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Abstract: Globally, the residential sector consumes a significant amount of energy. Therefore, bio-
climatic architectural systems which consider passive solutions should be studied, analyzed, and
implemented to reduce energy consumption. This review aims to promote thermal comfort in African
countries by using passive solar systems. It begins with the keyword thermal comfort and then
reviews articles published over the last ten years that consider bioclimatic architecture and construc-
tion strategies in Africa, the main trends in scientific research in this field, and the possibilities for
each climate zone in achieving the highest degree of climate comfort. Following an extensive review,
certain bioclimatic architectural strategies adopted in specific countries can be applied in countries
with similar climates and this can contribute to significant energy savings through effective functional
solar and ventilation design strategies. Several countries have been identified as having the most sig-
nificant publications on thermal regulations in buildings, and the associated regulations and projects
are discussed. Several studies have also examined static and adaptive models of thermal comfort.

Keywords: thermal comfort; passive solar system; passive design; bioclimatic building; African
countries; building energy efficiency

1. Introduction
1.1. Overview

In recent years, the threat of global warming and climate change has increased the
awareness of the connection between economic growth, energy use, and environmental
pollution [1]. There has also been an increasing concern regarding the use of fossil fuels and
their implications for the environment. Simultaneously, Europe is currently facing an energy
crisis. Africa has more recently experienced above-average global temperature rises, with
the rate of climate change [2] in the subtropics and tropical central areas of the continent
nearly doubling. As many countries on the continent are classified as developing countries,
they are more vulnerable to the impacts of climate change. Consequently, inequalities
within the population have also increased [3].

It is estimated that buildings account for approximately 40% of the world’s energy
consumption and contribute to more than 30% of CO2 emissions. Most of this energy is
used to obtain thermal comfort [1]. Excessive energy consumption in a building, which
promotes the creation of an excellent indoor climate, is closely related to the comfort needs
of its occupants. Yet, it negatively affects the sustainability of buildings and contributes
to an increase in CO2 emissions. Undoubtedly, the rapid penetration of air conditioning
equipment into buildings has significantly affected their energy consumption. According
to previous studies, refrigeration and air conditioning (AC) account for approximately 15%
of the total electricity consumption in the world [4].

Given the importance of energy as a critical component in any global strategy for
sustainable development, it is vital to closely monitor the effects of energy policies on
thermal comfort, as they pertain to the social, economic, and environmental aspects of

Energies 2022, 15, 9167. https://doi.org/10.3390/en15239167 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15239167
https://doi.org/10.3390/en15239167
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6140-3052
https://orcid.org/0000-0001-7722-2806
https://orcid.org/0000-0001-8187-6685
https://doi.org/10.3390/en15239167
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15239167?type=check_update&version=2


Energies 2022, 15, 9167 2 of 37

sustainable development [5]. Therefore, to reduce the use of energy, it is essential to study,
analyze, and implement bioclimatic architectural systems that reduce energy consumption,
and to consider the possibilities of passive and active construction solutions without
overlooking the comfort level of the user [6]. It is also crucial to address building materials
and technologies to reduce construction costs and the environmental impact of construction
to find solutions to thermal comfort problems [1,7].

1.2. Thermal Comfort Models

It has been shown by different authors that there are many benefits to understanding
thermal comfort when creating satisfactory built environments [8,9]. It is important to
note that several factors can influence outdoor thermal comfort and can be classified as
direct or indirect. Outdoor thermal comfort can be directly controlled by several physical,
physiological, and psychological factors. Physiological and psychological factors, such as
behavioral, personal, social, and cultural factors on a local scale, as well as historical and
thermal factors, indirectly affect outdoor thermal comfort. Several categories of direct and
indirect factors were identified. The physical factor of external thermal comfort can be
defined as a combination of several parameters, such as air temperature, thermal radiation,
wind, and humidity [10].

Thermal comfort standards must be met within buildings to provide occupants with
a comfortable indoor climate. Thermal comfort has been extensively studied from the
mid-twentieth century until the present day. In the 1970s, Fanger [11] was the first to
present a study on thermal comfort models, also known as static models. Since then, some
international standards have been developed [12,13] in which thermal comfort in buildings
can be divided into two broad categories: static and adaptive models (Table 1) [14].

Table 1. Evolution of thermal comfort models.

Year Thermal Comfort Models Reference

1970 Fanger [11]
1984 ISO 7730 [15]
1992 ANSI/ASHRAE 55 [16]
1994 ISO 7730 [17]
2004 ANSI/ASHRAE 55 ISSO 74 [18]
2005 ISO 7730 [19]
2007 EN 15251 [20]
2010 ANSI/ASHRAE 55 [21]
2012 GB/T 50785 [22]
2013 ANSI/ASHRAE 55 [23]
2014 ISSO 74 [24]
2017 ANSI/ASHRAE 55 [25]
2019 EN 16798-1 [26]
2020 ANSI/ASHRAE 55 [27]

The static comfort models regarding comfort standards are primarily based on Fanger’s
widely accepted PMV/PPD model developed in the 1970s. This model incorporates the in-
teraction of six major parameters (air and radiant temperature, relative humidity, metabolic
rate, air velocity, and clotting factor). To calculate the PMV index, these parameters were
estimated or measured to evaluate the thermal sensation of the human body in a thermally
proportioned environment. Based on an adaptive comfort theory, occupants adapt to
a thermal environment according to their behavioral, physiological, and psychological
responses to the environment [28].

Several countries, such as the Netherlands (ISSO 74) [24] and China (GB/T50785) [22],
have developed specific models of adaptive thermal comfort that show significant differ-
ences from international standards. It should be noted that the two most used models are
ASHRAE 55-2020 [27] and EN 16798-1:2019 [26,29] and both models are based on interna-
tional research projects and contain large databases. There are some similarities between the
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two models in terms of their applicability. However, differences can be observed between
the two studies (e.g., the categories considered).

Static and adaptive approaches are the two main approaches. According to research
studies and standards, the conditions of thermal comfort can vary depending on factors
such as the type of building, the user, location, and climate. There has also been recognition
that existing operating patterns can have a significant impact on the oscillations of internal
operating temperature. In recent years, international standards have been modified and
studies have been published on thermal comfort (especially adaptive thermal comfort). As
a result of adaptive models, users who live in buildings with natural ventilation are better
able to adjust to changes in temperature, thereby increasing upper and lower temperature
limits. Therefore, a greater number of thermal comfort hours can be maintained over a
shorter period than with static operational patterns that require HVAC systems.

Therefore, many studies have examined the potential of adaptive thermal comfort
models for buildings [12,30,31]. For example, Aljawabra and Nikolopoulou [32] demon-
strated cultural differences in thermal comfort between residents of Marrakech and Phoenix,
which share the same climatic conditions.

1.3. Objectives

The main objective of this critical review of the literature is to identify passive solar
systems that promote better energy efficiency of buildings and users’ thermal comfort,
focusing on African countries. Starting from a literature review with the keyword thermal
comfort and the different African countries, we analyze the articles published in the last
ten years that consider bioclimatic architecture and building strategies in African countries.

2. Methods and Results
2.1. Methods

This bibliographic review, part of the ‘Proposal for a Methodology for Sustainable
Rehabilitation Strategies of Existing Building Stock—The Ponte Gêa Neighborhood’ [33],
identifies the main bioclimatic strategies compatible with the principles of sustainability
that can be implemented in developing African countries.

