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Abstract

Indoor thermal comfort is essential for occupants’ well-being, productivity and
efficiency. The hot-dry climate with its extremely high temperatures and intense solar
radiation is becoming hotter and drier in this era of climate change and global
warming. Thus providing for indoor thermal comfort and reducing energy use in
buildings is becoming increasingly difficult. This has called for new ways of thinking
and re-evaluation of the existing methods of tackling this problem. This research is
based on a field survey comfort study conducted in Bauchi, in northern Nigeria
during the dry and rainy seasons in 2009. Thermal comfort index is evaluated and
compared with human responses. Findings indicate the need to review the
fundamentals of the requirements for thermal comfort and adaptation by the
occupants. Finally the paper concludes that findings should be presented in a format
that would be useful and appropriate for architects to design climate sensitive

residential buildings

Keywords: Thermal comfort; Residential buildings; Climate

1. Introduction

The primary function of all buildings is to adapt to the prevailing climate and provide
an internal and external environment that is comfortable and conducive to the
occupants. Hov&ever,"in this era of climate change and global warming, providing
comfort for the occupants of a building is quite challenging and very fundamental.
This is as a result of growing ranges of challenges now facing designers to provide
buildings that will be fit and comfortable for the 21st century. Thermal comfort
basically has to do with the temperature that the resident considers as comfortable to
stay in. Indoor thermal comfort is achieved when occupanj[s are able to pursue
without any hindrance, activities for which the building is intended. Hence, it is
essential for occupants’ well being, productivity and efficiency. ISO 7730 as well as
ASHRAE use the results of an extensive research carried by Fanger (1970) to define
thermal comfort as that condition of mind which expresses satisfaction with the
thermal environment. These definitions serve well for temperate climate for which it
was developed. However, its use in the tropics is still very much .challenged as the
actual thermal comfort standards are based upon laboratory studies carried oyt i



climatic chambers, ignoring the complex interaction between occupants and- their
environments that could affect their comfort.

Numerous field experiments have been performed in hot climates, but most of these
have been in humid locations (e.g. de Dear and Auliciems, 1985; Auliciems and de
Dear, 1986a, 1986b; Bush, 1990; de Dear ef al., 1991; and de Dear and Fountain,
1994). The result of neutral temperature of numerous field experiments performed in

hot-humid climates is shown in table 1. Other hot-dry field experiments include those

by Baker and Standeven (1994) in residential buildings during the summer in Athens,
Greece. Their result indicated the importance of adaptive opportunity in order for
building occupants to accept temperatures warmer than 24°C. As important as these
studies are, their findings have not yet emerge into comprehensive and widely
accepted guideline for tropical naturally ventilated buildings (Adebamowo, 2007). In
reality, occupants are comfortable in wider range of conditions. This is because
people are able to adapt to the environment that they are used to and also because
several other factors could also contribute to the adaptation of their indoor

environment.
Table 1: Result of neutral temperature of numerous field experiments performed in hot-humid
climates
— - -
' Year | Researcher Building Location Neutral temperature of subjects
| | kok 245 C (ET) fi 28.5 °C (ET) f [
Bangkok, S5 or | 285° or
| 1990. | J.F.Busch Office Thailand AC buildings NV buildings
I -
| R.J. de Dear, K.G. Residential . 24.2 °C (To) for | 28.5°C (To) for
' 1991 1) eow et al. and office . | Sngapore AC buildings NV buildings
i ===
! R.J. de Dear, M.E. Townsville, 24.2 °C (To) in 24.6 °C (To) in
i 1994 Fountain AC Office Australia the dry season the wet season
i.. - et
Jakarta, 26.7 °C (To) for
. 1998 | T.H. Karyono Office Thdonesia AC buildings
i i 23.5°C (To) for
1998 | W.T. Chan et al. Office Hong Kong I AC buildings
—
: s 26.8 °C (To) for | 27.4 °C (To) for
- 1998 A.G. Kwok Classrooms | Hawaii, USA | A& clagsrooms | NV classrooms
{ . 28.8 °C (To) for
: 2003 | N.H. Wongetal. | Classrooms | Singapore _ NV classrooms

“Source: Hwang et al. (2006)

between indoor climate and climate change.
perature research are reviewed: “one which

sees indoor temperature as governed by a common and fixed human preference and
the other as strongly influenced by highly variable habits 'anq expectations”.
However, with the increased interest to reduce energy consumption in buildings, the
complex interaction between occupants and their environment should be considered
for 21st century buildings. Thus, the adaptive approach to therma_l comfort was
introduced (Nicol, 2004). The adaptive approach to thermal comfort is l?ased on the
findings of surveys of thermal comfort conducted in the field study. Field surveys
concentrate on gathering data about the thermal environment and the simultaneoug

