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Preface

Building energy conservation is particularly important in achieving carbon peak and carbon
neutrality. The building energy-saving technologies include passive technologies focusing on
building and environmental design and active technologies focusing on mechanical system control.
This Special Issue presents state-of-the-art progress and trends in advanced building energy-saving
technologies. This Special Issue aims to guide building design and operation for the building designer
and facility management and identify future directions for the researchers. As the world is going
towards a low carbon economy, we feel it is critical to know the carbon reduction technology in the
build section as it consumes 40% of global energy and a similar amount of carbon emission. A large
audience, including building energy researchers, designers, facility managers, policymakers, etc., can
benefit from this Special Issue.

Yaolin Lin and Wei Yang
Guest Editors
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Abstract: In regions with hot climates such as Bahrain, the utilization of air conditioning is indis-
pensable in both public and private buildings to attain thermally comfortable indoor environments.
External walls, constructed with building blocks, play a crucial role in the heat penetration into the
building system. Despite extensive research on the cavity designs of building blocks, there has been a
lack of comparison between individual block systems and integrated multi-block systems, consider-
ing both thermal and mechanical performance criteria simultaneously. Therefore, it is imperative to
gather and review information on key parameters influencing the thermomechanical performance of
building blocks, along with investigating techniques used to evaluate these parameters according
to international standards. This review primarily focuses on these aspects. Additionally, it presents
the historical evolution of housing types and the standard procedures followed by the Bahraini
Government and block manufacturing companies in alignment with energy efficiency policies in
Bahrain. Ultimately, this review aims to inspire researchers to explore other viable and innovative
designs for enhancing the thermal insulation of building walls. By doing so, this work will contribute
to Bahrain’s 2030 goals of fostering sustainability and mitigating environmental impact at a local
level, while also aligning with the United Nations’ Sustainable Development Goals (SDGs) for 2030,
specifically SDG 11, which aims to “make cities and human settlements sustainable”.

Keywords: energy efficient buildings; thermal and structural performance of building blocks;
improved building blocks; traditional buildings; insulation materials; in-lab and in-situ methods;
building standards and regulations; SDGs

1. Introduction

At the turn of the 21st century, the high level of consumption of fossil fuels and dra-
matic shifts in the global climate patterns left no economic sectors untouched, including
the building industry. Buildings, responsible for nearly 40% of energy consumption and ap-
proximately one third of greenhouse gas emissions, primarily devote this energy to heating
and cooling purposes [1]. The majority of this energy is lost or gained through the building
envelope, which resembles a container punctuated by doors, windows, roofs, external
walls, and ventilations. Consequently, the design of each of these elements significantly
impacts the energy efficiency of building envelopes. With rapid urbanization, architectural
design as a whole plays a pivotal role in energy consumption [2]. Additionally, human com-
fort within buildings is influenced by building-related characteristics [3,4]. Implementing
energy efficiency measures in buildings holds long-term implications, given their extended
lifespan. If established energy efficiency practices are adopted, global building energy
demand could decrease by one-third by 2050 [5]. Efforts towards this end are underway
globally, resulting in the development of sustainable materials and technologies, such as
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phase change materials, green building materials, and advanced insulation materials [6].
Energy-efficient and renewable energy technologies focusing on HVAC systems, lighting,
and building walls [7,8], and building-integrated photovoltaic systems are also being de-
veloped [9]. The latest advancements include the integration of Industry 4.0 technologies
like [10] deep learning [11] to forecast building energy consumption. Moreover, smart
solutions like photovoltaic green roofs [12] and building automation systems, employing
machine learning and Internet of Things (1oT) technologies, are enhancing energy efficiency
in buildings [13]. Sustainable energy technologies, such as nanofluid-based solar collectors,
are being explored to achieve net-zero energy goals [14].

In hot climates, notably in the Gulf countries, the high energy demand and diminishing
fossil fuel reserves are major concerns. Consequently, enhancing the energy efficiency of
building walls has become a critical research area, particularly in regions like the Gulf,
where high atmospheric temperatures persist for a significant portion of the year. Thus,
the measurement and investigation of Thermal Resistance [15] alongside the Mechanical
Strength of building walls [16] are crucial, providing real-time insights and serving as a basis
for more effective insulation techniques [17,18], especially when combined with numerical
modeling applications. This review paper primarily focuses on such investigations in the
Kingdom of Bahrain.

Need for the Investigation of Building Blocks in Bahrain

The Kingdom of Bahrain, being one of the Gulf countries, experiences a hot and humid
climate for most months of the year. Over the past twenty years, Bahrain’s total primary
energy supply has grown by 4.2%, total final energy consumption has grown by 5.3%,
and non-industrial electricity consumption has grown by 6.6% per year [19]. The primary
energy consumption for Bahrain increased from 0.38 (1.11 x 108 MWh) quadrillion Btu
in 2000 to 0.67 quadrillion Btu (1.96 < 108 MWh) in 2019, growing at an average annual
rate of 3.14% [20]. Per capita energy consumption reached 9.7 toe (112.81 MWHh) in 2019
(three times higher than the Middle East average and five times the global average), while
electricity consumption per capita was 21 MWh, which was five times the Middle East
average and seven times the global average [21]. In the Kingdom of Bahrain, the residential
sector used most of the grid electricity, accounting for 49.5% of total grid consumption
during the baseline period. The commercial sector was the second-largest user, accounting
for 36.6% during the same period. Around 60% of the residential sector’s annual electricity
use is related to air conditioning, which is similar for the commercial sector, at 55% annual
electricity use [19]. The residential and commercial sectors therefore have high potential
for significant energy efficiency improvements. In accordance with the available data
from the Ministry of Electricity and Water (MEW-2021) [22] of the Kingdom of Bahrain,
there has been an increase of 5% in the population during the period from 2017 to 2021.
Eventually, the per capita consumption of electrical energy has significantly increased,
thereby increasing the requirements to meet the national energy needs. The total energy
consumption in all sectors has increased from 16,559 to 18,091 kWh (9.25%), with the total
per capita energy consumption increasing from 11,083 to 11,871 kWh (7.10%) for the period
from 2017 to 2021 [22], as shown in Figure 1, while the electricity consumption in different
sectors with respect to per capita consumption is shown in Figure 2. It is interesting to note
that 2019 and 2020 were the years of COVID-19 during which the majority of industrial
and commercial services were under lockdown conditions. Therefore, in Figure 2, it can be
observed that for this time period, there exists a drop in energy consumption in industrial
and commercial sectors while there is a clear increase in the domestic sector.

Bahrain has five electrical power stations with a combined capacity of 4794 MW.
Additionally, with other private power links (Alba link and GCC link), the net capacity
turns out to be 5994 MW (MEW-2021) [22], as shown in Figure 3.

Figure 4 depicts Bahrain’s sizable generating capacity, having serviced a peak load of
3751 MW in 2021. Based on consistent increases in population and energy consumption
trends and no significant energy improvement plans in Bahrain, it is estimated that the
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annual peak demand is likely to be over 5400 MW by 2030 [23]. The linear trendlines of
Figures 1 and 4 also support this outcome.
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Figure 2. Increase in energy consumption in different sectors with respect to per capita electrical
energy consumption in Bahrain: 2017-2021.

The Economic Development Board (EDB) expects 56,208 households to qualify for
social (subsidized) housing by 2030. The report shows that non-Bahraini housing demand is
expected to increase from an estimated 61,117 housing units today to 121,581 in 2030. Total
housing demand (Bahraini and non-Bahraini) is expected to increase to 346,718 in 2030, up
from a current stock of 145,181. Additionally, due to the geographical location of Bahrain,
it experiences a hot climate for most months of the year, i.e., from April to November, and
the warmest month is August, with an average temperature of 39 °C, as shown in Figure 5.
The average annual maximum temperature is 31 °C, and the average annual minimum



Buildings 2024, 14, 861

temperature is 23.5 °C. However, the average annual percentage of humidity is high, up to
73% [24], due to which the effective heat felt is much higher than the actual temperature.

mAlI-Dur2 mRiffa wmAI-Hidd 1 Al-Ezzel wmAI-Dur m Private Links(Alba,GCC)

Figure 3. Bahrain’s power stations and their capacities in MW.
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Figure 4. Comparison of maximum and minimum loads with the installed electrical energy generat-
ing capacity in Bahrain.

