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Abstract

This study investigates the determining parameters of thermal comfort of office in
an arid hot-arid environment of Bechar, located in the northwestern region of Alge-
ria, in which the vertical walls of the room and the roof are subjected to solar irradi-
ations and the floor is considered to be adiabatic. The solar flux is calculated by the
ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engi-
neers) method. The predicted results are validated against the experimental results
of the meteorological station of the ENERGARID research laboratory at the Univer-
sity of Bechar (Algeria). The characteristics of the ambient air flow are performed
by using the computational fluid dynamics (CFD) software (Fluent). The flow fields,
thermal fields, and humidity are investigated. An elaborated computer program
(with Delphi language) is utilized to evaluate the temperature—humidity coupling as
the most essential factors of the thermal comfort. A significant impact of dynamic
temperatures and humidity on thermal comfort has been observed, especially in this
hot-arid environment. Besides, a considerable effect of the flow velocity has been
remarked. From the obtained results and to provide the best thermal comfort in
such arid regions, the range of air velocity inside the building is recommended to be
between 0.2 m-s~! and 0.3 m-s™..
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Abbreviations
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning

Engineers
CFD Computational fluid dynamics
FST Fixed setting temperature
GHG Greenhouse gas
HVAC Heating, ventilating, air-conditioning systems
ITD Information Technology Division

M.S.FE Maximum solar flux on the east wall
M.S.F.H Maximum solar flux on the horizontal wall
M.S.EW  Maximum solar flux on the west wall

OPA Occupants’ presence and actions
SVM Support vector machine
T.R.D. Technical Regulatory Documentation

1 Introduction

With today’s needs for energy savings and control of the building’s environmen-
tal impacts [1, 2], some doubts arise about the definition of thermal comfort and
how to create and maintain comfort conditions as they are dependent on geographi-
cal location of building [3], as such person-to-person perceptions changes, and the
type of activities performed. In situ studies of thermal comfort have revealed an
overestimation of the level of perceived discomfort in reality compared to that pre-
dicted by regional building standards, especially in buildings that are air-conditioned
during hot periods [4]. These studies served to lay the foundations for the adap-
tive approach, which characterizes thermal comfort through adaptive interactions
between the environment and occupants. The use of standards can lead to a systemic
alternative to air-conditioning [5], whereas the adaptive approach makes it possible
to ensure thermal comfort with more modest energy consumption.

What differentiates the situation of modern architecture concerning the energy
problem from the architecture of any other era is not only a decrease in the availabil-
ity of energy resources but rather than the demand for thermal and environmental
comfort parameters, which have only become extensive since the nineteenth cen-
tury [6]. Homod et al. [3] discussed the importance of envelope materials used that
determined the HVAC systems energy efficiency and presented hybrid model for
thermal comfort evaluation in building. Sarafraz et al. [7] investigated the potential
of concentrated hybrid PV/thermal system for production of steam and electricity.
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In addition, the energetic and exergy performance of a new configuration of liquid
chemical looping gasification (LCLG) [8] and syngas production with supercritical
biomass gasification [9] and investigations of toluene methylation to para-xylene
[10]. There has been a significant shift in harnessing the heat and fluids conver-
sion for various HVAC applications [11-15]. Last few years have been a significant
shift in the maintenance of thermal comfort and adequate ventilation in buildings
[12, 13, 16], a period during which certain economic energy-cost issues and public
awareness to the extension of comfort are being emphasized, allowing it to become
a real challenge, both economically and socially. The development of thermal com-
fort techniques has played a paramount role to enlighten comfort parameters with
various renewable energy technologies [17-19]. This epoch is characterized by the
progress and enhancement of thermal machines [2]. It is imperative to mention that
thermal comfort is also dependent on stress-free satisfaction of energy consump-
tion, as such low-energy power generation [20, 21] with PV integrated solar thermal
systems [22-24], advanced smart building wall insulation technologies and smart
windows [25, 26] are growing in remote regions of the countries, where access to
electric grid [27] is still under-development, and in fact a successful notion of smart
cities with advanced insulation technologies where individual buildings could be
self-energy reliant.