Meyer (2002) considers the relationship
Two schools of thought on indoor- tem

2

Scanned with CamScanner



thermal response of subjects in real situations, interventions by the researcher being
kept to a minimum. This kind of research uses statistical methods to analyze the data
using the natural variability of conditions. The aim is to predict the combination of
thermal variables (temperature, humidity and air velocity) which will be found
comfortable. The thermal variables are measured at the same time as the subjective
reactions are taken, where subjects taking part are asked in the survey to assess their
thermal sensations. This assessment is generally known as the ‘Comfort Vote’ ( Nico
and Humphreys, 2004). ’ »

Throughout northern Nigeria, such as Bauchi, there have been a few literature reports
of field study on indoor occupants’ comfort and residential thermal environment.
However, there is only little information available concerning occupant comfort and
residential thermal environment in Nigeria. Thus, the purpose of this study was to
-conduct a field study on indoor comfort and residential thermal environment in a
tropical hot-dry climate of northern Nigeria. The specific study objectives are to
measure and characterize thermal perceptions of occupants in their residence,
compare observed and predicted percentage of dissatisfied (PPD) occupants and
discern differences between the study area and other climate zones where similar
studies have been performed.

2. Climate and location of study area

It is important to analyze the climate scenario for Bauchi state, Nigeria and
understand the typical, thermal behaviour of buildings. Bauchi is located in the north-
eastern part of Nigeria at latitude 10° 17N and longitude 9 49'E. The climate is
characterized by high temperatures and low humidity in the dry season. The diurnal
temperature varies from an average daily maximum of 31.6 C to a daily minimum of
13.1°C. The mean relative humidity is highest in August (66.5%) and lowest in
February (16.5%).The annual rainfall ranges from 600mm in the extreme northern
parts to 1300mm in the southwestern part of the state (BSADP, 2002). The dry
season occurs between October and April, while the rainy season occurs between

May and September.

3. Methodology
3.1 Field Study

The field study was conducted in Liman Katagum in southern part of Bauchi
metropolis. It was carried out with questionnaire surveys and ﬁel'd measuremc?nts on
indoor thermal comfoit and the nature of residential thermal env1_ronment during the
dry and rainy season of 2009. This was carried out to get a variatlog measurement in
terms of the indoor and outdoor temperature, relative humidity and air velocity. In the
field survey, the questions asked on thermal sensations were based on the seven-point
scale (ASHRAE scale from -3 to +3), representing the respondents coqurt votes. At
the same time, the following thermal variables were measured 1ndoor.; air
temperature, relative humidity and air velocity. ,Con31der1ng. the local cl1m.ate
characteristics, the survey was conducted in two extreme perlqu, dry and.ramy
seasons. The survey questionnaire and the application were designed according to

standards ISO 7730 and ISO 10551 (1994).




3.2 Subjects .
A sample size comprising of 206 subjects in sixty eight (68) naturally ventilated

residential buildings in the study location were collected in both dry and rainy season.
Table 2 shows the summary of the subjects of residential occupants in the study area.
The subjects participating in the study were composed of 100 females (48.5%) and
106 males (51.5%). The percentages of residences with and without mechanical
ventilation system (i.e. those using window(s) only) were 21% and 79%,
respectively. The average age of all respondents ranges from 31- 49 years.

Table 2: Summary of the Subjects of Residential Occupants in the Study Area

Season Dry Season Rainy Season
Sample Size (Male/Female) 103 (53/50) 103 (53/50)
Gender (% of sample)

Male : 51.5 SL.5
Female 48.5 48.5

Mean Age (year)

Mean 31-49 31-49
(Minimum, Maximum) (16, 70) (16, 70)
Mean years living in local address

Mean 10-15 10-15
(Minimum, Maximum) (1-5,20) (1-5,20)
Mean Height (m)

Mean 1.66 1.68
(Minimum, Maximum) (1.37,2.01) (1.37,2.01)
Mean Weight (kg)

Mean 61 65
(Minimum, Maximum) (45, 84) (45, 84)

IR

The questionnaire covered several areas including demographics (name, gender, age,
etc.), years of living in their current building and personal environmental control
(Table 2). The questionnaire also included the traditional scales of thermal sensation
(TSENS) and thermal preference. The TSENS scale was the ASHRAE seven-point
scale ranging from cold (=3) to hot (+3) with neutral (0) in the middle. The three-
point thermal preference scale used asked whether respondents would like to change
their present thermal environment. Possible responses were “want warmer”, “no

change” or “want cooler”.

