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Abstract: Structural systems in housing projects contribute to the energy consumption of buildings
during and after construction, and the climate plays a significant role in this energy consumption.
Housing projects in harsh environments such in the United Arab Emirates (UAE) directly contribute
to energy performance, specifically in low-density residential areas. By selecting the most efficient
structural system, prior construction can enhance energy performance in such housing projects. The
present study investigates the energy performance of three different structural systems used in UAE
national housing: precast concrete, reinforced concrete, and light gauge steel (LGS). The case studies
used for this study were constructed in Abu Dhabi, the capital of the UAE, specifically in Alain city.
Second, through qualitative analysis and average annual billing of each housing project, the study
identifies the thermal defects and determines the electricity consumptions of each system. The
results indicate that the LGS system provides high thermal conductivity through its structural
elements whereas reinforced concrete leads to the highest annual energy consumption in kW h/m?.
Finally, precast concrete has few thermal defects in its junctions and structural elements. The results
indicate that LGS and reinforced concrete should be further studied, especially with regard to
insulation and improvement, prior to implementation in housing systems.

Keywords: precast concrete; reinforced concrete; LGS system; thermal imaging; IRT

1. Introduction

The world is witnessing a period of drastic climatic change. One of the main causes for these
changes is global warming, which is strongly linked to the increasing rate of energy consumption.
Economic activities, especially the burning of fossil fuels and deforestation, contribute significantly
to the atmospheric level of greenhouse gases. CO: levels have increased 25% since pre-industrial
times because of human activities. According to estimates, the earth’s average surface temperature
without the greenhouse effect would be —18 °C rather than +15 °C [1]. Furthermore, the construction
industry is responsible for 60% of worldwide energy consumption, 40% of which is consumed by
buildings [2], and 70.4% of the energy consumed by buildings is by residential buildings [3]. In
comparison with nonresidential buildings, residential buildings have a lower internal load, and their
cooling load accounts for a large part of residential energy consumption. A building’s energy
consumption can be reduced in several ways, such as by improving building equipment systems
and/or using innovative building components [4]. For instance, a part of the heating, ventilation, and
air-conditioning (HVAC) load comes from the heat loss through thermal bridges within the building
envelope. A recent study done in the UAE reports that over 59% of the total residential building
energy consumption is due to HVAC [5]. Therefore, residential buildings present a significant
opportunity to decrease the effect of thermal bridges and energy consumption and thereby reduce
the emission of greenhouse gases.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Several energy-saving and emission-reduction policies have been adopted worldwide.
According to the European Union, the goal is to improve energy efficiency to 32.5% by 2030 [6]. In a
similar vein, Saudi Arabia has pledged to eliminate net emissions by 2060, without changing its
position as the world’s leading oil producer [7]. Likewise, the United Arab Emirates (UAE) Net Zero
by 2050 strategic initiative has a goal to become the first Middle-East and North African nation to
achieve net-zero emissions by 2050. The strategy aligns with the Paris Agreement, which aims to
reduce greenhouse gas emissions and limit global warming to 1.5 °C compared with pre-industrial
levels [8].

The present study is vital to achieving the sustainability goals of the UAE, which have been
pioneers in this field in research, and standards such as Estidama that enhance sustainability in the
construction sector. However, the market remains dominated by conventional construction using
reinforced concrete, which allows undesirable heat transfer through thermal bridges, leading to high
energy consumption for cooling [9]. A study by Aoul et al. revealed that the thermal performance of
a building is strongly affected by the type of construction material used, the thickness of the
insulation, and mortar joints [10]. Furthermore, the authors suggest that thermal anomalies can be
reduced by using skilled workmanship and otherwise enhancing construction quality. Hagi et al. [11]
used thermal imaging to audit thermal bridges formed by building components. The authors report
that heat transfer through building enclosures can occur either by conduction through the walls
because of a temperature gradient (i.e., material conductivity), or by conduction through walls due
to solar heating of the outside surface of the wall. In addition, the authors report that thermal defects
leading to thermal bridges are caused by design decisions made during the design and construction
stages. Although existing studies have focused on thermal bridging and energy loss in construction
systems in the UAE, no analysis has yet been conducted to determine how construction systems affect
post-occupancy energy loss.

