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Abstract

A thermal comfort field survey has been conducted in three
towns from two climatic zones in Libya. Two hundred persons
were concerned by this survey. They have been asked in their
houses and working places under their normal living condi-
tions once each month during 1 year. The selected sample of
buildings has been chosen among free running buildings. Only
few office buildings were equipped with heating systems but not
with air conditioning systems. The survey results have been pro-
cessed and correlations between sensations and globe temper-
atures have been found. The comfort temperatures have been
calculated for each location and each month. They have been
correlated with the mean outdoor air temperature and with the
outdoors running mean temperature. Robust correlations have
been found. The description of this survey and the methodology
of data analysis are described in details in this paper. The main
results are discussed and compared with those of similar surveys
conducted in different geographic locations.
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1 Introduction

A control system is maintaining the indoor in most of devel-
oped countries, the central heating systems are commonly used
in winter. Air temperature at a set value according to thermal
comfort standards [1,/17] the use of thermal insulation, multiple
glazing and controlled ventilation systems are necessary. In the
North African countries, the climate is mild, but the needs to
heating in winter and cooling in summer are certain, especially
in coast areas where the humidity is high. The traditional build-
ings provided a relatively acceptable thermal comfort in winter
and particularly in summer. These buildings are naturally venti-
lated and have a high thermal capacity. They are equipped with
a courtyard; in those houses, adapted shadowing devices and ap-
propriate orientations of the openings facilitate the control of the
solar gains. During summer in the night, when the outdoor air is
cooler, people enjoy opening the windows and doors, the build-
ing is then cooled by natural ventilation and coolness is stored in
the building thermal mass for the next day. This traditional way
of construction is not any more possible because of its cost and
the change of people’s standard of life and behaviours; courtyard
houses are replaced with flat or terrace houses. The development
of “modern” construction was very fast and no care was paid to
the thermal quality of the buildings. Most of the recent buildings
are not equipped with thermal insulation and their tightness to
air is very poor, this is due to the lack of appropriate standards.
While the traditional buildings provide an acceptable thermal
comfort, the recent buildings are very poor from the thermal
point of view, and the thermal comfort is very low. International
thermal standards [1}|17] are based on human energy balance
obtained assuming steady state conditions. These standards are
deduced from the experiments done by Fanger [12] in climatic
chambers and use the predicted mean vote (PMV) equation to
estimate the human mean response to the thermal environment
from the knowledge of three thermal variables. Two among
them are related to the ambience, they are the air temperature
(T,), the radiant temperature (7)) or the globe temperature (7 ),
the air velocity (va) and the air relative humidity (RH) or vapour
pressure (p,). Two remaining parameters are related to the oc-
cupant’s adaptability to the local climate; these are the metabolic
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rate (M) and the clothing insulation (/7). The steady state con-
ditions are not reflecting the real life conditions particularly in
North Africa where the indoor temperature is free running and
the control is done manually by the occupant according to his
feeling. People are used to adapt themselves to climate using
clothing, posture, kind of activity, natural ventilation, etc. An
assessment of the thermal comfort level as felt by the building’s
occupants must be done under real occupation conditions. We
achieved some results of studies of some universities in Libya in
the dust area, we will conduct further tests in the lab section of
the survey results compare with the real lab tests, and we will be
obtained in comparison, new research results.

2 The objectives of this study
1 To investigate the occupants perception of the degree of com-
fort in dynamic conditions,

2 To examine the adaptive behaviour of the occupants on the
usage of clothing, activity and available climatic controls in
modifying the indoor thermal environment,

3 To develop an adaptive comfort model as an alternative to the
fixed temperature set point that most of standards adopt. Such
model fits better to the Libya context.

3 Thermal comfort survey

The usual thermal comfort standards [1,/17]] have been estab-
lished according to the results of experiments held in climatic
chambers [12]. During these experiments, the person posture,
his activity and his clothing are fixed, thus, the person sensation
is taken under steady state conditions. In real conditions, these
parameters are never fixed. Moreover, a person changes one or
some of these parameters to adapt himself to his climatic con-
ditions and to seasons. In Libya, three different climatic zones
have been identified in the country.

