environment. Finally, 8.5% of respondent voted for the slightly warmer option
(Figure 20). In other words, people in general indicated that they would prefer for their
thermal environment to stay the same or change slightly. This coincides with the survey,
where 83% of occupants stated that they wished for their home to remain the same or to
be only slightly cooler or slightly warmer. Similar to this study, the study investigated by
Fernandes et al. [68] on the thermal efficiency of older buildings in Egypt and Portugal
revealed that there is a connection between the thermal output of older buildings and
human comfort perception. Because of their differences in location, the study found that
typical passive techniques in both case studies were different. However, traditional passive
strategies were used in both countries to achieve acceptable thermal conditions and reduce
mechanical system loads.

Several psychological variables, such as expectation levels, use of controls, behaviors,
and thermal background, influence thermal satisfaction of indoor parameters [38]. In the
present work, about 17.92% of respondents voted that they were very dissatisfied, while
33.92% felt dissatisfied with the comfort of the condominium houses. On the other hand,
about 20.75%, 10.38%, and 8.49% of the condominium house occupants voted slightly
dissatisfied, neutral, and slightly satisfied, respectively (Figure 21). Accordingly, the
residents of the condominium houses were not satisfied and the number of occupants in
the discomfort zone is greater than the comfort zone.

50
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35 33%
30
23 20.8%
20 117.9% = Modern Houses
15 Traditional Houses
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5
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Very  Dissatisfied | Slightly Neutral Slightly | Satisfied Very
Dissatisfied Dissatisfied Satisfied Satisfied

Figure 21. Thermal satisfaction scales for condominium and traditional houses.
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Based on Figure 21, about 20.8% of respondent voted that they were slightly dissatis-
fied, while 11.3% and 43.4% of the respondents voted neutral and slightly satisfied with
the comfort of the traditional houses, respectively. On the other hand, 15.1% and 13.2% of
the respondents voted satisfied and very satisfied, respectively. With this knowledge, it
is simple to conclude that the satisfaction scale in a traditional home meets the ASHRAE
thermal sensational scale standard. To gain a better understanding, the participants of
the key informant interview were asked about the thermal satisfaction scale. The views
reflected by most of the participants were more or less similar and can be summarized as
follows:

“ ... the majority of people who live in old traditional houses are happier with the thermal
indoor climate than those who live in new buildings such as condominiums. The main
reason for this is that traditional houses have a high internal space elevation without a
ceiling and a sand-based floor, resulting in a comfortable thermal indoor climate.” (Key
informant interview, 2020).

4.2. Analyses of Indoor Thermal Environments

The thermal environment has the potential to adversely affect human health [69].
One of the most important factors influencing indoor thermal comfort has been identified
as air temperature. A change in air temperature can normally alter a person’s level of
comfort, as evidenced by numerous studies [54]. In this study, the impact of environmental
variables such as indoor air temperature and relative humidity on the thermal conditions
of traditional and condominium houses were investigated.

The results of air temperature are presented for the month of February in Figure 22
below. Indoor temperatures in traditional houses ranged from 18 °C to 31 °C, according to
the results. The lowest and highest temperatures in the condominium house were 16 °C
and 34 °C, respectively, on the 13 and 29 February.
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Figure 22. Indoor thermal comfort evaluation from February 2020.

The adaptive thermal comfort ranges of the 80% acceptability limit were calculated for
both the traditional and modern houses. The black lines in Figure 22 shows the higher and
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lower 80% acceptability limits for both the traditional and modern houses. Based on the
adaptive thermal comfort standard, for the month of February, the indoor thermal comfort
temperature zones were expanded to 23 °C and 30 °C (Figure 22).

According to the indoor thermal comfort temperature zones, the condominium house
was only in compliance with the 80% acceptability band of the adaptive comfort standard
(ACS) model on 17, 21, 25, and 29 February. However, hourly, 7 a.m. and 12 a.m. from
17 February, 7 a.m. and 6 p.m. from 21 February, 9 a.m. and 3 p.m. from 25 February, and
12 a.m. and 6 p.m. from 29 February were out of 80% acceptability limit. Out of the reported
results, two days, 13 and 21 February were not in compliance with the 80% acceptability
band of the adaptive comfort standard model for the traditional home (Figure 22).