The conventional method of construction in the UAE is the cast-in situ method where concrete
is transported and then procedurally cast at the site [12]. Widely used and understood, this method
has been studied to meet sustainability goals set by the government and was found unable to attain
the required efficiency [13]. Consequently, we must focus our efforts on tackling energy efficiency
within the construction sector and, more specifically, in the method of construction.

This paper addresses this issue by analyzing the thermal performance of common construction
methods, namely, light gauge steel (LGS), precast, and reinforced concrete. This investigation focuses
on a housing project in Abu Dhabj, for which 80% of its constructions are for residential use and local
neighborhoods define the overall construction environment [14]. Numerical evaluations have been
carried out based on a case study of Abu Dhabi national housing projects in Al Ain City. Based on
the case study, we strive to answer two distinct but correlated questions:

1. What is the most thermally efficient structural system to use in UAE housing projects?
2. What are the thermal defects of these systems and how do these defects affect the energy
demand of the housing projects post-occupancy?

2. Literature Review

2.1. Construction systems in the UAE

Globally, concrete is one of the most used construction materials and sees use in about 60% of
the constructed environment in most developed countries [15]. The versatility and strength of
reinforced concrete have led to many modern constructions that we know and use every day.
Concrete is easy to produce and shape and offers considerable compressive strength. However, it can
support only small tensile loads. Consequently, steel is used as a construction material because it is
easy to make in tubular shapes and can be used when tensile strength is required.

Construction methods have now developed to the point that the most prevalent building
methods involve prefabricated modular systems [16,17]. Recently, the UAE government has
preferred to use these methods in construction projects due to their low cost, reduced labor
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requirements, and fast project delivery time [18,19]. Among the most well known of these methods
involve the use of precast concrete and LGS.

The concrete can be either precast or in situ concrete. Precast concrete systems use standardized
structural components that are produced off-site and then transported to the site for assembly [20].
This strategy has been used extensively in many residential and commercial construction projects
because it offers greater durability, better thermal properties, and easy handling. In addition, precast
concrete is of higher quality because it is manufactured under strict controls [21].

When it comes to energy consumption, a recent study [22] reported that the transportation and
operational energy consumption of precast systems is greater than that of conventional building
construction systems. Precast concrete consumes 60% more energy for transportation compared with
the conventional system, and 30% more energy for operation [22]. Overall, embodied energy
expended for prefabricated construction, by the deployment of energy-efficient materials and
optimal construction periods, is reportedly 5.7% greater than conventional construction [22].

Considering LGS, which is “a cold-rolled” steel product commonly available in the shape of flat
sheets, angles, or channels and often used to frame nonstructural partitions, it is used in external-wall
frames, floor frames, internal walls, etc. [23]. It is used as a base which is then covered with boards
and materials [24]. A study in 2019 reported that 19% less maintenance energy is required when using
LGS than when using the conventional system [25].

2.2. Thermal bridging and thermal inefficiency

In thermodynamics, thermal bridges refer to excessive heat loss or gain through a structure,
since heat transfers through an object that is more conductive than its surroundings. Thermal
bridging occurs due to the difference in temperature between the interior and exterior of a building.
In general, the interior temperature is higher than the exterior temperature due to the absence of
airflow [26]. Thermal bridging in homes and buildings can lead to higher utility bills due to energy
loss.

Multiple studies have reported that precast concrete panels made from steel and concrete have
low thermal efficiency and represent major unreported defects in thermal performance. These studies
also emphasize that using alternative materials with low thermal conductivity such as glass fiber,
carbon fiber, basalt fiber, etc. can reduce the thermal conductivity of structures [27-29].

Hamed et al. revealed that the thermal resistance of a precast panel is proportional to the length
of the thermal path [27]. The study also found that “staggering of shear connectors increases thermal
path length and subsequently improve the thermal resistance of panels” (see page 81 of Ref. [27]).
Conversely, there is a paucity of studies on thermal bridging and the thermal performance of LGS
systems. One of the rare studies on this subject focused on mitigation strategies to reduce thermal
bridging in LGS structures such as simplifying the facade geometry; avoiding interruption between
the insulating layers, and joining insulation layers at full length [30].