3.3 Measurement of indoor climate
The following instruments were used to measure physical comfort variables; liquid

crystal thermometers, wet and dry bulb hygrometer, and digital thermo-anemometer
were used for collecting data of the indoor thermal environment. The thermal comfort
variables were measured at 1.1 m height, while each respondent responded to the
usehold was given questionnaires depending on the number of
adults (i.e. from l6years old and above) in the family, three liquid crystal
thermometers were hanged onto the wall at a height of 1.2m, one for the living room,
another for the bedroom and the third one was hanged outdoor under a shaded wall.
Likewise, two wet and dry bulb hygrometers were hanged on the wall one within and
the other outside the building. Residents were required to fill the questionnaires while
the research personnel recorded the environmental measurement thrice a day (7-

10am, 12-3pm and 5-8pm). The content of the questionnaires mainly include

questionnaire. Each ho




resident’s demographic and socio-économic characteristics, building characteristics,
thermal comfort perception of the living spaces etc.

4. Results and Discussion
4.1 Environmental Parameters Data

The measurements basically captured three parameters mainly; air temperature,
relative humidity and air velocity, which are required for computing thermal indices
such as Operative Temperature (To) and Predicted Mean Vote (PMV).The statistical
results of the environmental parameters data is shown in table 3 below. During the
dry season, the indoor air temperature in the buildings were found to be between 21°C
and 39°C with indoor relative humidity between 28% and 80% while in the rainy
season, the indoor temperature in the buildings were found to be between 18°C and
29°C. These results show that the temperature and relative humidity exceeded the
standard (ISO EN7730, 1994) for sedentary activity during the dry season. The
temperature specified by the standard should be between 23°C and 26°C and relative
humidity should be between 30% and 70%. The average air velocity was 0.13 m/s
was within the threshold of < 0.2 m/s (ISO EN77304, 1994) for sedentary activity.

Table 3: Statistical Results of Parameters

Dry Scason Rainy Season
Ave. | Max.| Min.| Ave. | Max.| Min.
Indoor Air Temperature ( C) 33.7 [39.0 [21 [22.4 [29 |18
Outdoor Air Temperature (C) ~ | 35.7 [42.0 [25 [22.1 [25 |18
Indoor Relative Humidity (%) 504 [80.0 |28 |684 |75 35
Outdoor Relative Humidity (%) 452 | 753 |18 |658 |85 |55
Indoor Air Velocity (m/s) 0.13 |10.50 100 |- - -

4.2 Analysis of Votes

The results of the questionnaire survey of thermal comfort condition in the reside_ndt.lal
buildings include thermal sensation, thermal preferqnpe and assessment of h;;ll;;g
sensation. The equation that relates thermal condmonsi to seven point A g
thermal sensation scale of, -3 (cold), -2 (cool), -1 (sllghtly.cool?, 0 (neutc;a 2f‘h
(slightly warm), 2 (warm) and 3 (hot) known as the 'PMV mdexbw;s ?sel. ct:
neutral temperature which is the temperature at which hgme;n . }? y t.ee mtgzl
comfortable, that means feel neither hot nor cold was de.termme . e:c;‘ret }:c rtle‘i‘

temperature is the temperature when PMV=0. Regression analys1§ of the testing
thermal sensation and indoor air temperature for both dry an_d rainy seasonh ;\;1;
performed and shown below (ﬂggrehl and lf'lsure: (%'FE% ?Sg;gszf; (c):tgr]vlc:;)als) :tween
i ‘ the high correlation = (). . X :
:Eeﬁa?E:;::t?Oe;o;dSlill(l)c‘iA(l)Sor tempgerature. The regression equation for dry season is

given as:

y =-10.2 +0.357x (R* = 0.8846)




While the regression equation for rainy season is given as:
y=-15.4+0.618x (R*=0.9119)

Figure 1 and figure 2 shows that in dry season and rainy season the thermal neutral
temperature is 28.44°C in dry season and 25.04°C in rainy season. Based on PMV
(Predicted Mean Vote) evaluation index established by Fanger, the neutral
temperature is 25.1°C in summer and 22.4°C winter.

3 +
{ y=-10.2+0357x y=-15.4+ 0.618x .

