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ABSTRACT 

This paper is a case study of the effect of tropical 

climate on a free running residential building in 

Burkina Faso. Through the use of building simulation 

tools, degree-hour (DH) and adaptive comfort 

standard, the authors conducted investigations in order 

to estimate the exploited potential of natural resources 

and characterise an actual naturally ventilated building 

design with respect to climate.  

The results show that the main natural heat source, that 

is the sun, is enough to meet the real heating needs of 

a typical building in Burkina Faso. Under this climate, 

the solar resource is huge and generates real cooling 

needs that the sky as a cooling sink cannot cover. The 

sky covers 38% of the building real cooling needs. The 

potential of free cooling by stack ventilation is weak 

under this climate for the studied building. This may 

allow the building professionals to better understand 

the relation between the climate and the buildings. 

 

 INTRODUCTION 

 

In sub-Saharan African countries with tropical 

climates, due to the climate, unsuitability of 

construction materials, the indoor environment of 

buildings exceeds the acceptable limit of thermal 

comfort for long periods during the year. This 

situation impacts the health and productivity of 

occupants. In addition, due to the low electricity 

access rate, and low income of the population, a major 

part of buildings run without HVAC systems, 

particularly in residential buildings. The production of 

electricity is insufficient to meet the country’s needs. 

A real gap exists  between rural and urban areas 

(Karakezi and Majoro, 2002). While the relative good 

equipment of the largest cities provides access to 

conventional energy sources, distribution 

infrastructure is almost non-existent in rural areas.  In 

2009, 14% of the country's households had access to 

electricity in Burkina Faso, with disparities between 

urban (46%) and rural areas (2%). Even in areas where 

an electrical grid exists, there are frequent power 

outages, mostly during overheating periods. This 

situation is accentuated in areas where the tropical wet 

and dry climate prevails. The rules of sustainable 

construction and energy efficiency are often ignored 

or simply non exist (Iwaro and Mwasha 2010). 

As a result, the population has to deal with naturally 

ventilated buildings and with thermal uncomfort. The 

efficient design of ventilated buildings is important to 

reduce the period of thermal discomfort in buildings, 

by lowering the cooling and heating needs. It is 

essential nowadays to adapt the building design to 

weather conditions particularly regarding the issue of 

energy. For this purpose there is a need for procedures 

during the design phase that will allow the quick 

characterization of free running buildings and climate. 

Climate resources can be seen as renewable free 

energy sources. In tropical climates, we note on the 

one hand, heat sources such as the sun and air 

temperature and the other hand, cooling sinks such as 

air and sky temperature. 

The degree-hours (DH) method is an example of a 

performance analysis method that relates climate to 

the indoor temperature of buildings.  This method is a 

simple and powerful way of analyzing climate related 

energy needs and consumption in built environments. 

It has been successfully used to estimate heating and 

cooling energy demands of buildings in many studies 

(Durmayaz, Kadıoǧlu et al. 2000; Kaynakli 2008; Yu, 

Tian et al. 2011).  The severity of a climate can be 

characterized concisely in terms of degree-hours. For 

naturally ventilated buildings, the classical method 

may not be suitable due to the static base temperature. 

It is known that in ventilated buildings the comfort 

range is higher than in cooled or heated buildings. 

Ghiaus 2003 proposed a new approach based on bin 

method   and used to assess the climate stress and 

suitability in naturally ventilated building in (Ghiaus 

and Allard 2006). This method is based on the indoor-

outdoor temperature differences of the free-running 

building, the adaptive comfort criteria and bin method. 

Thus with this method the severity of the climate can 

be analysed. Also uncomfortable hours could be 

analysed to define the climatic suitability of a building 

to a site. With this method, the free cooling degree 

time can be evaluated (Ghiaus 2003; Inard, Pfafferott 
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et al. 2011) and the potential of outdoor air 

temperature as a cooling sink can be assessed.  

Concerning natural heat source and cooling sink, 

Tittelein (2008) proposes a method based on building 

simulations to evaluate the potential of these resources 

for a given building and climate. Chesné et al. (2012) 

performed this method and applied it to buildings in 

France and different climates. 

 

The aim of this paper is to evaluate the effects of the 

climate and the potential of natural heating and 

cooling resources. This study is a case study of 

evaluating the adaptative comfort and the severity of 

the climate on a typical naturally ventilated building 

in Ouagadougou with regard to thermal confort.  