Furthermore, recent studies have focused on the relation between thermal bridging and the
thermal performance of conventional construction systems used in the UAE. For example, Ismail et
al. emphasized that thermal bridging should be minimized in the design and construction stages and
calculated that it is one of the main deficiencies in the thermal performance of masonry [31]. Zedan
et al. found that thermal bridges caused by mortar joints between insulated building blocks increase
the annual heating and cooling load by 11% [32].

2.3. Nondestructive testing: Infrared thermography

Rapid technological advancements have enhanced the tools available for building diagnostics.
Today, tools for nondestructive testing are easily available and are quick and accurate to use in
multiple situations [33]. Nondestructive testing is considered one of the most efficient ways to
improve the accuracy of post-occupancy diagnosis of buildings [33].

The present study used infrared thermography (IRT) to test building envelopes and to determine
rates of energy loss. We selected IRT for this study because it is a mature, nondestructive testing
technique that is easy to use for researchers and technicians [10,33]. Data were retrieved from
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empirical imagery along with numerical data of a building’s facade, from which the building’s energy
performance was deduced [34]. The data acquired by IRT depends on the difference between the
interior and exterior surface temperatures, so IRT has become an extremely popular tool for post-
occupancy studies and determines the U values for energy efficiency studies. Recently, the accuracy
of IRT has increased its popularity for use in studies in the UAE. Aoul et al. used IRT to test seven
constructed and under-construction housing projects and produce a qualitative review. In addition,
Kim et al. used the same tools for post-occupancy studies of buildings of the UAE University [35].
Thus, IRT is well suited for the climate of the UAE.

3. Materials and Methods

3.1. Case study and investigation criteria

This study determines the thermal efficiency of the various construction methods used in UAE
housing projects. In particular, the average annual energy consumption is determined to compare
thermal bridging through walls, materials, and system joints such as wall-wall joints and wall-celling
joints. Accordingly, three cases from Al Ain City of Abu Dhabi were selected due to their difference
in terms of construction systems. The buildings were selected because they house the largest
population of Emiratis in the city. As illustrated in Figure 1, the projects were selected from different
areas of Al Ain City to sample a significant fraction of the city’s area, climate, and geography. To
ensure accurate results, two units from each case were used as research samples. The selection of
these units was based on two criteria: (1) the building’s orientation and (2) the operating hours of the
air conditioner. Before collecting data, the residents of each building were asked to turn on their air
conditioners for at least four hours to ensure significant differences between the internal and external
temperatures. Data were acquired from the south and south-west facades between 12.45 and 2 pm.

Figure 1. Satellite image of Al Ain City showing locations of case studies. Image retrieved from Google
Maps on November 7, 2021. Case (1): Wadeema complex, case (2): Al Shuaiba Residential Villas, and
case (3): Jabel Hafeet Residential Villas.

Alain has a hot, arid climate [36]. The highest temperature in Al Ain averages 43.3 °C and occurs
in July and the lowest temperature of 11.3 °C occurs in January. Unlike coastal cities in the UAE,
Alain has low relative humidity, which facilitates the interpretation of data from construction
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systems. The field investigation spanned from November 2021 through January 2022, during which
Al Ain has its lowest annual temperatures. This is consistent with the hypothesis of the study
whereby all cases should perform in the most energy-efficient way. Thermal bridging or air leakage
should be detected in all three cases.

In Al Ain, residential villas are divided into (1) Emirati-owned villas and (2) private rental
houses (mainly for expatriates). The case studies considered include both categories, as detailed
below.

e  Case 1: Wadeema complex is a rental apartment attached to three different apartments and is
part of a residential compound used mainly by expatriates. The LGS construction system was
used for the four apartments. Due to the limited time frame of the study, we normalized all the
other apartments based on the data obtained from one apartment.

e  Case 2: Al Shuaiba Residential Villas constitute an emirate national villa constructed from
concrete brick wood infill with reinforced concrete for beam and post structures. This is the most
used construction method in Al Ain.

e  Case 3: Jabel Hafeet Residential Villas are constructed from a precast concrete system that is the
most used material for national houses in the UAE. As a result, the market for precast concrete
has been growing rapidly in UAE.

