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Abstract: The development of energy-efficient and sustainable building materials is imperative to
reduce energy consumption in the construction sector. This study addresses both the applied problem
of increased solar heat gain and decreased indoor thermal comfort, as well as the scientific problem
of reducing the thermal conductivity of clay bricks. It investigates the incorporation of recycled
spent mushroom materials, consisting of Pleurotus florida mycelia and rice husk waste, as a novel
additive in the production of fired clay bricks (FCBs) to enhance thermal insulation properties. The
developed bricks were utilized in an optimized wall design for a residential building in New Cairo,
Egypt. The wall design is created using energy modeling software, including Honeybee, Ladybug,
Climate Studio, and Galapagos. The results demonstrate that an optimal waste content of 15%
and a firing temperature of 900 ◦C yield the best thermal performance. Compared to traditional
FCB walls, the new design incorporating the florida waste additive significantly improves thermal
comfort, as indicated by a lower predicted mean vote and predicted percentage of dissatisfaction.
Furthermore, the developed walls contribute to a reduction in CO2 emissions of 6% and a decrease in
total energy consumption of 38.8%. The incorporation of recycled florida waste offers a sustainable
approach to enhancing standard brick fabrication processes. This work highlights the promise
of agricultural waste valuation for the development of eco-friendly and energy-efficient building
materials. Future research should explore the mechanical strength, acoustics, cost–benefit analysis,
and field implementation of the developed walls, thereby addressing both the scientific and applied
aspects of the problem.

Keywords: recycling; Pleurotus florida waste; energy efficiency; thermal insulation; building envelope;
parametric optimization

1. Introduction

The urgency of mitigating energy consumption and improving thermal comfort in
buildings has led to a growing emphasis on enhancing thermal performance [1]. The
ASHRAE defines thermal comfort as the condition that represents environmental thermal
satisfaction. It is susceptible to subjective evaluation. Two models are used to assess
thermal comfort: the static model (PMV-PPD) and the adaptive model [2]. Fanger used the
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heat balance equations to produce the index (PMV and PPD) (Fanger 1970). According
to the ASHRAE 55 standard, the thermal climate within a building must be comfortable
for at least 80% of the users in order to be considered acceptable. PPD and PMV should
both be between −0.5 and 0.5. PPD and PMV should be less than 10% [1,3] as seen in
Figure 1. Material selection and manipulation are key factors in achieving energy efficiency
goals [4–6]. The residential building sector, responsible for a substantial portion of energy
consumption, primarily in heating and cooling, faces increasing pressure to adopt energy-
efficient practices [7]. The associated rise in energy demand contributes to CO2 emissions,
climate change, and global warming, necessitating a shift towards sustainable building
practices [8,9].
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In countries with hot climates like Egypt, improving building efficiency is of paramount
importance [10–12]. Lightweight bricks have emerged as a critical component in high-
performance thermal insulation, enabling effective energy management [13–17]. To fur-
ther advance energy efficiency goals, it is essential to explore sustainable alternatives to
traditional materials that offer comparable characteristics at reduced costs [18–23]. The
utilization of waste-derived sustainable materials, such as recycled agricultural waste and
stone wool waste, presents a promising avenue for enhancing thermal efficiency [13,24,25].

Several studies have focused on enhancing building thermal performance by optimiz-
ing wall sections, particularly in terms of wall layers [26–30]. The potential of agricultural
waste as a source of sustainable building materials has gained significant research attention.
One notable example explores the incorporation of pomegranate peel waste (PPW) into fired
clay bricks to enhance their thermal properties and overall building performance [31,32].
Another study demonstrated that the combination of clay bricks with sludge and agricul-
tural waste resulted in a 16.5% reduction in yearly energy consumption, accompanied by a
6.3% improvement in thermal comfort levels [25]. Another study utilized agricultural waste
as a substitute for insulating materials in hollow bricks [33]. Additionally, research has
highlighted various applications of agro-waste in building construction [34]. In a separate
study, stone wool waste (SWW) generated from greenhouse agriculture was incorporated
into brick manufacturing processes, thereby conserving natural clay resources and mini-
mizing waste [24]. Previous studies have also employed building optimization techniques
to enhance energy performance. These approaches primarily focused on walls and their
features as key variables in the optimization process, aiming to improve thermal comfort
through factors such as thermal conductivity, as well as to enhance heat gain through
parametric design strategies [3,35].

The utilization of sustainable treated materials made from naturally occurring agricul-
tural waste-recycling materials in building construction offers the potential for achieving
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carbon neutrality and reducing the positive carbon footprint associated with buildings [19].
Incorporating recycled agricultural waste, including secondary construction and demo-
lition materials (SMMs), plays a critical role in this endeavor [36]. While factors such as
building design, window specifications, and surrounding environments influence the re-
duction in energy consumption [1], employing sustainable and thermally isolated materials
is considered the most effective parameter. Inefficient construction materials can contribute
to excessive energy consumption throughout a building’s lifespan, resulting in detrimental
effects on the economy and the environment [37]. Thus, minimizing or avoiding thermal
gains in buildings can yield advantages by improving user thermal comfort, reducing
interior temperatures, decreasing the reliance on air conditioning systems, and lowering
overall energy consumption.

The growing emphasis on a circular and sustainable economy has spurred interest in
recycling SMMs, as exemplified by the proportion of SMMs disposed of in landfills, recycled
for agricultural purposes, or incinerated in Malaysia [38]. To facilitate a sustainable energy
transition, the development of fully biodegradable and eco-friendly thermal insulation
materials becomes imperative. Mycelium-based materials harness the growth capabilities
of fungi within lignocellulosic substrates, eliminating the need for synthetic binders and en-
abling the production of firm composite materials through substrate drying [39]. Research
on mycelium-based composites includes the production of biodegradable packaging mate-
rials using Ganoderma fungal strains and processed cotton carpel and cotton seed hull [40],
the production of biofoam using white-rot fungi-inoculated birch sawdust pulp [41], and
the creation of mycelium bricks from rice husk waste employing fungal strains such
as Oxyporus latermarginatus, Megasporoporia minor, and Ganoderma resinaceum [42].
The relatively low thermal conductivity of mycelium-based composites, typically around
0.05 W m−1·K−1, positions them as promising materials for thermal insulation [43].

Rice husk, a significant waste product from rice production, presents an environmental
challenge due to its non-humification nature [44]. However, it also holds promise as an
organo-mineral raw material for mushroom cultivation, given its composition, which is
rich in carbon and silicon [44]. The thermal conductivity of mycelium-based composites
is influenced by the specific raw material and fungal strain used, leading to variations in
thermal performance [40,43]. This characteristic is of economic significance, considering
raw material costs and the disposal of SMMs [45,46]. Moreover, the incorporation of
mycelium-based composites as thermal insulation offers a potential application for utilizing
recycled SMMs and enhancing the sustainability of building materials [45].