This review process is illustrated in Figure 1, in which the general theme is passive
solar systems for thermal comfort in African countries, with a literature search carried out
in Scopus and Web of Science (WOS) conducted on 23 April 2022.

2.2. Results

Based on a literature search conducted in Scopus and WOS on 23 April 2022, this article
discusses passive solar systems with a focus on African countries. Using the keyword
“Thermal Comfort”, 30,604 articles were found in Scopus and 23,833 in Web of Science.
Figure 2 shows that the topic of thermal comfort has been studied since the mid-twentieth
century, but it began to have a greater expression in 1969 with 12 articles found in Scopus
and five in WOS, which coincides with the publication of Fanger’s static thermal comfort
model. However, it is evident that there has been a significant increase in publications
over the last 20 years (Figure 2), thus suggesting a growing interest in the subject, possibly
related to the concept of sustainable development and construction defined in Agenda 21
of the CIB.
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According to the number of citations, Tables 2 and 3 list the top ten most cited docu-
ments related to thermal comfort in Scopus and WOS.

Table 2. Top 10 documents regarding thermal comfort found in Scopus based on the number
of citations.

No Article Title Published in No. of Citations Year of
Publication/Reference

1 Developing an adaptive model of
thermal comfort and preference ASHRAE Transactions 1258 1998

[34]

2

The physiological equivalent
temperature—A universal index for the

biometeorological assessment of the
thermal environment

International Journal of
Biometeorology 1212 1999

[35]

3
Adaptive thermal comfort and

sustainable thermal standards for
buildings

Energy and Buildings 1144 2002
[14]

4
Review on thermal energy storage with

phase change materials (PCMs) in
building applications

Applied Energy 1120 2012
[36]

5

A review on energy conservation in
building applications with thermal
storage by latent heat using phase

change materials

Energy Conversion and
Management 1063 2004

[37]

6 Thermal adaptation in the built
environment: A literature review Energy and Buildings 946 1998

[38]

7
Thermal comfort in naturally ventilated

buildings: Revisions to ASHRAE
Standard 55

Energy and Buildings 894 2002
[39]
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Table 2. Cont.

No Article Title Published in No. of Citations Year of
Publication/Reference

8 Standard predictive index of human
response to the thermal environment. ASHRAE Transactions 828 1986

[40]

9 Thermal comfort and building energy
consumption implications—A review Applied Energy 726 2014

[1]

10
Comfort and thermal sensations and
associated physiological responses at

various ambient temperatures

Environmental
Research 644 1967

[41]

Table 3. Top 10 documents regarding thermal comfort found in WOS based on the number
of citations.

No Article Title Published in No. of Citations Year of
Publication/Reference

1
Urban greening to cool towns and cities:

A systematic review of the empirical
evidence

Landscape and Urban
Planning 1192 2010

[42]

2

The physiological equivalent
temperature—a universal index for the

biometeorological assessment of the
thermal environment

International Journal of
Biometeorology 1038 1999

[35]

3
Review on thermal energy storage with

phase change materials (PCMs) in
building applications

Applied Energy 999 2012
[36]

4
Modelling radiation fluxes in simple
and complex environments: basics of

the RayMan model

International Journal of
Biometeorology 990 2010

[43]

5

A review on energy conservation in
building applications with thermal
storage by latent heat using phase

change materials

Energy Conversion and
Management 956 2004

[37]

6
Adaptive thermal comfort and

sustainable thermal standards for
buildings

Energy and Buildings 929 2002
[14]

7

Cooling the cities—A review of
reflective and green roof mitigation
technologies to fight heat island and

improve comfort in urban environments

Solar Energy 815 2014
[44]

8 Thermal adaptation in the built
environment: a literature review Energy and Building 736 1998

[38]

9
Thermal comfort in naturally ventilated

buildings: revisions to ASHRAE
Standard 55

Energy and Building 691 2002
[39]

10 Thermal comfort and building energy
consumption implications—A review Applied Energy 621 2014

[1]

After this initial research, the search procedure with the keyword “Thermal comfort”
was added, with the name of each of the 54 African countries and the previous names of
those that changed their name since 1957 as the second keyword. Figure 3 (Appendix A,
Table A1) shows the number of documents per country (keywords).
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As mentioned before, the objective of this study was to show how thermal comfort
using passive solar systems in African countries is considered. Articles from the last
10 years as well as the most relevant case studies from the previously identified countries
(Appendix A, Table A2) were analyzed and categorized according to bioclimatic architec-
ture construction strategies: heating internal gains, passive and active solar heating and
materials, humidification, conventional heating, solar protection, cooling through a high
thermal mass, evaporative cooling, cooling through high thermal mass with nocturnal
renovation, cooling through natural and mechanical ventilation, air conditioning, and
conventional dehumidification (adapted by Manzano-Agugliaro et al. [6]). In Appendix A,
Table A2 presents the most relevant articles identified on African countries and study topics
according to the previously defined categories in: North Africa or Northern Africa; West
Africa or Western Africa; Central Africa (Middle Africa, or also Equatorial Africa); East
Africa; and Southern Africa.

The keywords ‘Thermal comfort’ were searched in combination with ‘Bioclimatic’,
‘Passive solar system’, ‘Africa’, ‘Construction’, and ‘Passive solar system.’ After eliminating
duplicates, abstracts were read, and 22 articles were selected as indicated in the discussion
of this review. In addition to the previously selected articles, 47 additional documents were
included in the body of the article as they correspond to thermal comfort models, standards,
and other relevant documents.

3. Discussion

The significant global energy consumption of buildings, their vulnerability to climate
change, and the current energy crisis in Europe caused by the Ukrainian War is a factor of
growing attention. Studying, analyzing, and implementing bioclimatic architecture and
building solutions that use both passive and active systems to reduce energy consumption
is crucial.

Developing African countries often face extreme environmental conditions, according
to COP26; despite their low contribution to climate change, they are the most affected [45]
and have limited financial resources, making it challenging to adopt technologies to im-
prove the thermal comfort of occupants in buildings. However, in the review of publications
(in Appendix A, Table A2), it is possible to detect some evidence of how passive solar
systems reflect the culture and traditions of African people and the differences arising from
different climates and surrounding environments.

Climate classification maps use the Köppen–Geiger climate classification system which
has been widely considered in studies worldwide. Based on an update of the climate maps
of Köppen–Geiger, presented by Hylke E. Beck et al. [46], there are three climatic zones
(A, B, and C) on the African continent. Of the three climate types, arid B is the most
prevalent, followed by tropical A and temperate C (Figure 4a). Projections (2071–2100)
show a reduction in zone “C” and an increase in climatic zones “A” and “B.” In other
words, in the future, African countries will be dominated by arid and tropical climates
(Figure 4b).



Energies 2022, 15, 9167 9 of 37

Energies 2022, 15, x FOR PEER REVIEW 9 of 35 
 

 

3. Discussion 
The significant global energy consumption of buildings, their vulnerability to climate 

change, and the current energy crisis in Europe caused by the Ukrainian War is a factor 
of growing attention. Studying, analyzing, and implementing bioclimatic architecture and 
building solutions that use both passive and active systems to reduce energy consumption 
is crucial. 

Developing African countries often face extreme environmental conditions, accord-
ing to COP26; despite their low contribution to climate change, they are the most affected 
[45] and have limited financial resources, making it challenging to adopt technologies to 
improve the thermal comfort of occupants in buildings. However, in the review of publi-
cations (in Appendix A, Table A2), it is possible to detect some evidence of how passive 
solar systems reflect the culture and traditions of African people and the differences aris-
ing from different climates and surrounding environments. 

