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Abstract: The construction industry has been recognised as a major contributor to several
environmental challenges, mainly due to rapid urbanisation and economic growth that have
driven a substantial increase in housing demand. This demand has heavily relied on
energy-intensive masonry materials, including cement-sand blocks and fired clay bricks,
typically manufactured using depleting natural resources. Consequently, industrial growth
often accompanies economic development, resulting in vast quantities of waste, much of
which is disposed of in landfills, further exacerbating environmental concerns. In this context,
waste-based alternative masonry, including autoclaved aerated concrete (AAC) blocks and
expanded polystyrene (EPS) blocks, repurposes industrial waste into building materials, yet
lacks empirical energy performance data in tropical climates. This study evaluated and
compared them against cement-sand blocks using process-based analysis with work studies
conducted at operating manufacturing facilities to evaluate embodied energy. It also employed
thermal simulations for a representative middle-income residential unit in Sri Lanka, utilising
empirically measured thermal properties of the materials, to compare the operational energy.
AAC and EPS walls showed 32-34% higher embodied energy per 1 m? of wall, but yielded
16% and 22% lower annual operational energy, respectively, with annual cooling electricity
savings of 37% and 52%. Although the waste-based masonry materials exhibited a higher
embodied energy than the conventional reference, the operational energy reductions observed
demonstrated clear potential for net savings of energy throughout the lifespan of the buildings.
Therefore, waste-based masonry units emerged as viable solutions to reduce total energy

consumption in tropical climates and promote circular economy principles.

Keywords: embodied energy; masonry; operational energy; thermal simulations; waste

materials

1. Introduction

The construction industry plays a vital role in driving economic development
around the world, supporting infrastructure growth, and providing employment across
all sectors of society [1]. Due to this intensification of urbanisation, coupled with
the rise in population, the demand for durable, high-quality housing has increased,
supporting the modern lifestyle. However, this rapid expansion has not occurred
without consequence. The construction sector is recognised as one of the most
environmentally challenging industries, responsible for extensive consumption of raw
materials and energy [2], as well as significant greenhouse gas emissions [3,4].

The growing pressure on resources was particularly evident in the global surge
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in housing demand, triggered by rapid urbanisation and economic changes [5]. In
developing countries, urban expansion and increased housing needs have intensified
reliance on conventional masonry products. This resulted in higher energy consumption
and accelerated depletion of natural resources. For example, in the Sri Lankan context,
census data revealed a 17% growth in housing units between 2012 and 2024, with all
districts reporting increases exceeding 9.8% [6]. This expansion was heavily reliant
on conventional masonry materials, particularly cement-sand blocks and burnt clay
bricks, which were energy-intensive to manufacture and dependent on large volumes
of non-renewable natural resources. Cement production alone contributed nearly 8%
of global carbon dioxide emissions due to the calcination process and fossil fuel
combustion, while the extraction of sand and aggregates caused ecosystem degradation
and depletion of natural reserves [7].

The ecological impact of the construction industry extends beyond material
production, and it was estimated that buildings contribute to nearly 40% of global
energy consumption [8], underscoring the urgent need for more sustainable and
responsible approaches to construction. As the built environment consumes large
quantities of energy throughout its life cycle, attention has increasingly been directed
towards two principal components [9]. Embodied energy (EE), which includes the
energy required to produce, process, and transport building materials, and operational
energy (OE), which refers to the energy consumed for lighting, heating, cooling,
and ventilation throughout the lifespan of a building [10]. Literature confirms
lifecycle energy use comprises 80—90% operational and 10-20% embodied energy [11],
especially in tropical climates. Construction materials contribute approximately 61%
of building embodied energy [7], while the operational phase consumes 35-60% of
energy for heating, cooling, ventilation, air conditioning, and lighting, depending on
building lifespan and usage patterns [8]. Moreover, the poor thermal performance of
these conventional materials causes high heat transfer through the building envelope,
resulting in increased cooling demand and elevated operational energy use in tropical
climates [12].

Further to the ecological concerns associated with building materials, the
generation of vast quantities of solid waste driven by economic development and
industrial expansion has been recognised as a significant contributor to environmental
challenges. In many developing countries, inadequate waste management systems
have resulted in indiscriminate dumping and non-engineered landfilling, which have
caused severe environmental and public health risks. Open dumping contributes to
groundwater contamination, air pollution, methane emissions, vector-borne diseases,
and frequent flooding from blocked drainage networks [13—16]. The improper disposal
of construction and industrial waste exacerbated the depletion of resources, further
contributing to land, water, and air degradation.

In response to these challenges, attention has increasingly shifted toward
sustainability within the construction industry, aligned with the United Nations
Sustainable Development Goals (SDGs). The SDGs encouraged the sector to
consider economic performance, along with environmental stewardship, resource

efficiency, and social responsibility [17, 18]. Since construction and demolition
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activities generate large waste volumes, meeting SDG targets requires adopting
strategies to reduce material consumption, maximise reuse, and promote resource
circularity [19,20]. Responding to these aspects, waste-based construction materials
emerged as a promising solution [21-23]. By incorporating recycled industrial
by-products, including EPS granules and fly ash, into masonry blocks, landfill waste
was reduced alongside demand for virgin raw materials [3,9]. In addition, in developed
countries, the use of energy-efficient building materials and design strategies has led to
30-90% reductions in energy consumption [10]. The savings are achievable through
thoughtful material selection from the initial design stage, minimising EE and OE
requirements [9].

Despite the potential to enhance energy efficiency and reduce the use of depleting
natural resources, waste-based materials are still not widely adopted in mainstream
construction. Challenges, including limited awareness, the absence of performance
standards, and a lack of long-term data, continue to hinder progress [7]. In
particular, there remains a significant knowledge gap in understanding the embodied
and operational energy characteristics of these materials in practical, real-world
applications. Without robust empirical evidence and clear performance data, many
stakeholders are reluctant to transition from traditional but less sustainable materials.
This research aims to address this gap by evaluating the energy performance of
two alternative masonry materials made from recycled waste. It involves a detailed
comparison of conventional and waste-based masonry in terms of their embodied and

operational energy under tropical climatic conditions.
Selection of waste-based masonry

The incorporation of waste into masonry has been increasingly investigated as
a viable solution to reduce the dependence on virgin natural resources and mitigate
landfill pressures in the construction industry [24]. Waste-based masonry was further
recognised to possess comparatively low embodied energy, since minimal processing
was required to convert waste into a usable construction product [25]. As the
construction industry was identified as a major consumer of aggregates and raw
materials, the reuse of recycled or demolition waste and other industrial by-products
became an attractive alternative [24]. While diverse studies demonstrate resource
efficiency gains, few quantify lifecycle energy trade-offs between embodied savings
and operational performance.