Each of these three zones has its own cultural heritage and tra-
ditional architecture reflecting its own particular climate. In ad-
dition, there are wide seasonal changes in the weather between
summer and winter. In summer, midday temperature can exceed
43 °C in some regions in the south. In winter, temperature can
fall down to around O °C in the North Mountains. In the desert,
at the country south, the freezing winter nights are also very
common. The indoor design temperatures as described by in-
ternational standards [[17]], [1], [24] take no account of climatic
variations and people adaptive behaviours. Analysis of thermal
comfort field studies have shown that indoor comfort tempera-
ture as felt by the occupants is function of mean outdoor temper-
ature[[14], [2]], [20], [10f], [11] and [8]]. This means that we can
relate indoor comfort temperature to climate, region and sea-
sons. For free running buildings and according to different sur-
veys held under different climatic conditions, Humphreys [[14]
has found that the comfort temperature can be obtained from

the mean outdoor temperature with Eq. [I]

T. = 0.534T, + 11 (1

Auliciems revised Humphreys equation by deleting some fields
studies such those with children as the subjects, and adding
more information from other studies not included by Humphreys
[[15L/16]. These revisions increased the database to 53 separate
field studies in various climatic zones covering more countries
and more climates. After combining the data for naturally ven-
tilated buildings and air-conditioned buildings, the analysis led
to an equation involving the outdoors air temperature (7,) and
the indoor air temperature (7;), this resulting equation is Eq.

T, = 0.48T; + 0.14 + T, + 9.22 )

Auliciems has also proposed a single line for all build-
ings, which covered the naturally ventilated buildings and air-
conditioned buildings [5]]. This relation is given by Eq. 3]

T, =0317, 4+ 17.6 3)

Nicol has conducted several surveys under different climatic
conditions. In a first survey in Pakistan [21]], he has established a
relation between comfort temperature and outdoor temperature

given by Eq. ]

T. = 0.387, + 17.0 )

In a second survey in Pakistan [22f, he has found a second
regression given by Eq. [3]

T. = 0.36T, + 18.5 5)

Those relations show clearly that the comfort temperature is
related to the outdoor temperature and so to the climate. The
difference between those relations confirms that there is no uni-
versal comfort temperature.

4 Conduct of the survey and experimental method

4.1 Methodology

A cross-sectional investigation has been carried out monthly
during a complete year in three different towns covering two
climatic zones. In each town, 40 persons have been selected
20 among them have been interviewed in their houses and the
20 other persons have been interviewed in their working places.
The total number of subjects was 200 persons spread in three
cities. Each person was visited 12 times, once in each month of
the year.

4.2 The survey target population

An equilibrium between males and females has been re-
spected during the selection of the survey subjects; Table[T]gives
the subjects three repartition for the different towns.

The subjects have been selected by the researchers, who are
in charge of the survey in each town. No more than two different
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Fig. 1. Show the different three towns in Libya
Tab. 1. Population three repartition
Women Males Total
Tripoli Houses 12 8 20
Offices 10 10 20
Gharian Houses 13 7 20
Offices 10 10 20
Az Zawiyah Houses 2 18 20
Offices 2 18 20

persons were interviewed in the same building; hence, a larger
number of different buildings was covered.

4.3 Experimental method

Four environmental variables were measured at the moment
of the survey: the air temperature (7,) in ("C), the globe tem-
perature (7} ) in ("C), the relative humidity (RH) in (%) and the
cooling time of a Kata thermometer (¢) in (s). All sensors were
positioned in the vicinity of the subject along the time during
which the survey sheet was being filled.

The subject sensation and preference about which he had to
answer in a seven steps scale according to Bedford scale.

Her preference to be warmer or cooler.

His skin moisture.

His feeling and preference about the air velocity.

His activity at the moment of the survey and 30 min before.

A full description of the conduct of the survey and the results
obtained from it is given in Refs. [6,[7].