Climate classification maps use the Köppen–Geiger climate classification system 
which has been widely considered in studies worldwide. Based on an update of the cli-
mate maps of Köppen–Geiger, presented by Hylke E. Beck et al. [46,47], there are three 
climatic zones (A, B, and C) on the African continent. Of the three climate types, arid B is 
the most prevalent, followed by tropical A and temperate C (Figure 4a). Projections (2071–
2100) show a reduction in zone “C” and an increase in climatic zones “A” and “B.” In 
other words, in the future, African countries will be dominated by arid and tropical cli-
mates (Figure 4b). 

 
Figure 4. Update, presented by Hylke E. Beck et al. [46], on the climate classification maps of Kö-
ppen–Geiger. (a) displays the current map for between the years 1980 and 2016 and (b) the projec-
tions for the years 2071 to 2100. 

Figure 4. Update, presented by Hylke E. Beck et al. [46], on the climate classification maps of Köppen–
Geiger. (a) displays the current map for between the years 1980 and 2016 and (b) the projections for
the years 2071 to 2100.

3.1. Bioclimatic Architectural Strategies

Due to the existence of different climates and natural environments, specific passive
solar systems have been incorporated into the architecture of the entire African continent. A
psychometric graph created by Givoni [47] defined zones representing possible architectural
bioclimatic strategies that could be implemented to achieve comfort within a building [6].

This review identifies possible predefined systematic responses to climatic demands.
As shown in Table A2, passive solar systems were selected and categorized. Traditional tech-
niques for naturally cooling buildings have also been examined for local construction [48].
In this set of regions, passive and active solar heating and materials, solar protection, and
cooling through natural and mechanical ventilation have been the most studied by different
authors (Figure 5).

Defining thermal comfort standards is vital for the development of a project and for
providing a thermally comfortable indoor climate for its occupants [1]. The human body
is most comfortable at temperatures between 21 and 26 ◦C, and the relative humidity is
between 20% and 70%. Approximately 70% of the population is comfortable in this zone
with light clothes and low activity, which is the zone of the Givoni diagram in which
the human body does not require energy to remain comfortable, and no strategies are
required [6].
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Simulating the behavior of different architectural solutions using computer programs
is essential to analyzing the behavior of buildings. According to the literature review,
the most used simulation software to compare building performance and optimization is
Design-Builder [49], EnergyPlus [50,51], and TRNSYS [52]. Several criteria can be met to
generate an efficient building. It should be comfortable, respect all construction require-
ments, minimize investment and energy costs, and minimize carbon emissions [53].

3.1.1. Passive and Active Solar Heating and Materials

In the Givoni diagram, zones are defined with bioclimatic strategies considering the
characteristics of air, humidity, and temperature to assess thermal sensation and comfort.
The necessity of passive and active solar heating is defined for a temperature range between
7 ◦C and 13.5 ◦C [6]. To move towards the comfort zone, a solar absorption strategy must
allow thermal energy to be gained within the area.

Different solutions are available in this zone because any part of the building envelope,
including the ground, walls, roof, and openings, can capture energy. When required,
radiation can enter a building through good carpentry and glass windows; yet, it cannot
escape. For example, large windows provide significant heat transfer to the environment
during the Northern Hemisphere winter (Figure 6), and a passively heated house during
the Northern Hemisphere summer.

The proper orientation of the building consists in avoiding insolation impacts during
the summer and capturing the energy of the sun during the winter. Thus, longer façades
oriented towards the underheated period result in improved daylight during the heating
season, while the shorter façades towards the overheated period control excessive insolation
during the cooling season. The smaller the surface area exposed to solar radiation, the
greater the energy reduction for cooling is. Notably, the exposure of each façade to the sun
in each hemisphere was different. Façades facing south in the Northern Hemisphere and
those facing north in the Southern Hemisphere can be reached by the highest altitude of
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the sun during the cooling season and the lowest altitude of the sun during the cooling
season [54], as illustrated in Figure 6.

The use of PCMs within the walls [43,55], ceilings, and floors of buildings can en-
hance energy storage and human comfort by capturing solar energy directly and reducing
temperature changes. The indoor air can be kept close to the desired temperature for an
extended period.

Energies 2022, 15, x FOR PEER REVIEW 11 of 35 
 

 

3.1.1. Passive and Active Solar Heating and Materials 
In the Givoni diagram, zones are defined with bioclimatic strategies considering the 

characteristics of air, humidity, and temperature to assess thermal sensation and comfort. 
The necessity of passive and active solar heating is defined for a temperature range be-
tween 7 °C and 13.5 °C [6]. To move towards the comfort zone, a solar absorption strategy 
must allow thermal energy to be gained within the area. 

Different solutions are available in this zone because any part of the building enve-
lope, including the ground, walls, roof, and openings, can capture energy. When required, 
radiation can enter a building through good carpentry and glass windows; yet, it cannot 
escape. For example, large windows provide significant heat transfer to the environment 
during the Northern Hemisphere winter (Figure 6), and a passively heated house during 
the Northern Hemisphere summer. 

 
Figure 6. Schematic plan and section of an isometric rectangular building in the path of the summer 
sun [55]. 

The proper orientation of the building consists in avoiding insolation impacts during 
the summer and capturing the energy of the sun during the winter. Thus, longer façades 
oriented towards the underheated period result in improved daylight during the heating 
season, while the shorter façades towards the overheated period control excessive insola-
tion during the cooling season. The smaller the surface area exposed to solar radiation, 

Figure 6. Schematic plan and section of an isometric rectangular building in the path of the summer
sun [54].

Trombe wall solution is another classic therapeutic strategy [56–58]. There is an
air channel between the layers of exterior glazing on this massive wall. Almost all the
glass is closely attached to the wall, so there is no habitable space between the layers. By
incorporating glazing, this massive wall can absorb and store solar energy. A certain amount
of energy is transferred to the interior of the building through the wall via conduction.
Meanwhile, cooler air enters the air channel of the room through an opening in the bottom
wall, is heated by the wall, and flows upward due to buoyancy [56]. On the other hand,
passive solar heating is similar to active solar heating, except that the fluid is heated and
warms the interior of the building [6,59].

In such cases, architectural elements must permit radiation to enter the building
envelope when necessary and prevent it from leaving outside. Good joinery and glass
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windows are essential for the walls, roofs, and openings. Moreover, solar thermal and
photovoltaic cells can be used in buildings to capture energy and produce electricity for
conventional thermal-conditioning systems [60,61].

For instance, Guechchati et al. [62] demonstrated in Morocco that 6 cm of thermal
insulation reduced the annual heating requirement by 8.38% and the annual cooling re-
quirement by 70.54%.

3.1.2. Solar Protection

The use of shading is recommended at temperatures above 20 ◦C, and it is a bio-
climatic architectural strategy to avoid heat gain through solar radiation [63], where the
openings of a building must be protected. However, they can also be applied in external
environments [64]. This can be achieved naturally through trees, pergolas with vegetation,
or architectural elements (Figure 7) [51]. In terms of shading the glazed areas, the building
must be protected from significant solar gains in the windows, where proper orientation
can help reduce the solar gains through glazing [65,66].
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Figure 7. Examples of exterior elements that promote shading are integrated into the building
architecture in Beira in Mozambique, including fixed (vertical and horizontal) canopies, movable
vertical canopies, projecting balconies, fixed overhang grids, or the existence of an exterior façade
with cast elements for shading.