These reasons contribute to the fact that residents rely heavily on air conditioners to
obtain a comfortable indoor temperature. Around 47-57% of the electricity demand in
summer is related to the usage of air conditioners [25].

It was estimated that 6.34 TWh of electrical energy was used for cooling during May
to October 2016, most of which was utilized during the months of June to September, and
these results were translated into a total electricity cost of 507.443 million USD [26]. There
are two major energy efficiency opportunities for the residential and commercial sectors
in Bahrain: first, to significantly reduce the electricity used in buildings, and second, to
improve the thermal efficiency of buildings.
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Figure 5. Average minimum and maximum temperatures in Bahrain [24].

2. Motivation

In the Kingdom of Bahrain, only three research studies in this direction have been
undertaken. Hasan Radhi in 2016 [27] investigated the cool roof strategy and its potential in
Bahrain. Thermal simulations of five standard roofs were performed during summer days.
These included lightweight concrete screed, bituminous roofing felt, tile-light, tile-dark,
and metal decking. Results show that by using light tile roofs and metal decking roofs,
almost 80% of the sunlight can be reflected by the surface, and only 20% of the sunlight
heats the building. However, this study mainly focused on the roof systems of buildings in
Bahrain. Modi Payal in 2017 [28] designed and developed a mini-scale hot box to evaluate
the thermal resistance of an insulation building block prototype using experimental and
analytical methods. However, this study mainly focused on affirmation and validation
of the experimental results with the thermal performance results of the block from the
manufacturing companies. The analysis of Moncef Kranti in 2018 [23] indicated that the
development and enforcement of a more stringent building energy efficiency code improves
the energy productivity of buildings, as well as the country, with a reduction of over 87 MW
in peak demand. However, this study mainly dealt with the implementation of new energy
efficiency codes and PV systems in buildings. Eventually, it is clear that not much research
is conducted on the technicalities of the walls, which are mainly responsible for the majority
of energy transfers through a building. These technicalities of a wall include their thermal
and mechanical performances, aggregate materials, insulation materials, dimensions, cavity
designs, mechanical strength, thermal resistance, and so on. On one hand, very limited
work is presented by the researchers, while on the other hand, the government of Bahrain
has been very active and agile.

The Bahrain Economic Vision 2030 [29] states, “Bahraini nationals and residents enjoy
a sustainable and attractive living environment,” and some major steps are undertaken in
this direction. To improve the efficiency of AC units available for retail, the government
enacted a Minimum Energy Performance Standard (MEPS) and energy efficiency labeling of
small AC units (Ministerial Order No. 70/2015) [30]. Thermal Insulation regulations were
introduced in 1999 (Ministerial Order No. 8/1999) [31], which mandated all buildings over
four stories to be insulated and stipulated minimum requirements for the efficiency of the
envelope of residential and commercial buildings. In 2012, the regulations were extended
to cover all buildings (Ministerial Order No. 63/2012) [32]. The current review can be
considered as one step forward in the research area, as it provides appropriate information
with regard to the influential factors for the performance of building blocks, in general.
While this review is mainly focused on Bahrain, it is simultaneously important to mention
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the history of the houses and their building blocks. Along with that, the local standard
procedures followed for thermal and mechanical testing and government approvals with
allowable technical parameters of blocks are clearly presented. The information from the
present work will be helpful in the future for extended numerical/analytical/experimental
investigations of building blocks in Bahrain. On a global level, this study is also aligned
with one of the 17 sustainable goals (SDGS) [33] set by the United Nations’ 2030 Agenda.
Sustainable Development Goal 11 aims to “make cities and human settlements sustainable,”
which promotes inclusive, safe, resilient, and sustainable construction industry activities.

3. Influential Factors for the Performance of Building Blocks

The performance of building blocks is mainly affected by three main parameters, as
discussed in Sections 3.1-3.3.

3.1. Aggregate Materials

Various interesting analyses and proposals regarding modified building blocks’ aggre-
gate materials have been presented by researchers. This includes changes in the aggregates
of the concrete and material concentrations to improve the thermal and mechanical perfor-
mance of masonry blocks. A study shows that special masonry mortar made up of sintered
coal gangue, obtained as an industrial waste, can save 65% of energy compared to normal
cement mortar, which can save only 50% of energy. Keeping the same conditions, numerical
simulation shows that the maximum heat flow of sintered coal gangue insulation block is
23.48 W/m? °C, while that of the ordinary clay block is 66.48 W/m? °C [34]. The special
masonry mortar can provide better thermal performance compared to traditional clay brick.
It has been observed that the manufacturing procedure of cement used in mortar involves
huge emissions of CO, (approximately 1 ton of CO, for 1 ton of cement production). Recent
research in this direction shows that Geopolymerization Technology is an effective method
of converting wastes consisting of alumina and silica into useful products. The structural
performance of geopolymers is similar to that of Ordinary Portland Cement (OPC), and
therefore, geopolymers can easily replace OPC, thereby reducing energy consumption and
CO, emissions. So, geopolymers can replace ordinary Portland cement [35]. However,
the use of geopolymers in building blocks has not been investigated. In another study,
customized mortar blocks were cast as a replacement for Ordinary Portland Cement (OPC)
with varying amounts of Date Palm Ash (DPA) in the range of 10-30%. Experiments and
simulation results depicted that thermal resistance (R-value) of the block loaded with 10%,
20%, and 30% DPA, in comparison to the control block (0% DPA), increased by 9.6%, 8.1%,
and 47.4%, respectively. As per Noman Ashraf [36], DPA is a promising insulation material
as it can reduce the average monthly indoor temperature by 2 °C without compromising
the physical, chemical, and mechanical properties of the block, and cost analysis shows that
the block with 30% DPA is the most effective, with a unit cost of $2.76. However, although,
in this study, ASTM C90 standard [37] was followed to maintain the density and hence the
mechanical strength of the blocks, appropriate analysis to measure the mechanical strength
of the blocks was not presented. Another study shows that a new concrete material with red
mud aggregate is preferred over natural basalt aggregate, as the red mud has higher wetta-
bility to the cement paste, strong adhesion, and enhanced mechanical properties compared
to the basalt aggregate, which is a mixture of basalt and limestone. Results show that it
increases the compressive strength of the modified block by over 10% and flexural strength
by over 20% [38]. It seems that red mud can be a good option for use in concrete aggregate.
The latest study shows that researchers are exploring the possible use of Recycled Concrete
Aggregate (RCA) as another option for an aggregate material [39,40] or Recycled Expanded
Polystyrene (EPS) [41] to manufacture the blocks. With this, the compressive strength of
the block will be slightly lowered; however, its manufacturing process is environmentally
friendly). These studies show good mechanical analysis; however, thermal analysis was
not conducted.
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Waleed A. Al-Awash [42] conducted research on different blocks by implementing
changes in the aggregates (partially replacing sand with insulation materials—expanded
polystyrene EPS, low-density polyethylene LDPB, vermiculate VL, volcanic scoria VS,
crushed crumb-rubber RU) and produced a control block with three-row rectangular
cavities to reduce the effective thermal conductivity. Experimental tests were conducted
considering the selected control block design and varied insulation materials. Results
showed that the VS (volcanic scoria)-treated block had optimum performance with a 15%
increment in thermal resistance over the control block and 318% over the market block. This
study presents good experimental and analytical (Ansys) results for the blocks of Saudi
Arabia. However, optimum performance was obtained by considering only the thermal and
economic criteria; however, mechanical analysis was not conducted. In a similar study [43],
insulation materials (perlite, rubber, and polyethylene) were added to concrete mixtures
to produce proposed optimized hollow blocks followed by an experimentation process.
The insulation materials were ranked in increasing order of their performance as perlite,
rubber, and polyethylene. The thermal conductivity of the proposed optimized blocks was
reduced up-to 40% as compared to the conventional ones available in the market. The study
shows good analytical and experimental investigation, including thermal and mechanical
parameters, to prove that perlite, rubber, and polyethylene are good aggregate materials.