1+ R'=08846 fe 2 R'=0.9119 /
} i
Iy ! 1 .
LI 2
T o0 - X
i » 5 1o | g - g J;
e 1 Y 20 5 3
{ )| § o/

of ‘ 5 ,/

3 2 4

Indoor temperature *C (Dry 1eas0n) /
K] v v—¥
Fig.1: Thermal sensalion scale agalnst indoor Fig.2: Thermal sensation scale against indoor
air temperature in dry season alr temperature in rainy season

The result indicates that in both seasons the testing neutral temperature is quite higher
than the theoretic value by 3.34°C for dry season and 2.64°C for rainy season. This
result likewise shows that the actual thermal comfort range is much wider than the
theoretical calculated value. The difference in neutral temperature for both seasons
between that established by Fanger may be attributed to climatic conditions which
may affect subject’s perception. It was also observed that there was a seasonal
difference of 3.4 C between the dry and rainy season in comfort temperature. This is
due to the fact that in the peak of rainfall both the indoor and outdoor temperature
drops drastically.

The results of subjective responses to temperature (thermal sensation) are presented
in figure 3. The results show that the majority of the respondents voted slightly warm
sensation and neutral sensation.

Percentage
Percentage

Neutral ‘Wam Others specity »0 )
Slightly Cool ~ Slightly Warm Hot Coola No Change Vaarme Othens spraly

Thermal Sensation Vote Preference Thermal Sensalion

Figure 3: Thermal Sensation Vote Figure 4: Preference Thermal sensation
% N

The ASHRAE Standard 55 (2004) specified that an acceptable thermal environment
should have 80% of occupants vote for the central three categories (-1, 0, 1). In this
study, only 68% out of 79 respondents in the dry season while 51% out of 100
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respondents in rainy scason voted within the central three categories showing that the
people were 1ot in thermal acceptable conditions within their residences. The
subjective scale used for thermal preferenice was the Mclntyre scale (1982), which is
-1 (cooler), O (no change) and 1 (warmer). The results of the subjective thermal
preference amongst the respondents are presented in Figure 4. It can be seen that the
respondent preferred to be cooler and no change.

Humidity assessment uses the subjective scale of -3 (much too dry), -2 (too dry). -1
(slightly dry), O (just right). | (slightly humid), 2 (too humid) and 3 (much too
humid). The subjective responses on humidity are presented in Figure 5. It was
observed that for the Overall votes. the occupants were not comfortable with the
relative humidity, with 80% voted from very dry to slightly dry and 85% preferred
that the humidity should be
more humid (figure 6). Hence.
the relative humidity was not
5 i A comfortable for most of the
respondents. Air movement uses
the subjective scale of -3 (very
low). -2 (low (still)), -1 (slightly
low (still)), O (just right). 1
(slightly breezy), 2 (breezy). The
results of the subjective response

Percentage
8

10
0 on air movement indicate that
Very:Dry SigryDy | SirigHoma  Omespesy  the majority voted ‘very low’
i st Rt Homd and *low (still)".This shows that
Figure 5: Humidity Sensation Vote they rejected the air movement

in their residences.

The subjective scale used for the Overall thermal comfort assessment is ASHRAE 7
point thermal sensation
scale; -3 (much too cool), -

2 (too cool), -1

l (comfortably ~ cool), 0

ol (comfortable), 1 (comfort-

| - tably warm), 2 (too warm)

. mi | and 3 (much too warm).
&« . The results  obtained
g | . showed that 86% of the
g  respondent voted in the
three central categories (-1,

ol 0, 1). In other words,

thermal comfort conditions
ol 1 . in all the residences were

- NoChange  MoreHumd  Omers specly acceptable by majority of
the respondents.

Figure 6: Preference Humidity Sensation Vote

Scanned with CamScanner



h Previous Studies

4.2.1 Comparison of Findings wit
y season from the present study can

; er ined in the dr
The neutral temperature result obtained in : _
bel compared to that of de Dear (1991) who found a neutrality operative temperature

of 28.5°C for naturally ventilated apartments in Singapore and simollarly Busch (1990)
in his study in Thailand obtained neutral temperature of 28.5°C. {\lso the s.tudy
conducted by Nyuk (2003) in Singapore, indicated that the regression z.malysm of
mean PMV gave a neutral temperature of 26.1°C, and the TSV regression gave a
neutral temperature of 28.8°C which is slightly higher than resul't ob?amed in t'hlS
study with acceptable temperature range of 27.1°C to 29.3°C. Likewise, a S}mllar
study done in Sub-Saharan Africa Lagos, Nigeria by Adebamowo (2007) obtained a
neutral temperature of 29.09°C in the warm humid climate giving a slight difference
of 0.65°C to that obtained in this study in hot-dry climate of the same region.
Similarly, a study conducted in rainy season between July and August by Ogbonna
and Harris (2008) in a temperate dry climate of Jos, Nigeria, obtained a PMV
regression that gave a neutral temperature of 25.06°C and a comfort range between
23.55°C and 26.57°C which is very close to the neutral temperature obtained in this
study for rainy season. A comparison of the results of this study with that carried out
by Adebamowo (2007) and Ogbonna and Harris (2008) indicates there is little or no
disparity in thermal neutralities obtained in this tropical region.