4.4 Database

The responses from the questionnaires were entered in ex-
cel for analysis. A database has been built to filter the data
according to any fixed criteria. During a preliminary data pro-
cessing, we eliminated the records for which relevant informa-
tions were missing or inconsistent responses are encountered.
The air velocity were than calculated from the cooling time of
the Kata thermometer, according to the appropriate equation for
each thermometer.

4.4.1 Calculation of the clothing insulation

Individual clothing articles indicated in the survey responses
were converted into their respective thermal insulation value (1.)
in units of Clo as tabulated by Mc Intyre [|18]] (1 Clo = 0.155 m?2
C/W ). The overall Clo value for each subject entire clothing en-
semble has been calculated using the following equations from

Mc Intyre [18]] Eqs. [6.a] [6.b}

Iciomen =0.1134+0.727 D" Ic (6.2)

Icto.women = 0.05+0.77 " Ic (6.b)

4.4.2 Calculation of the metabolic rate

The metabolic rate has been calculated from the activity level
of each respondent at the moment in which the questionnaire
sheet is being filled and his activity level 30 min before accord-
ing to the following relation Eq. [7]:

M = Ap,5800.711% +0.3137)
(=30

act

(7

0) are the activity levels at the moment of

where I((m and
the survey and respectively 30 min before the time during which

the survey sheet has been filled; Ap, is the subject body surface
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area calculated according to Dubois formula as function of the
subject weight (W) and height (H) (see Eq. [§] from McIntyre
(18])

Apy = 0.202W0'425 H0‘725 8)

It seems reasonable to expect that the activity at the moment
of the survey would be more influential than 30 min earlier. As
far as it is known, no other investigators gave indication of ap-
propriate weightings. Rowe [23]] conducted a similar survey in
which he asked about the activity at the moment of the survey,
10 min before, 20 min before, 30 min before and 60 min be-
fore. He took the following ad hoc weighting factors: 50% for
the 10 min proceeding the moment of the survey, 25% for the
10 min before, 15% for the time corresponding to 30 min before
the survey time and 10% for the time corresponding to one hour
before the survey time.

4.5 Data summary
Table 2] summarizes the distribution of the physical measured
data by town.

Tab. 2. The distribution of the physical measured data by town.

Tuir  Tgro  Humidity ET*  Clo Met
Tripoli
Max 295 292 77 259 122 2
Min 15 152 34 15,6 0.07 0.7
Average 235 241 56 212 055 1.23
Gharian
Max 355 281 70 2383 143 2
Min 11.9 124 18 143 0.16
Average 216 219 52 196 062 1.19
Az Zawiyah
Max 285 286 69 239 1.10 1.68
Min 157 16.1 46 9.4 0.20
Average 21.8 222 57 151 056 1.12

5 Behavioural adaptation

The clothing value, the metabolic rate, the posture and the air
velocity indicate the behavioural adaptations. For the case of
our study, the posture has not been taken in consideration. The
only method that was found in the literature to measure the pos-
ture effect is very difficult to conduct in a so large and spread
survey. Nicol [20] has conducted in Oxford Brookes University
a 2-day survey in which he has shown that the change of posture
with temperature causes a reduction of the body effective surface
area of about 2% for each degree rise in temperature. Our sur-
vey focused on the evaluation of the clothing insulation and the
metabolic rate. The air velocity was used as means to measure
the occupant control on the doors and windows opening.

Clothing value is an important behavioural adaptation to
achieve thermal comfort at different temperatures. The value
of the clothing thermal insulation worn by the survey subjects,

we found that a correlation exists between the Clo value and
both the outdoor temperature and the indoor globe temperature.
Figs. [Zh, b show how the Clo value varies with the outdoor
temperature respectively the indoor globe temperature.

Clo value Cla=f(To)

y = -0 0379  +1.3318
R =0.4019

Clo value
— Lineare (Clo-value)
— polenomial (Clo-walue)

| = 0.0017 x* ~0.1034 x+1.0054
R* = 0.503
a0

@ g 10 20
t- outdoor

Clo value Clo=f£(Tg)

2

J=0.0013 x¥ - 0.0000 x +1.9494
R* =0.5663

Clo value
— Lineare (Clo-value)
— polynomial (Clo-value)

1.5

1

03

p = 00352 x+1 3875
R*=05188

0 0 40 6

globe temperature

Fig. 2. (a) Correlation of clothing to outdoor temperature (b) Correlation of

clothing to globe temperature.