3.2. Insulation Materials

While following the recommendations presented by the researchers with regard to
insulation materials in building blocks, it was observed that traditional thermal insulation
materials like polystyrene and mineral wool are still in demand [44,45]. However, varieties
of nature-based thermal insulation materials have been rediscovered as less amounts of
fossil fuels are required for their production. Nature-based thermal insulation materials
can be grouped as follows: rediscovered materials—cork, wood wool, fiberboard, etc.;
recently introduced materials—cellulose insulation, cotton, sheep wool, etc.; and insulation
materials in an experimental stage—cornstalk block, corncob board, palm fibers, etc. From
market research, as shown in Figure 6, it is found that currently, all over the world, 57%
of the rediscovered materials are used, with 43% of recently introduced materials, out
of which cellulose, comprising 32%, is used as thermal insulation materials, while the
remaining is still in the experimental stage [46]. Eventually, palm fiber is a good insulation
material with a low thermal conductivity of 0.041 W/m K and can be a good option for
Gulf countries.

A good comparison between two specific insulation materials like wood fiber and
mineral wool has been presented by Lars Gullbrekken [47], which shows that the air
permeability of wood fiber insulation is nearly 50% higher than that of mineral wool despite
its high density, and consequently, in order to achieve the same U-value, 20 mm and 30 mm
less insulation layers are required for the 250 mm and 400 mm walls, respectively. This
study shows a good comparison between conventional insulation—mineral wool— and
the newly developed wood fiber. Currently, the most widely accepted insulation materials
are Phase Change Materials (PCM) that are integrated into the hollow bricks of building
walls, thereby improving the thermal performance of external building walls [48,49]. The
high latent heat of fusion of PCMs reduces the heat flow through the building envelope,
which further stabilizes and reduces indoor temperature fluctuations [48]. However, this
study does not clearly specify the placements of PCMs in the hollow blocks that can
provide optimum thermal performance. Refs. [50,51] conducted an extensive numerical
investigation on the integration of PCM into building walls to establish the key conditions
required for effective utilization of PCM in reducing heat gains in the cooling season and
heat losses in the hot season. Results show that PCM-integrated walls are advantageous
mostly in moderate climates and that employing PCMs in building walls does not always
lead to improvement. In fact, as shown in Figure 7, incorrect placements of PCMs can
substantially increase energy use in buildings. The heat gain is higher for x = 0.0 and 1.0
while it is lowest at x = 0.5 [50].
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Figure 6. Market distribution of nature-based thermal insulation materials.
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Figure 7. Variable location of PCM in the wall and its effect on cumulative heat gain [50].

Analysts are looking forward to investigating effective insulation materials and tech-
niques to propose newer methods to reduce energy consumption. A good approach using
plant fibers, recycled wastes, photochromic glass [52], agricultural wastes [53], or coconut
fibers [54] as applications for green construction materials on building walls to contribute
to sustainable development has been proposed.

However, Raad Homod [55] preferred to undergo a comparative study of building
walls with traditional ones. Hybrid vernacular buildings made of hard external mud wall
with finishing layers of a composite of clay and straw on the interior and exterior sides were
compared with hybrid vernacular buildings made of AAC (Autoclaved Aerated Concrete).
It was reported that AAC buildings consume 47.83% more energy compared to Vernacular
buildings. In this study, the traditional approach of using mud and straw has been used
in developing hybrid buildings, and they have turned out to be more effective. However,
the moisture gain of the walls was not discussed. It is a general assumption that the
application of insulation material layers on the exterior walls plays a vital role in enhancing
the energy efficiency of the buildings. Iffa Emishaw [56] implemented this technique and
used Polyisocyanurate-PIR rigid boards, as they have high thermal resistance compared
to other commonly used insulation materials applied on the exterior wall. The results
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showed that PIR accumulated a small amount of moisture compared to other insulation
boards, which can work well in colder climates; however, for other climatic conditions,
due to lower permeance, its use for exterior walls may not be very desirable. Eventually,
PIR is not suitable for hot countries like Bahrain. This means that insulation materials
need to be selected based on climatic conditions [57,58]. As such, research depicts that
the application of a small thickness of aerogel-based rendering on the exterior surface of
insulated or non-insulated walls significantly reduces heat losses and removes the risk of
moisture, thereby improving the energy efficiency of the buildings [59,60].

Various studies have been carried out to utilize industrial waste in the insulation
industry as well. Over 60 million tons of Aluminum (Al) are produced annually, requir-
ing sustainable and eco-friendly recycling methods for Al waste. In the research done
by Thenappa [61], Al metal waste is utilized in the fabrication of Al hydroxide aerogels
using a cost-effective and environmentally friendly process. Thus, the aerogels manufac-
tured. with changes in the contents of Al and Polyvinyl Alcohol (PVA) as a binder, exhibit
low density (0.06-0.108 g/cm3), high porosity (92.3-95.5%), low electrical conductivity
([1.8-5.2] % 1078 S/m), ultra-low thermal conductivity 0.028-0.032 W/mK (as shown in
Table 1), and are capable of bearing high temperatures of 800 °C with less than 50% de-
composition. Therefore, synthesized aerogels can be promising candidates for engineering
applications such as thermal insulation of buildings and pipes to expand the usage of recy-
cled Al [61]. The implementation of the usage of aerogel and hence aluminum in building
insulation can be helpful to Bahrain as it comprises a company named ALBA, which is the
world’s largest aluminum smelter with a production capacity of 1.651 M mtpa [62].

Table 1. Thermal conductivity of Aluminum Hydroxide Aerogels with different contents of Al and
PVA [61].

sample Name Aluminum (Al) Content PVA Content Thermal Conductivity
wt. (%) wt. (%) Kavg (W/m K)
AAl 0.25 2.0 0.029 + 0.003
AA2 0.50 2.0 0.031 £ 0.001
AA3 0.75 2.0 0.032 = 0.001
AA4 0.50 1.0 0.028 £ 0.002
AA5 0.50 15 0.030 £ 0.001

The most important point to note is that although new insulation materials are being
developed and proposed, block manufacturing companies still use polymer-based materials
like polystyrene and polyurethane foam. As such, these materials have huge environmental
impacts during their production process. Therefore, researchers should keep in mind that
the new materials they develop should not only have excellent properties but should also
be environment friendly, like composite materials [63,64] or industrial by-products [65,66].

3.3. Geometrical Configurations of Cavities of Blocks

Various studies have been conducted to investigate the effects of varied geometrical
configurations of hollow concrete building blocks on their thermal resistance, thereby
considering different modes of heat transfer: conduction, convection, and radiation [67,68].
In one such study conducted by M.P. Morales [69], it was observed that a rhomboid layout
of voids with a longer diagonal at right angles to the heat flux, alongside rhomboidal
cavities at grooves and tongues in alternate rows, breaks the thermal bridge and can be a
good option to improve the thermal resistance of blocks (as seen in Figure 8b). With this
type of arrangement, the direct thermal bridge in the block was broken, and around a 16%
improvement was observed in the thermal properties of the block compared to the original
one with rectangular cavities (as seen in Figure 8a), which was used in Spain, thereby
keeping the U value below 0.57 W/m?2K, which was well within the range of Spanish
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regulations. However, convection and radiation modes of heat transfers were neglected,
and mechanical analysis of the blocks was not conducted.

o So " _So\__So
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Figure 8. Sections of block with rectangular cavities (a) and rhomboidal cavities (b) [69].