Fixed devices, such as horizontal or vertical flaps [67], grilles, balconies, patios [68],
and neighboring buildings, can reduce the incidence of sunlight before it passes through
the glass [64,69], thus preventing the greenhouse effect, such as horizontal louvers used
above window areas [70]. In Uganda, over 50% of the extreme overheating is prevented by
shading strategies during the hottest months of the year [71]. It is essential to guarantee
a certain distance between the shading element and glazed measurement such that the
thermal radiation captured by the shading element is not transmitted to the interior of the
building [72–74]. The use of light colors for shading improves solar radiation reflection
performance [63,71].

However, adjustable devices such as blinds, shutters, louvers [75], swivel louvers,
awnings, curtains [76,77], or pergolas can be more effective than fixed devices, as they can
be adjusted for different angles of sunlight. They also allow for greater flexibility in taking
advantage of natural light according to individual preferences.
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Vegetation is another form of shading, especially in lower buildings [78]. Therefore, it
is essential to pay attention to the vegetation type. Perennial leaves are needed for cases in
which shading is required throughout the year, and deciduous leaves for cases in which
shading is intended only for part of the year [6].

3.1.3. Cooling through Natural and Mechanical Ventilation

Natural ventilation involves the flow of air between the outside and inside of a
building. This is caused by two natural forces: the first is due to the difference in pressure
created by the wind around the building (wind action), and the second is due to a difference
in temperature (effect chimney) [79]. First, the wind pressure is influenced by intensity,
direction, and obstruction, in which the span distribution, size, and shape are fundamental
elements for efficient ventilation. The second method is suitable for tall buildings, primarily
when the wind cannot provide adequate air movement when there is low wind speed,
or an unpredictable pattern. The chimney effect generates a vertical pressure difference
that depends on the average temperature difference between the air column and outside
temperature, opening size, location, and height of the air column. Cold air enters the
building at ground level, and warm air rises and exits through the top. However, when the
outside temperature is too high, it is necessary to prevent heat gain through ventilation [80,81].

Ceiling fans increase indoor air speed by increasing convective processes and improv-
ing comfort. Thus, unlike mechanical ventilation, which relies on fans or other mechanical
equipment, natural ventilation requires little energy. However, insufficient natural ven-
tilation can be reinforced with low-consumption mechanical cooling devices, such as
fans [82–84].

Some measures to lower the temperature include insulating the roof, creating hot-air
outlets in the upper part, and openings in the lower part of the air inlet to provide cross
ventilation [85,86].

In hot climates, unilateral and cross-ventilation through vents, windcatchers, solar
chimneys [87], and natural ventilation systems have been combined with evaporative
cooling [59,88]. Furthermore, this effect can be achieved mechanically by using fans or
blowers. In summary, cross-ventilation is characterized by openings on two or more façades
(Figure 8), whereas unilateral ventilation is a condition in which the entrance is located in
only one façade.
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Figure 8. Example of ventilation using adjustable vents in windows to promote evaporative cooling.
In addition, ventilation through the chimney effect with an air inlet at the bottom and outlet at the
top of the roof (Beira, Mozambique).

Cross-ventilation is generally seen as more effective than unilateral ventilation because it
can take better advantage of the high-pressure gradient around the building. In contrast, the
efficiency of one-sided ventilation depends on the gradient shape of the single façade [51,84].
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Proper ventilation can be achieved in residential buildings using solar chimneys and
windcatchers, for example [89,90].

Windcatchers, also known as wind towers, are natural ventilation systems that re-
semble chimneys and aim to capture the wind outdoors to channel air into interior spaces.
During the day, outside air entered the building from the positive-pressure side of the
structure. The air inside the building rises and is drawn from the negative-pressure side,
where the primary geometric parameters influencing the ventilation rate are height, cross-
sectional shape, internal layout, external shape, input and output sizes, shapes, numbers,
and positions [84,91].

A solar or thermal chimney [92] is a vertical shaft that uses solar radiation for direct
ventilation through a building. During the day, the sun warms the chimney and the air
inside [60]. This causes hot air to rise in the chimney, thereby creating an updraft. Fresh air
is then drawn into the building through lower vents [84]. Geometric parameters, as well
as orientation and slope, materials, building location, latitude and longitude, climate, and
season [93] influence performance. In Ahmed Abdeen et al., in Egypt, a proposed solar
chimney can passively induce air motion of up to 0.28, 0.47, and 0.52 m/s at mean solar
radiation values of 500, 700, and 850 W/m2, respectively [92], thus removing sensible and
latent heat from the body.

3.1.4. Evaporative Cooling

The principle of evaporative cooling is to decrease temperature and increase the hu-
midity of air through the evaporation of water [84]. This strategy is linked to temperatures
between 20 ◦C and 40.5 ◦C, a strategy advisable in dry and arid climates. The objective was
to achieve comfort by reducing the temperature through the evaporation of water and an
increase in relative humidity. Humidification can be performed with outdoor vegetation,
water, and patios, complemented by the presence of water and vegetation, plant cover, roof
water spraying, and indoor water spraying to reduce air temperature and increase relative
humidity [59,94,95].

Green roofs in buildings and urban environments are also good solutions to improve
the thermal insulation of buildings, reducing summer solar heat gains by approximately
70–90% and winter heat loss by 10–30%. Moreover, photosynthesis reduces the carbon
footprint of cities [96]. However, evaporative cooling combined with the high flux gen-
erated by a solar chimney can reduce indoor temperatures and provide better thermal
comfort. However, this system is not always passive, because the water source is sometimes
replenished via a low-power mechanical pump [6,97].

3.1.5. Air Conditioning

Because of the current climatic conditions, mechanical ventilation equipment and
air conditioning are increasingly used in African countries [98]. Several other recom-
mendations for air conditioning use include not lowering the thermostat below normal
temperature, reducing energy consumption, and turning off air conditioners when leaving
the house. During the hot season, the temperature must be maintained at 26 ◦C without
consuming excessive energy [48,99].

The practice of bioclimatic architecture mentioned in this review is the first step to-
wards a significant reduction in energy consumption in buildings, so it is urgent to promote
the use of alternative, renewable energies, as well as the rationalization of consumption,
avoiding unnecessary expenses and bearing in mind that the sun and wind are the two
renewable energy sources that can be used mainly for the production of electricity for the
consumption of this type of equipment and current use in the home [100].

There are some situations in which wind energy is used to pump water from wells
and generate electricity. The electricity obtained through the generators can be connected
to a distribution network and used later in the absence of wind [101].

On the other hand, photovoltaic energy converts solar radiation into electrical energy
through solar cells. Photovoltaic panels do not produce noise or waste except at the end of
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their useful life. Photovoltaic and passive solar technology form an ideal system. In Africa,
there is intense solar radiation throughout the year; therefore, a house with this system is
self-sufficient in producing electricity [102,103].

3.1.6. Conventional Dehumidification

Generally, strategies for dehumidification must be implemented to absorb water from
the environment and achieve comfort. One of the ways this can be achieved is by combining
absorbent salts and saline cells with other approaches [6].