A similar analysis has been led by de Dear [10], he has found
the expression found by regression and given by Eq. 9]

Clo = —0.04T, + 1.73 )

Mui [12] in a similar study has found a very similar relation
given by Eq. [T0]

Clo = —0.04T, + 1.76 (10)

In our actual study, we found a regression Eq. [[4]showing that
the correlation between the clothing insulation and the outdoor
temperature is very close to de Dear [9] but the clothing overall
insulation value in Clo was lower in our case. The constant term
in our model is lower than those given in eqs. (12, 13). This
correlation shows that the Libya population uses lighter clothes,
and hence has a higher physiological potential of adaptation to
climate change than the populations investigated by de-Dear and
Mui.

Clo = —-0.03877, + 1.33 (11

A second order polynomial regression for the same set of data
gave Eq. [12}

Clo=0.0017T> —0.1034T, 4+ 1.9 (12)

Extrapolation of this equation to very high temperatures (40—
50 °C), corresponding to desert conditions) shows that the cloth-
ing insulation increases. This result seems also realistic accord-
ing to the behaviour of people living in the desert who wear
heavy clothes during the hot summer days to protect themselves
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from the effects of hot air and solar radiation, and to favour the
sweating.

The linear regression gave the expression described by Eq.
[13.a] while the polynomial regression gave Eq.

Clo = —0.0013T, + 1.3875 (13.a)

Clo = 0.0013Tg2 —0.09097, + 1.95 (13.b)

The metabolic rate versus temperature regression line shows
that the regression line is nearly horizontal between 1.3 and 1.2
met independently of the value of the temperature. We can con-
clude that no significant correlation exists. This result sounds
correct because the metabolic rate is mainly related to the na-
ture of job or house activity rather than to the environment or
temperature.

6 Comfort votes and thermal acceptability

Referring to previous research, the comfort temperature has
been linearly related to outdoor temperature. The survey data
have been used to generate the comfort temperature as felt by
the subjects in their real living conditions, then the comfort tem-
peratures have been correlated to the outdoor temperatures and
to running mean temperatures.

6.1 Thermal acceptability

The comfort votes of the population have been sorted in as-
cending order. The votes equal to (-1), (0) and (1) are considered
as those who take the operative temperature as acceptable.

For each value of the globe temperature, the total number of
the votes and the percentage of the votes that are stating the
acceptability have been calculated.

1 For temperatures between 16 and 26.5 °C, more than 80%
are voting acceptable. This result shows that there is a high
adaptation potential for a so wide temperature range.

2 The distribution is multi-modal. This result can be explained
by the fact that for some values of low and some values of
high temperatures, the total number of observations is very
small, a unique vote stating acceptability will generate a high
percentage for the corresponding value of the temperature.
Those side percentages of acceptability made that a probit or
logit regression is impossible. A polynomial regression has
been tested. Two different equations have been found and
their plots are shown in Fig. [3]

The function represented by an order 4 polynomial fits bet-
ter the data scatter for the acceptable zone, unfortunately, this
function deviates from the data for low and high temperatures,
and this is to fit the marginal points caused by the small number
of votes that have occurred in these temperatures. This function
is also more robust, we can adopt it for lack of a better func-
tion as probit and we must pay attention to not use it for globe
temperatures lower than 10 °C or higher than 35 °C.

P3vole  Percetage of Satisfied = f(Tg)
1200 p=0.0015x" -0.1295 %% +
34748 x? ~20 0935 +82.72
100.0 X
. R =07743
800 -
%3
[ ]
60.0 "/,. — Polynomial (%3
" — Polynomial [ %3
400 '/ =
' - [T
2UD &-
’ Q( J=013320 x2 +14 415 x =72 791
00 -!\A. R -0674
1} 10 20 30 40 50

Globe temperature

Fig. 3. Acceptable comfort votes as function of the globe temperature.