In a similar study by Yuan Zhang [70], it was found that for the same block width,
the thermal performance can be improved remarkably by increasing the number of hole
rows compared increasing the hole thickness, as shown in Figure 9. So, it is advisable to
increase the hole rows with a staggered arrangement over increasing the hole thickness if
the hole thickness is larger than 0.02 m. Factors influencing the thermal performance of
the blocks are ranked in descending order as follows: (a) raising block thickness (with an
increase in hole spacing), (b) increasing hole rows with small hole thickness, (c) raising block
thickness (with a rise in hole thickness), (d) increasing hole rows with large hole thickness,
(e) reducing the hole number of each row, (f) staggered arrangement of holes [70,71]. This
study provides good insights into the various structural factors that affect the thermal
resistance of the block; however, it is limited to only rectangular-shaped cavities within the
block. An important factor to be noted is that changes in the number and dimensions of
cavities of the block significantly affect the mechanical strength of the block, although this
lack related analysis in the study [70].
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Figure 9. Rectangular cavities and comparison of the effects of hole thickness and hole rows on the
thermal resistance of the block while keeping the block width constant [70].

H. Ghailane [72] investigated the reduction of heat flow through hollow clay bricks
with cylindrical voids (as per the sample shown in Figure 10) of varying numbers, diameters,
and cavity filling materials (air, wool, and expanded foam), relative to solid blocks. The
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findings presented a reduction in energy consumption through the usage of hollow blocks
compared to solid blocks. It was found that effective reduction in the thermal conductivity
of hollow blocks was obtained when the volume of the voids and the reduction in the
cross-sectional area for heat transfer was more than 10%, as shown in Figure 10. The figure
provides results for cavities filled with air; however, similar results were obtained for
wool and expanded foam. Nevertheless, this study was limited to only cylindrical-shaped
cavities, and a comparative study of cylindrical cavities with widely used rectangular
cavities was not conducted. Also, changes in the structural configuration might have
significantly affected the mechanical properties of the block, which was not discussed.
Additionally, only the conduction mode of heat transfer was considered across the thickness
of the blocks, while the convection and radiation modes of heat transfer at either side of
the block and within the air cavities were neglected.
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Figure 10. Cylindrical cavities and effects of % volume of voids on thermal conductivity [72].

In 2020, a numerical two-dimensional steady state analysis was conducted by Marcelo
Fogiatto [73] to study the effect of baffles within the rectangular cavities of blocks as shown
in Figure 11 was tested. It was observed that the rate of heat transfer in rectangular cavities
were reduced by 22.2% when baffles were introduced within these cavities. In 2020, Ahmed
S. Al-Tamimi [43] developed a 3D FEM model to propose an optimal geometry of hollow
blocks with rectangular cavities (as shown in Figure 12) with higher thermal efficiency
compared to the hollow blocks available in the market. From Ahmed’s studies, it was
concluded that thermal flow of heat can be reduced by increasing the Hollow Ratio (the
total area of holes in a block/the cross-sectional area of the block), Aspect Ratio (the width
perpendicular to heat flow/height of the cavity) and reducing the cavity width (parallel to
heat flux) [43]. Further, results showed that, the baffles in rectangular cavities had a greater
influence compared to rectangular cavities [73].

However, the tested blocks had one particular shapes of cavities; either had rectangular
or circular cavities, while no block was tested that had both rectangular and circular cavities
in one model. Also, for the staggered arrangement, it was observed that the complexity
of the staggered arrangement of cavities on the extreme sides of the blocks could further
investigate the thermal performance of the blocks. Moreover, the mechanical strength of
the blocks was not investigated, and no experimental analysis was conducted.

In [43], an excellent analysis was conducted to show that for the same Hollow Ratios,
rectangular cavities were better than the cylindrical ones, including appropriate experi-
mental, thermal, and mechanical analyses. However, again, no block having both types
of cavities was tested. Secondly, the optimal design was proposed by considering ther-
mal analysis, without simultaneously considering both thermal and mechanical analyses.
Thirdly, the complexity of staggered arrangement on extreme sides of the blocks was less.

Apparently, a three-dimensional CFD-based numerical study, considering the con-
duction method in the solid part of the block and the convection method in the cavities
and wall surfaces (inner and outer), was carried out by Erdem Cuce [74] in 2020, in which
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rectangular cavities were arranged in a staggered pattern at the sides of the blocks. The
results showed that the depth of cavities within the hollow enclosure, with continuous
hollow cavities from top to bottom, provided a maximum improvement of 53% with U
value of 0.43 W/mZ2K as compared to the commercially used hollow block with a U-value
of 0.916 W/m?K. However, increasing the depth of cavities notably reduced the weight
of the blocks. While thermal analysis of the design of the cavities and the joints of the
blocks were performed to propose some optimized blocks, later, the mechanical strength of
the blocks was investigated only for these optimized blocks. Therefore, the simultaneous
consideration of thermal and mechanical parameters was missing.
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Figure 11. Comparison of heat transfer through models of hollow blocks with rectangular cavities
without baffles and with baffles [73].
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Figure 12. Proposed model of hollow block with optimal geometry [43].

Out of the three study possibilities discussed in the above sections, it can be observed
that to increase the thermal performance of the building blocks, the first two possibilities of
proposing new insulation materials/techniques and new aggregate materials may not be
cost-effective, as they may increase the material cost, and hence, the overall cost of the block
may increase. Conversely, the third possibility involves suggestions for modifications of
the cavities of the block, which would contribute to enhancing the internal design without
increasing the price of the block. It is very clear that the performance of the block depends
on various parameters of the internal design, including the Aspect Ratio of the cavity (the
ratio of width perpendicular to heat flux to the height), Hollow Ratio (the ratio of the total
area of the block to the cross-sectional area of the block), thermal bridges, number of cavities,
number of rows of cavities, dimension of cavities parallel and perpendicular to heat flux,
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and linear or staggered arrangement of the cavities. These parameters are summarized in
Table 2. These parameters not only contribute to changes in thermal performance but the
mechanical performance of the block as well. Therefore, there is a requirement to introduce
a single non-dimensional criterion that can evaluate the effectiveness of building blocks in
terms of thermal and structural parameters for better comparison and selection purposes.

Table 2. Summary of the effect of variations in geometrical parameters of cavities on the thermal
performance of blocks from the literature [43,67-74].

Effective Geometrical Parameters Parameter Thermal Resistance (R)
Number of cavities Decreases Increases
Number of rows of cavities Increases Increases
Width of cavity (parallel to heat flux) Decreases Increases
Thickness of cavity (perpendicular to heat flux) Increases Increases
Aspect Ratio (width perpendicular to flow of heat/cavity height) Increases Increases
Hollow Ratio (total area of holes in a block/the cross-sectional area of the block) Increases Increases
Thermal bridges Decreases Increases
Staggered arrangement Increases Increases

4. Influential Technical Parameters for the Performance of Building Blocks

The main influential technical parameters responsible for the performance of building
blocks are discussed in Sections 4.1 and 4.2.

4.1. Thermal Transmittance (U-Value)

The thermal behavior of building walls and their energy consumption can be de-
termined by evaluating the thermal and mechanical (thermo-mechanical) properties of
such systems. Apparently, thermal transmittance (U-value) and mechanical strength of
the wall system become the most important parameters in the overall thermo-mechanical
performance of a building.

4.1.1. Evaluation Techniques for Thermal Transmittance (U-Value)

There are two main methods to evaluate the thermal transmittance of building
wall systems:

(i)  Theoretical method
(ii) Experimental method

Theoretical Method

As per the BRE publication ‘Conventions for U-value calculations’, the different U-
value theoretical calculation methods are:

a. Calculation by simplified method using a BRE U-value calculator.
b. Calculation by ‘numerical methods’ using different computer simulation software.
c. Combination of calculation and numerical methods.