To explore and optimize the thermal performance of wall designs, a parametric design
approach can be employed. Parametric design is an algorithm-based method that permits
the formulation of parameters and outcomes that, when combined, define, encode, and
make clear the relationship between the design goal and the design response [47]. In
general, in architectural design, any design elements, such as orientation, location, shape,
envelope parameters, and so on, may be seen as what we refer to as “parameters”. In
the conventional method of design, the designer must go through the entire process
again to modify any parameter once the basic model has been created. As a result, it is
impossible to consider all viable design options and choose the best one. In this situation,
parametric design is time-consuming. The only way to find several design options utilizing
computational techniques in response to the challenges of architectural design is through
parametric design [48,49]. The basis of the optimization method is parametric design. As
the optimization engine receives an input from the users, it starts running and continues
until it finds the best solution given the inputs [50]. This process needs a parametric
platform such as Grasshopper.

The primary objective of this study is to recycle the waste of Pleurotus florida mush-
rooms to produce fired clay bricks and to examine the potential of these bricks to enhance
thermal performance, reduce energy consumption, and contribute to the design of sustain-
able buildings. The utilization of mushroom biodegradation activities on rice husk waste
aligns with zero-waste management policies and offers an environmentally friendly and
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cost-effective solution for brick manufacturing. The novelty of this research lies in its explo-
ration of these objectives, which are crucial for advancing sustainable building practices.
This study adopts a methodology that focuses on optimizing thermal performance and
reducing energy consumption by utilizing the proposed materials. To facilitate this analysis,
advanced software tools such as Rhinoceros 7 which include grasshopper are employed
to calculate energy performance metrics. Furthermore, the genetic algorithm Galapagos
is utilized to refine and optimize the parameters. The energy simulation conducted in
this study encompasses various aspects, including thermal comfort, energy consumption
measured in EUI (kWh/m2), different energy loads, and CO2 emissions.

2. Materials and Methods

The current research passed through different stages. The first stage of the study was
the cultivation of Pleurotus florida (P. florida) on rice husk wastes, then preparation of their
wastes for recycling in lightweight clay brick production. The first phase included the
creation of brick samples with differing percentages of the cultivated Pleurotus florida wastes
at a temperature of 900 ◦C, as depicted in Table 1. This stage also involved conducting
the testing of the brick samples for their mechanical, physical, and thermal characteristics.
In the present research article, two different raw materials were used, i.e., clay from the
Aswan area in Upper Egypt and Pleurotus florida waste collected from drying mushroom
spawn materials after cultivation of Pleurotus florida spawn using rice husk.

Table 1. Brick sample attributes.

Samples The Percentage of P. florida Wastes (%) Firing Temperature ◦C

P. florida wastes—5% 5
P. florida wastes—7.5% 7.5
P. florida wastes—10% 10 900

P. florida wastes—12.5% 12.5
P. florida wastes—15% 15

The second stage of the study involved determining the effective parametric variables,
specifically the wall section and wall height. Subsequently, in the third stage, a thermal
performance simulation was conducted to assess the potential thermal and energy perfor-
mance of both traditional bricks and the proposed bricks in residential buildings located in
New Cairo City. Moving on to the fourth stage, the envelope parameters were optimized
using the Galagoes plugin to achieve the optimal design for the building envelope. Figure 2
illustrates the framework employed in this study.

2.1. Study Area

This study evaluates the thermal and energy performance benefits of clay bricks
integrated with recycled Pleurotus florida waste in the context of a residential building
located in New Cairo City, Egypt. Situated around 25 km east of Cairo in the Nile Delta
region, New Cairo is a newly developed urban area founded in the late 20th century. Based
on the climatic zone classification by the Housing and Building Research Center of Egypt,
the city falls under the Delta and Cairo zones, characterized by a hot desert climate as
depicted in Figure 3. Average temperatures range from 25 ◦C in January to 35 ◦C in July,
with annual precipitation below 50 mm. Extreme heat and solar radiation necessitate
building materials that minimize heat gain.

2.2. Materials and Fabrication Methods
2.2.1. Raw Materials

The clay used as the primary ingredient in the manufactured bricks was analyzed
using X-ray fluorescence (XRF) spectrometry, and the results confirmed the composition
of the clay. The XRF of the raw materials are shown in Table 2. XRF analysis of the
waste materials indicated a higher loss on ignition (LOI) due to their elevated organic
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content. X-ray diffraction (XRD) analysis further determined the main phases present
in the clay and P. florida. Figure 4a displays the XRD pattern revealing that the clay
mostly consists of SiO2 and Al2O3. While P. florida comprises sodium aluminum silicate,
davidsmithite, trinepheline, sodium aluminum silicate hydroxide, and wollastonite, as
depicted in Figure 4b.
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Table 2. Chemical composition of raw materials.

Composition Clay wt. (%) P. florida Wastes wt. (%)

Al2O3 32.906 0.07
SiO2 48.931 30.2

Na2O 0.094 0.38
K2O 0.014 0.66
CaO 0.505 1.58
MgO 0.09 -
TiO2 5.918 -

Fe2O3 1.193 0.1
SO3 0.291 -

F - -
Cl 0.011 -

Cr2O3 0.138 -
ZrO2 0.465 -
LOI 9.2 32

TOTAL 99.756 64.99

2.2.2. The Production of P. florida Wastes

In accordance with the procedures outlined by Okigbo et al. [51], with some modifica-
tions as depicted in Figure 5, the production of Pleurotus florida (P. florida) waste involved the
cultivation of mycelial spawn within the rice husk substrate. The process commenced with
the collection of mature P. florida fruiting bodies, which were grown on locally available
agricultural wastes, specifically rice straws. The mushroom laboratory culture collection
at the Agricultural Research Centre, Ministry of Agriculture, Giza, Egypt, provided the
necessary grain spawns for the experiment.

To cultivate the P. florida mycelia, Potato Dextrose Agar (PDA) medium was prepared
in sterile Petri dishes. Surface-sterilized mushroom samples were bisected longitudinally,
and collar tissue sections from the cap–stalk junction were aseptically transferred onto the
PDA plates. Under controlled conditions, the inoculated plates were incubated at 25 ◦C for
one week to allow for the proliferation of P. florida mycelia. This tissue culture technique
facilitated the isolation and subsequent inoculation of the mushroom mycelia into the
agricultural waste substrate.
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The cultivation substrate consisted of rice husks obtained from a mill in El-Sharqhya,
Egypt. The collected rice husk residue underwent a thorough rinsing with distilled water
to eliminate any residual particulates. Subsequently, the rice husks were separated from
the liquid by filtration through a 5 mm mesh and air-dried at ambient temperature. Further,
the air-dried rice husks were oven-dried at 105 ◦C until a constant weight was achieved.
This washing and drying pretreatment ensured the removal of impurities from the rice
husks before steam sterilization and fungal inoculation.