3.1.7. Conventional Heating

Passive heating strategies are insufficient to reach a comfortable temperature zone
in spaces at temperatures between −5 ◦C and 1 ◦C, particularly in regions with extreme
climates. For adequate comfort, a temperature of approximately 20 ◦C is sufficient during
the cold season. To increase the average temperature to 20 ◦C, it is necessary to consume
electricity, gas, oil, or coal. If the temperature is lowered by one degree, 8% more energy
can be saved. In many climates, it is possible to turn off the heating at night because the
heat generated during the day is sufficient [6].

3.1.8. Cooling through a High Thermal Mass

Cooling through thermal mass is a viable strategy when temperatures fluctuate be-
tween 20 and 35 ◦C. The thermal mass in a building envelope receives radiation from the
exterior and transmits it to the interior with a phase difference throughout the day, to
maintain a uniform climate. A phase difference is created when the energy intensity and
temperament are transmitted through capacitive materials [104]. Mobile devices should be
protected during the day to minimize gains and enhance nighttime dissipation [6].

3.1.9. Cooling by High Thermal Mass with Nocturnal Renovation

To efficiently transmit energy, the building envelope must be constructed using capaci-
tive materials with the most remarkable phase difference (approximately 12 h) and some
damping. The strategy is limited to temperatures between 20 ◦C and 44 ◦C. This method
works well when day and night temperatures differ significantly. Openings, patios, and
roofs should be used at night for dissipation and renovation [6].

3.1.10. Humidification

Humans are susceptible to developing respiratory disorders due to a lack of moisture
in the air, which results in excessive dryness of the airways and causes dermatitis. Sup-
plementing indoor air with water vapor in specific climatic zones is necessary to ensure
optimal indoor air quality. Humidity can be introduced into buildings using air channels,
which are common bioclimatic architectural strategies. Pressure differentials or mechanical
devices can passively move the air. Air movement conditions must be considered to main-
tain relative humidity levels above 22.5 ◦C in the surrounding rooms. There is a common
strategy for planting vegetation near or within buildings, such as near patios, surfaces, or
water sources [6].

3.1.11. Heating Internal Gains

It is possible to obtain internal gains from people sharing spaces, artificial lighting,
machines that generate thermal energy, and processes that generate heat, thus helping to
obtain a comfortable temperature zone. Considering the temperature differences, internal
gains can be applied as a sensible load in the building climate calculations [104,105].

3.2. Urban Spaces

Microclimate and outdoor thermal comfort were significantly influenced by urban
design patterns in each urban morphology. Solar access, wind speed, and direction at street
level are affected by factors such as building height and orientation, the distance between
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buildings, and lot coverage. Microclimate and comfort conditions can be improved by
urban design elements, such as vegetation and shading [106].

In the tropics, indoor and outdoor air temperatures continue to be the dominant
climatic factors that affect thermal comfort. It is well known that afternoons in the tropics
can be uncomfortable due to the intense solar radiation that leads to high air temperatures
during this period [107].

Outdoor thermal comfort plays a significant role in the health of urban environments
where the urban microclimate also affects the energy consumption of buildings. As urban-
ization and climate change increase, the urban heat-island effect is likely to become more
pronounced, and the form of the city affects the duration of direct sunlight, mean radiant
temperature, and wind speed, which play important roles in achieving optimal thermal
comfort [108]. Several strategies can be used to improve thermal comfort in outdoor spaces,
including shading, increasing vegetation, and planting more trees [109].

Soheir S. Limona et al. [110] investigated the impact of urban forms on coastal cities in
Egypt using different simulation methods (ENVI-met 4.0 simulation software). Based on
the simulation results, air temperature, wind speed, relative humidity, and PMV affected
outdoor comfort in different urban layouts [111]. Different orientations of urban layouts
with the same height, volume, and width of buildings yielded different results in terms of
comfort, thus indicating that the parameters of urban geometry have a positive effect on
human comfort.

However, the popularity of green roofs in urban landscaping is growing because
of their smaller footprint, aesthetic value, insulation benefits, and heat-island mitigation
benefits [95]. Plants associated with building materials have also been investigated for their
ability to reduce surface temperature [112].

For example, in the urban morphology of Ghadame in Libya, the settlements and
the contiguity of houses prevents people from being exposed to the sun, and this, in turn,
provides shade for people to rest, meet, and walk comfortably [113]. Urban morphology,
however, can profoundly affect the amount of solar energy available on façades, and
consequently, reduce solar gains [114].

3.3. Thermal Regulation in Buildings

Countries with the highest number of publications analyzed in this work present
specific regulations or draft regulations in the area or are currently discussing them in their
plans and strategies. Consequently, strategies and rules for improving the energy efficiency
of buildings have become increasingly important. Building legislation generally includes
minimum energy efficiency requirements.

For example, energy efficiency is incorporated into the Nigerian building code. To
ensure better energy access and security for Nigerians, the NESP (Nigerian Energy Support
Program) supports the Federal Ministry of Energy, Works, and Housing by integrating
energy efficiency into the National Building Code [115].

In the Algerian Plan for the ‘Development of Renewable Energy and Energy Efficiency
2011–2030′ [116], expanding the use of renewable energy and diversifying energy sources
in the country are considered. The plan specifies improving the thermal insulation of
buildings as the objective [117]. Consequently, thermal regulations were established (DTR
C3-2, DTR C3-4, and DTR C3-31) in residential buildings characterized by six distinct
climate zones [118]. In DTR C3-2, regarding the thermal regulation of residential buildings,
calculation methods for determining building heat loss provides building professionals with
methods for determining thermal winter losses by setting thresholds. Calculation methods
for determining building heat gains and the thermal regulation of residential buildings
are also considered under DTR C3-4. The natural ventilation of residential premises
is addressed in DTR C3-31, which also considers the thermal regulation of residential
buildings. General principles governing the design of natural ventilation installations and
calculation methods are also introduced [72,119].
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In October 2014, the Moroccan government issued a decree entitled ‘The Thermal
Regulation Code’ (decree no. 2-13-874) [120]. New construction projects must comply with
the minimum technical requirements for thermal performance, as of December 2015. Six
climate zones were defined to meet the specific thermal requirements of residential and
tertiary use.

In 2009, Egypt’s National Housing and Building Research Center introduced energy
efficiency codes for residential and commercial buildings with minimum design and
application requirements being mandatory for project submission [121]. These codes are
expected to result in approximately 20% energy savings and a reduction of up to 30% in
discomfort hours [122].

In South Africa, SANS 204: Energy Efficiency in Buildings specifies the design re-
quirements for energy-efficient buildings and services with natural ventilation and air
conditioning [123] and SANS 204-1 provides a general set of energy efficiency requirements.
These documents outline the new building code performance parameters (SANS 10400
series) using the approach used in the revised South African building regulations. To
demonstrate compliance, either rational design or adequate rules were followed along
the route. The first part of SANS 204 establishes the general requirements for achieving
energy efficiency for all building types. It will eventually form part of the National Building
Regulation. Parts 2 and 3, which deal with naturally ventilated and artificially ventilated
buildings, respectively, form part of the National Building Code of SANS 10400.

It is understood that there is an effort to regulate thermal comfort and construction
quality in African countries when designing new buildings, or undertaking significant
renovations to improve indoor air quality and thermal comfort conditions, as well as reduce
buildings’ energy requirements and consumption.

3.4. Essential Recommendations and Limitation of the Study

To achieve comfort without using devices that consume electricity or others that
leave large ecological footprints, comfort must be prioritized as a fundamental objective.
Providing an adequate comfort zone is the premise of bioclimatic architecture, which
must be incorporated into all societies to minimize the use of refrigeration devices. To
achieve this goal, society must be aware of climate change and the environmental impacts
of energy consumption.