6.2 Relation between PMV and sensation

Using the measured parameters, the PMV has been calculated
for each subject according to Fanger [12]]. The values of the
PMYV have been compared to those of comfort votes (S) as de-
scribed by the subjects. Fig. [H] gives the plot of the PMV as
function of the comfort votes. This figure shows that for each
value of the sensation (comfort votes), the scatter of the PMV is
very large. The regression line does not correspond to the line
“y = x”. For the value of S = -3, the value of the PMV from
the regression is also equal to -3. For S = 0, the PMV (from
the regression) is equal to -0.87 and for § = +3, the PMV (from
regression) is equal to 1.28 which is very far from the comfort
vote. A polynomial regression seems to be more robust and vi-
sually fits better than the linear regression, but also exhibits a
scatter from the line “y = x”.

PMV =f{comfort vote)

PLIV

F=0.7189 x -0.5763
RY =0.4378

® FLIV
— Lineare (PMY)
— Polynomial (PRY)

= 01577 x 2 +0.6795 x—1 0582
R? =0.5046

cotnfort wote (3)

Fig. 4. Calculated PMV as function of comfort votes.

The conclusion that can be inferred from this analysis is that
the PMV is a measure of thermal comfort which has been de-
duced from steady state conditions measurement held in cli-
matic chambers. This measure does not exactly correspond to
the real sensation of people particularly in free running buildings
in which people are accustomed to adapt themselves to climate.

7 Development of the adaptive model

Referring to the previous research, the comfort temperature
has been linearly related to outdoors temperature. The survey
data have been used to generate the comfort temperature as felt
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by the subjects in their real living conditions, then the comfort
temperatures have been correlated to the outdoor temperatures
and to the running mean temperatures. The comfort temperature
can be defined as the indoor operative temperature for which
people can vote comfortable on the Bedford scale (neutral on
the ASHRAE scale). For it was observed that some of the points
exhibit a bias from the scatter of points. A statistical method
called the standard residual method has been used to detect the
inconsistent points. Those points which are having a standard
residual higher than 2 are automatically eliminated. For each
point, the standard residual is calculated as:

€i

R=— (14)
Oy
where ¢; is the residual calculated as: ¢; = Y i- Vi
| (e)?
=,/ —— 15
Oy N —_2 (15)

Y; is the point ordinate and Yi is the ordinate of the corre-
sponding point on the regression line. According to this method
63 data among 1537 have been removed, which correspond to
4% of the whole set of data. The analysis will be held using
1474 records.

The temperatures are very close to the comfort temperature,
most of the votes are taking the value “S = 0” for different val-
ues of the temperature, the regression line is nearly horizontal
in this case. In such situation, the exact value for the comfort
temperature cannot also be inferred and the determination coef-
ficient is very low, what means that the correlation is very weak.
Many methods have been adopted to get round this problem:

1 The data can be gathered in a seasonal basis and a thermal
comfort temperature can be inferred for each season.

2 The data can be gathered in an annual basis, and an annual
thermal comfort temperature can be calculated for each loca-
tion. This will hide the adaptive behaviour of the occupants
along the year.

3 The comfort temperature can be inferred from the Griffiths
method [14], which takes an assumed regression slope of
0.33/°C for the relation between comfort votes and temper-
ature.

This method has been adopted and used later by Humphreys
and Nicol [[16].

4 The comfort temperature can be inferred from the method
proposed by Brager and de Dear [8] who have revised the
Griffiths method. They made an extensive inspection of the
ASHRAE database of thermal comfort field studies and us-
ing this data, they suggested an appropriate slope of 0.5 for
the relationship between the comfort votes and temperature.
This new value of the slope has been adopted by McCartney
and Nicol [19]] to develop the adaptive control algorithm when

they analysed the data for the smart controls and thermal com-
fort (SCATs) project. In 1978, Humphreys [[14] has shown
that the outdoor monthly mean outdoor temperature can be
used as an appropriate outdoor temperature index. Later stud-
ies from Nicol and Humphreys [15,20] have shown that an
exponentially weighted mean outdoor temperature can give
more results that are accurate. This index has been called
the “running mean temperature” and it calculates a weighted-
mean from the last day and the previous days with decreasing
weighing factors. The expression of the running mean tem-

perature is given by Eq.