The uncomfortable states of the condominium house are caused by the adaptation of
modern design styles that are incompatible with the Semera city microclimate, according
to information obtained from key informant interviews and field observations. Traditional
buildings, on the other hand, have good thermal comfort because they were constructed
with high thermal mass materials including stone, mud, and thatch. They also use a light
paint on the exterior of the houses, which helps to keep the temperature down. Buildings
made with low thermal conductivity materials, such as wood in the ceiling and light paint
on the exterior parts of the structure, have strong thermal comfort, according to studies [70].

The ability of air particles to absorb heat and evaporate is determined by relative hu-
midity, which is another important factor that affects indoor thermal comfort. The relative
humidity must be low enough to enable the evaporative process to take place in order for this
to occur [54]. For the month of February, relative humidity (RH) data was also monitored, and
the results showed that condominium houses were outside of the ASHRAE thermal comfort
range (30 RH-60 RH), except in 05 February, while the readings of the traditional houses
indicated that all of the reported data were within the range of thermal comfort zone, except
at 6 p.m. on 21 and 25 February and 3 p.m. on 29 February (Figure 23).
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Figure 23. Humidity data from February 2020.

The month of March has a high temperature when compared to February. Based
on the adaptive thermal comfort standard, for the month of March, the indoor thermal
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comfort temperature zones were expanded to 23.7 °C and 30.7 °C (Figure 24). In the case of
condominium houses, as shown in Figure 24, 2, 6, 10, and 14 March were not in compliance
with the 80% acceptability band of the adaptive comfort standard model. Similarly, in the
traditional house, 2, 6, and 10 March were not in compliance with the 80% acceptability
band of the adaptive comfort standard model. In comparison to condominium houses,
however, the traditional house is preferable because the temperature reported in the tradi-
tional house was close to 80% acceptability band of the adaptive comfort standard model
and the reading consistency is better than the condominium houses. The uncomfortable
states of both types of residencies were due to high temperatures of the environment in
the month. However, in addition to the high temperatures during the month, according
to information obtained from key informant interviews, discomfort is induced in condo-
minium buildings because the houses were built without taking into account the climatic
conditions of the area. This finding is in consistent with that of Akadiri [23], who found
that poor design that did not recognize the microclimatic conditions of Nigeria’s hot-dry
climatic zone was one of the factors that affected the occupants’ physiological comfort,
mental and physical work ability, health, and leisure.
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Figure 24. Indoor thermal comfort evaluation from March 2020.

For the month of March, Figure 25 below depicts the relative humidity of a traditional
home and a condominium house. The reported humidity indicates that almost all tradi-
tional and condominium houses are out of the comfort zone. The range was extremely
high in the condominium house with no daily consistency. Excessive indoor humidity in
the modern houses results in very little fresh air exchange occurring naturally as most of
the windows are non-operable. This causes air in interior rooms to stagnate as humidity
from natural living activities including cooking, bathing, and simply breathing accumulate
to high levels. Kitchen and bathrooms contribute to the humidity levels inside the modern
houses. These rooms do not have exhaust fans sized to remove excess water vapor. Un-
comfortable conditions in the houses were exacerbated by bad design solutions, according
to information gathered from key informants. According to studies, many residential
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buildings in developing countries, especially those in tropical regions, are unsuitable for
their occupants because a large proportion of them are poorly built for the climate [23,42].
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Figure 25. Humidity data from March 2020.

The temperature and relative humidity of the traditional and condominium buildings
were also measured for the month of April. Figure 26 illustrates the temperature variations
of the traditional house and a condominium house. The adaptive thermal comfort ranges
of the 80% acceptability limit were also calculated for both the traditional and modern
houses for the month of April. Based on the adaptive thermal comfort standard, for the
month of April, the indoor thermal comfort temperature zones were expanded to 31.7 °C
and 24.7 °C (Figure 26). Condominium house were compliance with the 80% acceptability
band of the adaptive comfort standard model in all the measured days, except at 9 a.m.
and 3 p.m. on 8 and 12 April, and at 12 a.m. in 16 April.