Figure 2 shows the locations of the samples used in the study for each case, where the orientation
of each facade was considered in the sample selection. Architectural plans were used to determine
where to take IRT readings and can be used to understand how structural joints affect heat gain. Table

1 shows the characteristics of the cases under c0n51derat1on for further 1nvest1gat10r1
‘i* .

Figure 2. Location of research samples and architectural plans.

Table 1. Characteristics of residential units at each site.

) Sample o ) Construction
Case Area Construction . Construction information HVAC

units year

2 (LCO01) Attached units — residential Duct Unit; set
1 164.7 m? LGS system (LC02) compound, two-bedroom point temperature 2014

apartment 21 °C
Reinforced 2 (RCOD) Single-family house, two Split unit. set
) .
2 525.7 m Concrete (RCO2) levels point tempCerat'ure 2016
21 °
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Precast 2 (PCOD) Single-family house, two Split unit. set

3 476.2 m?2 oint temperature 2017
concrete (PC) (PCo2) levels P o Olz:

IRT readings were taken from the south and southwest facades between 12.45 and 2 pm from
November 2021 through January 2022. A passive approach was used in this investigation by
maintaining the indoor and outdoor temperatures at their normal levels [33]. Related studies in Al
Ain, such as that of Aoul et al., used the same approach to identify thermal defects in building
envelopes. The results of that study suggest improving the construction stages through improved
workmanship.

The present study includes thermal images acquired by IRT to examine construction materials.
Critical construction areas, such as corners, envelope openings, lentils, and beams, are considered. In
an IRT study, specific environmental conditions must be met. In this case, the temperature gradient
must be at least 10 °C between the interior and exterior of the building under investigation. The
measurements were taken from both the interior and exterior cladding from the north and south
facades. Both facades must be tested to understand the importance of building orientation during the
winter. The results were retrieved by inspecting the IRT false-color map.

In addition, all residents provided electricity bills for one year to quantify the study’s findings
and better understand the annual energy consumption of each household.

4. Thermal Performance

The study of the three systems of construction focuses on the relation between the thermal
performance of the given system and the effect of the material used, the wall-wall and ceiling-wall
junctions, and the annual average energy consumption.

4.1. LGS construction system

The two units forming case 1 were audited by using IRT, which revealed several issues related
to the thermal performance of the LGS structural system in cases LC01 and LC02. The major issue
was the high thermal conductivity of the LGS frames because the thermal imaging of the interior
southern wall of units LC01 and LCO2 recorded temperatures for the LGS frames that differed from
the temperature of the other structural material. For LC01 (LC02), the temperature of the LGS frames
was 27.3 °C (27.4 °C) versus 24.5 °C (25.6 °C) for the rest of the wall (see Figures 3 and 4). Note that
the drawings show that the frames were insulated with 150-mm-thick glass wool blanket insulation

(Figure 5).

211 %¢

Figure 3. Infrared thermography for LC01 southern interior wall shows the temperature difference
between the LGS frames and the other structural material of the wall. The temperature of the LGS
frame is 27.3 °C at the hotspot, whereas the temperature of the remaining wall is 24.5 °C. The thermal
image was taken on November 5, 2021 at 1:15 pm local time.
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213°C

249°C

Figure 4. Infrared thermography for LC02 southern interior wall shows the temperature difference
between the LGS frames and the other structural material of the wall. The temperature of the LGS
frame is 27.4 °C at the hotspot, whereas the temperature of the remaining wall is 25.6 °C. The thermal
image was taken on November 5, 2021 at 1:30 pm local time.

INTERNAL SIDE P EXTERNAL SIDE
I
| g

INTERNAL SIDE

TYPICAL EXTERNAL WALL SECTION 1

Figure 5. Left: Detailed drawing of as-built exterior wall. Right: Detailed drawing of wall-to-wall
junction.

Other thermal images for the same units show that, in both units, the temperature at the
southwest corner at the wall-wall and wall-ceiling junctions exceeds that of the rest of the wall, (27.4
°Cvs 25.3 °C for LCO1, and 27.9 °C vs 24.5 °C for LC02; see Figures 6 and 7.