Sterilized rice husk substrate bags were aseptically inoculated with 5 mm mycelial
discs obtained from a 6-day culture of Pleurotus florida. The inoculated bags were carefully
sealed to prevent contamination and incubated in dark conditions at 25 ◦C. Over a period of
15–20 days, the P. florida mycelia fully colonized the rice husk substrate within the bags. The
incubation process was terminated by oven-drying the bags at 50 ◦C for 60 h, deactivating
the mycelia and stabilizing the materials.

Upon harvesting the mushroom fruiting bodies, the remaining myceliated substrate
bags were dried at 60 ◦C for 48 h. Subsequently, a mechanical grinder was employed to
pulverize the dried bags, resulting in a powdered form. This powder was then sieved
through a 2 mm mesh to eliminate impurities, yielding the spent P. florida material suitable
for brick fabrication.

2.2.3. Samples Preparation

The spent P. florida materials were incorporated into clay bricks at percentages of 0%,
5%, 7.5%, 10%, 12.5%, and 15% by weight. The clay and florida waste materials were finely
mixed using a ball mill for 2 min to achieve a homogeneous dry blend. Water was added to
prepare a paste containing 20% moisture content by weight. The mixtures were molded
and compacted to remove air voids before being dried at 120 ◦C for 6 h. The dried samples
were fired at 900 ◦C for 4 h at a heating rate of 10 ◦C/min to produce the final bricks.

2.3. Laboratory Characterization

The fabricated bricks were subjected to the testing of key parameters including com-
pressive strength, water absorption, density, apparent porosity, and thermal conductivity.

■ Compressive Strength

The compressive strength was determined according to the ASTM C62 standards
using a mechanical testing machine [19].

■ Water Absorption, Density, and Porosity

Water absorption, bulk density, and apparent porosity were evaluated following the
ASTM C62 guidelines [52]. Absorption indicates pore volume, density correlates with
thermal conductivity [53], and porosity is linked to insulation capacity [54].

■ Thermal Conductivity

The thermal conductivity was measured at room temperature using a KD2 Pro analyzer
based on the transient heat conduction method according to the ASTM D5334 standards [55].
Lower thermal conductivity demonstrates enhanced insulation properties.

2.4. Simulation Process

The study framework shown describes the process in which the wall design is op-
timized for optimum energy performance. First, the model plan is built in Rhino7 and
inserted into Grasshopper (GH). Then, the 3D model is made in Grasshopper. Then, the
thermal model is scripted into Grasshopper using ClimateStudio, Honeybee, and Ladybug
(Grasshopper plugins). The plugins are engines for EnergyPlus, Radiance, and OpenStudio
which simulate building energy and thermal comfort performance [50]. The materials are
identified and added to the model as exterior wall materials. Then, we identified the input
variations and their ranges in our case, as we focused on the impact of the wall design, the
parameters such as wall thickness, wall design, and height became changeable parameters
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in our model and were added to Galapagos as input variations. The fitness inputs were the
thermal performance. Afterward, two stages of optimization were run and the optimum
solution was reached [56]. Finally, the relationship between the wall height and EUI was
calculated, and a mathematical model was built.

The model was built in Rhinoceros 7 and inserted into Grasshopper as parametric
software called a visual programming language. Ladybug (https://www.ladybug.tools/,
accessed on 27 December 2023) is a Grasshopper plug-in that connects Grasshopper to
engines such as EnergyPlus and Radiance (https://www.radiance-online.org/, accessed
on 27 December 2023). These plugins transmit the model parameters as the input of
simulation tools [50,57]. Grasshopper was applied to control the geometrical parameters of
the model and the material properties. Sequentially, the Ladybug and Honeybee plug-ins
were utilized to insert the physical properties of envelopes and to operate EnergyPlus as the
energy simulation software. The study optimized the best wall section. The optimization
processes were run on the Grasshopper plugin as depicted in Figure 6. Each brick with
a different waste ratio was applied for each wall section and differentiated to the base
case. Figure 7 shows the definition made in Grasshopper. The simulation includes four
stages: (1) the thermal comfort index PPD and PMV, was simulated using Climate Studio;
(2) energy consumption including the EUI, heating and cooling loads, and energy balance
for each room was simulated using Climate Studio, using Honeybee and Ladybug; (3) the
CO2 emission and enhancement rate was simulated using Climate Studio; (4) the energy
saving was optimized. In order to conduct the simulation for the study area, an EPW file
was incorporated into the Grasshopper definition. An EPW file is a type of weather data
file that encompasses typical meteorological data for a specific location and is utilized for
building performance simulation purposes. The EPW file necessary for this study was
obtained from climate.onebuilding.org, accessed on 27 December 2023, a platform that
offers access to a wide range of EPW files for more than 16,100 locations globally, including
Cairo. The website provides links to download EPW files from the EnergyPlus website,
which are derived from the TMY2 dataset. These stages are described as the following:
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2.4.1. Description of the Model (Case Study)

The case study focuses on a representative high-rise social housing building situated in
New Cairo. The building comprises six above-ground floors and features four apartments
per floor, each with a distinct orientation. To analyze the thermal performance, the study
concentrates on simulating the southwest apartment, as it is anticipated to experience the
highest heat gain. The detailed characteristics of the investigated building are presented in
Figures 8 and 9.
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plaster on both sides with a brick layer in between. The apartment unit encompasses three
rooms, and a bathroom, a kitchen, and a hall, with a total area of 90 square meters. The
unit’s layout allocates one room to the west, while the remaining rooms face south. For
testing purposes, the unit is situated on the top floor, thereby subjecting it to the highest
solar radiation levels within the building. EnergyPlus materials are employed for the
construction of the building components.

Regarding the HVAC system, the Honeybee plugin serves as the computational engine
for EnergyPlus. The air conditioning system is configured as an optimal load air system
with a set temperature of 24 ◦C, to facilitate load calculations during the initial design
stages. Given its residential nature, the building operates continuously throughout the
day (24 h). Energy load simulations are conducted using Honeybee in conjunction with
Daysim, Open Studio, and EnergyPlus. The evaluation incorporates metrics such as energy
use intensity (EUI), heating and cooling loads, and energy balance. EUI is calculated
as the annual energy consumption per unit of floor area (kWh/m2) to enable effective
comparisons between different materials. The primary objective is to minimize heating and
cooling energy demand while simultaneously improving thermal comfort in each room,
thereby reducing overall energy consumption.