The data collected from the traditional house shows that it was in compliance with the
80% acceptability band of the adaptive comfort standard model. The shading, light paint
for the exterior walls, high internal space elevation without a ceiling, and local materials
(brick, mud, and thatch) contributed to the consistent indoor air temperature. According to
studies, applying materials with low thermal conductivity, such as mud, bricks, straw, and
sand, significantly reduces heat transfer [71] and promotes a sustainable living environment
by reducing thermal stress [65]. According to a study conducted by Sghiouri et al. [72],
using clay and straw in a building lowers the indoor temperature by 5 °C on the hottest
summer days, lowering overall energy demand by 65% and decreasing the number of
uncomfortable hours due to overheating by 25%.
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Figure 26. Indoor thermal comfort evaluation from April 2020.

For the month of April, relative humidity (RH) data was also monitored, and the
results showed that condominium houses were outside of the ASHRAE thermal comfort
range (30 RH-60 RH) except on 08 and 16 April, while traditional houses’ readings indicated
that all of the reported data are within the range of thermal comfort zone, except on 04 and
24 April (Figure 27).

In general, according to the recorded data from three consecutive months there was a
difference in air temperature and relative humidity readings. In the month of February,
the traditional house was in compliance with the 80% acceptability band of the adaptive
comfort standard model. The condominium house, on the other hand, was partly in
compliance with the 80% acceptability band of the adaptive comfort standard model, but
in comparison to March and April, the month of February was preferable. A maximum
temperature of 32 °C was recorded for the condominium house in the month of March,
and a minimum temperature of 22 °C was recorded for the traditional house. In all three
months, the traditional house performed better than the condominium house in terms of
recorded humidity results. Overall, the traditional house was more in compliance with the
80% acceptability band of the adaptive comfort standard (ACS) model than condominium
house.

This finding was also supported by the information obtained from the household
survey. According to the findings of the household survey, almost all respondents (92.5%)
agreed that the traditional house is more comfortable than the condominium house, 5.6%
responded that the comfort levels of both houses are similar, and 1.9% claim that the
modern house is more comfortable than the traditional house (Figure 28).
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Figure 27. Humidity data from April 2020.
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Figure 28. Comparing thermal comfort between traditional and condominium houses.

To gain a better understanding, the participants of the key informant interview were
also asked about the indoor thermal comfort of the traditional and condominium houses.
The views reflected by most of the participants were more or less similar and can be
summarized as follows:

“—condominium houses are completely unsuitable for Semera city, as they are multistory
buildings that make it difficult to construct basket shelters. It’s also too hot, both during
the day and at night. Because of the discomfort, the majority of traditional house dwellers
do not want to live in condominiums. Some of them want to sell their unit and develop
conventional G + 0 housing instead. The condominium denies the behavior of the people.
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The majority of condominium dwellers spend most of their time at the basket shelters on
the ground, at balconies and corridors and others prefer to spend their time at cafeterias
away from their homes”. (Key informant interview, 2020)

“

... ..residents of condominium houses used rooms mainly for storing different materials,
while cooking, sleeping, and other tasks are performed in the corridor and balconies outside
the room due to the discomfort of the room (Figure 29)”. (Key informant interview,
2020)

Figure 29. Beds furnished outdoor for sleep.

4.3. Rationales behind Better Indoor Thermal Comfort in Traditional Houses

Mixtures of internal and external factors affect a building’s thermal comfort [73-75].
According to information obtained from key informant interviews, household surveys, and
field observations, numerous factors in the study area have led to better indoor thermal
comfort in traditional houses. The key factors have been linked to the three potential points
mentioned below.