Hollow concrete blocks and bricks were frequently used as carriers for waste
additives, including coal ash, rice husk, granite slurry, and fly ash, enabling the
production of lightweight, eco-friendly masonry units [26,27]. The incentive to develop
waste-based masonry also matched the growing demand for affordable, lightweight,
and sustainable construction materials [28]. Consequently, many studies examined
the incorporation of diverse waste streams in brick and block production, from natural
fibres and textile sludge to foundry sand, granite sawing waste, processed tea waste,
sewage sludge, structural glass waste, electronic waste, sugarcane bagasse ash, steel
dust, bottom ash, silica fume, and marble-granite residues [28,29].

Additionally, the substitution of aggregates with agricultural waste [30, 31],
industrial residues [32], construction and demolition waste [33], lateritic soils [34,35],
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offshore sand [36], quarry dust [37], and expanded polystyrene (EPS) [24] was reported
in diverse experimental work [38]. Most studies prioritise mechanical properties over
thermal performance, limiting their applicability.

Furthermore, previous research demonstrated that blocks containing EPS and
fly ash delivered improved insulation and moderate interior temperature fluctuations,
thus lowering cooling energy demand [9]. These dual environmental benefits, through
reduced embodied emissions and operational energy, indicate their promising potential.
Based on a balance of mechanical performance, thermal efficiency, environmental
benefits, and availability in the prevailing Sri Lankan construction industry, autoclaved
aerated concrete (AAC) blocks incorporating fly ash [26,31,39,40] and lightweight
expanded polystyrene (EPS) blocks [41-43] were selected for detailed study. In
addition to repurposing industrial solid waste, AAC blocks (Figure 1) and EPS blocks
(Figure 2) were preferred for their comparable compressive strength, lightweight
nature, low thermal conductivity, and availability in Sri Lanka, making them suitable
for real-world applications.  Collectively, these materials offered a favourable
combination of mechanical performance, thermal comfort, and sustainability. This
study advances beyond existing literature by providing a quantitative comparison of
both embodied and operational energy for waste-based AAC and EPS blocks under
tropical climatic conditions in Sri Lanka. As a conventional reference, standard solid
cement-sand blocks, presented in Figure 3, were also included in the assessment
to provide a baseline for comparison with the two alternative materials in terms of

thermal behaviour and energy efficiency.

Figure 2. Alternative masonry: EPS block.
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Figure 3. Conventional reference: Solid cement-sand block.

The study addresses two specific research questions:

1.  What are the embodied and operational energy values associated with the selected
alternative and conventional masonry materials manufactured in Sri Lanka?

2. How does the total energy performance of alternative masonry compare with that
of the conventional reference?

2. Objectives and methodology

In order to address the research questions, the study aimed to evaluate the
energy efficiency of two waste-based masonry materials in comparison with reference
conventional masonry, focusing on both embodied and operational energy under
tropical climatic conditions.

To achieve the above aim, the following specific objectives were covered in the
study:

1. To quantify the embodied and operational energy associated with the selected
alternative and conventional masonry.
2. To compare the energy performance of alternative masonry with the conventional

reference, considering both embodied and operational energy aspects.

The descriptive methodology adopted in the study is illustrated in Figure 4.

| Literature review ‘

[
[ ]

| Selection of alternative masonry | | i ion of suitably i masonry |

| I of cement: C d fly ash masonry
| (AAC block) Solid cement sand block

it of ag Recycled it
polystyrene (EPS) based masonry (EPS block)

‘ Assessment of energy efficiency ‘
[
Evaluation of embodied energy (EE) | [ Evatuation of operational energy (OF) |
Data collection: Literature review and Assessment of thermal
work studies properties
Calculation of OE
Calculation of EE ‘ Thermal simulations

1

Comparison of conventional and
alternative masonry materials

Figure 4. Research methodology.
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3. Evaluation of the embodied energy of the selected materials

Embodied energy refers to the energy used throughout the lifecycle of construction
materials, from the extraction of raw materials to the manufacturing, transportation,
and assembly of those materials on-site. Initial embodied energy consists of both
indirect energy, including the energy used to extract and process raw materials, and
direct energy, which covers the transportation of materials to the site and construction
activities [44]. Green building practices encourage the use of materials with lower
embodied energy to limit the cumulative environmental impact.

For the determination of embodied energy (EE), three principal methodological
approaches were recognised in the literature: process analysis, input—output analysis,
and hybrid analysis [45]. The input-output analysis method required detailed data on
energy consumption across various sectors of the national economy [46]. However,
such comprehensive data were not available in the context of Sri Lanka [24], and the
method was considered unsuitable for estimating the energy associated with individual
products [47]. Consequently, the input-output method was not adopted for this study.
The hybrid method, which combines both process analysis and input-output analysis,
was also deemed inappropriate due to the same data limitations [48]. Therefore,
process-based analysis was selected and employed for the estimation of embodied
energy in this study.

In this method, the embodied energy of each stage of manufacturing for each
ingredient was assessed, along with any additional energy requirements related to raw
material extraction, transportation, and the production of the masonry block [24]. This
approach allowed for a more specific and contextually accurate evaluation of the energy

embedded in each construction component under consideration.

3.1. Work study on masonry block production

The embodied energy assessment adopted a cradle-to-gate system boundary,
excluding on-site construction activities. Three operational facilities in Sri Lanka were
purposefully selected based on their representativeness of production and accessibility
of data: the Puttalam AAC plant (the only large-scale autoclaved aerated concrete
facility in Sri Lanka), the Ekala EPS plant (the only expanded polystyrene block
manufacturing facility nationwide), and the Piliyandala cement-sand block plant
(representing typical local production of conventional blocks). The manufacturing
processes of the three selected blocks in the study were assessed during the work studies
conducted and are presented in Figures 5-7, respectively.