2.4.2. Thermal Performance and Optimization

For thermal performance, the research simulated two metrics: thermal comfort and
energy consumption. The study measured two metrics for thermal comfort: PMV and PPD.
It simulated the two indexes of thermal comfort for each wall section to optimize the wall
section, determine the best-performed section, and then differentiate the results with the
base case. Then, the study simulated the total EUI and energy balance. Finally, the study
simulated the monthly heating and loads for the best wall section and base case.

Equations (1) and (2) were used to calculate the energy savings in the base case
building by using the new wall section. For each optimum case, the study calculated the
energy savings:

Energy saving = Energy used (base—case) − energy used (using the new brick with waste ratio) (1)

Energy saving % = Energy saving/Energy used (base—case). (2)

The optimization engine employed in this study is Galapagos, which plays a crucial
role in enhancing energy efficiency by fine-tuning the design of a wall section. Galapa-
gos achieves this by making adjustments to three key input parameters, referred to as
“genomes”: brick thickness, wall configuration (either single or double with an air gap),
and the thickness of the gap in the double wall. The permissible range for brick thickness
was set between 2 cm and 12.5 cm, while the gap thickness was constrained within the
range of 0 cm to 12.5 cm. The different wall configurations were visually represented as a
single wall (Figure 10A) and a double wall with an air gap (Figure 10B).
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Operating as an optimization engine, Galapagos aims to minimize energy consump-
tion and optimize energy use intensity (EUI) by iteratively adapting these input parameters.
The optimization process, as depicted in Figure 11, involves defining an objective function
that is directly linked to EUI. Additionally, constraints are imposed on the input parameters
to ensure practicality and feasibility in real-world applications. Through this iterative explo-
ration of various configurations and parameter adjustments, Galapagos refines the design
of the wall section, ultimately striving for an energy-efficient outcome while adhering to
the specified constraints.
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By utilizing Galapagos as the optimization engine in this study, the wall section design
undergoes iterative refinement, allowing for the exploration of multiple configurations and
parameter combinations. This approach aims to achieve an energy-efficient design while
taking into account practical constraints. These refinements and optimizations enhance the
clarity and comprehensibility of the research findings, facilitating a better understanding of
the energy efficiency improvements achieved through the optimized wall section design.

Second, optimizing the building height with limitations between 280 cm and 350 cm.
Third, building the mathematical relationship between height and the EUI.

3. Results and Discussion

The study results are structured into four primary sections. The first section examines
the mechanical characteristics of the manufactured brick, including a comparative analysis
to determine compliance percentages with the applicable Egyptian code. The second
section investigates the physical properties of the manufactured brick samples. In the third
section, data regarding the thermal conductivity of the fabricated brick are provided. This
section also presents the outcomes derived from the simulation process, encompassing the
internal thermal performance of the analyzed building, cooling energy consumption, and
associated CO2 emissions. The fourth section focuses on the optimization of wall design to
attain an optimal energy use intensity. Finally, to generalize the findings to similar climatic
regions, the study extended its application by utilizing the fabricated clay bricks in Jazan
City, another city with comparable climatic conditions. By implementing the bricks in a
different location, the study aimed to assess the transferability of the obtained results and
their applicability in regions with similar environmental characteristics.

3.1. Mechanical Properties
3.1.1. Compressive Strength

The fabricated lightweight fired bricks were subjected to compressive strength test-
ing, and the results are presented in Figure 12. Incorporating P. florida wastes in the
burnt clay at a temperature of 900 ◦C resulted in a reduction in compressive strength
from MPa to 18.8, 14.6, 10, 9.5, and 8 MPa for 5% P. florida waste, 7.5% P. florida waste,
10% P. florida waste, 12.5% P. florida waste, and 15% P. florida waste, respectively. This
decrease in strength can be attributed to the formation of pores during the combustion of
P. florida waste. The compressive strength values obtained for the fabricated bricks in this
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study were found to be within the range of 8 to 18.8 MPa, which is typically suitable for
engineering applications [58]. Moreover, all the fabricated bricks complied with various
international building standards, such as the ASTM C62-13a, 2013 [59], Brazilian Stan-
dard NBR 6064 (ABNT, 1983a) [60], Indian Standard (IS 1077, 2007) [61], Chinese National
Standard (CNS 382:R2002, 2007) [62], and Egyptian Standard (ES4763/2006) [63].

Buildings 2024, 14, x FOR PEER REVIEW 14 of 35 
 

 
Figure 12. The compressive strength of fabricated fired bricks incorporated with different percent-
ages of P. florida waste. 

3.1.2. Water Absorption 
The water absorption and porosity characteristics of lightweight bricks fired at 900 

°C, with clay substitution ratios ranging from 0% to 15% of P. florida waste, are illustrated 
in Figure 13a. These parameters serve as indicators of brick durability and can provide 
insights into the material composition of the brick surface. The water absorption and po-
rosity values exhibit an increase with higher proportions of P. florida waste, indicating its 
effectiveness as a pore-forming agent. Specifically, the incorporation of P. florida waste at 
ratios of 5%, 7.5%, 10%, 12.5%, and 15% resulted in water absorption values of 15%, 17%, 
20%, 22.6%, and 23%, respectively, compared to 13.9% for P. florida waste at a ratio of 0%. 
The observed relationship between porosity and water absorption is consistent with Fig-
ure 13b. Porosity plays a crucial role in determining the physical and mechanical proper-
ties of bricks, with higher porosity favoring better insulation properties, where the com-
pressive strength and density are reduced with increases in the porosity (Figure 13c). The 
maximum water absorption recorded was 23.5% for a P. florida waste ratio of 15%. Nota-
bly, this aligns with the water absorption limits specified for the moderate and normal 
weathering of clay building bricks in ASTM C62, where the maximum values are 22% and 
unlimited, respectively [64]. 

 

Figure 12. The compressive strength of fabricated fired bricks incorporated with different percentages
of P. florida waste.

3.1.2. Water Absorption

The water absorption and porosity characteristics of lightweight bricks fired at 900 ◦C,
with clay substitution ratios ranging from 0% to 15% of P. florida waste, are illustrated
in Figure 13a. These parameters serve as indicators of brick durability and can provide
insights into the material composition of the brick surface. The water absorption and
porosity values exhibit an increase with higher proportions of P. florida waste, indicating
its effectiveness as a pore-forming agent. Specifically, the incorporation of P. florida waste
at ratios of 5%, 7.5%, 10%, 12.5%, and 15% resulted in water absorption values of 15%,
17%, 20%, 22.6%, and 23%, respectively, compared to 13.9% for P. florida waste at a ratio
of 0%. The observed relationship between porosity and water absorption is consistent
with Figure 13b. Porosity plays a crucial role in determining the physical and mechanical
properties of bricks, with higher porosity favoring better insulation properties, where the
compressive strength and density are reduced with increases in the porosity (Figure 13c).
The maximum water absorption recorded was 23.5% for a P. florida waste ratio of 15%.
Notably, this aligns with the water absorption limits specified for the moderate and normal
weathering of clay building bricks in ASTM C62, where the maximum values are 22% and
unlimited, respectively [64].