First, construction materials have been identified as the main reason for better indoor
thermal comfort. In the city of Semera, traditional houses such as those made with thick
brick walls and thatched-roofs are made of materials with a high thermal mass, such
as brick, wood, mud, and thatch. Thermal mass plays a crucial role in absorbing heat
during the day and returning it at night thus maintaining the environmental conditions
in the comfort range [67]. The study conducted by Dincyurek et al. [75] on the vernacular
architecture of the hot climatic region of Cyprus revealed that there were 9-11 °C yearly
diurnal temperature variations due to the use of special materials with low thermal con-
ductivity, such as mud and limestone in traditional houses, demonstrating the importance
of indoor temperature stability for creating a comfort zone. Sand flooring is also common
in traditional houses in Semera city, enhancing the use of evaporative cooling. During
the hot hours, people spray water on the sand floor. The hot air inside is cooled as the
sprayed water evaporates. These types of building materials have been used in various
parts of the world. For instance, Folaranmi et al. [76] discovered that using natural earth
with a mixture of sand, stone, and water with clay provided traditional houses with a more
comfortable indoor temperature during the day while keeping the house warm at night.
Singh et al. [70] found that light colors on outside surfaces and local materials with low
thermal conductivity, such as wood, bamboo, or palm tree, and stone, mud, and lime, were
used in buildings to minimize heat transfer from the outside to the inside. According to
a study of the literature in the field of older architecture, such ingenuity, when used in
modern buildings, can dramatically increase thermal comfort and energy savings [71].

Secondly, according to the information obtained from the key informant interviews,
household surveys, and field observations, openings and the type of windows represent
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another important factor that contributes to the good indoor thermal comfort of traditional
houses. Studies also show that openings play an important role in hot-arid climatic
regions [77]. Small, uplifted windows are popular in Semera cities” traditional houses.
These small, elevated windows serve as a source of light as well as a means of removing
hot air from the ground. For both thick brick houses and thatched roof houses, having
two opposite openings per room is a popular technique. It is common for brick houses to
have two opposite doors, with the second door drawing cool air from the basket shelter or
trees and with the first door removing hot air from the building, a process known as cross
ventilation. According to studies, cross ventilation offered indoor thermal comfort 70% of
the time [78,79]. For the thatched roof houses there are two opposite and small windows
fixed around the top of the wall. Even though these windows are not enough for cross
ventilation, they are suitable for removing raised hot air from the room.

Finally, construction techniques have also been identified as a key factor that has
resulted in improved indoor thermal comfort in the traditional houses of Semera city. The
attachment of a big tree or a straw shelter which is modified to a bamboo basket shelter
is a very common and significant strategy used by traditional houses in Semera city to
regulate the indoor environment. This shelter feeds cooler air to the houses. The thick brick
houses are attached to shelters by their second door and to trees at the main door. The
thatched roof houses are attached to shelters or trees to their front. These basket shelters
are followed trees wide enough to treat the hot air. According to studies, tree and shrub
plantation plays an important role in defining wind flow and achieving mutual shading on
buildings and hard paving [80,81].

Traditional houses also have a high internal space elevation up to 4m without a ceiling,
which is an important construction technique. This high internal elevation allows hot air to
rise from the bottom of the room to the upper sphere, allowing those on the ground to enjoy
the cooler air. Reduced ceiling heights produce a small increase in indoor temperature
for the majority of the year in areas with hot weather, such as in tropical countries [82,83].
In the traditional houses of Semera city there is small link between the roof and the wall,
which reduces heat transfer from the roof to the wall during the day. These roofs provide
not only protection for the interior space, but also shade for the walls from the harshest
heat. According to study, a building’s roof plays an important role in providing shade and
protection from direct solar radiation [40].