Nowadays, thermal comfort in buildings is a vital need due to its influence on the
productivity and health of the occupant, occupants typically spend three-quarters of
their time indoors. This requirement is supported by the standards of the Techni-
cal Regulatory Documentation (T.R.D.), which ensures that the indoor environment
complies with the requirements of thermal comfort. However, the search for uniform
and comfortable indoor thermal environments [15], following standards, through-
out the year and without taking into account the particularities of the climate, the
site, and the buildings, is accompanied by a multiplication of climatic installations,
resulting in high-energy consumption, mainly of fossil fuel dependent areas which is
exhaustible and polluting, for which solar energy systems integration, a standalone
wind power plant, small scale parabolic trough-based solar energy generators [28]
and the hybridization of PV system [29, 30] with it are being explored.

Over the last 30 years, energy consumption in Algeria has been steadily increas-
ing in the residential sector, still leading the other sectors. In 2004, this sector
accounted for 43.5 % of national final energy consumption. Besides, it was respon-
sible for more than 20 % of greenhouse gas (GHG) emissions. Air-conditioning load
and energy requirement have also been rising burden specifically since last decade,
particularly after the heatwave in the summer of 2003 following the acceleration of
global warming due to the increase in GHG emissions.

In this research, we are interested in the analytical aspect of thermal comfort as
a complement to the simulated element, which provides a global vision of thermal
comfort in buildings. Based on a bibliographical study on thermal comfort and exist-
ing methods, we conducted a numerical study in situ in a room of office building
to explore adaptive comfort more closely and characterize the interaction between
comfort quantities. By using Aripak software and during the summer season,
Mousavi Motlagh et al. [2] studied an air-conditioned class that was affected by two
factors: cold jet and the buoyancy force of the heat source. Sempey et al. [31] made
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a rapid simulation of the temperature distribution in conditioned rooms. They used
the appropriate orthogonal decomposition. On the other hand, Trabelsi et al. [32]
studied coupled heat and moisture transfers in building envelopes, which revealed
the importance of considering these phenomena at the wall scale for a good assess-
ment of the behavior of indoor environments and a better prediction of the overall
performance of air-conditioned buildings. First, heat and moisture transfer modeling
was undertaken. This model was then implemented under “Matlab-Simulink™ and
then validated using various validation tools.

Rebai et al. [33] have studied the variation of the location (height above floor
level) of the extracting unit on the interpretation of velocity and temperature in the
room by varying the supply velocity of air (between 0.8 m-s~! and 0.2 m-s™"). Then,
they studied the impact of the Archimedean number on the dynamic and thermal
properties of air at the entrance of the room (velocity and temperature) to compare
the results obtained with the Fluent software with those obtained with the model
developed and used by Xue and Shu [34].

Lin and Liao [35] analyzed the temperature and velocity variation in an air-
trained area. The heating sources produced by five personal computer and distribut-
ing cooling fan in an air-conditioned room are reviewed in this research. The experi-
mental analyses are carried out to evaluate the alternatives with the mathematical
simulation, and the results have shown acceptable agreements in temperature dis-
tribution. The results exhibit the interval of steady time is reduced while circulating
fan functioning. A standard temperature for the event without having a circulating
fan is reduced than that of a moving fan. However, global earth temperature distribu-
tion is not homogeneous, and localized temperature has followed the similar pattern.
Mebarki et al. [36] carried out a study of the dimensioning of a ventilation and air
conditioning installation at the Béchar Airport, taking into account the difference in
humidity between the supply air and the environment to be air-conditioned. The lat-
ter has an air-conditioning system represented by air-conditioning cabinets; it subse-
quently led us to make a comparison from a system and cost point of view between
the two systems. To do this, they had developed a software package under the MAT-
LAB® SIMULINK environment based on an international method for estimating
different air conditioning loads. Alahmer et al. [37] analyzed the thermal sensation
and the state of the comfort of vehicle cabins, under control of relative humidity
and temperature, using the Berkeley and Fanger models. It shows that controlling
relative humidity with dry temperature control allows the cab to reach the comfort
zone more quickly than dry temperature cab control alone for the heating and cool-
ing processes. Schminder and Gardhagen [38] presented a numerical model to pre-
dict human performance and thermal conditions in cockpits, and a significant effect
of thermal comfort on the mental and physical degradation of crew members was
reported.