Buildings 2024, 14, x FOR PEER REVIEW 14 of 35 

Figure 12. The compressive strength of fabricated fired bricks incorporated with different percent-
ages of P. florida waste. 

3.1.2. Water Absorption 
The water absorption and porosity characteristics of lightweight bricks fired at 900 

°C, with clay substitution ratios ranging from 0% to 15% of P. florida waste, are illustrated 
in Figure 13a. These parameters serve as indicators of brick durability and can provide 
insights into the material composition of the brick surface. The water absorption and po-
rosity values exhibit an increase with higher proportions of P. florida waste, indicating its 
effectiveness as a pore-forming agent. Specifically, the incorporation of P. florida waste at 
ratios of 5%, 7.5%, 10%, 12.5%, and 15% resulted in water absorption values of 15%, 17%, 
20%, 22.6%, and 23%, respectively, compared to 13.9% for P. florida waste at a ratio of 0%. 
The observed relationship between porosity and water absorption is consistent with Fig-
ure 13b. Porosity plays a crucial role in determining the physical and mechanical proper-
ties of bricks, with higher porosity favoring better insulation properties, where the com-
pressive strength and density are reduced with increases in the porosity (Figure 13c). The 
maximum water absorption recorded was 23.5% for a P. florida waste ratio of 15%. Nota-
bly, this aligns with the water absorption limits specified for the moderate and normal 
weathering of clay building bricks in ASTM C62, where the maximum values are 22% and 
unlimited, respectively [64]. 

(a) 

Figure 13. Cont.



Buildings 2024, 14, 736 14 of 34
Buildings 2024, 14, x FOR PEER REVIEW 15 of 35 
 

(a) 

 
(b) 

 
(c) 

Figure 13. P. florida waste impacts on manufactured bricks: (a) Waste increases water absorption and 
porosity. (b) Water absorption relates directly to porosity. (c) Compressive strength and density 
decline as porosity rises. 

3.2. Physical Properties 
3.2.1. Bulk Density 

This study examined the use of P. florida waste as a lightweight aggregate in brick 
production. The incorporation of increasing percentages of P. florida waste resulted in a 
decrease in the bulk density of the bricks (Figure 14a), likely due to the elimination of 
organic materials and mineral hydrates or carbonates during firing, leading to increased 
porosity. The bulk density of the bricks fired at 900 °C consistently decreased with increas-
ing percentages of P. florida waste, declining from 1922 kg/m3 at 0% to 1419 kg/m3 at 15%. 
The lower density indicates a higher porosity resulting from the evolution of volatile or-
ganic compounds and the combustion of biomass during the firing process. 

As per the ASTM C90 standards [65], bricks with bulk densities below 1680 kg/m3 are 
considered lightweight. An inverse relationship was observed between P. florida waste 
percentage and both bulk density and compressive strength (Figure 14b).  

Figure 13. P. florida waste impacts on manufactured bricks: (a) Waste increases water absorption
and porosity. (b) Water absorption relates directly to porosity. (c) Compressive strength and density
decline as porosity rises.

3.2. Physical Properties
3.2.1. Bulk Density

This study examined the use of P. florida waste as a lightweight aggregate in brick
production. The incorporation of increasing percentages of P. florida waste resulted in a
decrease in the bulk density of the bricks (Figure 14a), likely due to the elimination of
organic materials and mineral hydrates or carbonates during firing, leading to increased
porosity. The bulk density of the bricks fired at 900 ◦C consistently decreased with increas-
ing percentages of P. florida waste, declining from 1922 kg/m3 at 0% to 1419 kg/m3 at
15%. The lower density indicates a higher porosity resulting from the evolution of volatile
organic compounds and the combustion of biomass during the firing process.

As per the ASTM C90 standards [65], bricks with bulk densities below 1680 kg/m3

are considered lightweight. An inverse relationship was observed between P. florida waste
percentage and both bulk density and compressive strength (Figure 14b).

3.2.2. Apparent Porosity

The apparent porosity of the fired-brick samples was investigated through tests con-
ducted at a temperature of 900 ◦C. The samples were prepared with varying percentages
(0% to 15%) of Pleurotus florida waste as a replacement for clay. The results revealed that
the brick samples containing florida waste exhibited higher porosity compared to the
control samples at 900 ◦C. This can be attributed to the release of evolved gases during the
decomposition of carbonaceous materials present in the florida waste. Additionally, the
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florida waste had a higher loss on ignition (LOI) compared to clay, further contributing to
increased porosity [66].
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According to previous research by Sutcu and Akkurt [67], a porosity increases of
more than 50% is considered effective in enhancing the insulation properties of fired clay
bricks. In this study, the total porosity demonstrated an almost linear relationship with
the increase in florida waste percentages, highlighting the effectiveness of florida waste
as a pore-forming agent. Specifically, when substituting clay with 15 wt% florida waste
at 900 ◦C, the porosity increased by approximately 36.6%. It is important to mention
that the introduction of pores in the brick structure leads to a decrease in compressive
strength, higher water absorption, and overall porosity. However, the increased porosity
can have positive implications for brick performance, particularly in humid climate zones.
The presence of pores facilitates the movement of water vapor within the brick structure,
preventing the propagation of cracks [68].
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3.3. Thermal Performance

This study aimed to assess the thermal performance of clay bricks incorporating
Pleurotus florida waste by examining their thermal conductivity and other relevant thermal
properties. Two types of simulations were conducted to evaluate the impact of waste ratios
in brick materials: thermal comfort and energy consumption. For thermal comfort analysis,
the simulations focused on predicting the PMV and PPD values. On the other hand, energy
consumption was evaluated through simulations of EUI, heating and cooling loads, and
energy balance.

3.3.1. Thermal Conductivity

The addition of P. florida waste as a pore-forming additive in brick production led to
a gradual reduction in thermal conductivity as the percentage of waste increased from
0% to 15%, as shown in Table 3. All the brick formulations exhibited lower thermal con-
ductivity values compared to conventional bricks, indicating their potential for use in
energy-efficient building construction. A strong linear correlation was observed between
thermal conductivity, porosity, and density, as depicted in Figure 15a. The thermal conduc-
tivity demonstrated a significant inverse correlation with both porosity and bulk density.
Specifically, the thermal conductivity decreased from 0.77 W/m·K for conventional bricks
to 0.293 W/m·K for bricks containing 15% P. florida waste. This decrease can be attributed
to the increased pore volume and the disruption of heat transfer pathways within the brick
matrix caused by the incorporation of the organic waste additive.