In this review, relevant parameters to be considered in establishing the thermal comfort
of building users in African countries are addressed, thus promoting more sustainable cities.
Thus, the design of buildings and urban forms only reach actual sustainability value when
they ensure the standards of efficiency and comfort necessary for human life. In general,
new constructions tend to adopt air conditioning in a generalized way to promote cooling
the interior space. However, there are already many examples that prove the effectiveness,
better levels of comfort, and economic advantages of the use of passive techniques. There
is still a great need to disseminate this knowledge and increase the number of passive
buildings in terms of new construction and rehabilitation, where the cooling of buildings is
essential to obtain comfortable environments.

The objective of passive cooling techniques is to prevent the accumulation of heat
gains, provide natural cooling, and preventing overheating. The passive strategy aims
to provide comfortable environments inside buildings and simultaneously reduce energy
consumption. Some issues, such as the types of materials to be used, the selection of the
place, and the shape and orientation of the building, are the main options to consider for
optimizing exposure to the solar path and prevailing winds.

Optimizing the orientation and the passive area contributes to avoiding overheating
situations, and is the first step in promoting strategies for protection and heat dissipation.
Heat protection techniques such as shading, window sizing, reflective wrapping, or insula-
tion provide thermal protection against the penetration of unwanted heat gains into the
building and minimize internal gains. Vegetation elements along the facades or even the
cladding of facades with plant elements also promote interior comfort and work as a filter
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from the sun’s rays. Walls should, where possible, be insulated and sufficiently massive to
retard heat penetration during the day and cold at night.

Heat dissipation techniques maximize the loss of heat accumulated inside the building,
dissipating it through natural ventilation and thermal inertia, evaporation, radiation, or a
“heat well”, such as the ground. These techniques prevent overheating, bringing the indoor
temperature values to levels close to, or even below, the outdoor air temperature.

Direct solar radiation is by far the primary source of heat. The use of solar control
techniques in architectural design is a high-priority strategy to minimize the impact of solar
gains on the building.

Designing passive cooling systems to achieve greater efficiency involves combining
several strategies. Passive cooling techniques can be improved/complemented with me-
chanical renewable energy systems, such as solar or photovoltaic panels, or low-power fans.

Thus, a more in-depth study of geographic area and climate classification of Köppen–
Geiger, using Table A1, may be helpful to understand and standardize more precisely the
most efficient passive solar systems to achieve thermal comfort inside buildings, comple-
mented by existing legislation, and considering the socio-cultural issues of each region, i.e.,
how people adapt to the climate.

4. Conclusions

Passive design strategies reduce energy consumption while providing a comfortable
environment inside buildings. By designing buildings according to these bioclimatic
principles and using materials and construction elements intelligently and efficiently,
buildings can adapt to the surrounding environment, thereby avoiding or reducing fossil-
fuel-burning mechanical systems.

Aiming to minimize energy consumption and achieve thermal comfort in buildings
on the African continent, this article discusses architectural bioclimatic strategies. These
principles can be applied if the global external climates are similar.

The selected studies identified passive and active solar heating, materials, solar pro-
tection, and natural and mechanical ventilation as the most significant factors.

Considering the negative impact of the use of fossil fuels on the environment, it is
urgent to promote alternative energies. In this way, and considering the climatic charac-
teristics of African countries, wind and sun are two sources of renewable energy that can
be taken advantage of. We highlight the photovoltaic and passive solar technology due to
the intense solar radiation throughout the year, thus promoting a self-sufficient building
producing electricity.

At temperatures above 20 ◦C, sunscreen should be applied, and deciduous trees,
pergolas with vegetation, or architectural elements should provide the shade. The principle
of preventing heat gain by solar radiation is primarily used to protect the openings of a
building and it can also be applied to its surroundings.

Both passive and active solar heating and materials are suitable for temperatures
between 7 ◦C and 13.5 ◦C. To move into the comfort zone, a solar absorption strategy is
necessary to gain thermal energy within the internal spaces, because large windows on
the south-facing façade in the Northern Hemisphere contribute significantly to heating.
The ground, walls, roof, and openings of this zone can capture energy, providing different
solutions. High-quality carpentry and glass windows allow radiation to enter the building,
when necessary, but mean it cannot escape. Energy storage can also be improved by
encapsulating phase change materials in floors, ceilings, and walls of buildings. Trombe
wall execution is one of the classic therapeutic strategies.

In hot climates, natural ventilation involves airflow between the outside and inside
of a building, where solar chimneys, windcatchers, and evaporative cooling can improve
thermal comfort. According to studies, the temperature inside can be reduced by 8 ◦C
when the outdoor temperature exceeds 35 ◦C.

Microclimates and outdoor thermal comfort are significantly influenced by urban
design patterns. Solar access, wind speed, and street-level direction are determined by
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building height and orientation, space between buildings, and lot coverage. Various
urban design elements, such as vegetation and shading, can improve microclimates and
comfort conditions.

African countries with the most publications have specific regulations or draft regula-
tions in the area or are currently discussing them in their plans and strategies. Therefore, it
is becoming increasingly important to design and implement building rules to improve
energy efficiency. The minimum energy efficiency requirements are also included in the
building legislation.

It is suggested to deepen the study on a smaller scale, per geographic area and
Köppen–Geiger climate classification, to standardize the passive solar systems used to
achieve thermal comfort, complemented by existing legislations and strategic plans in
these regions.
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Abbreviations

PMV Predicted Mean Vote
PPD Predicted Percentage of Dissatisfied
HIG Heating Internal Gains
PASHM Passive and Active Solar Heating and Materials
H Humidification
CH Conventional Heating
SP Solar Protection
CTHTM Cooling Through a High Thermal Mass
EC Evaporative Cooling
CHRMNR Cooling by High Thermal Mass with Nocturnal Renovation
CNMV Cooling through Natural and Mechanical Ventilation
AC Air Conditioning
CD Conventional Dehumidification

Appendix A

Table A1. The number of “thermal comfort” documents including “name of the country” in SCOPUS
and WOS.

Name of Country No of Articles
Scopus WOS

Algeria 134 103

Angola - -

Benin 5 3

Botswana - 1

Burkina Faso 13 14

Burundi - -
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Table A1. Cont.

Name of Country No of Articles
Scopus WOS

Cabo Verde - -

Cameroon 19 20

Central African Republic 1 1

Chad 2 1

Comoros - .

Democratic Republic of the
Congo - -

Republic of the Congo - -

Cote d’Ivoire 1 1

Djibouti - -

Egypt 193 119

Equatorial Guinea - -

Eritrea - -

Eswatini - -

Ethiopia 6 5

Gabon - -

Gambia 4 3

Ghana 15 17

Guinea 4 5

Guinea Bissau 1 1

Kenya 19 9

Lesotho 1 -

Liberia - -

Libya 14 7

Madagascar 14 18

Malawi 2 2

Mali - 1

Mauritania - -

Mauritius - 2

Morocco 79 60

Mozambique - 1

Namibia 1 -

Niger 6 7

Nigeria 98 60

Rwanda - -

São Tomé and Príncipe - -

Senegal 2 1

Seychelles 1 1

Sierra Leone - -
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Table A1. Cont.