 

 

METHODOLOGY 

 

To conduct this study, building performance 

simulation tools is used. Nowadays, building 

performance simulation tools can support the design 

phase. These tools can help to simulate the thermal 

behaviour of the building and to compare the 

performance of different design options. The 

simulation is conducted using Ouagadougou typical 

meteorological year data. Both the methods of Ghiaus 

(2003)  and  Tittelein( 2008) are used for this analysis.  

The concept of free running temperature (Ghiaus 

2003), particularly the conditions in which  the degree-

hours are defined regarding adaptive thermal comfort 

are used to analyse the uncomfortable hours by 

evaluating the integral of degree-hours day by day 

over the year. Instead of using the Bin and degree hour 

methods as Ghiaus (2003), here, the conventional 

daily degree-hours are calculated using the following 

formulas: 

 

𝛿𝐶 = {
1,   𝑤ℎ𝑒𝑛 𝑇𝑓𝑟 >  𝑇𝑐𝑢 𝑎𝑛𝑑 𝑇𝑜 > 𝑇𝑐𝑢

0,                                        𝑖𝑓 𝑛𝑜𝑡
 

 

𝐷𝐻𝐶 =  ∑ [𝑇𝑓𝑟(𝑖, 𝑗) − 𝑇𝑐𝑢(𝑖, 𝑗)]𝑖 𝛿𝑐    (1) 

 

𝛿𝑉 = {
1,   𝑤ℎ𝑒𝑛 𝑇𝑓𝑟 ≤  𝑇𝑐𝑢   𝑎𝑛𝑑 𝑇𝑜 < 𝑇𝑐𝑢

0,                                        𝑖𝑓 𝑛𝑜𝑡
 

 

𝐷𝐻𝑉 = ∑ [𝑇𝑓𝑟(𝑖, 𝑗) − 𝑇𝑐𝑢(𝑖, 𝑗)]𝛿𝑉𝑖     (2) 

 

𝛿𝐻 = {
1,   𝑤ℎ𝑒𝑛 𝑇𝑓𝑟 ≤  𝑇𝑐𝑙

0,                       𝑖𝑓 𝑛𝑜𝑡
 

 

𝐷𝐻𝐻 = ∑ [𝑇𝑓𝑟(𝑖, 𝑗) − 𝑇𝑐𝑙(𝑖, 𝑗)]𝛿𝐻𝑖    (3) 

 

𝐷𝐻𝑉  the daily degree-hours for cooling by ventilation, 

𝐷𝐻𝐻  daily degree-hours for heating,  DHC degree-

hours  for articial cooling.  Tfr the free running 

temperature of the building, 𝑇𝑐𝑢 the upper comfort 

limit, 𝑇𝑐𝑙  lower limit of comfort and i an indice relative 

to hours. 

 

The case of Burkina Faso is similar to that of other Sub 

Saharan African countries whereby there is no specific 

adaptive comfort standard for the climate context. So 

the adaptive comfort standard ASHRAE 55 which is 

based on surveys conducted around the world and 

different climate contexts has been adopted for this 

study. More precisely the ASHRAE 55 can be 

described by equation (4).  

 

TC=0.31Trmo+17.8        (4) 

Trmo is the mean temperature of the past thirty days  

and TC, the comfort temperature. ASHRE 55 (2004) 

defines a +/- 2.5°C range for 90% acceptability and +/- 

3.5°C for 80% acceptability. 

 

This method is used to characterise the cooling and 

heating requirements during periods of discomfort. In 

addition, the periods where cooling by stack 

ventilation is possible, can be assessed using this 

method. These ventilation degree-hours characterize 

the potential of outdoor air temperature as cooling 

sinks to provide free cooling regarding the actual 

building design. Ventilation for occupant thermal 

comfort meaning increasing of the indoor air speed is 

not evaluated here. 

The sun as a heat source and the sky as a cooling 

source in free running conditions are also explored. To 

do so, we use the method developed by Tittelein 

(2008) and Chesné, Duforestel et al. (2012). It consists 

of simulations conducted with and without the 

corresponding resource and compared to the actual 

heating and cooling needs. In order to characterize the 

exploitation of the sun as a heat sink, a simulation is 

performed with a weather file where solar radiation is 

set to zero. For sky as a cooling sink, the sky 

temperatures are set to be the outdoor air temperatures. 

