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Abstract: Globally, there has been a remarkable growth in the number of underground constructions
(UGC) such as railways, offices, hospitals and shopping malls. This expansion is a result of urban
area extensions that are limited by the availability of buildable land. Underground construction
can also be used to protect people from the harshness of the outdoor conditions. The aim of this
research is to investigate the impact of underground construction in hot regions. The major issue
with most of the current UGC is the lack of natural ventilation and daylight. This has a clear negative
impact on the user’s perception and comfort. The new design elevates the external walls to place
some of the windows above ground for the purpose of natural ventilation and providing a view. The
study conducted an experiment using an underground room enhanced with field measurements to
ascertain the indoor temperature as well as relative humidity. In addition, the study used an energy
simulation to calculate building heat transfer and solar heat gain. It was revealed that the use of UGC
in hot regions promoted with the addition of natural ventilation can lower the indoor temperature by
3 °C in summer.

Keywords: underground buildings; hot regions; natural ventilation daylight; energy efficacy;
TAS EDSL

1. Introduction

The shelter of the ground is technology from an ancient period of history used to
contest extreme harsh outdoor weather globally [1,2]. It can be utilised as a home for
people or as a place to grow and store food [3]. Subsurface temperatures are usually lower
than those above ground in summer and higher in winter due to the high thermal mass
characteristics of the earth. Globally, there is a noticeably growing number of underground
(UG) constructions such as railways, offices, hospitals and shopping malls. This growth
is a result of urban area expansion that is limited by the availability of buildable land [4].
As a result, larger cities such as Riyadh are among those who need to progress to UG
construction to be able to provide supply for the fast-growing demand [5].

So far as the landmass areas of the earth are concerned, more than 30% of the global
population are living in a hot climate and only 12% are living in a temperate climate.
This makes it very crucial to consider hot extreme climates. The energy consumption
of buildings is the highest among all of the other sections [6]. This makes it important
to exploit UG’s stable temperature to control the energy consumption of the residential
building sector. According to the work carried out by Shi [4], the use of UG construction
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can save more than 23% in terms of the total energy expended. In addition, building
underground can dampen any ambient noise compared to above ground [2]. One of
the disadvantages of UG construction is that it lacks the same indoor environmental
quality (IEQ). However, it is essential to provide solutions to ensure that there is a more
sustainable and indoor friendly environment constructed [7]. Studies have highlighted
that congenial thermal comfort can be obtained through a low level of energy consumption
in UG constructions [8].

2. Literature Review

The study of UG constructions is prevalent globally [9-11]. Although there has
been abundant research conducted on underground constructions such as [12-18], few of
them feature residential buildings specially in hot regions (Figure 1). This indicates the
importance of this study. In a study conducted by Shan [19] in Singapore, the work found
that indoor thermal comfort was improved as well as the resistance to outdoor noise. In
contrast, natural light restrictions, the construction cost and psychological issues due to
isolation are among the disadvantages of UG constructions in residential buildings.

Underground buildings come in the following forms: as an atrium or courtyard plan,
as an elevational plan and as a bermed plan as can be seen in Figure 2 [20]. Despite the
geographical location of the UG building, there are major factors that impact its behaviour
such as the typology of the design, the depth that the building is UG, the use of a ventilation
system, the soil properties, density and the thermal conductivity, insulation and altitude
above the sea level [21-23]. Humidity is a crucial issue in underground buildings and
natural ventilation is important to maintain [24]. Considering thermal comfort in UG
buildings, the work of Porras-Amores [2] carried out in Spain shows that it is possible to
achieve thermal stability with zero energy consumption regardless of the extreme weather
in terms of the outdoor condition. Underground buildings are a great solution to tackle
extreme outdoor conditions in the hot region of Saudi Arabia and other similar climates.
The negative sides of UG construction can be improved using plants as the work of Kim
suggests [25]. This shows that there is a positive perception when plants were used in the
building. The later work also suggested that artificial windows could be helpful to increase
the user’s perception regarding underground spaces. Recent studies have suggested some
methods to improve the thermal comfort and energy performance of UG spaces, such as the
work of Rabani [26]. Their work indicates that the use of water spraying in UG spaces can
decrease the indoor temperature by 7-13 °C. This is similar to the work of Alwetaishi [27]
who investigated the impact of water spray related to a window element in Mashrabiya in
a hot region. The work found that it can decrease the indoor temperature by 4 °C in the
hot summer of Taif city.