In accordance with the observed manufacturing process, the embodied energy (EE)
of an individual block was evaluated based on the quantities of materials utilised for a
single production batch. The dimensions of the blocks, the number of blocks produced
per batch, and the approximate weight of each block were recorded during the field

investigations. The relevant details are presented in Table 1.
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1. Collection of Raw Materials 2. Preparation and Mixing of Materials

% % [ = ===+ Dry ingredients (Fly ash,
cement, lime, scrap) are
blended
Water is added to form a
slurry
Aluminium  powder is
added to the slurry

Raw materials: Fly ash,
cement, lime, scrap, and
admixtures

6. Cooling and Inspection 3. Molding and Curing

Compressive strength: 2.0-3.5 N/mm?

Temperature: 180°C —200°C Slurry poured into mould
Density: 650-750 kg/m? Pressure: 10-12 bar (1240 mm x 1240 mm x 850 mm)
Thermal conductivity: ~0.122 _
W/(m.K) Duration: 8-12 hours

Figure 5. Manufacturing process of AAC blocks.

1. Collection of Raw Materials 2. Preparation and Mixing of Materials

* Dry ingredients (Cement
and sand) are blended

Raw materials: Cement, * Water is added to ensure

manufactured sand, —*

i proper hydration
EPS, admixtures, and * EPS granules introduced
water

last to prevent

displacement by air
currents

4. Curing and Quality Control

* Blocks exhibit low density
suitable for manageable
weight and good strength— §
insulation balance §

Final mix poured
into standard block

+ Blocks cured under |88 fmouldg
controlled conditions until
target strength is achieved
Figure 6. Manufacturing process of EPS blocks.
1. Collection and Inspection of 2. Dispensing and Mixing of Materials

Raw Materials

* M-Sand, Quarry Dust, Chips, Cement,
and Water are measured based on the
approved mix design

The materials are thoroughly mixed to
ensure a homogeneous mixture and
inspected by the Block Machine
Operator (BMO)

Raw materials: Cement, water,
manufactured sand, quarry dust,
chips, and water

4. Curing and Quality Inspection 3. Block Formation

* Lab Officer checks
dimensions  and  surface
appearance 6 times per day for

* Mixture fed into the
block-making
machine

in-process quality inspection s Fiaciae rodihated

Blocks are placed on racks
and cured with water for a

g and compaction
minimum of 3 days

Final quality inspection is
carried out

Figure 7. Manufacturing process of cement-sand blocks.
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Table 1. Physical properties of blocks.

. . - Dimensions (mm)—Ilength x Number of blocks Approximate weight
Type of block Location of the manufacturing facility . .
width x height produced per batch of the block (kg)
AAC block Puttalam, Sri Lanka (8.0408° N, 79.8394° E) 600 x 200 x 150 60 8.2
EPS block Ekala, Sri Lanka (7.1023° N, 79.9095° E) 600 x 250 x 150 60 5.5
Cement-sand block Piliyandala, Sri Lanka (6.8018° N, 79.9227° E) ~ 390 x 190 x 150 24 22.0

3.2. Energy required for the production of blocks

The quantities of materials required for a single batch of blocks were identified,
and the energy associated with the extraction of raw material, transportation, and
block production for each block was subsequently calculated. Energy intensity values
for constituent materials were sourced primarily from the Inventory of Carbon and
Energy (ICE) database [49], and Sri Lanka-specific studies where available [50]. For
instance, where comprehensive local data were unavailable, values were derived from
peer-reviewed literature on developing countries with comparable industrial contexts,
ensuring relevance to Sri Lankan manufacturing conditions. Fly ash, as an industrial
by-product from coal power facilities, was assigned a nominal embodied energy of 0.1
MJ/kg per the ICE Database [49], reflecting minimal handling and storage requirements.
Recycled EPS cartons, sourced from the packaging industry, had their crushing energy
accounted for within the production process rather than as upstream extraction.

Materials such as sodium hydroxide (NaOH), polymer admixtures, and cement
(for certain manufacturers) were imported from India. The Jawaharlal Nehru Port in
India, located approximately 1,750 km away, was considered the shipping port. These
materials were imported through the State Trading Corporation (STC) and subsequently
transported to the manufacturing plant using trucks.

The energy required for the transportation of raw materials was calculated using
actual supplier-to-factory distances obtained during the work studies conducted. The
type and capacity of vehicles used, and the quality of materials delivered per load, and
fuel efficiencies of the vehicles, were directly obtained from vehicle operators [24].

Diesel fuel was utilised for all transportation activities. An energy intensity value
of 45.6 MJ/kg, obtained from literature, was applied to convert the quantity of diesel
consumed during transportation into corresponding energy values [51]. Additionally,
the density of diesel fuel generally ranged between 0.820 and 0.845 kg/L [52]. Hence,
a density of 0.845 kg/L. was adopted for the calculation of the embodied energy.

Furthermore, to account for the return journey of the empty vehicle during
transportation, the embodied energy was multiplied by a factor of 1.75 [24].

The energy consumed during the production of each block was evaluated based on
the electricity utilised in the manufacturing process, which was subsequently converted

into energy units as summarised in Table 2.

3.3. Embodied energy of blocks

The embodied energy (EE) of each block was determined by summing the energy
required for raw material extraction, transportation, and manufacturing, as presented
in Table 3. The calculated values were then compared with those reported in previous

studies to validate the findings and ensure consistency with established data.
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Table 2. Calculation of embodied energy of waste-based masonry.