Nada et al. [39] inspected the efficiency of hybrid air conditioning and water
heating systems and humidification—dehumidification proposed for water produc-
tion and power conservation in dry and hot climatic zones. The evaluation was
achieved to characterize the configurations systems with the most significant fresh-
water production rate, the highest energy savings, and the highest total cost sav-
ings. An advanced correlation was developed and utilized to determine the rate of
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freshwater production and total system energy consumption in control parameters.
Zhou et al. [40] defined a data-based thermal comfort model using vector machine
support algorithms: ASHRAE (American Society of Heating, Refrigerating and Air-
Conditioning Engineers) RP-884 database overview. They used the support vector
machine (SVM) algorithm and the RP-884 thermal comfort database for the devel-
opment of a new model with self-learning and self-correction capabilities.

Using the heating behavior of the occupants and skin temperatures, Katié
et al. [41] developed a self-learning algorithm to predict global thermal comfort.
It explored the new configuration of inputs like the utilization of skin temperature
and custom heating system parameters as constraints to indicate personal thermal
easiness.

Wang et al. [42] performed a dimensional analysis of subjective thermal com-
fort parameters based on the ASHRAE global thermal comfort database. This study
focuses on the thermal experience of the occupants. Prediction accuracy was 87 %
for thermal acceptability and 64 % for thermal preference. Prediction error may be
due to individual differences in occupants and to errors in a survey response. These
results could help design chamber experiments, field studies, and human-building
interaction interfaces by highlighting the choice of subjective thermal measurements
to collect information on the occupants’ thermal experience.

Larsen et al. [43] developed a tool for the holistic evaluation of potential indoor
environmental quality. Carlucci et al. [44] made a model of occupant behavior in
buildings. They reviewed approaches related to OPA (occupants’ presence and
actions) modeling in structures. Pérez-Lombard [45] inspected available information
regarding power input in buildings, and primarily related to HVAC (heating, venti-
lating, air-conditioning) systems. They performed comparisons between commercial
buildings for various countries. Xu et al. [46] conducted simulations of DST in a
public building in Changsha (China) based on meteorological data of 2017. Their
results revealed that the use of DST might save up to 65.5 % of power input com-
pared with the traditional fixed setting temperature (FST).

For an office building in a subtropical climate, Chowdhury et al. [47] examined
the effect of different low-energy cooling-technologies (chilled ceiling) on the ther-
mal comfort. For summer and winter seasons, they evaluated the thermal conditions
of the Information Technology Division (ITD) building at Central Queensland Uni-
versity. Gjerland et al. [48] employed a scoping review method to map the field of
empirical research on office concepts. Peeters et al. [49] evaluated the comfort val-
ues and scales in residential houses. They focused on comfortable temperature levels
in the room more than on the detailed temperature distribution within that room.
Stavrakakis et al. [50] determined the thermal comfort by natural cross-ventilation
in buildings. They inspected the natural cross-ventilation with openings at non-sym-
metrical locations. They measured the velocity and temperature selected positions in
the room.

To perform experiments in a climate chamber, Katic et al. [51] employed two
different approaches based on the output data (thermal sensation and thermal com-
fort votes), and five different sets of input variables were explored. The results
showed that personal comfort models among all tested approaches and subjects
revealed the best median accuracy of 0.84. The authors recommended performing
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more experiments due to the limited number of test subjects in their study. Sakhri
et al. [52] carried out an experimental investigation on the performance of a coupled
system: an earth-to-air heat exchanger and a solar chimney. The obtained results
showed that the new system created two main thermal regimes in the same day. It
was also observed that the system increases the outlet air relative humidity by 46 %
due to the condensation phenomena and reduces it sometimes by 45 %. The recent
model made of the two techniques was able to produce between 3 W and 20 W of
heating/cooling capacity at the outlet of the system. Kogyigit [53] performed an
investigation of the thermal and strength properties of a novel composite developed
for insulation as building material. They tried to produce novel composite materials,
which provide thermal insulation using waste and natural materials in construction
applications. Mui et al. [54] reviewed and categorized the significant developments
and trends in thermal comfort research in recent years. Based on the research gaps
identified, a practical solution was proposed to improve the reliability of thermal
comfort predictions. Two Bayesian updating protocols, namely individual updating
and global updating, were put forward.