Thermal insulation (TI) is a key strategy for energy building efficiency [28-35], par-
ticularly in hot extreme locations where the temperature fluctuates rapidly. Thermal
conductivity is linked to the density of the construction material [36]. As the thermal
insulation gets higher, the thermal conductivity also increases. Thermal insulation has been
tested in different locations around the world with a focus on energy loads [36]. However,
the improvement in energy pattern is attributed to TI thickness [37]. In addition, Ozel [38]
reported that external thermal insulation is more advantageous compared to applying it
inside an external wall. This is important as it controls moisture.

Thermal mass (TM) could be categorised into two groups: internal thermal insulation,
for example, furniture, and external thermal insulation like walls, roofs, and floors [39].
Thermal mass use could be functional in terms of curtailing the amount of energy use
and preserving thermal comfort satisfaction [40—44]. Thermal comfort is perhaps the most
feasible element to achieve in extreme outdoor conditions [45] or in warmer summers in
milder locations with a cooler outdoor condition [40,46,47]. Kumar [48] highlighted that
the use of TM is not advantageous only in hot regions. It is also useful in the composite
climatic conditions of India during winter. Rodrigues [47] studied the link between energy
exhaustion and TM in the Mediterranean climatic condition and revealed that thermal
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transmittance changing according to the local climate condition. For example, the diver-
gence of thermal transmittance found was as low as (—0.99-+3.89%) in Marseille in the
country of France and as high as (—1.81-5.44%) in the country of Tel Aviv. This work also
expresses the significance of the effect of thermal transmittance on the patterns of thermal
mass. A rapprochement between a heritage building built with stone and another one built
with modern building materials such as bricks was conducted by Yousef [49] in Egypt,
which has a hot climate. The study showed that the utilisation of a technique used in
historical buildings aided in the minimisation of the indoor air temperature by 1.4 °C. In
addition, there is an abundance of publications that have been carried out on the basis of a
case study involving historical buildings [50,51].
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Figure 1. Weather data for Al-Dwadimi town (A) (Meteonorm, 2019), and Ash Shu’ara heritage village
in Al-Dwadimi town, (B,C) is the cloud cover during the measurement day (Taken by the author).
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Figure 2. (A)is a view of the actual room model showing the 0.6 m elevation above ground level for the
purpose of natural ventilation. (B) shows the night-time view of the room with traditional furniture.

TM is substantially linked to thermal comfort. Based on the research carried out
by Kumar [52], 40-98% of the state of thermal discomfort could be averted by utilising
the building’s thermal mass. Indeed, some of the publications dispute that the use of
thermal mass has no effect on energy demand. It may also ameliorate the thermal comfort
condition [53]. A new formula designed by Li [54] was introduced to be utilised by
engineers and architects. It is composed of various parameters as follows: the time constant
of the system, the heat transfer of the dimensionless convective, and the constant of the
Fourier time.

2.1. Context of Extreme Climate of Al Dwadimi City in Saudi Arabia

The town of Al-Dawadmi is located in the heart of Saudi Arabia’s desert with coordi-
nates of 24°50' N 44°39’ E. It is located about 300 km west of the capital of Saudi Arabia,
Riyadh. It has a desert climate with a very hot summer and cold winter (Figure 1). It is
elevated roughly 1000 m above sea level which means that it has a very cold climate in
winter. The town is known for its historical tourist destination, the Ash Shu’ara heritage
village (Figure 1).

2.2. Aim and Objectives of the Study

The aim of this research is to investigate the significance of the use of underground
rooms in order to improve the indoor built environment and energy efficiency in hot
regions. There are various objectives that lead to the mentioned aim of this research. The
first one is to conduct a comprehensive literature review regarding the use of underground
constructions globally, especially in hot regions. There are different purposes backing their
use, such as the environmental aspect, the lack of above ground spaces and others. One of
the major objectives of this study is to build a real room in the desert of Saudi Arabia to
test it physically using advanced tools (Figures 2 and 3). Another objective is to use the
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energy simulation tool TAS EDSL to provide an energy analysis of the built room. This
analysis was compared with an over ground room for comparison.