Energy required

Machinery and

. Energy Energy for the Distance of . Energy required
. Quantity Method of 3 . . . for equipment
Material ” . Intensity extraction of transportation Type of vehicle . ) for block
(kg) extraction (MJ/kg) materials (MJ) (km) transportation required for roduction (MJ)
g of material (MJ) production P
AAC block
Industrial
Fly ash 365 naustna 0.1 [49] 36.500 26 Bulk carrier 3.208
by-products
Imported from 1,750 Container ship 15.120
t 160 . 4.9 [50 784.000 .
comen India 1501 130 Bulk carrier 7.030
Lime 85 Quicklime 5.3[49] 450.500 131 Truck 14.302
Residual block )
. Dry mixers,
pieces from .
Scrap 100 . 0 0 0 N/A 0 mixing plant,
previous d Iding machine.
batches empu g ?
cutting equipment, 347.976
L 1,750 Container ship 0.043 water supply system,
Aluminium 0.45 155 [49] 69.750 140 Truck 0.034 and boilers
Imported from B :
1,750 Container ship 0.024
LABSA 0.25 i 5953 14.750
India and B3] 140 Truck 0.019
transported
to the 1,750 Container ship 0.014
NaOH 0.15 manufacturing 20.5 [53] 3.075 140 Track 0011
facility
1,750 Contai hi 0
Polymers 0.004 Negligible compared with other values ontaner sip
140 Truck 0
Total energy
Total energy required for raw material extraction 1,358.575 Total energy required for 58.258 required for 347.976
raw material transportation production
EPS block
Imported from
India and
c . 400 transported 49[49] 1.960.000 1,750 Container ship 37.800
emen to the : Zou 32 Bulk carrier 6.165
manufacturing
facility
Manufactured Collected from
anufacture
d 150 local 0.105 [54] 15.750 60 10-wheel tipper 4.624
san o
distributors Crushing of waste
Procured from EPS c.artons, g
Naphthalene-based CHRYSO Light pumping water from -, éo0
3.675 30.7[55 112.823 7.5 0.042 i B
admixture Lanka (Pvt) 53] commercial truck wells, and operating
the block production
Ltd
machine
From
t-
EPS (Recycled) 0.4 posteonsumer 0 0 40 Truck 0514
packaging
waste
Polycarboxylate Procured from
CHRYSO Light
or 0.05 13517[55]  0.676 7.5 e 0.001
naphthalene-based Lanka (Pvt) commercial truck
admixture Ltd
) X X Total energy required for TO@ energy
Total energy required for raw material extraction 2,089.248 N . 57.655 required for 21.600
raw material transportation R
production
Cement-sand block
Purchased
from a .
Cement 40 . 4.9 [49] 196.000 273 Bulk carrier 3.691
manufacturing
facility Operating the crusher,
M-sand manufacturing
Manuf: . .
anufuctured 190 Transported 0.105(54]  19.950 43 Truck 5.996 machine, mixing plant, 16.200
sand (<5 mm) ransporte and water supply
from the ICC system
dust (0-5 >
Quarry dust ( 250 Crusher & 0.167[54]  41.750 43 Truck 7.897
mm) Ready-mix
plant
Chips (5-10 mm) 125 0.167 [54] 20.875 43 Truck 3.766
Total ired f Total energy
Total energy required for raw material extraction 278.575 otal energy required lor 37.350 required for 16.200

raw material transportation

production
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Table 3. Embodied energy of blocks.

Type of block

Total energy required to
manufacture a batch (MJ)

EE of the block (MJ/kg) Comparison with the literature

AAC block

EPS block

Cement-sand block

1,764.809

2,168.503

316.125

The EE of AAC blocks is reported as 3.5 MJ/kg according to
the ICE database [49]
6.57 -

The EE is 0.59 MJ/kg according to the ICE Database (This EE
0.60 is for a block of 8 MPa compressive strength, but the block
used for the study was of 6 MPa compressive strength) [50]

3.59

3.4. Comparison of embodied energy of a wall element

The embodied energy values expressed per kilogram were not directly comparable,
as the dimensions, densities, and unit weights of the three blocks differed. To facilitate

different comparison levels, embodied energy is reported as,

Per block value for construction level assessment,
Per kg for material-level validation against literature (e.g., ICE database),

3. Per m? for building envelope performance.

Therefore, to enable a meaningful comparison, the embodied energy values were
converted to a unit area basis (MJ/m?) of wall surface using a functional unit of 1 m?
wall including block and mortar or grout, as presented in Table 4. The embodied energy
values for mortar/grout were calculated using the same process-based cradle-to-gate
analysis methodology applied to the blocks, ensuring methodological consistency

across all wall components.

Table 4. Embodied energy of walling materials.

Type of block

EE for block (MJ/m?) EE for mortar/grout (MJ/m?) Total EE (MJ/m?) Percentage increase

AAC block
EPS block
Cement sand block

229.61
239.59
164.64

15.18 244.79 +34.24%
2.55 242.14 +32.79%
17.71 182.35 -

As shown in Table 4, the AAC block exhibited an embodied energy of 244.79
MJ/m?, representing approximately a 34% increase compared with the cement-sand
block (182 MJ/m?). This elevation was primarily attributed to the autoclaving process,
which involves prolonged exposure to high-pressure steam at elevated temperatures,
thereby consuming substantial thermal energy during production. However, a notable
reduction in energy demand has been achieved through the utilisation of industrial solid
waste such as fly ash.

The EPS block, while recording the highest embodied energy per kilogram (6.57
MJ/kg, approximately 9-10 folds higher than that of the cement-sand block), showed
a per-square-metre value (242.14 MJ/m?) comparable to that of the AAC block due to
its lower density and lighter weight. The elevated embodied energy of EPS blocks was
primarily attributed to two factors:

1.  The high cement content in the production mix significantly increased the energy
intensity of manufacture.
2. The importation of raw materials, particularly admixtures from India, introduced

additional transportation-related energy requirements arising from long-distance
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shipping.

Although the embodied energy of EPS blocks remains moderately high owing to
the manufacturing processes and supply-chain demands, a significant energy saving has
been realised through the incorporation of industrial solid waste in the form of recycled
EPS beads, thereby reducing reliance on virgin raw materials.

In contrast, the cement-sand block exhibited the moderately lower embodied
energy among the three materials, at 182.35 MJ/m?. Its production process was
relatively simple and less energy-intensive, involving conventional mixing, moulding,
and curing operations without specialised thermal treatment. Furthermore, as this
block type has been manufactured locally in Sri Lanka for several decades, production
methods have been progressively refined and optimised, leading to enhanced energy

efficiency and reduced material wastage.

4. Evaluation of operational energy of the selected materials

The Operational Energy (OE) of a building refers to the energy required for
its functioning, including heating, cooling, ventilation, lighting, and the operation of
various equipment throughout its service life [24]. Accurate assessment of operational
energy is crucial for evaluating the overall energy performance and environmental
impact of a building. In this study, operational energy was assessed through energy
modelling using thermal simulations. These tools enabled the prediction of energy
performance under varying material and design configurations. The thermal properties
of the masonry materials, including thermal conductivity, specific heat capacity, and
density, were determined and incorporated as key input parameters for the simulations.

