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Comprehensive 4E performance
assessment of novel porous clay
bricks across new climate zones of
Turklye
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Regional climate variability across TUrkiye poses significant engineering and design challenges in
optimizing building energy performance. This study presents a comprehensive evaluation of the
energy, exergy, economic, and environmental (4E) performance of next-generation porous clay bricks
enhanced with pumice and vermiculite additives (thermal conductivity ranging from 0.439 to 0.816 W/
mK), in comparison with standard bricks (k=1.041 W/mK). The corresponding reference-wall U-value

is U=2.44 W/m?K, whereas the PV4 wall achieves U=1.44 W/m?K, corresponding to an approximate
41% U-value reduction. A 235 m? duplex residential model was simulated using EnergyPlus (v8.4) with
an annual resolution (8,760 h) across six representative climate zones—Mersin, Denizli, Bursa, Ankara,
Kastamonu, and Erzurum. Results indicate that the PV4 brick mixture, composed of 55% clay, 40%
pumice, and 5% vermiculite, reduces total annual energy consumption by 9.78% in Mersin (cooling-
dominated) to 12.92% in Erzurum (heating-dominated). Exergy losses were reduced by 10.04% in
Mersin and 13.66% in Erzurum (PV4 vs. PVO0). Furthermore, annual CO, emissions were reduced by

3.1 kg/m? in Mersin and 4.7 kg/m? in Erzurum, and the payback period improved to a range of 4.8 t0 6.6
years. These findings highlight the significant potential of climate-adapted building envelope materials
in enhancing the thermo-environmental and economic performance of Tirkiye’s residential building
stock.

Keywords Novel porous clay brick, Thermal performance, Energy and exergy analysis, Environmental
assessment, Sustainable building materials

In response to the rising global energy demand and the imperative to mitigate climate change, energy efficiency
policies have gained strategic importance?. As buildings account for a substantial share of global energy
consumption and carbon emissions, achieving “net-zero” targets in the built environment represents not only a
major challenge but also a significant opportunity®. Heating, ventilation, and air conditioning (HVAC) systems
constitute the largest portion of energy use in buildings, and their performance is directly influenced by the
thermal characteristics of the building envelope*®. Accordingly, the development of passive energy-saving
strategies and envelope optimization plays a pivotal role in sustainable building design®. In parallel, simulation-
based building energy modeling has been widely used to quantify how envelope configurations and operational
assumptions affect heating and cooling demand, providing a consistent basis for comparative performance
assessment at the building scale”*.

In recent years, increasing attention has been paid to sustainable composite materials and bio-based
alternatives such as hempcrete, developed to enhance the thermal performance of building envelopes®!’. In
particular, the use of biomass-based additives, industrial by-products, and construction and demolition waste has
gained traction to improve the thermal, physical, and mechanical properties of fired clay bricks!!-!*. Integrating
porous aggregates such as pumice, perlite, and expanded clay into brick matrices has been shown to significantly
reduce thermal conductivity, thereby enhancing energy efficiency'*!°. Similarly, Sutcu et al.!* observed thermal
conductivity reductions ranging between 12% and 35% in clay-based masonry units incorporating lightweight
or industrial waste additives, while compressive strength values remained above the minimum requirements
for non-load-bearing masonry applications, highlighting the thermal-mechanical trade-off in porous masonry
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materials. For example, Gencel!* reported that the addition of pumice to fired clay bricks reduced thermal

conductivity to below 0.65 W/mK, corresponding to a reduction of more than 30% compared to conventional
bricks, primarily due to increased porosity and reduced bulk density.