Figure 3. Process of building the underground model, designed by (Mohammed Al-Amoodi).

2.3. Novelty and Significance of the Study

Although there has been bountiful research carried out on UG constructions such
as [12-18], little of them feature residential buildings. This indicates the importance of this
study in terms of filling in this gap in knowledge, especially in a harsh climate like in Gulf
countries where the outdoor temperatures can soar sharply. The model in this study was
designed specifically for the purpose of this research. In addition, the model room was
not fully underground. A small section of the room was left above the ground to allow for
natural ventilation. This is very important to avoid moisture based on the previous studies
and the literature review (Figure 2).
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3. Methodology and Materials

It is well-known that the temperature of UG is cooler in summer and warmer in winter
compared to the outdoor temperatures. This impacts on thermal comfort. Yanping [55]
and Alberto [8] explained that this is linked to the absence of direct solar radiation on
the building envelope of the UG constructions. In UG studies, simulations and field
investigations are among the most used tools [5].

3.1. Design and Construction of the Real Model Room Built Underground

The study was carried out using a real model built in the desert of Saudi Arabia
(Figure 4). The room had a dimension of 3.5 m x 4.0 m with a 1.0 m atrium. Its external
wall was exposed to the outdoors to allocate the external windows. This was to enhance the
natural ventilation as well as allow daylight access. The room was built using traditional
and local building materials with a very high thermal performance, such as mud and
palm fronds.

Figure 4. Site construction of an underground room from digging through to the finishing, in addition
to the set-up of the equipment in the underground room.

3.2. Descriptive of Building Simulation Model

The model is built with 350 mm thickness in its external wall with a conductivity of
0.82 (W/m°K) and total U-value of 1.45 W/m?°K. The room has a roof which is made of
mud and palm fronds with a thickness of 300 mm and a conductivity of 1.38 (W/m°K) and
total U-value of 2.09 (W/m°K).

3.3. Use of the Energy Simulation Tool (TAS EDSL)

In addition, the same room was simulated using the energy software TAS EDSL. This
is among the most important energy tools in the world. The software tool is widely used
in energy analysis research in different countries such as Saudi Arabia [56], Chile [57],
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Austria [58], Poland [59], Singapore [60], Albania [61], Italy [62], the UK [63,64] and
Turkey [65].

Calibration of the Energy Model and Its Validation

Since the 1970s, energy building simulation (EBS) tools have assisted in the emulation
of reality [66]. The way that EBS works is complex, and it has different input data [67].
Consequently, these data have to be evaluated precisely [68].

This study used graphical calibration to underwrite the sufficiency of the used tool.
Figure 5 indicates a rapprochement between the simulated and measured temperature data
of the indoor environment and humidity using the data-logger tool described in Table 1.
The results highlight a very agreeable difference that is within the tolerances. Moreover, the
TAS EDSL software has been previously validated by the author in another study on the
topic of the sustainable application of asphalt mixes with asphalt pavement (RAP), which
can be used in building applications in cold regions [69]. The validation investigation used
a real model prototype and compared it to the energy simulated model developed in TAS
EDSL (Figure 6).

EEEN Simulated TAS [ Meas. < OAT
(A)
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70 - <><><><><><><>
60 - ¢ o

50 - o <o
40 - &
30 Y o £

20 - %

Relative humidity, %

10 4

1 3 5 7 9 11 13 15 17 19 21 23
Day time, hrs.

Figure 5. Calibration of the indoor temperatures (A) and relative humidity (B) where Meas. is
measured data, OAT is outdoor air temperature and ORH is outdoor relative humidity.
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Table 1. Tools and equipment used in the research study.

Tool Output Accuracy/Sensitivity
Thermal imaging camera Temperature range from —20 to 250 °C (—4 to 482 °F) <0.15°C
Professional ngI}j -Tempgrature Thermometer Temperature Tester Gun Measuring Range —50 to 550 °C 0.5t0 1.0

aser Pointer
L - Records 32,000 data points Temperature: +1.0 °C
Temperature and humidity data logger - Built-in sensor to measure temperature and humidity Humidity: +3.0%

TAS EDSL; Energy building performance tool Many energy elements such as cooling load, solar and daylight

(4]

Reinforced concrete -

Blocks of asphalt with
90% RAP

Marble floor

Figure 6. TAS EDSL model where: (A) is the 3D model with material specification and (B) is a view of actual model

conducted on Taif University campus (Alwetaishi, Kamel and Al-Bustami, 2019).