4.4. Implications for Designing Thermally Comfortable Residential Buildings in Hot-Arid Climatic
Regions of Ethiopia

Based on insights gained from the literature review, stakeholders’ interviews, and field
observations, the following recommendations are made to improve indoor environmental
conditions of buildings by adapting some important benefits from traditional houses, such
as important skills, constriction techniques, and materials. Hence, the following design
strategies should be considered for designing thermally comfortable residential buildings
in hot-arid climatic regions of Ethiopia:

Proper Building Orientation: The results of key informant interviews and field obser-
vations revealed that in the majority of houses in Ethiopia’s hot-arid climatic zone, such as
Semera city, proper orientation is not given due consideration. However, buildings that
are properly oriented have a significant advantage in promoting better indoor thermal
comfort [58]. Due to the relationship of building orientation to natural ventilation, ori-
entation should be considered with respect to the sun to reduce facades facing east and
west and to accept local prevailing winds [67]. Hence, building orientation in Ethiopia’s
hot-arid climate region should emphasize solar gain reduction and natural ventilation
promotion. This can be achieved using elongated forms along the east-west direction with
the main openings facing north and south. According to a study conducted by Wong
and Li [84], a residential cooling load can be decreased by 8 to 11% through adopting an
east-west orientation.

Proper Openings: According to the finding of the study, the size and location of
openings have an impact on the houses’ indoor thermal comfort. It is estimated that 40% of
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the unwanted heat that builds up in a building is gained through openings [85]. Openings
play a significant role in the interaction between outdoor and indoor air, which impacts
on energy use, indoor air quality, and thermal performance [86]. Mochida et al. [87] claim
that a comfortable indoor thermal environment can be achieved by controlling window
openings. Therefore, since Ethiopia’s hot-arid climatic area experiences high temperatures,
large openings on the north and south facing facades should be placed away from direct
sunlight and shaded by roof overhangs, verandas, or horizontal shading devices, and
openings on the east and particularly west facing walls should be avoided or restricted
to a minimum to reduce heat gain as much as possible. Furthermore, high- and low-level
openings should be created in walls bordering courtyards to facilitate air movement, and
small openings in perimeter walls are needed for cross ventilation to provide better thermal
comfort in houses built in the hot-arid climatic regions of Ethiopia, as practiced in the
traditional houses of Semera city. The size of windows in the old thatch roof houses and
old thick brick houses of Semera city is small (1.7 m) creating an impact on providing
acceptable daylight conditions in the rooms. Therefore, to improve the daylight in the
rooms, windows should be at least 10% of a room’s floor area, with at least 5% that can be
opened for ventilation. The space depth should ideally not exceed 2.5 times the window
head height (when there are no shading devices) and 2 times the window head height
(when shading devices are used).

Encourage Natural Ventilation: According to the findings of the study, residents of
hot-arid climatic regions of the country, such as Semera city, were uncomfortable due to
the intense heat. As a result, effective ventilation and an internal temperature below the
outside level are critical for buildings. Natural ventilation keeps the air moving within the
indoor environment and, therefore, keeps the inhabitants cooler even without the use of
energy [88]. Wong and Huang [89] conducted a comparison study on the indoor air quality
of naturally ventilated and air-conditioned bedrooms in Singapore residential buildings.
They discovered that air-conditioned bedrooms are often overcooled, resulting in a high
level of dissatisfaction among users. In naturally ventilated bedrooms, however, the use
of fans was enough to achieve the desired thermal comfort. Hence, in order to create a
more comfortable indoor atmosphere in Ethiopia’s hot-arid climatic zone, buildings should
have operable windows to allow natural ventilation, and buildings should have natural
ventilation provisions that are either horizontal (cross ventilation) or vertical (ventilation)
(stack effect). According to the research, single side window openings can ventilate a space
up to a depth of 6 to 7 m [90], whereas cross ventilation can ventilate a space up to a depth
of 15 m [49].

Building Materials: Building materials play an important role in sustainable design,
both in terms of thermal performance and environmental impact [91]. According to the
findings of the study, traditional construction materials are still used in houses found in hot-
arid climatic regions of Ethiopia such as Semera city, to regulate the indoor environment.
According to Gezer [92], buildings constructed with vernacular materials perform better
in terms of providing the desired thermal comfort while lowering energy costs. However,
certain traditional building materials are no longer compatible with modern construction
technologies; however, their advantages can be considered by combining modern and
traditional materials in the construction of various building elements [93]. Hence, in order
to provide sustainable residential buildings in Ethiopia’s hot-arid climatic region, it is
critical to use locally available materials and technologies, particularly renewable organic
materials such as timber, trees, and bamboo, as well as materials with a high thermal mass
such as brick, wood, mud, and thatch, which are also practiced in the traditional houses in
Semera city.