In the present paper, the thermal comfort inside a building in a hot-arid area is
investigated. The region of Bechar is taken as a case study. Two factors are used to
determine thermal comfort, namely temperature and humidity. This paper contrib-
utes: a description of the problem and the site of the study is discussed in Sect. 2;
the method of investigation, and the required details, such as the governing equa-
tions and boundary conditions, are presented in Sect. 3; mesh tests and validation
of predicted results are detailed in Sect. 4; and the results are shown in terms of
velocity, streamlines, temperature, isotherms, and profiles of moisture. For indoor
comfort evaluation, a computer program was created with Delphi language; it allows
treating the temperature and moisture coupling. The program plots the points on the
humid air diagram and provides contemplated percentage of the points that are in
the comfort zones.

2 Problem Description

The location under consideration is integrated into office building, where occupants
perform administrative services. A selected office has a volume of 45 m>. The walls
that have heat exchanges with the outside are the east, west, and ceiling. Consider-
ing the other walls are adiabatic and therefore neglecting heat exchanges with the
neighboring locations. The heat balance was carried out using the regulatory techni-
cal document method (DTR), with a supply airflow rate g,,,=0.19 m>s~!. The heat
balance details of the office are provided in Fig. 1.

3 The Governing Equations [55]

e Continuity equation
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4 Initial and Boundary Conditions

The computational fluid dynamics (CFD) method has proved its efficiency in vari-
ous engineering applications and with complex geometries [56—65]. In this works,
the CFD tool Fluent was used to perform the investigation. This computer software
is based on the finite volume method to solve the governing equations.

The initial and boundary conditions are applied to the office location (Fig. 2), as
follows:
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Fig.2 Boundary conditions applied to the office location illustrates the heat exchanges

At the time =0, the outdoor temperature is 7=44 °C (the basic outdoor conditions
for the Bechar D1 zone (D.T.R 3-4)). The indoor temperature is the difference between
the basic outdoor temperature and the indoor temperature (according to D.T.R) room.
At the initial time r=0, the indoor and outdoor humidity ~=14 % is applied. However,
and for #>0, the indoor humidity is 50 %, while the outdoor humidity remains 14 %.

At the time >0, for the walls:

e [East wall (90° with the south (0°)), vertical (90° with the horizontal plane) sub-
jected to a solar flux calculated numerically with the ASHRAE method.

e West wall (90° with the south (0°)), vertical (90° with the horizontal plane) sub-
jected to a solar flux calculated numerically with the ASHRAE method.

e The roof (0° with the horizontal plane) subject to a solar flux calculated numeri-
cally with the ASHRAE method.

e The floor is considered adiabatic 0T /dy = 0

Variations of the solar fluxes on the East wall, West walls, and on the roof are pre-
sented in Fig. 3. Mesh dependency tests were also carried out for various sizes of grid
elements, as shown in Fig. 4. Detailed information of the different meshes investigated
is summarized in Table 1. From the obtained results, it seems that mesh 4 is the most
accurate. Therefore, it has been selected for all calculations. The computations were
performed with a computer machine having Intel Core i7-950 CPU 1, 8 threads base
clock 3.05 GHz, and RAM 18 GB. We note that the residual target for the convergence
has been fixed at 107.
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Table 1 Details on the mesh tests

Mesh 1 (coarse) Mesh 2 (normal) Mesh 3 (extra fine) Mesh 4

(extremely

fine)
Maximum element size 0.54 0.362 0.108 0.054
Minimum element size 0.0108 0.00162 4.05x 107 1.08x 107
Maximum element growth rate 1.4 1.3 1.2 1.1
Curvature factor 0.4 0.3 0.25 0.2
Resolution of narrow regions 1.0 1.0 1.0 1.0