4.2.2 Theoretical Explanation

In Nigeria the idea of adapting to the hot indoor temperature comes to play as the
different social classes get used to the temperatures that exist in their homes. From
this study it was observed that more than 80% of the respondents found their thermal
indoor conditions acceptable, even though the thermal sensation votes, exceeded
acceptable thermal conditions set by the ASHRAE standard (ASHRAE 55:2004). It
was also found in this study that during the dry season, the respondents who felt
neutral were not always satisfied with their thermal condition and most of them
wanted their environment to be cooler. In the other hand, in rainy season, respondents
who were satisfied with their thermal condition (prefer ‘no change’), were not exactly
100% having neutral sensation.

The results obtained in this study are comparable with findings in the studies by
Nyuk (2003) for classrooms in Singapore and Busch (1990) for offices in Thailand
The neutral temperature of 28.44°C with a comfort range of 25.5°C to 29.5°C shows.
the result obtained is in agreement with the result obtained from Nyuk (2003), de
Qear et.al (1991) and Busch (1990). However, a study done in three climatic’all

dlspgrate Australian cities (Darwin, Brisbane and Melbourne) revealed that occupant}sl
of a}r-conditioned buildings tended to prefer them, whilst those in non air-
conditioned buildings preferred to work in passively ventilated buildings - even when
t}}ese recorded the_ hottest temperatures (de Dear and Auliciems, 1988). Some
hindrances to _good mdgor temperature in the study area could be identified as (i) the
types of clothing used in the tropics. (ii) the size and insufficient number of window

openings that can provide ade ilation i e
eciling Helight, p quate ventilation in the residences and (iii) ‘low level

Th ;
Nigefit:(:zaalio"sho‘}'?d that respondents in the hot dry climate such as northern
y have a higher heat tolerance since they accepted the thermal condition
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'_\g}hiCh exceeded the standard. This to] ‘ : :

: a result of adapti b u s erance to relatively hi

. shlifh form part ofag;t;v§ aj‘f‘th_ltle_s, such as opening wigdgisg ;eglperatutes is likely

Y ehanisms of the bodymli’ldl;t;edmﬂhotd dry climates, as well asnth;elr:(l,qvmg c}ll(’theS,
. . , the de A moeo-thermic

~ thermal comfort expectation. It is the B aivve Opportunity can inﬂuen;:

SO ; b refo :
buildings in northern Nigeria to use fan re convenient for naturally ventilated

b 1 NO! _ s (mechanically venti nd i
size of their windows instead of using air-condition tc}; imprlcl)e\l/t:ﬁ: Iiddl ncreaLse o
ndoor thermal

condition with the interest to reduce ener ion in buildi

t[ila; ;;ea tf{cessio:dgnés are able to adapt tog Xchceor:lli/rﬁgmrllrtl tl;ll:tldtllileg e

Co%l s o asn&1 pr?rrrll(;, (1996) have suggested that the wholesale aﬁoai?o;llseg ‘50:
: ' y cooling strategy throughout the developin . 1d b

_av01d_e.d. Qven that many people from tropical climates are 'unconIc)lf %tvlg?r' it Pe

conditioning due to its energy consumption level and cost, more ZIiilafic\:lllt}kll :;rc-l

culturally sensitive future involving dai :
" X g daily adjustment, clothi ; o
censitive design are therefore advocated. J , clothing habits and climatically

5 Conclusions

Indoor thermal comfort has been viewed as being highly dependent on the occupants
gnd the way they see the environment. Baker and Steemers (1999) have discussed the
issues o.f “comfort and thermal delight” as important to building design but not the
“obsessive application of narrow 'optimized' environmental parameters”. Indoor
thermal comfort must be understood as a far more holistic experience dependent upon
the interaction of many factors - including the variability and options that the
environment offers and the ability of the occupant to determine these options. The
challenge for building designers is to make room for "adaptive change with new
thinking on comfort" in order to extend the 'comfort zone' and to accommodate
climate change and global warming. Therefore, there is the need to review the
fundamentals of the requirement for thermal comfort and adaptation by the
occupants. Meanwhile, the above findings should be presented in a format that would
be useful and appropriate for architects to design climate sensitive residential
buildings that will provide comfort for the 21st century.
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