Table 3. Thermal conductivity for each investigated sample.

P. florida Waste (%) Thermal Cond.
(W/m·K) Specific Heat (MJ/m3·K)

Density
(Kg/m3)

0 0.77 1.6 1922.027

5 0.481 1.513 1646.172

7.5 0.43 1.433 1589.453

10 0.379 1.407 1523.376

12.5 0.327 1.367 1462.963

15 0.293 1.307 1419.981
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The specific heat capacity also exhibited a declining trend with increasing percentages
of P. florida waste. This phenomenon can be attributed to the lower specific heat of the air
present within the pores compared to that of the brick materials. However, the reduction in
specific heat capacity was less significant compared to the decrease in thermal conductivity.
The relationship between thermal conductivity, apparent porosity, and specific heat is
depicted in (Figure 15b). The progressive increase in porosity and the associated improve-
ments in thermal insulation properties with the addition of P. florida waste highlight its
effectiveness as a sustainable pore-forming material for energy-efficient brick manufac-
turing. By optimizing the composition of the bricks and the firing conditions, it may be
possible to produce building materials with thermal conductivities below 0.25 W/m·K,
comparable to conventional insulating materials.

3.3.2. Thermal Comfort

The results for thermal comfort showed promising improvements in both PMV and
PPD. The enhancement increases gradually by increasing the waste ratio in the bricks
up to 15%. The simulation shows the best results for PMV and PPD by the additive of
waste of 15%. The results presented in Table 4 signify significant advancements in thermal
comfort, as measured by the Predicted Mean Vote (PMV) and Predicted Percentage of
Dissatisfied (PPD). These findings are of paramount importance as they shed light on the
influence of waste ratio in the brick material on indoor thermal conditions. The observation
that “the enhancement increases gradually by increasing the waste ratio in the bricks up
to 15%” is a pivotal revelation, indicating a proportional relationship between the waste
ratio and improved thermal comfort, aligning with the principles of thermal insulation
and energy efficiency. Notably, the simulation results pinpoint an optimal waste ratio of
15% as the point at which thermal comfort, as measured by PMV and PPD, reaches its
peak performance. This specific threshold is significant, as it provides a clear directive for
material selection in sustainable building design. Architects, engineers, and builders can
utilize this insight to create structures that maximize thermal comfort while minimizing
environmental impact. The analysis underscores a compelling trend—thermal comfort
exhibits a gradual improvement as the waste ratio in the materials increases. This finding
signifies a proportional relationship between waste ratio and enhanced thermal comfort,
where a higher waste ratio contributes to superior insulation and reduced heat transfer.
This deeper insight into the incremental improvement in thermal comfort enhances the
study’s relevance for sustainable construction practices and underscores the potential for
architects and builders to optimize indoor thermal conditions effectively.
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Table 4. Simulation results for PMV and PPD.
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3.3.3. Energy Consumption

For energy consumption, the study simulates EUI bricks with each waste ratio. The
study also simulates cooling and heating loads. Figure 16a–c show the results of the EUI,
cooling, and heating loads. The waste ratio decreases the EUI values gradually. It also
reduces the energy balance, cooling, and heating loads.
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3.3.4. Best EUI Values

The results demonstrate that the waste ratio of 15% exhibited the best results, thus the
study compares the energy balance and the cooling and heating loads for each room of the
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building by using bricks with a 15% waste ratio with the base case model. Table 5 presents
the energy balance comparison. Table 6 shows the cooling and heating loads, respectively.

Table 5. Energy balance comparison between the base case and the bricks with 15% of waste.
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3.3.5. Decreased CO2 Emissions

The bricks with the greatest waste ratio show the lowest CO2 emissions. CO2 has an
inversely proportional relation to the waste ratio. For the 15% waste ratio, almost a 6%
reduction in CO2 emissions is achieved compared to the base case—see Figure 17 for the
improvement rate in terms of CO2 reduction.
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3.3.6. Energy Saving

The building’s performance was evaluated based on energy performance. By using
Equations (1) and (2). The brick with a waste ratio of 5% saves 6%, and the results are
improved gradually. Figure 18 shows the best energy saving of 17% by using bricks with
15% of waste. The incorporation of waste materials into brick production was investigated,
resulting in energy savings of 6%, 11%, 13%, and 16% for waste percentages of 5%, 7.5%,
10%, and 12.5%, respectively.
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Table 6. The cooling loads for each room of the apartment for the best waste ratio of 15% and the
base case.

Cooling Loads Per Months

Base Case Model Waste 15%
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3.4. Optimum Wall Design

For the optimum wall design, the study optimizes the wall section. Then, the study
optimizes the wall height with the wall section to investigate the impact of changing the wall
height. Finally, the study builds a mathematical model to relate the wall height and EUI.

3.4.1. Wall Section Optimization

The optimization was run for six generations. We could find the optimum solution
starting from the third generation. Figure 19 shows the optimization process. The results
show that gap thickness has a greater effect than brick thickness. All the optimum results
have greater gap thicknesses with different brick thicknesses. Cases 1, 4, 11, and 14 show
the optimum wall section with maximum wall brick thickness and maximum gas thickness
as shown in Table 7.
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Table 7. The table illustrates the outcomes of the optimization process for the wall section, aiming to
achieve minimized energy usage intensity and maximal energy savings.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 Case 12 Case 13 Case 14 Case 15

Brick
Thickness

in cm
12.5 11.7 7.5 11.3 8.4 12.2 11.2 9.6 8.8 12.3 10.4 10 11.6 10.2 11.5

Gap
Spacing

in cm
12.5 12.3 12.5 12.1 12.5 12.5 11.5 11.3 12 11.4 11.5 12 12.4 12.2 12

EUI
In

kWh/m2
258.127 258.605 260.21 259.142 259.783 258.074 260.263 261.278 260.477 259.889 260.637 259.676 258.554 259.462 258.982

Enhancement
Ratio 36.7% 36.6% 36.2% 36.4% 36.3% 36.7% 36.2% 35.9% 36.1% 36.3% 36.1% 36.3% 36.6% 36.4% 36.5%

3.4.2. Wall Height Impact

In order to investigate the effect of wall height and to establish the mathematical
relationship between the wall height EUI, the study applies the optimization process while
adding the height to the solver genius. This process will help also in selecting the best
wall design. Figure 20 and Table 8 show the optimization processes for the wall design
including the wall height.
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Table 8. Wall design optimization results: the height is added to the wall section. The green shaded
column shows the optimum solution.