274°C

252°C

Figure 6. Thermal image of southwest corner of LCO1 unit shows the temperature difference between
corner junctions and the other parts of the same wall. The temperature at the junction is 27.4 °C,
whereas the rest of the wall is at 25.3 °C. The thermal image was taken on November 5, 2021 at 1:30
pm local time.
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241°C

Figure 7. Thermal image of southwest corner of LC02 unit shows the temperature difference between
corner junctions and the other parts of the same wall. The temperature at the junction is 27.9 °C,
whereas the rest of the wall is at 24.5 °C. The thermal image was taken on November 5, 2021 at 1:15
pm local time.

The as-built detailed drawings of the wall-to-wall junction show that uninsulated expansion
joints were added, which causes the thermal bridges at the corners (see Figure 5, right). The results
for both units audited are thus essentially the same for this case study.

4.2. Reinforced concrete construction system

The units RC01 and RCO2 selected for case 2 were built from reinforced concrete and highlight
several common thermal problems. The thermal images shown in Figures 8 and 9 show thermal
bridges through the wall layers and materials. The temperature of the interior of the wall is 25.9 °C
for RCO1, which is essentially the same as recorded for RC02 (25.7 °C).

258%C

Figure 8. Thermal image of southern interior wall of RCO1. The temperature of the hot spot is 25.9 °C.
The thermal image was taken on November 17, 2021 at 12:45 pm local time.

B 245

20%

Figure 9. Thermal image of southern interior wall of RC02. The temperature of the hotspot is 25.7 °C.
The thermal image was taken on November 17, 2021 at 1:00 pm local time.
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Figure 10. Detailed drawing of as-built exterior wall.

The thermal images shown in Figures 11 and 12 of the southwest corners of units RC01 and RC02
reveal thermal bridges at wall-to-wall joints and ceiling-to-wall joints. The IRT images reveal an
average indoor temperature of 24.1 °C (25.1 °C) for RC01 (RC02), which means that neither unit needs
thermal insulation. Additionally, the additional layer of gypsum board tested in RC01 produces no
significant difference in thermal performance. Note that all other facades produced similar results.

251°C

Figure 11. Thermal image of southwest wall of RC01 showing a temperature difference between the
concrete wall-to-wall and wall-to-ceiling joints. The temperature at the hot spot is 24.1 °C. The thermal
image was taken on November 17, 2021 at 12:45 pm.

245°C

R 220°C

Figure 12. Thermal image of southwest wall of RC02 showing a temperature difference between the
concrete wall-to-wall and wall-to-ceiling joints. The temperature at the hotspot is 25.1 °C. The thermal
image was taken on November 17, 2021 at 1:00 pm.

4.3. Precast construction system

The units PC01 and PCO2 selected for case 2 were built from precast concrete. The thermal
images shown in Figures 13 and 14 reveal the thermal bridges through the wall layers and materials.
The temperature of the interior of the wall of PC01 and PCO02 is 25 °C.
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Figure 13. Thermal image of interior of southern wall for PCO1. The temperature of the interior of the
wall is 25 °C. The thermal image was taken on November 17, 2021 at 1:30 pm local time.

Figure 14. Thermal image of interior of southern wall for PC02. The temperature of the interior of the

270

232%

wall is 25 °C. The thermal image was taken on November 17, 2021 at 1:45 pm local time.

Figure 15. Detailed drawing of as-built exterior precast wall of both PC01 and PCO02.

The thermography of the wall-wall junction of the precast system shows a small difference in
the thermal performance between the junction and the rest of the interior wall for both PC01 and
PCO02. The thermograph gives 25.5 °C at the wall-wall junction versus an average of 25 °C over the
rest of the wall. Conversely, the thermograph gives 27.1 °C (28.0 °C) at the wall-celling junction versus
25.0 °C (26.2 °C) over the rest of the wall in PC01 (PC02); see Figures 16 and 17.

1%
270
|- 265
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Figure 16. Thermal image of southwest corner of PC01 shows a temperature difference between the

wall-to-wall and wall-to-ceiling joints and the rest of the wall. The thermal image was taken on
November 17, 2021 at 1:30 pm local time.

301°C

282°C

Figure 17. Thermal image of southwest corner of PC02 shows a temperature difference between the
wall-to-wall and wall-to-ceiling joints and the rest of the wall. The thermal image was taken on
November 17, 2021 at 1:45 pm local time.