4. Results and Discussion

There are two major factors to consider in UG spaces. The first one is the low heat
transfer of the building envelope (Figures 7 and 8). This study demonstrates that there is
roughly double the amount of heat transfer in the above ground room compared to the
underground constructed room. This is due to the exposure of the AG room. Although
the underground constructed room (UGCR) has a little elevated wall to reach above
ground for the purpose of natural ventilation, it is still mostly covered. The current
constructed room design has a highly efficient thermal mass as well as control of the
heat transfer. It also provides natural ventilation for the room which is a critical issue in
most of existing underground constructions as has been discussed in the literature review.
The work of Kim [25] suggested using artificial plants in UG spaces in order to reduce
the negative perception of UG spaces. The proposed UGCR had a high level of thermal
mass performance which is reflected clearly in both field and simulated measurements
of the room. In addition to that, the position of the openings of the windows can play an
important role in natural ventilation and daylight from one side, and excessive solar gain
from another, especially in hot regions. The work of [70,71], which are conducted in hot
regions, has investigated the impact of orientation, shading devices and window to wall
ratio. The studies have highlighted the impact of orientation in hot regions on building
energy performance and comfort.
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Figure 7. Building heat transfer of the underground room (A) and above ground room (B).

Figure 8. Building heat transfer comparison between underground and above ground rooms where BHT_NR is the above
ground room and BHT_UGR is the underground room.

The UG room was compared to the above ground room. The first one was enhanced
with a natural ventilation mode whereas the second one was not. This analysis aimed
to highlight the advantage of having natural ventilation in underground constructions.
Figure 9 shows that there was a considerably high fluctuation in indoor temperature
as high as 10 °C. The other closed room was found to have a one-degree temperature
difference throughout the whole day, taking into account that both rooms are located in
the same town. However, it is well-known that UG constructions suffer from a high level
of moisture and humidity [24]. The location of the study during the hot and dry summer
resulted in a variation in relative humidity in the range of 45% to 62%. This is due to the
natural ventilation enhanced with UGBC. The study used small-sized windows for natural
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ventilation to minimise the impact of solar heat gain. Figure 10 shows the amount of solar
gain in the room across the different seasons. It can be seen that the temperatures are quite
similar due to the size of the windows. The study revealed that the use of UG spaces in
hot regions enhanced by small windows for natural ventilation and air exchange could
lower the indoor air temperature by about 3 °C. This is very similar to the findings of
Alwetaishi [27], which was conducted to examine the use of water spray located to examine
the window elements of Mashrabiya in the city of Taif. The study showed that the system
used can lower the temperature by 4 °C. In underground spaces, it is crucial to ensure that
there is an adequate level of natural ventilation.

62
57 -
52 -

47 -

RH%

42 -
37 -
32 -
27 -

+

22 .
MIRH.UG MIRH.OG

31 -

27 - (]

25 -

IAT°C

21 -

19 \
MIAT.UG MIAT.OG

Figure 9. Monitored indoor air temperature and relative humidity for both the underground and
above ground rooms over 3 days where, MIRH.US is monitored indoor relative humidity of under-
ground, MIRH.OG is monitored indoor relative humidity of above ground, MIAT.UG is monitored
air temperature of underground and MIAT.OG is monitored air temperature of above ground.

TAS EDSL was used to simulate the indoor air temperature both under and above
ground for the whole year (Figure 11). The results showed similar findings to the actual
results. For instance, in June, the gap in between the UG and AG indoor temperatures
was about 3°C, which is the same as the actual measurements. However, there were some
variations in the other months which are reported as being minor. It was noted that the UG
room was found to be warmer in winter and cooler in summer compared to the AG room.
This can help to maintain the user’s comfort level throughout the year. Table 2 shows the
inner variation in surface temperature using a thermal imaging camera due to the high
level of thermal mass construction.
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Figure 10. Solar heat gain (SHG) in the underground room in all seasons.