Case 16 Case 17 Case 18 Case 19 Case 20 Case 21 Case 22 Case 23 Case 24 Case 25 Case 26
Brick

Thickness,
cm

7.7 7.5 8 7 8 9.5 7.2 7.6 9 10 10

Gap
Spacing.

cm
12.5 12.5 12.5 12.5 12 11 12.5 12 12 11 11.5

EUI,
kWh/m2 280 280 280 280 280 280 285 280 280 280 285

Wall
height 249.477 249.53 249.317 249.744 250.171 251.239 249.637 250.331 249.69 251.025 252.841

Enhancement
ration 38.8% 38.8% 38.8% 38.7% 38.5% 38.4% 38.8% 38.6% 38.8% 38.4% 38.0%
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3.4.3. Mathematical Relationship between Height and EUI

For a better understanding of the relationship between wall height and energy con-
sumed in the building, the study simulated walls with different heights while fixing the
wall thickness at 7.5 cm and gap thickness at 12.5 cm. The walls gradually increase in
height, and the EUI for each one is simulated, as seen in Figure 21 and Table 9.
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Table 9. The EUI results for different wall height.

Wall Height
(cm) 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350
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The mathematical model can be defined as Equation (3), where EUI is the energy use
intensity and WH is the wall height. The equation is made according to the previous data,
which shows the EUI results for different wall heights. A linear relationship between the
wall height and EUI has been observed. The fit residual between Equation (3) and the real
values of EUI is between −0.05 and 0.12, as seen in Figure 22.

EUI = 100.91 + 0.532 WH (3)
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3.5. Applying the Optimum Wall Design in Jazan City

Following the optimization of the wall section, the study extended its investigation
to Jazan City, Saudi Arabia, aiming to assess the applicability of the developed method
in similar climatic regions. The study specifically targeted Jazan City to elucidate the
disparities among the three investigated cases: (1) the base case; (2) the wall incorporating
the brick with the most favorable waste ratio; and (3) the optimized wall section.

In terms of thermal performance, the research focused on simulating two key metrics:
thermal comfort and energy consumption for Jazan. Thermal comfort was assessed using two
metrics: PMV and PPD. The study utilized these thermal comfort indices to identify the best-
performing wall section and compared the results with those of the base case. Subsequently,
the study simulated the total EUI and energy balance. Additionally, monthly heating and
cooling loads were simulated for both the optimal wall section and the base case.

3.5.1. Thermal Comfort for Jazan City

The analysis of thermal comfort in Jazan, presented in Table 10, indicates a discernible
trend, showcasing noteworthy enhancements in both PMV and PPD. Particularly, employ-
ing the optimized wall section, as recommended by the optimization process, demonstrates
further improvements compared to using bricks with 15% of waste alone. This underscores
the significant contribution of the optimized wall section to enhancing thermal comfort,
consistent with the findings observed in the investigated case study building in Egypt.

Table 10. Thermal comfort for Jazan for base case, 15% of waste, and optimum wall section.

PMV PPD

Base
case
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3.5.2. CO2 Reduction for Jazan City 
Through an analysis of CO2 emissions from the investigated building in Jazan, this 

study revealed a clear, inversely proportional relationship that became increasingly pro-
nounced with higher waste ratios in the fabricated brick. Specifically, the brick containing 
15% of waste showed a notable reduction of nearly 13% in CO2 emissions compared to the 
base case. Furthermore, the implementation of the optimized wall section further intensi-
fied this reduction, reaching approximately 25%. These findings highlight the significant 
potential of incorporating waste materials and sustainable design practices to promote 
environmental sustainability. Such initiatives align with the global imperative to mitigate 
carbon footprints in construction practices, as illustrated in Figure 23a,b. 
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3.5.2. CO2 Reduction for Jazan City

Through an analysis of CO2 emissions from the investigated building in Jazan, this
study revealed a clear, inversely proportional relationship that became increasingly pro-
nounced with higher waste ratios in the fabricated brick. Specifically, the brick containing
15% of waste showed a notable reduction of nearly 13% in CO2 emissions compared to the
base case. Furthermore, the implementation of the optimized wall section further intensi-
fied this reduction, reaching approximately 25%. These findings highlight the significant
potential of incorporating waste materials and sustainable design practices to promote
environmental sustainability. Such initiatives align with the global imperative to mitigate
carbon footprints in construction practices, as illustrated in Figure 23a,b.
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Figure 23. CO2 emissions: (a) the amount of CO2 emissions, (b) the improvement rate in terms of
CO2 reduction%.

3.5.3. EUI, Cooling, and Heating Loads

The results pertaining to cooling loads in Jazan, as presented in Figure 24 and Table 11, reveal
a notable trend, suggesting substantial improvements. Notably, employing the optimized wall
section, as advised by the optimization process, yields even more pronounced enhancements,
showing a 41% improvement compared to using bricks with 15% of waste alone.
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4. Discussion 
The selected case study, representing a high-rise social housing building in New 

Cairo, provides valuable insights into the thermal performance of multi-story residential 
constructions. The study focuses specifically on simulating the southwest apartment, an-
ticipating the highest heat gain in this area. The primary objective is to investigate how 
waste ratios affect thermal comfort and energy consumption in residential buildings. This 
comprehensive approach aims to minimize heating and cooling energy demand while en-
hancing thermal comfort in investigated rooms, thereby contributing to overall energy 
reduction in high-rise residential structures. The evaluation process is enhanced by inte-
grating Honeybee, Daysim, Open Studio, and EnergyPlus for energy load simulations, 
utilizing metrics such as EUI, heating and cooling loads, and energy balance to quantify 
energy performance. Parametric design techniques and genetic optimization strategies 
were employed to enhance the thermal performance of the building envelope, resulting 
in improved thermal comfort across various waste ratios.  

The incorporation of 15% of Pleurotus florida waste in the brick composition yielded 
the most significant enhancement, leading to a notable 17% reduction in EUI. Notably, the 
study reveals a direct relationship between energy balance and waste ratio, providing val-
uable insights into sustainable construction practices. The investigation into thermal com-
fort identifies a noteworthy pattern, with promising enhancements observed in both the 
PMV and PPD metrics. The gradual improvement in thermal comfort, peaking at a 15% 
waste ratio, highlights a proportional link between waste ratio and improved indoor en-
vironmental conditions. This finding aligns with the principles of thermal insulation and 
energy efficiency, suggesting opportunities for architects and builders to optimize indoor 
thermal conditions effectively. Furthermore, the simulation results for EUI demonstrate a 
systematic decrease with increasing waste ratios in the bricks, positively influencing en-
ergy balance, cooling, and heating loads. 