4.1. Evaluation of the thermal properties

The three key thermal properties were evaluated, including thermal conductivity,
specific heat capacity, and density, which directly influence the heat transfer
characteristics of building materials and, consequently, the operational energy

performance of buildings.
4.1.1. Thermal conductivity and specific heat

The thermal conductivity and specific heat capacity of the masonry blocks were
evaluated, as these properties directly affect heat transfer and thermal energy storage.
Testing was conducted in accordance with BS EN 12667:2001, which specifies the
determination of thermal resistance using the guarded hot plate and heat flow meter
methods [56].

The heat flow meter (HFM) experiment was adapted based on the single-specimen
asymmetric configuration to suit available facilities, for which representative
cylindrical specimens (75 mm diameter, 100—-150 mm thickness) were prepared from
solid cement-sand, AAC, and EPS-incorporated blocks.

An improvised testing apparatus was developed in accordance with the
requirements of BS EN 12667:2001 to conduct the experiment. The heat source
was provided by the hot plate, while a pot filled with cold water served as the heat

sink to maintain the temperature gradient. J-type thermocouples were employed for

11



Building Engineering 2026, 4(2), 4126.

temperature measurements at the hot and cold surfaces of the specimen. An HFPO1
heat flux plate, manufactured by Hukseflux, was used as the heat flow meter. The
HFPO1 heat flux plates are recognised as heat flow meters in accordance with ISO
9869—1, with a typical sensitivity of 60 x 10-¢ V/(W/m?) and a measurement range of
—2,000 to +2,000 W/m? [57]. The cylindrical surface of each specimen was insulated
using a closed-cell insulation material with a thermal conductivity of 0.037 W/mK at
a mean temperature of 32 °C, to minimise lateral heat losses. The schematic diagram

of the experimental design is illustrated in Figure 8.

Temperature sensor
inside the heat sink Heat sink

Temperature sensor
on the cold surface

Temperature sensor
on the hot surface

Heat source

Figure 8. Schematic diagram of the HFM experimental design.

For the experiment, each specimen was positioned between the two parallel plates
of the apparatus, which maintained a steady temperature gradient across the specimen.
Three specimens from each block type were tested to ensure the reliability of the
results. The temperature and heat flux measurements were continuously logged using
a Campbell Scientific CR6 data logger [57]. A representative plot of temperatures and
heat flux during the test period is presented in Figure 9. In accordance with the sign

convention of the sensor, heat flux values were recorded as negative.

90
7 \
G 70
50
£
E} 50
S0
™
2 ! T
Eu Steady Cooling curve 30
;l‘ state
/133025 15:36 9/17/2025 16:48 9/17/2025 18:00 9/17/2024 19:12 0/11/2025 20:24 9/17/2025 21:3) =
nE
30 z
105
50 =
T
302
70 3
-90 = Ty -50
Date and Time &
| @ Hot surface temperature @ Cold surface temperature @ Heat flux |

Figure 9. Time series plot for the HFM experiment.

Based on the graph in Figure 8, the thermal conductivity and specific heat capacity
of the material were subsequently determined.
The thermal conductivity of each specimen was calculated once the system had

reached steady-state conditions, based on the measured heat flux, specimen thickness,
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and temperature difference across the sample, in accordance with the provisions of BS
EN 12667:200, using Equation (1) [56].
Equation (1): Thermal conductivity,

q-d

k= ————
Ty —To

W/m - K.

The specific heat capacity of each specimen was calculated using the cooling
curve, after the heating system had been switched off. The calculation was based on the
measured heat flux, specimen area, specimen mass, and the temperature variation at the
cold surface, in accordance with the provisions of BS EN 12667:2001, using Equation
(2) [56,57].

Equation (2): Specific heat capacity,

10 A q

=i (Ti — Ty)

J/kg - K.

The uncertainty of the measurement was evaluated using Equation (3) [58].

Equation (3): Uncertainty of measurement,

1
8—Rw : + 8—Rw : +...+ a—Rw |
ox1 ! 0X3 2 Oxn ! .

The thermal conductivity and specific heat of three specimens from each of the

WR =

three blocks were calculated, with uncertainties evaluated via the Kline-McClintock

method. Average values obtained are reported in Table 5.

Table 5. Thermal conductivity and specific heat of blocks.

T f block Thermal conductivity Uncertainty of thermal Specific heat capacity Uncertainty of specific
e of bloc

P (W/m-K) conductivity (W/m-K) J/kg'K) heat capacity (J/kg'K)

AAC block 0.1923 +0.0036 964.50 +64.25

EPS block 0.1295 +0.0022 1,424.94 +105.67

Cement-sand block 0.5142 +0.0044 874.86 +37.88

4.1.2. Density

The density of each block type was determined as a critical input parameter
for the thermal simulations, as it directly influences the thermal mass and heat
storage capacity of the building envelope. Testing was conducted in accordance with
ASTM C140/C140M, the standard method for sampling and testing concrete masonry
units [59]. A minimum of three specimens per block type were tested to obtain
representative average density values, ensuring reliable and accurate input data for the

simulations, as presented in Table 6.

Table 6. Density of blocks.

Type of block Density (kg/m?)
AAC block 646.21
EPS block 464.59
Cement-sand block 1,880.72
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The measured thermal properties and densities of the masonry blocks
demonstrated distinct differences among the block types. The EPS and AAC
blocks exhibited lower thermal conductivity compared with the cement-sand block,
indicating superior thermal insulation. Additionally, their specific heat capacities were
higher than those of the cement-sand block, reflecting enhanced heat storage capacity.
These results indicated that the waste-based blocks, particularly EPS and AAC blocks,

offered improved thermal performance relative to conventional cement sand blocks.

4.2. Determination of equivalent thermal properties of block-mortar
composite

When a building was modelled for simulations, the thermal properties of
masonry blocks and mortar could not be defined separately. Instead, a single
set of material properties, including thermal conductivity, specific heat capacity,
and density, was required for each wall layer. In practice, walls were composed
of both blocks and mortar joints, which exhibited differing thermal characteristics.
Therefore, equivalent thermal properties were determined to accurately represent
the thermal behaviour of the wall assembly within the simulation model. The
derivation of these equivalent properties was carried out in accordance with ISO
6946:2017 Building components and building elements—Thermal resistance and
thermal transmittance—Calculation methods, to ensure consistency with recognised
standards for thermal comfort assessment [60].