Studies investigating the thermo-physical and mechanical properties of energy-efficient clay bricks have
reported that next-generation composites incorporating pumice and vermiculite can considerably lower both
thermal conductivity and density compared to standard bricks'®. Moreover, modeling efforts on thermal
conductivity and thermo-economic assessments of lightweight concretes have demonstrated the direct impact of
material development on building energy performance!’-'?. Beyond laboratory-scale characterization, building-
scale evaluations in Tiirkiye have shown that the magnitude of heating demand is strongly climate-dependent:
Akan et al.'” reported annual heating energy requirements per unit area spanning 11,213-965,715 kJ/m?-year
across Turkish climate zones, depending on material and climatic boundary conditions.

However, the actual performance of a building material is not limited to its laboratory-measured thermal
conductivity (k); it varies significantly depending on the dynamic conditions of the climate zone in which it is
applied®. Climate change projections and energy consumption analyses across different climatic regions have
shown that the accuracy of building energy simulations largely depends on the sensitivity of envelope modeling
parameters*!~2%. From tropical to continental climates, research has highlighted the inadequacy of generic
material selections and emphasized the need for climate-specific optimization of the building envelope?*. This
climate sensitivity is particularly relevant for porous masonry materials, whose benefits may manifest differently
under heating- versus cooling-dominated conditions.

In Tiirkiye, nationwide and region-based analyses have shown that optimum insulation thickness and
envelope decisions vary substantially by location, leading to better thermal and economic outcomes when
localized approaches are adopted®. Regional applications of the degree-day method and location-specific wall
performance assessments further support this climate-sensitive perspective’®?, while related energy-efficiency
technologies have also been evaluated within the broader context of reducing building energy demand?.
Recent investigations using updated degree-day data for all provincial centers have reinforced the importance
of climate-adapted strategies, first by reporting province-level optimum insulation thicknesses?’, then by
explicitly incorporating both heating and cooling degree days into wall optimization, and finally by extending
the approach to other envelope applications such as cold storage walls®!. Kurekci*® quantified that envelope
material selection alone can result in reductions of approximately 10-20 kWh/m?-year in total building energy
consumption, depending on local heating and cooling degree-day conditions. At the building-block scale,
thermal conductivity has been reported to vary systematically with pumice density and pore structure, with
values ranging from 0.135 to 0.197 W/mK as dry unit weight increases from approximately 1.2 to 1.8 g/cm’,
underscoring the governing role of pore volume in heat transfer®2.

Furthermore, evaluating building sustainability based solely on energy analysis is now seen as insufficient.
Exergy analysis applied to building performance has been demonstrated as a viable assessment approach at
the building scale®. Building-level thermodynamic applications further show that exergy, grounded in the
second law of thermodynamics, can capture not only the magnitude but also the quality and location of energy
losses*. In the envelope context, an exergy-based perspective has been used to compare insulating materials and
quantify envelope-related performance differences®. Exergetic life-cycle formulations have also been employed
to determine optimum insulation thickness for building walls*®. Complementary building applications of
thermal exergy analysis reinforce the usefulness of exergy metrics for diagnosing losses beyond what energy-
only indicators reveal®’. More recent comparative studies likewise highlight that insulation optimization can
yield meaningful exergy savings under different climatic conditions*. Methodological work based on degree-
days additionally supports practical exergy analysis of buildings using climate-representative indicators®”.

Sustainability, however, must also account for economic viability and environmental impact. From an
operational-emissions perspective, modeling studies have linked optimum insulation thickness decisions
to reductions in annual CO, emissions for residential buildings*’. At earlier life-cycle stages, construction-
phase greenhouse gas emissions have been quantified as a non-negligible contributor to total impacts®!.
In parallel, embodied GHG emissions have been emphasized as a “hidden” challenge that can undermine
climate-mitigation efforts if ignored*?. To address economic feasibility in a consistent manner, life cycle cost
analysis (LCCA) has been widely used to evaluate long-term cost implications of construction and retrofit
measures®®. Accordingly, integrated optimization studies have combined environmental indicators with LCC
considerations for determining optimum insulation thickness**. Recent multi-objective 4E frameworks further
illustrate how energy, exergy, economy, and environmental objectives can be balanced simultaneously within
unified optimization formulations”®. Consistent with this direction, 4E-based insulation optimization has been
explicitly proposed for building walls and roofs to support robust envelope design decisions*>*. In this context,
Akan and Akan*® demonstrated that applying optimum insulation thicknesses in heating-dominated residential
buildings can reduce operational CO, emissions by up to approximately 76% during the heating season
compared to uninsulated cases. While these advanced studies provide rigorous mathematical optimization for
conventional envelope materials, there remains a specific need to validate these frameworks using experimentally
characterized, non-conventional masonry units like porous clay bricks.