- However, the theoretical evaluation of thermal transmittance (U-value) be-
comes difficult in existing building walls. Two main difficulties that are en-
countered are:

- Traditional buildings are built using non-homogenous materials whose thermal
conductivity values are not available.

- Destructive methods are required to be adopted in order to establish exact
dimensions of layers of the wall.
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Experimental Method

Various experimental methods for measuring the thermal transmittance (U-value)
or thermal resistance (R-value) of a building wall element have been developed. These
methods further include measurements and analyses of wall systems within controlled
environment (in-lab) or in real environments (on-site). In 2013, Abdulaziz Almujahid [75]
constructed a test room measuring 600 x 730 cm? with a height of 220 cm to evaluate the
thermal performance of building wall systems under real conditions (on-site method). The
surface area of each wall system was 120 x 120 cm?, thereby accumulating most varieties of
blocks manufactured in the country. Each module of the block was separated by 20 cm-thick
siporex insulation material on all sides, allowing heat flow only in the normal direction
to the wall surface. The roof consisted of corrugated metal sheet insulated with 5 cm
fiber glass insulation. The room inside was air conditioned using two split ac units, each
with a capacity of 1.5 tons. The purpose of air conditioning the room was to simulate real
conditions. In another experimental study measuring the thermo—mechanical properties
of building blocks used in hot desert arid climates, Miloud Hatia conducted research in
2021 [76], for which different models of wall systems (on-site method) were constructed, as
shown in Figure 13. Transient heat transfer conditions, along with the effects of radiation
heat transfer, were studied. It was noticed that during the first hours, the temperature
inside was higher than outside because during the daytime, the slab made of concrete had
absorbed and stored heat. In the early hours, with minimal solar radiation, the wall lost
heat (the heat was transferred from the hot medium to the cold medium). But, from the
middle of the day untill 17:00, the external temperature remained higher than the interior
(due to solar radiation). After 17:00, the opposite became true, and the system behaved as a
storehouse of building elements (slab and walls).

Figure 13. Wall construction and testing with varieties of block materials [76].

Waleed A. Al-Awsh [42] conducted experimental and numerical investigations on
innovative masonry walls for industrial and residential buildings in Saudi Arabia in
2020. Compared to the previous two studies, the experimental work in this study was
conducted in the controlled environment of a laboratory room (in-lab method). The
samples of blocks (Figure 14) were tested using a specific device called a guarded hot
plate instrument (Figure 15). The temperature difference across the blocks’ thickness was
maintained from 30° C to 40 °C, while the measurements were noted on an hourly basis
until they reach steady-state values to eventually evaluate the thermal conductivity of the
blocks. In one such study, a mathematical model was developed to evaluate the R-value,
heat flux, and thermal diffusivity of individual masonry blocks based on experimental
results in a controlled environment [77], while in other studies, the experimental results
were compared with numerical results for a multilayered wall [78], or the experimental
results were compared with modeled data [79].
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Figure 14. Block and sample of hot guarded plate (insulated by polysterene) [42].

Figure 15. Guarded hot plate instrument [42].

To summarize, a good attempt was made by Abdulaziz Almujahid [75] to consider
real transient conditions by building a test room and conducting experiments in real
environmental conditions (on-site method). Miloud Hatia [76] effectively discussed the
effects of radiation on the thermal behaviour of walls by conducting real experiments in
open environmental conditons (on-site method). However, in both studies, readings were
noted after 24 h based on the assumption that the system reaches a steady-state condition
within that time period. On the other hand, Waleed A. Al-Awsh [42] validated the results
by comparing experimental measurements in a controlled environment (in-lab method)
with the computational fluid dynamics (CFD) model implemented by the Ansys Fluent
program. However, since on-site (uncontrolled environment) analysis was not conducted,
it is not clear as to how the results would be affected by changes in ambient conditions.

Since, in most nations, the topic of measuring the thermal performance of building
walls is of high importance in energy conservation campaigns, a common trusted procedure
is required to be followed as a reference. Therefore, standards for experimental methods
have been developed and are widely used [75,76,80,81] by researchers in this field. These
standards include the International standard 1SO 9869 [82] and the American standard
ASTM 1046 and 1155 [83]. The standard procedures, descriptions, measuring methods,
measurement equipment, conditions, etc., in the on-site method, which is also named
the ‘In-Situ method’, are well-discussed in both ISO and ASTM standards. These two
standards were compared by I. A. Atsonios [84] in 2017, and it was found that other than
small differences in details, the principles of the two standards remain the same. The
In-Situ method evaluates the U-value of a wall system under steady-state conditions using
temperature sensors on both sides of the wall element and a heat flow meter on one side of
the wall, preferably the inner side of the wall, which has higher stability in temperature. As
per the International Standard 1SO 9869-1 [82], it is always difficult to achieve steady-state
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conditions in on-site problems. Therefore, a few methods have been developed to overcome

this difficulty:

- Achieving steady-state conditions using a hot and cold box, which is commonly used

in laboratory experimentation methods (1SO 8990) [85].

- Assuming that the mean values of temperatures and heat flow rates over a long period
of time provide an estimation of steady-state conditions (Average Method)
- Implementing dynamic theory to consider variations in temperatures and heat flow

rates in the analysis of the recorded data.

When observing the difference between in-lab and on-site methods (as seen in Table 3)
for the thermal performance of walls, the In-Situ technique is highly recommended. The
most popular method of the In-Situ technique is the Average Method, as suggested in ISO
9869 standard [82], using one heat flux sensor and two thermocouples [81].

Table 3. Summary of factors under consideration for in-lab and in-situ methods.

Sr. No. Factors under Consideration I\I/Ine-tl;]a:)% In-Situ Method
1 Evalqe}tion of thermal performance of walls considering the actual climatic No Yes
conditions
2 Consideration of large temperature drifts No Yes
3 Consideration of wind velocity No Yes
4 Consideration of moisture content No Yes
5 Consideration of material aging No Yes
6 Consideration of 1D heat transfer conditions Yes Yes
7 Consideration of transient heat transfer conditions Yes Yes
8 Realistic actual heat flux measurements No Yes
9 Realistic actual temperature measurements No Yes
10 Short measurement times Yes No
11 Accuracy of results if conditions are followed appropriately No Yes
13 Preferred method on international level No Yes
14 Accuracy with low temperature gradients Yes No
15 Stability of boundary conditions Yes No

However, there are two main problems that are encountered when using the In-Situ
average method. Firstly, the issue of the long duration of measurements due to unstable
boundary conditions, and secondly, the problem with the precision of the U-value. As per
I1SO 9869 [82], considering that all conditions are satisfied to report an acceptable U-value,
the main criteria to fulfill and stop the measurement include the following:

- The measurement period should exceed 72 h with a certain range of fixed intervals.
- The R-value obtained at the end of the test should not deviate by more than 5% from

the value obtained 24 h before.

- The R-value obtained by analyzing the data from the first time-period during INT
(2 x DT/3) should not deviate by more than 5% from the values obtained from the
data the last time period of the same duration. DT is the duration of test in days and

INT is the integer part.

In 2018, Arash Rasooli [81] demonstrated a minor modification in the standard In-Situ
average method to improve the results with regard to the duration and precision. As shown
in Figure 16, an additional heat flux sensor, opposite to the first one, was incorporated into
the wall system. The two R-values differ for each heat flux sensor and eventually converge,
thereby obtaining an average R-value with higher precision in a shorter time period.
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Figure 16. General configuration of 1SO 9869 standard measurement with one extra heat flux sen-
sor [81].