TRM®™ =CTRM"™ D + (1 -C)TMO" ™V (16)

where TRM® is the running mean temperature for the actual
day; TRM® — D is the running mean temperature 1 day before;
T™O" ~
a constant, its value is between 0 and 1 and defines the quick-

1) is the mean outdoor temperature 1 day before; C is

ening response of the running mean to changes in the outdoor
temperature. A value close to 0 gives a running mean tempera-
ture close to yesterday’s mean outdoor temperature and a value
close to 1 gives a running mean temperature equal to the average
value of the last days. This running mean temperature is similar
to half-life decay calculations in nuclear physics.

8 Data analysis and results

Referring to McCartney and Nicol [19], the running mean
temperature was calculated with a coefficient C = 0.8. The Grif-
fiths comfort temperatures have been correlated to the daily run-
ning mean temperatures. The resulting correlation is given by
the expression in Eq.

Te—Griffiths = 0.532T RM + 11.56(R* = 0.6262)  (17)

This result is very close to the correlation between comfort tem-
perature and mean outdoor temperature, but has a slightly higher
determination coeflicient. Compared to the results of McCart-
ney and Nicol [[19]], this equation shows that the Libya popula-
tion is having a higher adaptation capacity than the average Eu-
ropean population that was involved in the SCATSs project. This
difference can be explained by the fact that the SCAT's project
has been held in air-conditioned buildings while the Libya sur-
vey covered only naturally ventilated buildings.

The correlation is very close to the one found by Humphreys
in [14], and does not justify the use of the running mean tem-
perature because it was very close to the one correlated to the
outdoor temperature. The determination coefficient found for
the running mean temperature regression was 35% lower than
that found for the mean outdoor temperature regression.

9 Conclusion
Building standards have been based on fixed comfort temper-
atures found from tests held in climatic chambers. Those stan-

50 Per. Pol. Mech. Eng.

Adel Akair / LdszIé Bdnhidi



dards assume that the indoor temperature is fixed to a set value
and controlled by heating and air conditioning systems. In Libya
and all North African countries, the heating and air conditioning
systems, in case they exist, are not used continuously. Thus, the
indoor temperature is fluctuating. The thermal sensation of the
building occupants is the only controller of the ventilation, the
heating or the cooling of the building. Unlike the conventional
thermal regulations, which are based on energy consumption,
the special feature of the future Libya thermal regulation is re-
lated to the fact that it must ensure a minimum level of thermal
comfort when the building is free running without any heating
or cooling system. The comfort temperature can be correlated
to the monthly mean outdoor temperature. Such concept can be
used to design comfortable buildings. The comparison between
the comfort temperature and the maximum and minimum out-
doors temperatures can help designer to judge whether passive-
heating and cooling techniques are appropriate for the climate
under consideration. The relationship between the indoor com-
fort temperature and the range of outdoor temperatures shows
whether for example night ventilation can be or not a way to
keep the building cool in summer and help the designer to se-
lect the appropriate thermal capacity for the building. The study
suggests that in Libya, the thermal comfort temperature can be
calculated from one of the expressions:

Te—Griffiths = 0.518T,_apg + 10.35,
Te—Brager = 0.6807,_4p¢ + 6.88

where T._grifriths ("C) is the comfort temperature calculated
using the Griffiths method, T¢_p,ager ("C) is the comfort tem-
perature found according to de Dear and Brager Method, 7;,— 4,
(°C) is the monthly mean outdoor temperature. The correlations
found in the case of our study are in good agreement with those
found in the literature particularly the one found by Humphreys.
For buildings equipped with heating and air conditioning sys-
tems, a variable indoor temperature has to be taken according
to the comfort temperature calculated from the above equation.
This is in agreement with the common way people used to run
their heating or cooling systems. Such method of running will
allow an important energy saving compared with the existing
standards.
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