Despite these advances, a specific gap remains. Existing studies often focus either on (i) material-scale thermal
characterization of porous bricks without climate-specific whole-building validation, or (ii) building-scale
multi-criteria performance evaluations that rely on generic/assumed masonry properties and do not employ
experimentally validated porous fired-clay brick inputs across multiple national climate zones. Accordingly, this
study aims to comprehensively evaluate the 4E performance of wall configurations incorporating porous clay
brick types enhanced with pumice and vermiculite—materials experimentally developed and characterized by
Kogyigit's—across six cities representing Tiirkiye’s major climate zones. By coupling laboratory-derived material
properties with full-year dynamic EnergyPlus simulations under consistent boundary conditions and current
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Fig. 1. Building model designed for simulations: (a) ground-floor plan and (b) 3D view.

Code | Description Mix ratio (% Clay-Pumice-Vermiculite) | p . (kg/m?) | p (kg/m®) | cp. (J/kg K) | k (W/m K)
PVO | Reference brick 100-0-0 2634.31 1930.57 840 1.041
PV1 | Light additive 85-10-5 2519.07 1789.64 854 0.816
PV2 | Moderate additive | 75-20-5 2358.43 1619.75 860 0.648
PV3 | High additive 65-30-5 2248.43 1449.86 866 0.521
PV4 | Innovative brick 55-40-5 2119.22 1310.86 872 0.439

Table 1. Composition ratios and thermophysical properties of PV0-PV4 bricks!®.

degree-day-based climatic data, the study quantifies not only energy savings but also exergy losses, life-cycle
cost outcomes, and carbon footprint implications, offering a systematic and transferable framework for climate-
adaptive envelope material assessment.

Materials and methods

This section describes the simulation framework and input data used to assess the 4E (energy, exergy,
economic, and environmental) performance of porous pumice-vermiculite fired-clay brick types (PV0-PV4)
at the building scale. Five wall configurations were defined by applying different brick types to the same wall
assembly and building model, while keeping all remaining envelope layers and operational settings identical. The
building was simulated in six representative Turkish climate zones to enable climate-specific comparison under
consistent boundary conditions using EnergyPlus v8.4. This section summarizes the building model, envelope,
and material inputs, climatic data, simulation setup, and the analytical procedures applied in the study.

Simulation-based energy performance assessment inputs

A representative two-storey duplex model (235 m? area, 2.7 m storey height) was developed using SketchUp
Pro and integrated into EnergyPlus V8.4 via OpenStudio (Fig. 1). The building envelope features a slab-on-
grade foundation, an insulated sloped roof, and a 20% window-to-wall ratio utilizing low-emissivity, argon-filled
double glazing. The building orientation follows the cardinal directions with a south-facing reference. Thermal
zoning was defined on a floor basis to support consistent evaluation of thermal comfort and heating/cooling
energy demand.