To characterise the natural sources and the actual 

building, the following indicators are calculated.  

The exploited potential Пexp, is the part of the resource  

that covers the building needs (Chesné, Duforestel et 

al. 2012) and is calculated by equation (5).  

The exceeding portion Pexc is evaluated by equation (6) 

and represents the part that is not useful for the 

building comfort needs and contributes to deep 

heating or cooling depending on the resources.  

 

П𝑒𝑥𝑝 = (
𝑖𝑓 𝑎 ℎ𝑒𝑎𝑡 𝑠𝑖𝑛𝑘 |𝐻𝐷𝐻∗ − 𝐻𝐷𝐻|

𝑖𝑓 𝑎 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑠𝑖𝑛𝑘 |𝐶𝐷𝐻∗ − 𝐶𝐷𝐻|
)  (5) 
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𝑃𝑒𝑥𝑐 = (
𝑖𝑓 𝑎 ℎ𝑒𝑎𝑡 𝑠𝑖𝑛𝑘 |𝐶𝐷𝐻∗ − 𝐶𝐷𝐻|

𝑖𝑓 𝑎 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑠𝑖𝑛𝑘 |𝐻𝐷𝐻∗ − 𝐻𝐷𝐻|
) (6) 

 

HDH and HDH* are the annual heating needs for the 

normal case and the case without the resource 

respectively. CDH and CDH* are the annual cooling 

needs.   

The coverage rate is the ratio between the exploited 

potential and the corresponding heating or cooling 

needs without the resource.  It expresses the part of the 

building real needs which are covered by the resource. 

For the heating sink,  𝑐𝑜𝑣𝐻 =  100 ∗
П𝑒𝑥𝑝

𝐻𝐷𝐻∗⁄ . 

For the cooling sink , 𝑐𝑜𝑣𝐶 =  100 ∗
П𝑒𝑥𝑝

𝐶𝐷𝐻∗⁄   

We define a resource indicator Ri as the ratio of the 

exceeding portion and the exploited potential. It 

compares the part of the resources which is used and 

the one unused by the actual building.  

𝑅𝑖𝑛𝑑 =
𝑃𝑒𝑥𝑐

П𝑒𝑥𝑝
⁄   

 

 

THE CLIMATE AND STUDIED 

BUILDING 

  

The case study 

 

The case study is a single-family dwelling of Burkina 

Faso (Figure 1 and Figure 2). This type of building is 

one of a model of Burkina Faso’s national project 

called “10,000 dwelling in Bassinko”, which aims to 

build 10,000 homes. The walls are made of hollow 

cement blocks and the roof with red-coated galvanized 

iron sheets. The thermo-physical and optical 

properties of the building materials are summarized in 

Table 1 and 2 respectively. The building lies in an 

urban area and the entry is oriented 328°N. 

 

 

 

 

Figure 1 The studied building 

 

 

 

 

 

Table 1Thermophysical properties of materials 

 

Material 
Conductivity 

(W/m°K) 

Specific heat 

(J/kg.K) 

Density 

(Kg/m3) 

Galvanized 

steel 
50 480 7800 

Concrete 1.4 840 2240 

Hollow 

cement 

brick 

0.833 1000 1000 

Plywood 0.15 500 1200 

 

Table 2 optical properties  of materials 

 

  

Long wave 

emissivity  

short wave 

absorptivity  

white paint 0.9 0.26 

Aluminum foil 0.03 0.10 

reference coating 0.9 0.45 

 

 

The climate 

 

Burkina Faso is a landlocked West-African country 

located between the Sahara desert (located north of the 

country) and the tropical forest (located south of the 

country). Despite the country’s small size, it is 

subjected to three kinds of climates according to the 

climate classification of Koppen-Geiger(Kottex, 

Grieser et al. 2006). These climates are: a desert type 

(BWh) in the north; a steppe climate (Bsh) in the 

middle part and an equatorial savannah with a 

dry winter (Aw) in the south. Ouagadougou, the 

capital city,  has a Bsh type climate. The resulting 

useful radiation is around 300 days.   

Figure 2 Building plan 
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For this study, the author uses meteorological data 

from a TMY file of Ouagadougou. The TMY files are 

prepared on the basis of compiling 30 years offering a 

typical year of the site. This data can be used both for 

design studies and for technical equipments sizing. 