Environmental impact assessment reveals an inversely proportional relationship be-
tween waste ratio and CO2 emissions, notably evident in the brick containing 15% of 
waste, which exhibits a significant reduction of nearly 6% compared to the base case. This 
underscores the potential of waste materials to contribute to environmental sustainability, 
aligning with global efforts to mitigate carbon footprints in construction practices. 

The optimization process, spanning six cases, indicates that energy efficiency reaches 
its optimal solution starting in the third case. The results emphasize the pronounced im-
pact of gap thickness compared to brick thickness, with greater gap thickness consistently 
yielding improved performance. Optimal wall sections feature maximum wall brick thick-
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4. Discussion

The selected case study, representing a high-rise social housing building in New
Cairo, provides valuable insights into the thermal performance of multi-story residential
constructions. The study focuses specifically on simulating the southwest apartment,
anticipating the highest heat gain in this area. The primary objective is to investigate
how waste ratios affect thermal comfort and energy consumption in residential buildings.
This comprehensive approach aims to minimize heating and cooling energy demand
while enhancing thermal comfort in investigated rooms, thereby contributing to overall
energy reduction in high-rise residential structures. The evaluation process is enhanced by
integrating Honeybee, Daysim, Open Studio, and EnergyPlus for energy load simulations,
utilizing metrics such as EUI, heating and cooling loads, and energy balance to quantify
energy performance. Parametric design techniques and genetic optimization strategies
were employed to enhance the thermal performance of the building envelope, resulting in
improved thermal comfort across various waste ratios.

The incorporation of 15% of Pleurotus florida waste in the brick composition yielded
the most significant enhancement, leading to a notable 17% reduction in EUI. Notably,
the study reveals a direct relationship between energy balance and waste ratio, providing
valuable insights into sustainable construction practices. The investigation into thermal
comfort identifies a noteworthy pattern, with promising enhancements observed in both
the PMV and PPD metrics. The gradual improvement in thermal comfort, peaking at a
15% waste ratio, highlights a proportional link between waste ratio and improved indoor
environmental conditions. This finding aligns with the principles of thermal insulation and
energy efficiency, suggesting opportunities for architects and builders to optimize indoor
thermal conditions effectively. Furthermore, the simulation results for EUI demonstrate a
systematic decrease with increasing waste ratios in the bricks, positively influencing energy
balance, cooling, and heating loads.

Environmental impact assessment reveals an inversely proportional relationship be-
tween waste ratio and CO2 emissions, notably evident in the brick containing 15% of
waste, which exhibits a significant reduction of nearly 6% compared to the base case. This
underscores the potential of waste materials to contribute to environmental sustainability,
aligning with global efforts to mitigate carbon footprints in construction practices.

The optimization process, spanning six cases, indicates that energy efficiency reaches
its optimal solution starting in the third case. The results emphasize the pronounced impact
of gap thickness compared to brick thickness, with greater gap thickness consistently yield-
ing improved performance. Optimal wall sections feature maximum wall brick thickness
and substantial gap thickness, highlighting the critical role of gap thickness in enhancing
overall energy efficiency. Additionally, the optimization process identifies height as a signif-
icant determinant of EUI, leading to the determination of optimal wall heights ranging from
280 cm to 285 cm. These findings underscore a notable correlation between height and EUI.
The mathematical equation correlating building height and EUI, derived through initial
model development and processing using “Mathematica 10” software, provides architects
with a tool to tailor building heights according to specific energy use intensity requirements.
The equation’s flexibility allows for adjustments and refinements using various techniques,
ensuring adaptability to a broader range of scenarios. Furthermore, the study proposes a
novel wall design utilizing optimal bricks and employs a genetic algorithm to optimize its
thickness and height, resulting in a remarkable 38.7% reduction in EUI compared to the
base case.

5. Conclusions

In this study, the effects of varying heating parameters on the properties of fired clay
bricks were investigated. The experiments involved heating the brick samples to tempera-
tures ranging from 700 ◦C to 900 ◦C, with different heating rates and target temperatures.
Based on the obtained results, the following conclusions can be drawn:
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■ In terms of mechanical properties, the compressive strength of fired clay bricks was
observed to decrease with higher levels of Pleurotus florida waste content and improve
with increasing firing temperature, indicating that a smaller amount of Pleurotus florida
waste and higher firing temperatures can enhance the bricks’ compressive strength.

■ Regarding physical properties, the bulk density of fired clay bricks exhibited a de-
crease with higher levels of Pleurotus florida waste content, while it increased with
firing temperature. This implies that increasing the Pleurotus florida waste content
reduces the overall density of the bricks, whereas higher firing temperatures lead
to denser bricks. Similarly, the apparent porosity of fired clay bricks showed an
increase with higher levels of Pleurotus florida waste content and a decrease as firing
temperature increased, indicating a denser structure resulting from incorporating less
Pleurotus florida waste and subjecting the bricks to higher firing temperatures.

■ The study also revealed that bricks containing Pleurotus florida waste demonstrated
lower thermal conductivity compared to conventional bricks, making them more
energy-efficient. For instance, using 15% of Pleurotus florida waste resulted in a
significant 61.94% reduction in thermal conductivity compared to conventional bricks.
Moreover, bricks with Pleurotus florida waste were found to enhance indoor thermal
comfort, with an optimal waste ratio of 15%.

■ The energy performance of the building was evaluated, the results showed that bricks
with higher waste ratios led to greater energy savings. For example, the brick with
a waste ratio of 5% achieved a 6% energy saving, while the brick with 15% waste
demonstrated the best energy saving of 17%. Furthermore, bricks with higher waste
ratios exhibited lower CO2 emissions, with a nearly 6% reduction in CO2 emissions
compared to the base case with no incorporated waste.

This study underscores the significant potential of incorporating Pleurotus florida
waste into clay bricks to improve thermal performance and decrease energy use intensity
(EUI). Notably, the optimized design featuring an air gap between bricks showcases the
paramount influence of design parameters on material efficiency and EUI. The best wall sec-
tion achieved an impressive 38.7% reduction in EUI, highlighting the substantial impact of
this innovative approach on energy efficiency in construction. In essence, this study bridges
the gap between sustainable material incorporation, thermal performance improvement,
and optimized architectural design. The findings provide a blueprint for architects and
construction engineers to leverage waste-derived bricks and innovative design strategies to
create energy-efficient structures without compromising performance or material integrity.
Ultimately, this research paves the way for greener, more sustainable construction practices
that prioritize both environmental consciousness and energy efficiency. To conclude, the
study provides valuable insights into the relationship between mechanical and physical
properties of fired clay bricks, highlighting the effects of Pleurotus florida waste content and
firing temperature. Additionally, it demonstrates the energy efficiency and thermal comfort
benefits of incorporating florida waste into brick production, emphasizing the potential for
reducing CO2 emissions.
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