1000 -
‘" —a— Experimental
—— Numerical
800
~
£
§ 600
x
=
(=
= 400
@
i
200
0
6 8 10 12 14 16 18 20

Time (h)

Fig.5 Heat flux vs. time: validation of the predicted results

5 Validation

The ENERGARID laboratory (Laboratory of Energetic in Arid Zones) of the
University of Bechar is equipped with a meteorological station, which provides
us with meteorological data for the validation of our simulation. The numeri-
cal computations are based on calculation methods similar to Lui & Jordan, and
ASHRAE. Figure 5 presents the variation of the solar flux during the day of
08/08/2011. This figure provides a comparison between the results obtained from
the meteorological data and those predicted numerically. As observed, the com-
parison shows a satisfactory agreement.
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6 Results and Discussion
6.1 Flow Fields

The velocity along the x-axis is presented in Fig. 6 (at the left side) for three posi-
tions: 0.25x H, 0.5x H, and 0.75x H. In addition, the velocity along the y-axis is
presented in Fig. 6 (at the right side) for three heights: 0.25Xx L, 0.5X L, and 0.75 X L.

For the velocity profiles along the three axes, it is noted that in the
x-axis =0.75x H speed is maximum near the roof. For the velocity profiles along
the three-axis (Fig. 6a, at the left side), the velocity increases with the increase in the
height until it reaches its maximum near the walls. This increase is due to the gradi-
ent of heat.

Air flow velocity applied between 0.02 m-s~! and 0.26 m-s~!, which are comfort-
able for the occupants and satisfactory to the human thermal comfort conditions.
Most studies confirm that these values are the best to provide thermal comfort in
a residential house or an office where the activity does not require a hard effort.
From the velocity profiles, the same is observed in Fig. 6b (at the left side), which
disappears over time. The highest velocity that is observed at the top of the curve
in Fig. 6¢ is due to the temperature gradient near the roof, where the temperature is
considerably high.

From the y-velocity profiles, an unchanging velocity value is observed at the level
y=0.5XL. The air velocity inside the building changes with height and near the
walls. The highest values of velocity are observed near the walls due to the buoy-
ancy effect, which results from the temperature gradient.

The streamlines are plotted in Fig. 7 for the maximum solar flux at three loca-
tions: east wall, the roof, and the west wall. Inside the office, the air flows are homo-
geneous. This latter gives a comfortable sensation, and the air distribution inside
prevents creating a dead zone. This is why the streamlines are almost the same; even
the solar flux for the three sides (east-wall, roof, and west-wall) is different.

Height [m]

2 3 2 3
Width [m] Width [m]

2 3
Width [m]

00010 00060 00110 00160 0.0210 0.0260

Fig.7 Streamlines (m-s™") for a maximum flux, (a) at east wall, (b) at roof, (c) at west wall
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6.2 Thermal Fields
Figure 8 (left side) represents the temperatures for (a) maximum solar flux on the

east wall (M.S.F.E), (b) maximum solar flux on the horizontal wall (M.S.F.H), and
(c) maximum solar flux on the west wall (M.S.F.W). We notice a stratification with
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(a)
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Fig. 9 Isotherms for the walls: (a) east, (b) horizontal, (c) west

an increase in temperature near the Horizontal wall. Figure 8 (right side) exhibits an
isothermal stratification; there is an increase in the temperature on the vertical walls.

The stratification of the temperature reveals the thermal comfort inside the build-
ing. That creates a human comfort space as we can move without thinking to look
for a thermal comfort zone. Near the wall, the temperature increases due to the con-
duction of solar radiation through the wall.

Figure 9 represents the isotherms for (a) maximum solar flux on the east wall
(M.S.F.E), (b) maximum solar flux on the horizontal wall (M.S.F.H), and (c) maxi-
mum solar flux on the west wall (M.S.F.W). We notice a stratification with an
increase in temperature near the horizontal fence. It is pertinent to mention that the
hot air temperature increases due to its lower density and the cold air decreases due
to its high density. The same variation of the temperature occurs for the three sides
of the office, which indicates that the thermal comfort covers the building, as shown
in Fig. 9.