Table 2. Inner surface of the UG using a thermal imaging camera in different orientations.

Thermal Imaging Camera Normal Picture

31.3%C

West

North

East




12 of 16

Buildings 2021, 11, 341

NR.RH |

|-ORH N OAT ==—=UGR.IAT =====NR.|AT = UGR.RH

Feb

Jan

=
W

o~
=t

o
@

~
=t

% ‘Auplwny aaneay

=]
0

™~
m

=] o =1
5 @m0~

N
L I ]

3, ‘aInjesadwa)

=]
=

~
—

9% ‘RupIwny aane|ay

o
wn

o o o
=+ MmN

M~ oo e~
M oMo o

2, ‘aamyesadwa)

=}
=

o~
—

(=1

~

[=}

~

11 13 15 17 19 21 23

7 8

S

11 13 15 17 19 21 23

7 9

5

Apr

Mar

(=]
@

60

~N

% ‘Aupiuny anpejay

o o 9o o o
m < ®m N

Ll B T L |
Mmoo e

I, ‘2Injesadwa]

% “Aupiuny aneay

2 o 9 9 o
m T m &N oo

~ oo

o 2unjesadway

a

~

k=]

9 11 13 15 17 1% 21 23

5 7

3

11 13 15 17 19 21 23

7 9

5

Jun

May

[~
-]

42

60

% ‘Aupiuny angejay

=] = < [=] (=]
n s A N

o
=

Lo T T o T T )
L I N

3. ‘Aunjesadwa)

% “Apiwny anne|ay

k= Q < (= =]
o F A &N A

[ s ]
Mmoo NN e

J, ‘eimeradwa)

o

~

=]

™~

11 13 15 17 19 21 23

9

7

7 9 11 13 15 17 19 21 23

5

Aug

Jul

5 ‘Aupiwiny ey

[=] < (=] [=] [=] =
@ ¢ F M N =

~
=

(=]
[

o
L

L o T o O T o
Mmom NN e

J, ‘ainesadwal

% *Aupiwny angejay

2 9 o 92 Q
h < M N =

el B AT |
mom AN oA e

o ‘dnjesadwial

o

~

o

™~

11 13 15 17 19 21 23

7 9

5

7 9 11 13 15 17 19 21 23

5

Figure 11. Cont.



Buildings 2021, 11, 341

13 of 16

AxiTemperature, °C

Temperature, °C

5 Title

42
37
32
27
22
17
12

7

Sep

Relative humidity, %
Temperature, *C
Relative humidity, %

13 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 11 13 15 17 19 21 23
Nov
Dec
60
« 42
50
= o 37 %
= B Z
z § £
3
E E a E
2 g [
B E £
2 = g
3 5 7 9 11 13 15 17 1% 21 23 1 3 5 7 9 11 13 15 17 19 21 23

Figure 11. Indoor temperature and relative humidity of the underground room and above ground room simulated using
TAS EDSL for the whole year where, ORH is outdoor relative humidity, OAT is outdoor air temperature, UGR.IAT is
underground air temperature, NR.IAT is above ground air temperature, UGR.RH is underground relative humidity and
NR.RH is above ground relative humidity.

5. Conclusions

The research conducted a real underground room in the town of Al-Dwadimi in Saudi
Arabia to explore the impact of underground spaces on the indoor built environment and
energy efficiency. The underground model was compared with a normal above ground
room to show the significance of the new built underground model. The design of the UGR
was raised above ground to allow for the placement of windows for natural ventilation.
The study used a computer simulation (TAS EDSL) and field measurements to observe the
findings including the indoor air temperature and relative humidity. The windows used in
the constructed room were relatively small. This is because the size of the windows in such
locations could have a considerable impact in terms of solar radiation. The study revealed
that the amount of heat transfer between the underground and above ground rooms has
been doubled. This is due to the exposure of the above ground constructions to the outdoor
conditions. Given how UGCs suffer from moisture and a lack of natural ventilation, the
constructed room was found to be relatively humid even though it was located in a hot
and dry region. This is due to the proposed design having an elevated external wall higher
than the ground level in terms of the placement of the windows. This study shows that the
use of underground constructions in hot regions can be enhanced by natural ventilation
which can lower the indoor temperature by 3 °C in summer.
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