Name of Country No of Articles
Scopus WOS

Somalia - 1

South Africa 63 45

South Sudan 1 1

Sudan 6 4

Tanzania 9 11

Togo 1 1

Tunisia 23 20

Uganda 11 6

Zambia 7 5

Zimbabwe 4 4

Table A2. Relevant case studies identified by date/year found in SCOPUS and WOS regarding
countries in Africa.
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North Africa or Northern Africa

A
rg

el
ia

Studying the influence of shading devices on
indoor thermal comfort in desert and

Mediterranean climates

2022
[64] 0 •

Simulation Investigation of Natural Ventilation on
the Thermal Comfort in Arid Regions: Case

Ghardaïa

2022
[82] 1 • •

Towards Low Energy and Thermal Comfort of
Buildings Through Passive Cooling or Heating

Strategies in Hot Arid Climates

2022
[119] 0 • • •

Towards a Sustainable Building Material in Hot
Arid Environments: Compressed and Stabilized

Earth Brick (CSEB) Prototype

2021
[124] 0 •

Evaluation of summer thermal comfort in arid
desert areas. Case study: Old adobe building in

Adrar (South of Algeria)

2021
[125] 4 •

Judicious method of integrating phase change
materials into a building envelope under Saharan

climate

2021
[126] 4 •
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Exploring building’s envelope thermal behavior
of the neo-vernacular residential architecture in a

hot and dry climate region of Algeria

2021
[73] 4 • • • •

Experimental study of an earth-to-air heat
exchanger coupled to the solar chimney for

heating and cooling applications in arid regions

2021
[60] 11 •

Experimental study on the thermal behavior of
exterior coating textures of building in hot and

arid climates

2021
[127] 1 •

Contemporary architecture with glass façades
facing the energy efficiency of solar materials
(VPV-IGU) in the hot climate of the Saharan

region—A case study in Bechar

2021
[128] 0 • •

Comparative bioclimatic approach for comfort
and passive heating and cooling strategies in

Algeria

2019
[116] 21 • • •

Assessment of energy and environmental
performances of a bioclimatic dwelling in

Algeria’s North

2018
[72] 5 • •

Eg
yp

t

Compliance with Building Energy Code for the
Residential Sector in Egyptian Hot-Arid Climate:

Potential Impact, Difficulties, and Further
Improvements

2022
[122] 0 •

Optimizing daylight utilization of flat skylights in
heritage buildings

2022
[129] 3 •

Study of Shading Device Parameters of the
Mixed-Mode Ventilation on Energy Performance

of an Office Building: Simulation Analysis for
Evaluating Energy Performance in Egypt

2022
[130] 0 • •

Towards an adaptation of efficient passive design
for thermal comfort buildings

2021
[79] 3 •

Passive design strategies for residential buildings
in a hot desert climate in upper Egypt

2019
[70] 7 • • • • • • • •

Solar chimney optimization for enhancing
thermal comfort in Egypt: An experimental and

numerical study

2019
[92] 48 •
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Thermal performance and comfort of vernacular
earthen buildings in Egypt and Portugal

2017
[131] 4 • • • •

Assessing the thermal performance of envelope
parts under climate change scenarios: Residential

case studies in Egypt

2017
[132] 0 •

The impact of different green roofs strategies on
the indoor thermal comfort “with special

reference to Cairo-Egypt”

2014
[95] 3 •

From construction to operation: Achieving indoor
thermal comfort via altering external walls

specifications in Egypt

2013
[83] 3 • •

Li
by

a

Comparative study of traditional and
contemporary Islamic dwelling design: The case

of Benghazi, Libya

2020
[68] 0 • • • • •

Thermal comfort, adaptability, and sustainability
of vernacular single-family houses in Libya

2017
[133] 3 • • •

Optimising residential courtyard in terms of social
and environmental performance for Ghadames

Housing, Libya

2017
[134] 1 • •

Bioclimatic housing design to desert architecture:
A case study of Ghadames, Libya

2014
[113] 2 • • • •

M
or

oc
co

Optimization of thermal efficiency in traditional
clay-based buildings in hot–dry locations. Case

study: the south-eastern region of Morocco

2022
[135] 0 •

Building Design Optimization to Enhance
Thermal Comfort Performance: A Case Study in

Marrakech Region

2021
[136] 0 •

The Impact of Arid Climate on the Indoor
Thermal Comfort in the South-East of Morocco

2021
[137] 3 •

Energy savings and thermal comfort benefits of
shading devices: Case study of a typical Moroccan

building

2019
[138] 2 •

Bioclimatic Building Design Analysis. Case Study:
Oujda, Morocco

2019
[139] 0 • •
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Improving energy efficiency of Moroccan
buildings through energy-efficient envelope

design: A case study

2018
[140] 0 • •

Shading devices optimization to enhance thermal
comfort and energy performance of a residential

building in Morocco

2018
[67] 50 •

Thermal performance assessment of passive
techniques integrated into a residential building

in semi-arid climate

2017
[105] 28 • • • • •

Experimental study of thermal properties of a new
ecological building material based on peanut

shells and plaster

2017
[141] 22 •

Su
da

n

Low-Exergy Building Using Renewable Energy
for Indoor Thermal Comfort: Experimental Study

and Thermodynamic Analysis

2021
[142] 0 •

The impact of a passive wall combining natural
ventilation and evaporative cooling on schools’

thermal conditions in a hot climate

2021
[59] 6 • •

Adaptation of climate-responsive building design
strategies and resilience to climate change in the

hot/arid region of Khartoum, Sudan

2019
[104] 44 • • • •

Tu
ni

si
a

Thermal Performance Analysis of Trombe Wall for
Passive Solar Building with Computational Fluid

Dynamics

2022
[57] 0 •

Numerical Study on the Thermal Performance of
Trombe Wall for Passive Solar Building in

Semiarid Climate

2021
[58] 1 •

Design and simulation of a novel solar
air-conditioning system coupled with solar

chimney

2018
[88] 19 •

Model performance assessment and experimental
analysis of a solar assisted cooling system

2017
[87] 13 •

Effect of glazing type on the performance of a
Trombe wall in Tunisia

2015
[56] 1 •
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West Africa or Western Africa

Be
ni

n

Improving the energy efficiency of an office
building by applying a thermal comfort model

2021
[143] 0 •

Evaluation of thermal comfort in an office
building in the humid tropical climate of Benin

2020
[144] 6 •

TRNSYS Software Used for the Simulation of the
Dynamic Thermal Behavior of a F2-building in

Lokossa City in Benin Republic

2018
[145] 1 •

Bu
rk

in
a

Fa
so

Development of Bioclimatic Passive Designs for
Office Building in Burkina Faso

2022
[51] 0 • •

A model for thermal comfort assessment of
naturally ventilated housing in the hot and dry

tropical climate

2022
[146] 2 •

Hygrothermal performance of the building
envelope with low environmental impact: Case of

a hemp concrete envelope

2021
[147] 0 •

Improving thermal comfort of earthen dwellings
in sub-Saharan Africa with passive design

2019
[148] 29 • • •

Thermal, hydric, and mechanical behaviours of
adobes stabilized with cement

2018
[149] 36 •

C
am

er
oo

n,
D

R
C

,C
ot

e
d’

Iv
oi

re
,N

ig
er

ia
,

Se
ne

ga
l,

M
ad

ag
as

ca
r,

Et
hi

op
ia

Evaluation of bioclimatic potential, energy
consumption, CO2-emission, and life cycle cost of

a residential building located in Sub-Saharan
Africa; a case study of eight countries