(a) (b)

Height [m]

. 2 3
’ ! Width [m]

2 3 2
Width [m] Width [m]

T ’m

15 25 35 45

Fig. 10 Humidity for the maximum flux at (a) east wall, (b) roof, (c) west wall
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Fig. 11 Humidity for the maximum flux, at (a) east wall, (b) roof, (c) west wall
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6.3 Humidity

The spatial distribution of humidity is given in Fig. 10 for each side of the building.
Humidity has a significant impact on thermal comfort. For the best support, the rela-
tive humidity should be between 30 % and 60 %. In an outside range of this range,
dry air may produce some phenomena of static electricity. It reduces plant growth,
dries up the skin, and irritates the respiratory mucosa. Figure 10a—c confirms the
stratification and also the recirculation at a high level. The values of humidity in
these figures change within the required thermal comfort. Some recirculation loops
are observed at the lower corner of the building, the so-called dead zones, where the
velocity is low. These regions have not a considerable effect on the thermal com-
fort for the whole volume of the building. The most significant impact of dead zone
creation is the low air velocity since the air saturated with moisture is heavy.

Profiles of the humidity along the x-axis are plotted in Fig. 11 (at the left side) for
three locations: 0.25x H, 0.5x H, and 0.75x H. The variation of humidity along the
y-axis is presented in Fig. 11 (at the right side) for three locations: 0.25 X L, 0.5 X L,
and 0.75 % L.

As illustrated in these resents as shown in Fig. 10, the relative humidity varies
between 30 % and 50 %, which means that the office is thermally comfortable. The
decay in curves is yielded by the dead zones where the flow velocity is too low.
Even the walls’ temperature changes gradually with the variation of solar radiation,
the humidity remains in the required range of thermal comfort.

6.4 Thermal Comfort

As mentioned above, a computer program has been built to present the tempera-
ture-humidity in a psychrometric diagram. There are four regions in the chart: the
first one, the high thermal comfort where the couple of humidity and temperature
changes between 35 % and 55 % at 24 °C and 27 °C, respectively. The second region

i o

Total number of points : 424 /
- Percentage of points in [/
B the comfort zone 83.02%

Total number of points : 424
- Percentage of points in
the comfort zone 83.25%

000
wt et s Senyl Lleeng)

) et o}

Fig. 12 Temperature [°C] and relative humidity [%] along a vertical axis X=0.5XL
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Fig. 13 The points are located in the comfort zone for the maximum solar flux at: (a) east wall, (b) the
roof, (c) west wall

concerns acceptable thermal comfort, while the third region is that of the respira-
tory difficulty, for which the temperature exceeds 35 °C and the relative humidity
does go over 14 %, like the case of our studied region (Bechar). However, the fourth
region is the suffocation zone, where the temperature exceeds 35 °C, and the relative
humidity exceeds 45 %. From the results provided in Fig. 12, it is observed that the
maximum values of the points are located in the comfort zone and that for the maxi-
mum solar flux at each side of the building.

For further details, the values of temperature and humidity are presented in
Fig. 13 at different locations in the studied building. As mentioned above, most of
the points of temperature—humidity are located in thermal comfort region.

7 Conclusion

The thermal comfort and humidity of the office in an arid hot-arid environment of
Bechar, located in the northwestern region of Algeria, were investigated at the vari-
ation of moisture and temperature one beside the other. For the best evaluation of
the thermal comfort, a program in Delphi language was elaborated. Through this
program, the couple (relative humidity and temperature) was plotted as a point in
the diagram. The obtained results revealed that thermal comfort, especially in arid
regions, does not depend only on the temperature but also and considerably on
the humidity. Furthermore, the flow velocity also has a significant impact on ther-
mal comfort. The results showed that 90 % of points are situated in the thermal
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comfort zone. The internal air velocity should be in the range between 0.2 m-s~! and

0.3 m-s~! for buildings with regular use. It is recommended that further studies on
thermal comfort and occupant perception of climate and behaviors in such hot-arid
regions are needed.
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