4.2. Compressive Strength of Insulation Building Block

Different tests are required to measure the strength of concrete before using it in a con-
struction project. These strength measurement tests include compressive strength [86,87],
tensile strength [88,89], and flexural strength [90]. However, in the case of building blocks,
the compressive strength of concrete blocks is a crucial parameter to determine suitability
in building construction work, including high-rise buildings. Concrete masonry blocks
are generally made of cement, aggregate, and water. The compressive strength test is of
high importance as walls are constructed by placing blocks one above the other, and the
compression on the blocks increases gradually from the top to bottom layers, with the
lowest layer bearing the maximum load for the entire wall. In accordance with histori-
cal practice, the compressive strength of concrete is usually determined from standard
procedures that include sampling, making, curing, and testing of specimens [91]. ASTM
Standard C 140-08 [92] provides various testing procedures commonly used for evaluating
the characteristics of concrete masonry units and related concrete units. Methods are pro-
vided for sampling, measurement of dimensions, compressive strength, density, absorption,
moisture content, flexural load, and ballast weight. All these methods are not used for all
types of concrete units; however, specific testing and reporting procedures are included in
this standard [93-95]. Further, the testing of physical quantities of sample blocks includes
the following procedures, as shown in Figure 17.

In addition to unit compressive strength testing, specimens are tested in a compression
testing machine wherein the load is applied gradually at a rate of 140 kg/sq cm/min until
the specimen fails. The load at failure, when divided by the area of the specimen, yields
the compressive strength of the concrete. The strength of concrete increases with age; for
example, the strength is 1% on day 1 and 99% on day 28 [96].

The compressive strength test of the blocks is conducted as per ASTM C140 [92],
according to which 3.45 MPa is the minimum strength requirement of an individual block.
In 2020, Waleed A. Al-Awsh [42] conducted compressive tests on individually controlled
designs. Sample blocks were first dried out, weighed, and capped using a special high-
strength cement mortar for uniform pressure distribution. Rigid plates were placed on the
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top and bottom surfaces of the blocks for uniform load distribution over the cross-sectional
area. Later, the load was applied gradually at a rate of 0.3 kN per second until the specimen
failed. The failure load was divided by the net normal area of the block to calculate the
compressive strength of the block. Concrete masonry blocks of two types, solid and hollow,
using four different mortars were constructed and tested by Tatheer Zahra in 2021 [94] for
compressive tests using the prism method. Results showed that the compressive strengths
of hollow blocks varied from 12.5 to 15.6 MPa, while for solid blocks, they varied from 15.4
to 21.0 MPa for different mortars used. The material behavior of the blocks and mortar were
simulated using the ‘Concrete Damage Plasticity Model’ (CDP), which includes the failure
mechanisms of tensile and compressive crushing. Apparently, both thermal transmittance
and compressive strength are equally important for the performance of building blocks.
Therefore, there is a requirement to establish a single parameter to measure the thermal
and mechanical behavior of building blocks.

Measurement of Dimensions
of Samples Absorption and Moisture

(National concrete masonry Content (youtube)
association)

! Unit Compressive Strength
Drying and Shrinkage Testing (ASTM C140)
(Brick and Tile industry
international)

Figure 17. Testing physical quantities of sample blocks.

5. Houses and Building Blocks in the Kingdom of Bahrain
5.1. History of Houses in Bahrain

The Kingdom of Bahrain is an island country and is one of the smallest in the Middle
East. Traces depict that the island was inhabited in 3000 B.C. Initially, people lived in straw,
stone, and mud houses, as shown in Figure 18.

In the past 200 years, the country started to gain its architectural identity when people
started to move in to houses made up of bearing walls. These house structures consisted
mainly of 60 cm-wide walls, which were grounded 50 cm deep to form the foundation. The
thickness in the foundation was 1 m. Irregular desert stones of different sizes were used to
build the walls, joined together using a mortar mixture of sand, gypsum/limestone, and
water in particular ratios. The gaps between the big stones were filled by smaller stones
and gravel, followed by a layer of mortar to make the walls smooth. Approximately five
layers of stone above ground level were arranged, upon which a layer of timber wooden
round beams was applied around the perimeter of the house as shown in Figure 19. These
beams were strengthened by diagonal connections using 1 cm diameter rope. The space
between the timber beams was again filled with stones, followed by a mortar mixture.
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Figure 19. Bahraini house around 200 years ago.

One such traditional house, built in 1834 and located in Muharrag, the traditional city
of Bahrain, is shown in Figure 20. This house was selected for renovation and rehabilitation
purposes, and the images below depict its condition prior to the renovation work [97].

When modern industries came to Bahrain in the 1950s, the materials used for con-
structing buildings were more industrialized than traditional methods. The most common
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material used for construction was concrete. Bahraini houses are now built with walls
made of concrete blocks, followed by a layer of cement plaster and paint, as shown in
Figure 21.

Figure 20. Bahraini house in the year 1834: front view, roof, external wall, and internal wall [97].

Figure 21. Modern-day Bahraini houses.

5.2. History of Building Blocks in Bahrain

The leading companies that began manufacturing concrete blocks during the 1950s
were Haji Hasan group, ‘Al Manaratain’, and ‘Bahrain Blocks [98,99]. To this day, they
remain the largest manufacturers in Bahrain, with a variety of block types. Al Man-
aratain’s [98] history extends back to 1959, when it started as a manufacturer of local
manual blocks. Over the last fifty years, the company has evolved to become an industry
leaders in the production of concrete blocks and other products. The rising demand for
blocks encouraged the group to acquire additional machinery throughout its existence,
resulting in a large industrial expansion in 1985 in the form of another company named
Bahrain Blocks.
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In 1995, the company introduced a fully automated block with the capability to manu-
facture 45,000 concrete blocks per day to increase its manufacturing capability and quality
standards. Bahrain Blocks presently manufactures various varieties of concrete blocks,
including the insulation blocks that are included in the present study. Other companies
such as Middle East Block Factory [100], Aljalahma Blocks [101], RedX company [102],
Ahmed Isa Block factory [103], etc., that came into production later in the late 1990s and
2000s have a lower scale in concrete block production, mainly focused on hollow blocks.

Varieties of blocks are manufactured in the Kingdom. Some simple blocks, as shown
in Figure 22, are used to build compound walls of a house or for the partition walls between
two rooms of a house or for the pavement. However, there are some other blocks that are
specifically manufactured to build the outer walls of a house or a building, as shown in
Figure 23. These blocks are called ‘Insulation block’.

Figure 22. Simple building blocks of Bahrain.

Figure 23. Insulation building blocks of Bahrain.
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5.3. Initial Data Collection and Standard Procedures for Building Blocks in Bahrain

In order to propose an improvement in the performance of the building blocks, it is
important to review the existing scenario in the Kingdom. For this, the following activities
were conducted:

1.  Collect information from the Ministry of Electricity and Water Authorities (EWA) of
the Kingdom of Bahrain.

2. Collect information from the leading insulation block manufacturing companies in
Bahrain, particularly related to the internal and external designs of blocks, cavities,
materials, strength, and application parameters.

3. Collect information from the block testing laboratories in Bahrain related to the
thermal and mechanical properties of the building blocks.

The collected data were reviewed for further analysis.

The government body, Electricity and Water Authority (EWA) of Bahrain, has set a
certain value of thermal transmittance (U-value) for the insulation blocks. As per ministerial
order 6372012 [32], the maximum allowable U-value of the block is 0.57 W/m? °C. After
testing the samples, the test report issued by the Ministry of Works includes all the thermal
and mechanical characteristics of the blocks. However, it mainly focuses on the thermal
resistance (R-value) and thermal transmittance (U-value) of the block. Eventually, it is clear
that the most important parameter of an insulation block is the U-value, followed by its
mechanical strength.

All the companies in the Kingdom more or less manufacture blocks with identical
designs, with almost similar thermal and mechanical characteristics required to fulfill
the conditions laid down by the government of the Kingdom. Companies cannot merely
manufacture and sell the blocks directly in the market. Instead, a standard procedure, as
shown in Figure 24, is required to be followed by each company for each variety of block
they manufacture.