The equivalent thermal conductivity was derived using Fourier’s law for steady
one-dimensional heat conduction in a perfectly insulated sample, considering parallel
heat flow through the block and mortar layers. The assumptions included uniform
thicknesses, steady-state conditions, and negligible interfacial thermal resistance. The
resulting equivalent thermal conductivity for ambient temperature was expressed as an
area-weighted value, ensuring that the total heat transfer through the composite layer
was equivalent to a homogeneous layer of the same thickness, as presented in Equation
4).

Equation (4): Equivalent thermal conductivity for block mortar composite,

ksAp + kaAm

Kefr = N

Where k¢ is the equivalent thermal conductivity of the composite, kg and k, are
the thermal conductivities of the block and mortar, respectively, Ag and Ay; denote
their corresponding cross-sectional heat-transfer areas, and A represents the total area
of the composite section.

The effective thermal performance of the exterior masonry wall was determined
using an area-weighted approach for thermal transmittance (U-value), from which
Equation (4) was also derived [61].

The equivalent specific heat capacity was obtained using a mass-weighted
approach, assuming one-dimensional heat transfer, uniform temperature distribution
within each component, negligible interfacial resistance, and constant specific heat

capacities over the considered temperature range. The total heat transfer through the
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composite wall was equated to that of a homogeneous layer, resulting in a representative
mass-based specific heat capacity for the block—mortar composite, as presented in
Equation (5).

Equation (5): Equivalent specific heat capacity for a block-mortar composite,

mp Cp,B + InMcp,M

Cp,eff =
Myotal

Where C, .t is the equivalent specific heat capacity, mg and my; are the masses
of the block and mortar layers, C, g and C, v denote their respective specific heat
capacities, and my, represents the total mass of the composite system.

Similarly, the equivalent density of the wall was calculated based on the principle
of mass conservation, assuming perfect bonding between the block and mortar, volume
additivity, negligible porosity variation, and uniform material properties, as presented
in Equation (6).

Equation (6): Equivalent density for block mortar composite,

PBVE + PMVM
Vtotal

Where p.s is the equivalent density of the composite, pg and pyr are the densities

Peff =

of the block and mortar, respectively, Vg and Vy; denote their corresponding volumes,
and Vi, represents the total volume of the block—mortar assembly.

The thermal properties of the mortar were obtained from published literature
and standard databases, with values representative of standard cement-sand mortar
and grout used in masonry construction [49,62], while the experimentally determined
thermal properties were used for blocks. This hybrid approach was adopted because
blocks constitute the primary thermal mass (~90% wall area) with composition-specific
properties that necessitate empirical measurement for accuracy, whereas standard
cement-sand mortar exhibits well-characterised thermal properties that remain
consistent across studies due to its uniform composition, making established literature
values both reliable and representative.

These mortar properties were combined with the experimentally measured block
properties to compute the equivalent thermal conductivity, specific heat capacity, and
density for each block—mortar composite, ensuring that the overall thermal simulation
closely represented the actual heat transfer behaviour of the assembly of the wall. The

calculated equivalent thermal properties are summarised in Table 7.

Table 7. Equivalent thermal properties.

Block type Equivalent thermal conductivity (W/m-K) Equivalent density (kg/m?) Equivalent specific heat (J/kg-K)
AAC block 0.23 709.68 957.96

EPS block 0.16 528.87 1,339.52

Cement-sand block 0.53 1,863.71 877.80

By incorporating these equivalent properties into the simulations, the operational
energy performance of the building envelopes was accurately predicted under various
material and design configurations, providing a robust basis for comparative assessment

of different masonry wall types.
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4.3. Thermal simulations

Thermal simulations were conducted to evaluate the operational energy
performance associated with different walling materials. The simulations were
performed using DesignBuilder software (version 7.0.2.006), incorporating the
equivalent thermal properties previously derived for each block—mortar composite
wall.

A single-storey residential building with a total floor area of 70 m?> was selected
for the analysis. The layout chosen is representative of a typical middle-income
residential unit commonly found in Sri Lanka, comprising two bedrooms, a living
area, a kitchen, and a bathroom, consistent with national housing patterns and
conventional masonry construction practices prevalent in the region. The configuration
optimises cross-ventilation through strategically aligned openings, a characteristic of

local tropical design practices. The corresponding floor plan is presented in Figure 10.
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Figure 10. Flow plan of the house.

All input parameters required for the thermal simulations were defined based on
the selected layout, including geometric characteristics, material specifications, and
internal gains. The simulation location was defined as Katunayake, Sri Lanka (latitude
7.17° N, longitude 79.88° E, elevation 9.0 m above mean sea level), as illustrated in
Figure 11. The hourly weather data file for this location was updated to include climatic
data up to 2023, representing the most recent conditions. The indoor thermal setpoints
were defined as 20 °C for heating and 25 °C for cooling. The building model was
constructed and implemented in DesignBuilder, as illustrated in Figure 12, where the

16
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thermal properties of the walling materials were applied to their respective walls. The
material properties input for the other building elements, including the roof, floor, doors,
windows, and ceilings, were selected to represent those typically used in middle-income
residential units within the region, as presented in Table 8. These properties were kept
constant across all simulations to ensure that variations in operational energy demand
could be attributed solely to differences in the walling materials. The wall thickness
was kept constant.

Figure 11. Location of the house.