The audit of PC01 and PC02 reveals that the owner of one of the units modified one of the walls
by closing the window using covenantal construction. However, the thermograph of the modified
wall reveals that the thermal conductivity of the modified part differs from that of the original precast
wall. The interior surface of the modified wall is at 29.5 °C versus 25.2 °C for the original wall. (see
Figure 18).

Figure 18. Thermal image of interior of southern wall in unit PC01. The thermal image was taken on
No-vember 17, 2021 at 1:30 pm local time.

The study detects several thermal bridges in the three construction systems, the most notable of
which is the steel frames of the LGS system, for which IRT detects a temperature difference of 4.9 °C
between the steel frame and the other parts of the structure. The other cases reveal thermal bridges
at the wall-to-wall and wall-to-ceiling junctions despite the insulation provided, as shown in the as-
built drawings. These results are consistent with the results of Aoul et al. [10], which reveal that
thermal performance is strongly affected by the type of construction material used and by the
thickness of the insulation. However, this leads to a higher interior average temperature for the LGS
system than for the other systems: the average hotspot temperature for the LGS system is 27.9 °C
versus 25.3 °C for the reinforced concrete system, and 23.6 °C for the precast system. Note that,
heretofore, few studies have investigated the thermal performance of the LGS system used in UAE
construction.

4.4. Annual electricity demand

The annual electricity demand for the three cases is shown in Table 2. Since all the cases have
different areas, users, and typologies, we compare the average energy consumption of two units for
each case. The table shows that the precast system consumes the least energy per unit area (0.19
kW/m? versus 0.21 kW/m? for the LGS system and 0.22 kW/m? for the reinforced concrete system).
This means that the precast system requires less electricity than the other two systems. Table 2 also
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shows the average interior hotspot for the three systems. The LGS system produces the highest
average interior temperature, (27.9 °C), followed by reinforced concrete (25.3 °C), and finally precast

concrete (23.6 °C).
Table 2. Annual average energy consumption.
Average . X
. Average interior
Case Area System annual Consumption/area
hotspot temperature
demand
1 164.7 m? LGS System 35.7 kW 0.21 kW/m?2 27.9 °C
525.7 m? Reinforced concrete 119.3 kW 0.22 kW/m? 25.3 °C
476.2 m? Precast concrete (PC) 93.1 kW 0.19 kW/m? 23.6 °C

Although the energy consumption per unit area (kW/mz2) is minimal for the precast concrete
system, these results depend on the overall consumption and user behavior regarding electricity use.
In addition, the number of occupants is beyond the scope of this study. However, based on the
present results, the precast system offers the best thermal performance of the three systems
investigated, although the thermography results for the precast system still indicate thermal defects
at the junction points, which is consistent with published results that also indicate thermal defects at
the junction points for the precast system [10]. For the reinforced concrete system, the results reveal
thermal defects at the junction points, which, based on the literature review and the as-built wall
drawings, are related to the mortar joints between the concrete blocks.

Additionally, based on the average annual electricity bills and the average temperature of the
interior hotspot, the present results show that the precast system provides the best thermal
performance of the three systems. These results suggest a low rate of heat transferred across the
thermal bridges in the precast system compared with the other two systems investigated. The LGS
system performs better than the reinforced concrete system in terms of the average annual energy
consumption, whereas the reinforced concrete system performs better than the LGS system in terms
of the average interior hotspot temperature.

5. Conclusions

The aim of this research was (i) to compare the thermal performance of three construction
systems in terms of thermal bridging and (ii) to understand the defects in the systems and how they
affect the thermal performance of the system. The results show that, based on the average annual
electricity bills and the average interior hotspot temperature, the precast system offers the best
thermal performance of the three systems. These findings reflect a low rate of heat transferred across
the thermal bridges in the precast system compared with the other two systems investigated.
However, the LGS system outperforms the reinforced concrete system in terms of average annual
energy consumption, whereas the reinforced concrete system outperforms the LGS in terms of
average interior hotspot temperature. Further studies are needed to understand the implication and
insulation solutions for the three systems and their effect on thermal performance.
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