Block manufacturing company sends the sample
blocks to Electricity and Water Authority (EWA)

EWA sends these sample blocks to the Ministry of
Works for thermal and mechanical tests

\ 4
\ 4

Ministry of Works tests these samples, prepares a
Test report and sends the report back to EWA

If the test report satisfies the conditions laid by the ‘
Government, then EWA issues a certificate to the
company as a permit to manufacture and sell the

blocks.

If the test report does not satisfy the conditions laid
by the Government then the company cannot
manufacture or sell those block type.

Figure 24. Flowchart representing the steps followed by the company for legal certification of
insulation blocks.
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5.4. Comparison of Widely Used Insulation Building Blocks in Bahrain

In accordance with discussions with leading manufacturing companies in Bahrain,
namely Al Manaratain and Bahrain Blocks, it is clear that two types of insulation blocks
are widely used for the construction of buildings in Bahrain, as shown in Figure 25, due to
their desirable thermal and mechanical parameters, which are compared in Table 4.

(a) Sandwich block (b) IMSI block

Figure 25. Sandwich block and IMSI block.

Table 4. Comparison table of Sandwich and IMSI insulation blocks.

Block Type 8Wsandwich Insulation 8IMIMSI Insulation
Overall dimensions 400 mm % 200 mm % 200 mm 400 mm % 200 mm % 200 mm
Thermal Conductivity (k) 0.1251 W/m K 0.2330 W/m K
Thermal Transmittance (U) 0.6255 W/m? K (Non-standalone) 1.165 W/m? K (Non-standalone)
Compressive Strength 7.9 N/mm? 12.2 N/mm?
Weight 19¢g 18 kg

It was also clear that after a few years, the Sandwich block had issue with the formation
of cracks on the walls, while no such issues were observed in the IMSI block. Eventually, in
today’s context, the IMSI block can be considered one of the preferred options for detailed
investigation in the near future.

6. Conclusions

The Kingdom of Bahrain is grappling with a significant challenge of escalating en-
ergy consumption, particularly driven by air conditioning systems in both residential and
commercial buildings. Recognizing the potential for substantial reductions in building
energy demand through energy efficiency initiatives, the government has formulated min-
isterial orders and aligned with Bahrain Economic Vision 2030 [29] to foster sustainable
construction practices. These efforts are in line with SDG 11 of the United Nations’ 2030
agenda [5]. This paper delves into the influential factors affecting building block perfor-
mance, including aggregate materials, insulation, and cavity geometries. It also outlines
the two major technical parameters to predict the performance of building blocks: thermal
transmittance and compressive strength. Thermal transmittance can be evaluated using
theoretical and experimental methods, while the later has two types—in-lab and In-Situ
methods. The need for both these testing methods, in particular, under real environmental
conditions as per I1SO [82,85] and ASTM [37,83,92], is well-emphasized in this paper. The
study also presents the standard procedure to measure the compressive strength of the
building blocks under ASTM Standards.

Despite limited research on improving the thermal and mechanical performance of
Bahrain’s building blocks, there is a pressing need for investigation. The paper provides
insights into the historical evolution of building materials in Bahrain and highlights the shift
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References

towards more efficient blocks with insulation. It was observed that the type of materials
used for building walls has evolved to adapt to changes in environmental conditions.
Due to modernization, mud, straw, and clay in walls of the houses were replaced with
hollow blocks; however, it was found that these houses were not comfortable. So, to find
thermal comfort in present times, people are looking for more efficient building blocks
with insulation inserted in their cavities. Eventually, the varieties of blocks currently
manufactured in Bahrain were discussed in this paper, among which the IMSI block is
the most popular one. This paper also depicts the standard procedure followed by block
manufacturing companies in the country to obtain approval from the government to sell
their products in the market. However, the test reports presented by manufacturers to the
government include testing done under controlled environments (in-lab) and for a limited
number of blocks, which varies from one to three blocks. Nevertheless, the results of a wall
may vary in real environmental conditions, particularly when there exists a wall consisting
of a multi-block system with plaster. Hence, the paper concludes by proposing various
paths for future research, between individual and multi-block systems using both in-lab
and In-Situ methods. A few of these future scopes are listed below:

i. Propose improved aggregate materials.
ii. Propose improved insulation materials.
iii. Propose improved cavity designs.

iv. Evaluate the difference in performance for an individual block system compared to
a multi-block system in controlled environmental (in-lab) conditions.

V. Evaluate the difference in performance for an individual block system compared to
a multi-block system in real environmental (In-Situ) conditions.

Vi. Evaluate the difference in performance of both systems for the two methods: in-lab
and In-situ methods.

Vii. Propose a single non-dimensional factor to simultaneously measure the thermal

and mechanical performance of both individual and multi-block systems.

It is understood that on a global level, a lot of research is consistently ongoing in the
field of energy conservation for buildings and their materials. However, a considerable
amount of work needs to be done in Bahrain. Overall, this review aims to lay the ground-
work for technical analyses and testing procedures to optimize Bahrain’s building block
performance in energy conservation.
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Abstract: The energy consumption of residential buildings plays a crucial role in overall energy
consumption and environmental sustainability. This paper aims to conduct an energy analysis of a
residential house located in China, with a focus on comparing the accuracy of the model, identifying
areas for improvement, and proposing energy-efficient solutions. Four sets of temperature sensors
were placed to monitor the ambient temperature at which the building is located and the indoor
temperature of the residential building during a heating season. The energy consumption of keeping
the building running at a low temperature was recorded and compared with the simulation results to
verify the accuracy of the model. The monitoring results give the weekly average temperature of each
zone on each floor, and the door and window positions, room layouts, and orientations are discussed
to analyze the thermal response of the building. In addition, the effect of the heat transfer coefficient
of the exterior walls, the heat transfer coefficient of the roof, and the solar heat gain coefficient (SHGC)
of the exterior windows on the heating energy consumption of the building are further analyzed
through simulations. The results show that, after adding a certain thickness of insulation to the
exterior walls and roofs of a building, increasing the thickness of the insulation layer produces little
extra energy saving. The use of building windows with high SHGC can effectively reduce building
heating energy consumption.

Keywords: residential building; energy monitoring; energy simulation; parametric study;
optimization analysis

1. Introduction

With the progress and development of society, issues such as climate change and
energy consumption have attracted widespread attention and discussion. Globally, the
building sector constitutes approximately 36% of total energy consumption and over
40% of total carbon emissions. Among all sectors, the building industry possesses the
greatest potential to implement effective energy saving measures [1,2]. In recent years,
China has made significant efforts to address its energy consumption and environmental
challenges. The residential sector, accounting for a substantial portion of the country’s
energy consumption, presents a unique opportunity for energy optimization [3]. As the
country undergoes rapid urbanization and experiences a growing demand for housing,
it becomes imperative to evaluate and analyze the energy performance of residential
buildings. By analyzing the energy use of representative dwellings and proposing ideas
for energy-optimized design, policymakers, architects, and owners can be guided to adopt
more sustainable and energy-efficient building practices.