Domestic Bedroom
Verandah

Domestic Lounge
Domestic Circulation : H

Domestic Kitchen : 1 Kitchen
Domestic Bathroom : Bedroom1 HH

Figure 12. Zone separation of the model.
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Table 8. Properties of materials utilised in thermal simulations.

o . Thermal conductivity Specific heat . 3
Building element Material Density (kg/m”)
(W/m-K) J/kg-K)
Floor 125 mm thick concrete 1.40 2,300.00 875.00
25 mm thick cement rendering (finishing) 1.00 1,000.00 1,800.00
Roof Cement fiber sheet (6 mm thick) 0.40 1,050.00 1,550.00
8 mm thick expanded polyethylene layer (insulation) ~ 0.046 1,400.00 10.00
Ceiling 15 mm thick lightweight plywood boards 0.15 2,500.00 560.00
Door (Internal and External) 25 mm thick painted oak wood 0.19 2,390.00 700.00
Window 3 mm thick double clear-glazed U value =2.716 W/m?K

Additionally, the following assumptions were adopted for the thermal simulations:

*  Occupancy schedule and density: The ‘Dwell DomLounge’ default activity
template under residential spaces in the DesignBuilder software (weekdays: absent
until 16:00, 50% 16:00-18:00, full 18:00-22:00, 67% 22:00-23:00; similar
weekend pattern) was assigned to the building block to represent a typical working
(full-time employed) middle-income Sri Lankan household. And the occupancy
density was defined as 0.0286 persons per square metre (2-person household total
capacity).

» Internal heat gains: Lighting, equipment, and domestic hot water loads were
taken from DesignBuilder’s residential template, with LED lighting set at 2.5 W/m?
per 100 lux, equipment at 3.90 W/m? (radiant fraction 0.2), and domestic hot water
demand at 0.72 L/m>-day.

*  HVAC operation: A split-type air-conditioning system with no dedicated fresh
air supply was used, representative of common residential units in Sri Lanka. The
system was operated at a cooling setpoint of 25 °C and a seasonal coefficient of
performance of 3.5, with heating set at 20 °C.

» Infiltration and ventilation: Natural air exchange was represented by an
infiltration rate of 0.7 air changes per hour, with no mechanical ventilation, relying
on natural infiltration and the passive cross-ventilation intended in the building

layout.

Thermal simulations were conducted for the final modelled house, as presented
in Figures 13 and 14, using identical boundary conditions and input parameters. All
simulations were conducted using identical geometry, climatic data, and material
properties for building elements, with the exception of walling materials. This ensured
that the walling material remained the only variable, enabling direct comparison of
relative thermal performance rather than absolute operational energy values.

The results obtained from the simulations were compared to evaluate the
influence of each walling material on the operational energy performance of the
building. Although the present study was not calibrated against on-site measurements,
confidence in the simulation results is supported by prior validation studies showing
that DesignBuilder can predict indoor thermal conditions under tropical climates with
reasonable accuracy when appropriate inputs are used [63, 64]. In addition, the
model was applied in a comparative framework, with identical geometry, climatic data,
occupancy schedules, HVAC settings, lighting, and envelope properties held constant

across all cases, so that the observed differences could be attributed to wall material
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properties rather than model bias.

Figure 13. Parametric view of the modelled house.

Figure 14. Sectional cut of the modelled house.

4.3.1. Operative temperature

The operative temperature was defined as the uniform temperature of an enclosure
at which an occupant would exchange the same amount of heat by radiation and
convection as in the actual non-uniform environment (ISO 7730:2025) [65]. It was
approximated as the arithmetic mean of the air temperature and the mean radiant
temperature, providing a more representative measure of thermal comfort than air
temperature alone, as it accounts for both convective and radiative heat exchanges [66].

In this study, the operative temperature was employed to assess the influence
of different walling materials on indoor thermal comfort and, consequently, on the
operational energy demand of the building. Daily operative temperature data were
extracted from the thermal simulations conducted in DesignBuilder for each walling
configuration.

The time-series results were processed to generate annual profiles, as illustrated in
Figure 15, enabling a comparative evaluation of the indoor thermal stability achieved
with each walling material.

Throughout the monitored period, the EPS blocks consistently maintained the
lowest operative temperatures, followed closely by the AAC blocks, while the
cement-sand block walls exhibited the highest values. During the peak warm
months (April-June), the maximum operative temperature within the EPS wall room
remained approximately 0.4-0.7 °C lower than that observed for the cement-sand
block wall, indicating better thermal insulation. The AAC blocks demonstrated

intermediate performance, with their lower density and inherent porosity contributing
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to reduced thermal conductivity and a delayed heat transfer response. Across the entire
monitoring period, the average operative temperatures were approximately 24.9 °C for
cement-sand blocks, 24.5 °C for AAC blocks, and 24.4 °C for EPS blocks. These
findings indicated that both EPS and AAC walls enhanced indoor temperature stability
by reducing the amplitude of diurnal temperature fluctuations, thereby providing
improved passive thermal regulation and a consequent reduction in operational cooling

loads and overall building energy demand.
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Figure 15. Comparison of operative temperature.

4.3.2. Total degree hours above 25 °C per week

The Total Degree Hours (TDH) is a quantitative indicator used to evaluate
indoor thermal comfort and overheating potential within the simulated indoor
environments. TDH represents the cumulative difference between the indoor operative
temperature and a reference threshold temperature (25 °C), integrated over time
(CIBSE TM52:2013). Lower TDH values denote superior indoor thermal conditions
and imply a reduced likelihood of overheating and a lower cooling energy demand.

In this study, TDH values were extracted from DesignBuilder simulation outputs
by processing the hourly operative temperature data for each walling configuration. The
software automatically computed the cumulative degree hours exceeding the comfort
threshold defined for a selected hot week in the year. The results obtained are shown
in Table 9.

Table 9. Comparison of total degree hours.

Type of block AAC block EPS block Cement-sand block

Total degree hours (hrs) 101.80 89.97 122.20

The results demonstrated that the rooms constructed using EPS and AAC blocks
exhibited substantially lower TDH values compared with those built with cement-sand
blocks. This corresponded to reductions of approximately 16.7% for AAC and 26.4%
for EPS relative to the cement-sand block, reflecting the enhanced insulation and
reduced heat gain offered by the lightweight, porous AAC and EPS materials.

4.3.3. Average annual cooling electricity

The annual cooling electricity consumption was derived directly from the
HVAC energy output simulated in DesignBuilder. This parameter represented

the total electrical energy required to maintain indoor thermal comfort within the
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defined temperature range throughout the simulation period. Although DesignBuilder
generated disaggregated outputs for several end uses, including lighting, equipment,
domestic hot water (DHW), heating, and cooling, it was recognised that only heating
and cooling energy were significantly influenced by the thermal characteristics of the
building envelope. In contrast, lighting, equipment, and DHW energy consumption
were primarily governed by occupant behaviour, internal heat gains, and system
performance and remained independent of the walling material.