2021
[150] 6 • • •

G
am

bi
a Measuring ventilation in different typologies of

rural Gambian houses: A pilot experimental study
2020
[151] 5 •

Mitigating high energy consumption for
residential buildings in the Gambia

2017
[66] 0 • • •
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G
ha

na

Thermal State, Potential of Natural and
Fan-Induced Ventilation in Enhancing Comfort of

Nine Office Buildings in Southern Ghana

2022
[152] 1 •

An explorative study on the potential of green
roofs providing thermal comfort conditions for

indoor spaces in Kumasi, Ghana

2021
[94] 0 •

Minimizing heat transmission loads and
improving energy efficiency of building envelopes
in sub-Saharan Africa using bio-based composite

materials

2020
[153] 8 •

Effects of climate change for thermal comfort and
energy performance of residential buildings in a

Sub-Saharan African climate

2019
[65] 12 • •

G
ui

ne
a

The present and future energy performance of the
first Passivhaus project in the Gulf region

2016
[154] 5 • • •

G
ui

ne
a-

Bi
ss

au

Architecture for Refugees, Resilience Shelter
Project: A Case Study Using Recycled Skis

2017
[155] 6 •

N
ig

er
ia

Optimization of building envelopes using
indigenous materials to achieve thermal comfort

and affordable housing in Abuja, Nigeria

2022
[156] 1 •

Transient Simulation of a Building-Integrated
Hybrid Solar Collector/Nocturnal Radiator with

In-Built Thermal Storage for Space Cooling in
Owerri, Nigeria

2021
[157] 1 • •

Effects of wall openings on effective natural
ventilation for thermal comfort in classrooms of
primary schools in Enugu Metropolis, Nigeria

2021
[158] 1 •

Indoor comfort and adaptation in low-income and
middle-income residential buildings in a Nigerian

city during a dry season

2019
[77] 10 • •

Perceived indoor environmental quality of
hospital wards and patients’ outcomes: A study of

a general hospital, Minna, Nigeria

2019
[159] 2 • •
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Indoor thermal comfort for residential buildings
in the hot-humid climate of Nigeria during the

dry season

2017
[160] 3 • •

Impact of building envelope construction on
thermal comfort: A parametric analysis of

modern, low-income housing in south-west
Nigeria for current and future climates

2017
[161] 0 •

The effect of vegetation on indoor and outdoor
thermal comfort conditions: Evidence from a

microscale study of two similar urban buildings
in Akure, Nigeria

2016
[78] 16 • •

An assessment of comfort levels of buildings with
shaded and non- shaded windows in warm

humid climates

2013
[69] 0 •

Central Africa (Middle Africa, or also Equatorial Africa)

C
am

er
oo

n

Energy performance of earthen building walls in
the equatorial and tropical climates: a case study

of Cameroon

2020
[162] 3 •

Building construction materials effect in tropical
wet and cold climates: A case study of office

buildings in Cameroon

2016
[163] 7 •

Thermal comfort and energy consumption in
modern versus traditional buildings in Cameroon:

A questionnaire-based statistical study

2014
[164] 52 •

A field study on thermal comfort in naturally
ventilated buildings located in the equatorial

climatic region of Cameroon

2014
[165] 49 •

C
ha

d

Mechanical and thermophysical characterization
of local clay-based building materials

2020
[166] 0 •

Effect of cow’s dung on thermophysical
characteristics of building materials based on clay

2015
[167] 6 •

East Africa

Et
hi

op
ia An investigation of human thermal comfort and

adaptation in naturally ventilated residential
buildings and its implication for energy use in

tropical climates of Ethiopia

2022
[168] 0 •
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K
en

ya

Reducing cooling demands in Sub-Saharan Africa:
A study on the thermal performance of passive

cooling methods in enclosed spaces

2021
[63] 1 • • •

Solar-shading systems designed to increase user
satisfaction in public buildings, a case study of

Britam Towers in Nairobi, Kenya

2021
[75] 0 •

Comparison of the energy saving potential of
adaptive and controllable smart windows: A

state-of-the-art review and simulation studies of
thermochromic, photochromic and electrochromic

technologies

2019
[169] 0 •

Architectural passive solar design for three
buildings in Kenya: Observations made in

lowering energy use in non-domestic buildings

2017
[170] 0 • •

Indoor overheating risk and climate change.
Modelling sensitivity of building design
parameters for a free-running building.

2014
[171] 0 •

M
ad

ag
as

ca
r

Comparative analysis of bioclimatic zones, energy
consumption, CO2 emission and life cycle cost of
residential and commercial buildings located in a
tropical region: A case study of the big island of

Madagascar

2020
[172] 17 •

Energy efficiency and thermal performance of
office buildings integrated with passive strategies

in coastal regions of humid and hot tropical
climates in Madagascar

2020
[173] 3 •

Adaptive approach of thermal comfort and
correlation between experimental data and
mathematical model in some schools and

traditional buildings of Madagascar under natural
ventilation

2018
[80] 21 •

Thermal comfort and comparison of some
parameters coming from hospitals and shopping

centers under natural ventilation: The case of
Madagascar Island

2017
[81] 32 •
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Dynamic simulation of the green roofs impact on
building energy performance, case study of

Antananarivo, Madagascar

2015
[96] 20 •

M
al

aw
i

Envelope thermal design optimization for urban
residential buildings in Malawi

2016
[86] 9 • •

So
ut

h
Su

da
n

Architecture of the scape: Thermal assessment of
refugee shelter design in the extreme climates of

Jordan, Afghanistan, and South Sudan

2021
[174] 3 •

Ta
nz

an
ia Evaluation of building comfort in developing

countries through CFD analysis and TENS
method

2018
[175] 0 • •

U
ga

nd
a

Assessment of solar shading strategies in
low-income tropical housing: The case of Uganda

2018
[71] 4 •

Effects of Solar Shading on Thermal Comfort in
Low-income Tropical Housing

2017
[176] 17 •

Effects of thermal insulation on thermal comfort
in low-income tropical housing

2017
[76] 13 •

A study of thermal comfort and thermal
preferences in the upland tropical climate of

Uganda

2016
[98] 2 • •

Climate Resilient Low-Income Tropical Housing 2016
[177] 11 •

Z
am

bi
a

Climate-based analysis for the potential use of
coconut oil as phase change material in buildings

2021
[178] 1 •

Z
im

ba
bw

e A parametric analysis on the regeneration
performance of silica gel in a proposed comfort
provision strategy for a typical office space in

Harare, Zimbabwe

2016
[179] 0 •

Southern Africa

Le
so

th
o Experimental validation of an electrical and

thermal energy demand model for health centers
in sub-Saharan Africa

2017
[180] 0 •

N
am

ib
ia Thermal efficient isolating materials from

agricultural residues to improve energy efficiency
in buildings

2019
[181] 0 •
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So
ut

h
A

fr
ic

a

Effect of roof cooling and air curtain gates on
thermal and wind conditions in stadiums for hot

climates

2021
[85] 0 • •

Factors Affecting Indoor Environmental Qualities
of Social-Housing Projects in South Africa

2021
[182] 0 •

The three little houses: A comparative study of
indoor and ambient temperatures in three

low-cost housing types in Gauteng and
Mpumalanga, South Africa

2020
[183] 3 •

Investigating thermal performance of PCM plates
for free cooling applications in South Africa

2017
[55] 0 •
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