Concerning the natural heating and cooling resources, 

Figure 3 shows the levels of solar radiation in the 

region. The minimum global horizontal solar radiation 

is around 5.5kWh/m². Figure 4 shows the monthly 

maximum and minimum temperatures during the year. 

In Figure 5 the daily mean outdoor air dry bulb 

temperature and sky temperature are presented. The 

sky temperatures are taken from the EnergyPlus 

program where the sky radiance distribution is based 

on an empirical model based on radiance 

measurements of real skies, as described in (Perez, 

Pierre et al. 1990). 

 

 

Figure 3 Monthly mean Global horizontal, diffuse 

and normal solar radiations 

    

 

 

 

 

 

 

SIMULATION 

 

EnergyPlus is used for the simulation. It is one of the 

most used building energy simulation tools in the 

world. It allows the simulation of thin envelope 

components such as a metal roof by applying the 

Conduction Transfer Function (CTF) method to solve 

the problem. The TARP algorithm (EnergyPlus 2013) 

is used to evaluate the convective heat transfer 

coefficient in simulations. Figure 6 shows the 

geometrical model of the building. 

This model is entered by the thermo-physical 

properties and surface properties (Table 1 and 2). An 

occupation schedule (Figure 7)  is used to model the 

behavior of people. This scenario consists of a family 

of 3 people with summer clothes equivalent to 0.5 clo. 

The air velocity is set to 0.5 ms-1.  The other internal 

heat sources are electrical equipments: 75 W for 

artificial lighting, 75W for the ceiling fans and 100W 

for the TV. 

 

 

 

Figure 6 Geometric model of the building  

 

 

RESULTS AND DISCUSSION 

 

 

Comfort analysis of the case study 

 

Figure 8 evaluates the operative temperatures during 

occupied hours and the adaptive thermal comfort 

criteria of the actual building. For the full year, 29% 

of the occupation hours are in the 90% limits of 

Figure 4 Outdoor air and sky temperature around  

the typical year 

Figure 7 Occupation schedule 

Figure 5 Daily mean dry bulb temperature and  

sky temperature 
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comfort acceptability. Taking into account the 80% 

limits of acceptability, the comfort represents 40% of 

the occupied hours. About 60% of occupation hours 

are out of the comfort limits. It is interesting to note 

that the temperatures that are higher than the comfort 

upper limit are more than temperatures below the 

lower limit. This shows that the thermal discomfort is 

due to overheating of the building.  

 

 

Estimation of the heating, cooling needs and free 

cooling degree-hours for complete weather file 

 

Here analysis of the uncomfortable periods are 

conducted and degree hours are evaluated. 

The results are presented in figure 9. Figures 9A and 

9B show the hours of occurrence and the DH day by 

day, respectively. The heating needs appear during the 

month of December corresponding to the winter 

season in this region. The cooling needs exist during 

the year. We can observe that these needs decrease 

around the middle of the year, due to the rainy season 

where the air relative humidity is higher. The number 

of occurrence for stack ventilation is higher, but the 

degree-hours are weak.  During the year, one can 

observe that the cooling needs are high even where an 

adaptive comfort is used for the assessments.  

Figure 10 shows the cumulative needs for the whole 

year. These annual needs are separated in daytime (7 

AM to 6 PM) and nighttime (6 PM to 7 AM) needs. 

The heating needs are negligible compared to the 

cooling needs. The cooling needs during nighttime are 

still huge. The free cooling by ventilation, which is the 

ability to cool the building with the outdoor air, is 

possible and a great part of this potential is present 

during the night. A comparison between the free-

cooling potential and the cooling needs of the actual 

building shows that the resources are insufficient to 

overcome the needs. This is due to the little 

temperature gaps between the indoor air temperature 

of the actual building and the outdoor air.   

                                                                      

The sun: heating sink 

 

 

The results of the simulation without solar radiation 

can be observed on figure11. Figure 11 A shows the 

number of occurrences and Figure 11 B represents the 

building’s real needs of heating day by day during the 

year. Here, the numbers of occurrence for heating time 

are predominant along the year except the period 

between day 50 and day 150 where cooling needs 

appear. This period (50 to 150 hours) is well known as 

the overheating period in the climate of Ouagadougou.  