Encourage greenery practices: Vegetation has the potential to alter the microclimate
of a place and therefore it should be incorporated in design. According to Akande [48],
when buildings in hot climates are surrounded by vegetated windows, they gain a natural
freshness that protects them from the sun’s ray. The benefits of trees and plants are
acknowledged by Raeissi and Taheri [94]. According to them, tree planting can lead to
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changes in temperature and relative humidity, as well as psychological benefits for humans.
As per their findings, adequate tree planting will reduce cooling loads of a house by 10%
to 40%. Greenery practices are very poor in Ethiopia’s hot-arid climatic regions, such as
in Semera city. To establish pleasant indoor and outdoor environments in the country’s
hot-arid climatic regions, the planting of indigenous/native plants that are adaptable to
the local climate as well as to other conditions such as native soils, pest problems, and
seasonal droughts is crucial. It is also critical to plant trees on the east and west orientations
to provide shade.

5. Conclusions

The indoor thermal comfort of condominium houses built by the government and
traditional (vernacular) houses built by the indigenous Semera peoples were compared in
this study. The research was carried out using both subjective and objective methods of
assessment. According to the ASHRAE seven-point sensational scale, traditional house
occupants have a strong sensational scale level, a good preference for their dwellings,
and a high level of satisfaction with the indoor thermal comfort. However, residents of
condominium houses faced major challenges in terms of thermal sensation, preference,
and comfort, and some residents wished to return to a traditional home.

The average indoor temperature in condominium houses was higher than the indoor
temperature of traditional houses with the same outdoor temperature, according to the
study’s findings.

Based on the results of the study, the traditional houses were more compliant with
the 80% acceptability band of the adaptive comfort standard (ACS) model in comparison
to the condominium houses. Poor design in relation to the microclimate, poor natural
ventilation, and the use of non-local building materials such as concrete in the condo-
minium houses has resulted in high indoor temperatures. However, traditional houses
regulate the indoor air environment using locally available material and through proper
openings and orientation. In order to encourage sustainable residential buildings with
respect to indoor thermal comfort in the hot-arid climatic regions of the country, proper
building orientation, appropriate openings, appropriate selection of building materials by
taking the microclimate condition of the region into account, the promotion of greenery
practices, adequate natural ventilation, and the application of certain design elements that
can provide natural cooling are urgently needed.

The findings are hoped to contribute to a better understanding of the present situation
of indoor thermal comfort in traditional and condominium houses in hot-arid climatic
region of the country. Due to scant literature, the findings from this research have wider
applicability to hot-arid climatic regions in sub-Saharan Africa. Moreover, the findings will
inform building professionals and architects about how to consider different strategies to
provide sustainable buildings within different climatic zones.

Finally, the study has attempted to compare the indoor thermal comforts of traditional
houses with respect to condominium houses. However, although the research gives con-
sideration to air temperature and relative humidity, attention was not given to other main
factors that will affect the indoor thermal comfort such as air velocity, mean radiant temper-
ature, clothing, and metabolism. Thus, future studies should concentrate on monitoring all
the factors that affect indoor thermal comfort. This study has used the transverse method
for subjective assessment and the survey was completed within one week. As a result,
since the variation of temperature in a single day is limited and conditions vary between
one day and the next, it could be difficult to distinguish between the effects of changed
conditions and the way different sets of individuals respond to them. Therefore, this study
will recommend that futures studies use the longitudinal survey method to conduct a
large number of comfort assessments. It should be noted that the results of this study
are based on the data captured in condominium houses built by the Government. The
results and conclusions drawn from this study, therefore, may not be applicable to modern
buildings constructed by private developers. Therefore, it is also suggested that there is a
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need for more comparative case studies on modern and traditional buildings. Such studies
would significantly advance our understanding of how to promote sustainable residential
building with respect to thermal comfort in the hot-arid climatic regions of Ethiopia in
particular and more widely in sub-Saharan Africa.
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