The variation in cooling electricity consumption throughout the year for each
walling configuration is illustrated in Figure 16, demonstrating the seasonal fluctuation

of cooling demand under varying climatic conditions.
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Figure 16. Comparison of cooling electricity per year.

The figure highlights that the building model with cement-sand block walls
exhibited the highest cooling energy requirement, whereas those incorporating AAC
and EPS blocks showed substantially lower consumption due to their improved thermal
insulation and heat retention delay.

To assess the long-term energy performance, the average annual cooling
electricity consumption was determined using simulation data from the 10-year period

(2014-2023). The results are presented in Figure 17 as a comparative bar chart.
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Figure 17. Comparison of average annual cooling electricity.
The AAC wall achieved an average cooling electricity saving of approximately
36.7% relative to the solid cement-sand block, while the EPS wall exhibited the

most substantial improvement, with savings of around 51.8%. These reductions

were consistent with the observed decrease in operative temperature and TDH
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values, confirming the strong correlation between thermal insulation performance and

operational energy demand.
4.3.4. Average annual operational energy

A comparative assessment of the operational energy of the building was conducted
to evaluate the influence of walling materials on overall energy performance. The
analysis encompassed energy consumption for heating, cooling, lighting, domestic hot
water (DHW), and equipment, derived from DesignBuilder simulation outputs and the
corresponding input parameters defined in the model, as illustrated in Figure 18. The
monthly data from 2009 to 2023, covering a 15-year simulation period, were analysed
to establish long-term performance trends. By disaggregating the energy contributions
of the main end uses, the effect of the walling material on total operational energy

demand was distinctly identified.
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Figure 18. Comparison of average annual operational energy.

The results demonstrated that the thermal characteristics of the walling materials
had a pronounced effect on total operational energy consumption, particularly in
relation to heating and cooling electricity demand.

4.4. Comparison of operational energy of the building envelope

The operational energy analysis demonstrated that the thermal performance
of the walls exerted a significant influence on the overall energy requirement,
particularly in relation to cooling electricity for tropical countries like Sri Lanka.
The solid cement-sand block wall configuration exhibited the highest average annual
operational energy consumption, recording 16,970.37 MJ, whereas the AAC block wall
required 14,265.65 MJ, representing a 15.94 % reduction relative to the cement-sand
block. The EPS block wall achieved the lowest operational energy consumption
of 13,158.43 MJ, corresponding to a 22.46% reduction compared with conventional
solid block construction. The observed differences in total operational energy were
predominantly governed by variations in cooling electricity (with EPS achieving 51.8%
and AAC 36.7% annual cooling electricity reduction compared to cement-sand blocks),
while contributions from lighting, equipment, and domestic hot water remained
unaffected by the walling material. Overall, the comparative analysis established that
while cement-sand blocks offered durability and local production advantages, their
higher operational energy demand was a direct consequence of less effective thermal

performance. In contrast, AAC and EPS blocks significantly improved thermal comfort
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and reduced energy requirements, with EPS blocks achieving the most energy-efficient
performance.

However, the findings should be interpreted with the understanding that the
orientation, internal layout, and ventilation strategy can influence the magnitude of the
differences in thermal performance between walling materials [67]. In tropical climates,
building orientation can significantly affect cooling loads and the effectiveness of
natural ventilation, with east-west and north—south alignments typically yielding
different solar exposure and airflow patterns [68, 69]. Similarly, changes in room
layout, window-to-wall ratios, and opening configurations can alter cross-ventilation
potential and indoor air movement, thereby modifying the relative impact of wall
thermal properties on operational energy demand [69,70]. The current configuration
was designed to maximise cross-ventilation and reflect typical middle-income Sri
Lankan practice, but future studies may extend the comparative assessment to different
orientations and ventilation strategies to further examine the robustness of the observed
trends.

Although the embodied energy of the selected waste-based masonry materials
was found to be comparatively higher (32-34% higher than cement-sand blocks)
due to the manufacturing processes adopted, the average annual operational energy
savings demonstrated by the thermal simulations indicate that the net energy saving
over the life cycle of the building in a tropical climate is likely to offset the initially
elevated embodied energy. From an environmental standpoint, the utilisation of
waste-based masonry lessens the burden on landfills, mitigates the adverse impacts
associated with open dumping, and advances a circular economy approach within
the construction sector. This combined operational and environmental advantage
underscores the potential of waste-based masonry products as viable alternatives to

conventional materials in tropical climatic conditions like Sri Lanka.

5. Conclusion

The study has highlighted that walling materials significantly influence building
energy performance in Sri Lankan residential contexts, based on cradle-to-gate
embodied energy calculations and thermal simulations using experimentally measured

block properties.

* Embodied energy (EE): AAC and EPS blocks exhibited 32-34% higher
embodied energy than conventional cement-sand blocks due to energy-intensive
manufacturing and imported raw materials.

* Thermal performance: EPS blocks provided the most effective thermal
insulation, characterised by low thermal conductivity and high specific heat
capacity, which reduced heat transfer and delayed indoor temperature rise. AAC
blocks, while slightly less effective, improved thermal resistance and moderated
indoor temperature fluctuations through their lower density.

*  Operational energy (OE): Annual operational energy was strongly influenced by
heating and cooling demands. Cement-sand block walls required 16,970.37 MJ,
whereas AAC and EPS walls achieved reductions of 15.94% and 22.46%,

respectively. The average annual cooling electricity savings were 36.73% for AAC
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and 51.77% for EPS relative to cement-sand blocks, reflecting improved thermal

comfort and lower total degree hours.

These modelled operational energy savings suggest potential to offset higher
embodied energy over the typical building lifespan, although actual performance
will depend on construction quality, maintenance practices, local climate variations,
manufacturing efficiency, transportation distances, and simulation parameters
including occupancy and HVAC setpoints. Long-term field validation and full
life-cycle assessment, including maintenance, demolition, and recycling, are
recommended as future research priorities. Subject to such verification, AAC and EPS
blocks emerge as viable alternatives to conventional cement-sand blocks, offering
lifecycle energy savings, landfill waste diversion, and advancement of circular

economy principles in tropical climates.
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