For the energy use of buildings, researchers’ primary research methods include model
simulation and field monitoring. Vartholomaio [4] used the dynamic building energy
simulation software EnergyPlus 8.3 to perform a parametric simulation analysis of the
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heating and cooling energy consumption of residential buildings in three urban forms,
focusing on the Mediterranean city of Thessaloniki, which has a heating and cooling
demand. The study concluded that there are synergies between a highly compact urban
form and passive solar design. Additionally, Al-Saggaf et al. [5] integrated 3D building
information modeling (BIM) models of three different design options for a residential
building in Saudi Arabia using Ecotect analysis 2010 software for energy simulation. The
results demonstrated the effectiveness of the Architectural-Based Energy Impact Scoring
System (AEISS). Comprising seven building design features and over 40 design options,
the AEISS exhibited a positive response. It effectively delivers energy-efficient and low-
energy-consuming design options for decision-makers. Wang et al. [6] selected several
typical buildings in Beijing as the research objects. They utilized eQUEST software to
investigate the buildings’ energy consumption and derived corresponding building energy
consumption prediction model. These models can predict the overall energy consumption
of various buildings types during urban regional planning stage, offering insights for urban
energy conservation planning. Santana et al. [7] conducted a similar study, monitoring
and comparing two dwellings in Barcelona, Spain, during the winter. Their analysis aimed
to understand the impact of the envelope’s thermal performance on indoor temperature,
alongside other factors such as outdoor temperature and solar gain. This analysis suggested
that a building’s thermal performance involves multiple variables beyond envelope thermal
transmittance, such as thermal inertia, solar gain building orientation, and an urban
environment. Charai et al. [8] employed a validated PMV-PPD model in EnergyPlus to
assess the benefits of using biosourced earth in building envelopes during the summer,
based on real-time monitoring of an existing building. Results indicated that the proposed
wall improved thermal comfort by regulating indoor temperature and humidity, with 24.6%
fewer dissatisfied occupants compared to a typical wall. Shan et al. and Yu et al. [9,10]
designed and constructed a test building to investigate the thermal performance of a new
type of bamboo-steel composite wall. They measured the heat transfer coefficient of the
composite wall and validated the simulation model through the actual measurement of
the energy consumption of the test building. Simulation analyses were then carried out
to investigate the energy saving effect of composite walls in different climatic regions.
Hassan et al. [11] investigated the effects of courtyard layout, aspect ratio, and courtyard
orientation on energy consumption in residential buildings using nine case studies. The
results showed that the highest energy savings of 18.73% were achieved when the optimal
location of the courtyard layout, i.e., southwest elevation, was adopted.

Further research on energy design optimization of buildings, based on building energy
performance studies, can provide valuable insights for policymakers, architects, and build-
ing owners, fostering sustainable building development. In the realm of energy design
optimization, many researchers have focused on reducing building energy consumption
and enhanced indoor thermal comfort through modifications to the thermal performance
of the building envelopes. Cabeza [12] conducted experiments on four small rooms con-
structed according to the traditional Mediterranean building system and compared the
thermal performance of three typical insulation materials, polyurethane, polystyrene, and
mineral wool, over an extended period. Tunchilek et al. [13] indicated that the doping of
highly conductive nanoparticles decreased the energy saving performance of phase change
materials. The results showed that increasing the nanoparticle concentration to 3 vol%
could increase the negative effect to 1.7%. Alyami et al. [14] investigated the effects of
location and insulation materials on the energy performance of residential buildings across
five climatic regions in the Kingdom of Saudi Arabia. Five commonly used insulation
materials with distinct thermal properties, namely, polyurethane panels (PU), expanded
polystyrene (EPS), glass wool (GW), urea—formaldehyde foam (UFF), and expanded perlite
(EP), were analyzed in different climatic regions, revealing significant variations in energy
performance of the insulation materials based on location. Guo et al. [15] constructed a
comparative study between two identical model buildings, one insulated with 38 mm
expanded polystyrene (EPS) panels as exterior insulation. The dynamic indoor thermal
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environment and heating energy consumption of both buildings were monitored compara-
tively at the same heating temperature. The results showed that the energy consumption of
the two buildings was similar in the initial 20 min of heating, and the energy saving rate of
the EPS building increased slowly with the heating duration. Amani et al. [16] modelled
and analyzed the thermal behavior of buildings and identified design options to optimize
building energy consumption and reduce global warming potential through an insulation
system. The model incorporated a four-layer insulation system with the ability to select the
material and thickness of each layer that offers 130 different design combinations. Other
researchers have also proposed energy-efficient building designs focusing on cooling and
heating loads and types of cooling and heating sources. Shibuya et al. [17] tested multistory
office buildings at three different locations in Japan and investigated the potential impacts
of climate change on the energy demand for office cooling and heating by simulating three
periods of reference weather data through thermal analysis. The results emphasized the po-
tential of office buildings in Japan for energy saving and CO, emissions reduction without
relying on nuclear power generation. Li et al. [18] utilized DOE-2 software to simulate the
cooling energy consumption and electricity demand in an office building in Hong Kong
under various envelope performance and lighting systems, pointing out the importance
of rational daylight use in the peak electricity consumption and peak cooling demand,
and that appropriate lighting design could reduce the cooling energy consumption and
electricity demand of buildings.

The aim of this paper Is to conduct energy monitoring and analysis of a residential
building located in China, including the monitoring of outdoor/indoor temperatures and
energy consumption of the building during a heating season, and analyze the thermal
behavior of the building. The results from the energy analysis model are compared with
the monitoring results to verify the validity of the model. On this basis, the heat transfer
coefficients of the exterior wall and roof and the SHGC of the exterior window are taken
as the key parameters to simulate and analyze the influence of the key parameters on the
energy consumption of the building, providing a reference for the optimal design of the
building’s energy systems.

2. Building Information
2.1. Building Geometry

The demo house is a typical three-story reinforced concrete house in Haituo Valley,
Zhangjiakou City, Hebei Province, China. Zhangjiakou is located at 39°30242°10N
latitude and 113°50116°30"E longitude, with a population of about 4.05 million in 2023,
at an elevation of about 760 m above sea level, and has a temperate continental climate [19].
The photo of the building is shown in Figure 1. Itis 7.7 m wide, 12.3 m long, and 9.9 m high.
The main living room extends in height over all three floors. The total area of the demo
house, including both heated and non-heated spaces, encompasses around 180 m?. Of this,
the heated area comprises approximately 144 m?, providing comfortable living conditions
during the colder months. The design and layout of the house were planned according to
the codes in China, striking a balance between thermal comfort and energy consumption.

Figure 2 shows the location of the house and surrounding buildings, which are similar
to the house in this study. Additionally, the house uses a shear wall structural system [20],
which is also common. Furthermore, according to the China Statistical Yearbook [21], the
per capita housing area in this region is 38.08 m2. The house currently accommodates five
people, resulting in a per capita housing area of approximately 36 m2. Therefore, this house
can be considered representative of the common housing typology in the region, and this
study provides a reference for the energy consumption of the buildings in this region.

Overall, despite its elegance and functionality, the house’s energy efficiency could be
further improved. An analysis of its energy consumption can yield valuable insights into
optimizing energy usage, enhancing sustainability, and promoting eco-friendly practices
in residential construction. By identifying areas for improvement, such as insulation, the
house can serve as a model for environmentally conscious residential design in the future.
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Figure 1. Building photo.

Figure 2. Geographical location of the house and surrounding buildings.

2.2. Building Construction
2.2.1. Wallboards

The exterior walls of the demo house are multi-layered, consisting of (from the exterior
to the interior) a layer of 120 mm rock wool board, 10 mm cement mortar, 8 mm polymer
mortar, and 200 mm reinforced concrete. The composite structure of the exterior wall and
the interior wall are different. The interior walls that connect each room consist of a layer
of 200 mm reinforced concrete and a 10 mm panel of cement mortar. The details of the
structures are shown in Figure 3 and Table 1.
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Figure 3. Wallboard configuration.

Table 1. Building construction.

Building Component Configuration Thickness (mm)

Reinforced concrete 200

. Polymer mortar 8

Exterior wall Cement mortar 10
Wallboards Rock wool board 120
. Reinforced concrete 200

Interior wall Cement mortar 10

Fine stone concrete 40
Plastic benzoic board 110

Roof SBS 4

Cement mortar 15
Reinforced concrete 150

Cement mortar 20

Pisolite concrete 50

Floor Plastic benzoic board 20
Cement mortar 20
Reinforced concrete 120

2.2.2. Roof

The roof of the demo house consists of (from exterior to the interior) a layer of 40 mm
fine stone concrete, 110 mm plastic benzoic board, 4 mm SBS (styrene-butadiene-styrene),
15 mm of cement mortar, and 150 mm reinforced concrete. The angle of the roof is 30° of
elevation. The details are shown in Figure 4 and Table 1.

Figure 4. Roof configuration.
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