The highest heating DH (Figure 11B) occurred during 

the winter period (December, January and February). 

In fact, in the case where there is no solar radiation the 

outdoor air and the internal load become the main 

natural heat sinks. Therefore, the cooling needs in this 

case represent the contribution of the other heat 

sources (outdoor air temperature, internal load and 

building design) in the thermal discomfort in the case 

studied. During the other periods of the year, the air 

Figure 8 Comfort analysis of occupied hours in the 

building 

 

Figure 9 Simulation of the case with entire weather 

file 

Figure 10 Annual degree hours during the 

daytime and nighttime periods 
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temperature, the occupants and the building physics 

are high enough to avoid heating requirements and 

even leads to air conditioning requirements during the 

spring.  

 

Figure 11 Simulation of the case without 

solar radiation 

 

The sky: a cooling sink 

 

 

Figure 12 Simulation of the case with 

Sky temperature equal to DBT 

 

Figure 12A and 12B show the results, when the 

simulation performed with the sky temperatures 

equated the outdoor air temperature. In Figure 11A the 

number of occurrences is shown and the real cooling 

needs day by day in Figure 11B. By increasing the 

temperature of this cooling sink, one can observe that 

the heating needs disappeared. The real cooling 

requirements are huge. These results show the 

importance of that cooling sink in the cooling process 

of the actual building. 

 

Exploitation of heating and cooling natural 

resources 

 

In this section, the annual degree-hours of all cases are 

compared in Figure 13 and Table 3. The heating DH 

of the case “No solar radiation” are the real needs for 

heating of the building.  In the same way, the real 

cooling needs to ensure thermal comfort is the cooling 

DH of the case “No sky”. The heating and cooling 

needs of the normal case represent the actual needs of 

the building. The difference between heating DH for 

the normal case and the one without solar radiation is 

the exploited potential of the solar resources for 

heating needs (Table 3). Solar radiation can cover the 

heating needs of the actual building configuration with 

a coverage rate of 96.5% (Table3). The exceeding 

portion, which is the difference between the cooling 

DH for these cases, shows that the sun largely 

contributes to the actual cooling needs. Indeed, this 

contribution is Rind=8,29 times the exploited potential 

and responsible of overheating.  

The exploited potential of the sky as cooling sink is 

bigger than the case of solar radiation. The 38% 

coverage rate (Table 3) illustrates that the resources 

cannot satisfy the building real cooling needs. The 

exceeding portion is negligible and the resources 

indicator can be rounded off to zero, which proves that 

the entire resource is exploited. These results 

characterize the fact that in this climate and the actual 

building, the sky is well exploited but not sufficient to 

meet the cooling needs due to the exceeding portion of 

the solar resources. It also raise the issue of 

unsuitability of building construction techniques use 

in these region which are adopted from other climate 

and cultural contexts. 
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Figure 13 Comparison of the different simulation 

cases  

 

Table 3 Exploited potential, exceeding portion, 

coverage rate and resource incdicator of the actual 

building.  

 

  Solar radiation  Sky  

Пexp (DH) 1856.469 9871.201 

Pexc (DH) 15384.520 67.968 

covH 96.5% 38% 

Rind 8.287 0.007 

 

 

CONCLUSION 

 

This study is a diagnostic of an actual residential 

building design with regard to the climate and thermal 

comfort. Using a building simulation tool and the 

adaptive comfort standard, a comfort analysis is 

conducted. The method of degree time and the concept 

of free running temperature are used for this purpose. 

The severity of the climate and its ability to meet the 

needs of building requirements are analysed for a 

typical residential building in free running conditions. 

The results show that the main heat source, which is 

the sun, can cover the actual building heating needs. 

However, this solar resource is huge and generates 

cooling needs. The exceeding portion of the solar heat 

sink is 8 times its exploited potential and this 

contributes to overheat the building characterised by 

huge cooling needs. The sky as a cooling sink covers 

38% of the building real needs. The potential of free 

cooling is also weak.  The cooling sources are not able 

to cover the resulting cooling needs. These results also 

assert the issue of unsuitability of construction 

building techniques in this climate.  

Further studies on passive cooling techniques such as 

shading devices, insulation and radiative coatings that 

may allow the decreasing of the cooling needs are 

currently undergoing with focus on naturally 

ventilated buildings. 
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