The simulations evaluated five clay brick types (PV0-PV4), where PVO represents a conventional clay
brick and PV1-PV4 include varying proportions of pumice and expanded vermiculite. These porous bricks
were experimentally developed and characterized by Kogyigit (2022) in accordance with TS EN 771-1, and
exhibit 45-53% porosity. These porous clay bricks are designed for non-load-bearing (infill) wall applications,
and are not intended for structural or load-bearing use. The reported thermophysical properties include bulk
density (p, 1310.86-1789.64 kg/m?), apparent density (papp, 2119.22-2519.07 kg/m?), thermal conductivity (k,
0.439-0.816 W/m K), and specific heat capacity (cp., 840-872 J/kg K)'°. Beyond thermal efficiency, they meet
structural requirements with compressive strengths of 7.5-9.2 MPa and fire resistance exceeding 60 min. The
values obtained in the study were determined by experimental measurement and presented in the literature.
The values of the newly developed clay bricks are listed in Table 1. From Table 1, bulk density (p), specific heat
capacity (cp.), and thermal conductivity (k) values were used directly in EnergyPlus simulations!®.

The external wall assembly consists of interior plaster, a brick core (PV0-PV4), and exterior plaster. The
overall thermal transmittance (U-value) was derived from layer-specific properties by computing the total
thermal resistance (R of the assembly. For the reference wall (PV0), R .= 0.4095 m?K/W. The internal (R)

total) total
and external (R ) surface film resistance values were adopted from the established literature®>®!, as detailed in
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Thermal
transmittance
Bulk density (p) | Specific heat (cp.) Thermal conductivity (k) | Thermal resistance (R) | coefficient
Wall structure (kg/ ms) (j/kgK) Thickness (L) (m) | (W /mK) (m?K /W) (U) (W/m?K)
R - - - - 0.1300 -
Interior plaster 1600.00 900.00 0.02 0.872 0.0230 -
Clay brick (PV0) | 1930.57 840.00 0.19 1.041 0.1825 -
Exterior plaster | 1600.00 900.00 0.03 0.872 0.0340 -
Ro - - - - 0.0400 -
Total - - - - 0.4095 2.4420
Table 2. Properties of the reference brick wall used for comparison.
Average temperature
Region | City Longitude | Latitude | Altitude (m) | Area (km?) | (°C) HDD (°C-day) | CDD (°C-day)
st Mersin 34.64E 36.81 N 6 16,010 20.1 417 760
2nd Denizli 29.09E 37.77N 354 12,134 16.9 998 636
3rd Bursa 29.06 E 40.18 N 155 10,813 14.9 1264 321
4th Ankara 32.85E 39.93N 890 25,632 12.6 2211 167
5th Kastamonu | 33.77 E 4138 N 800 13,064 10.1 2258 104
6th Erzurum 4127E 39.90N | 1890 25,006 53 3948 5

Table 3. Climate zones of Turkiye, representative cities and degree-day datas.

Table 2. A simplified non-insulated wall configuration, composed of 2 mm interior plaster, 190 mm porous clay
brick, and 3 mm exterior plaster, was deliberately adopted in all simulations. This decision allows for isolating the
intrinsic thermal performance of different brick types while maintaining consistent boundary conditions. Such
envelope-focused modeling approaches are widely accepted in comparative building material research®2%4,
particularly when the objective is to identify material-driven energy performance trends rather than regulatory
compliance. To ensure a robust comparative analysis, this wall assembly methodology was applied consistently
across all wall models, incorporating different porous clay bricks (PV0-PV4).

To represent Turkey’s broad climatic diversity, six representative cities were selected based on the updated
TS 825 (2024) thermal insulation standard, which categorizes the country into distinct zones using degree-
day indicators. Specifically, Heating Degree-Days (HDD) and Cooling Degree-Days (CDD)—indices that
quantify the intensity and duration of outdoor temperatures requiring space heating and cooling, respectively—
were used as the primary criteria for site selection. The six selected cities were chosen to represent the full
range of climatic conditions defined by the Turkish thermal insulation standard TS 825 (2024), rather than to
capture local microclimatic variability within each region. This standard-based selection enables a nationally
representative comparison of building envelope performance across heating-dominated, cooling-dominated,
and mixed climate regimes in Tiirkiye“. The selected cities (Mersin, Denizli, Bursa, Ankara, Kastamonu, and
Erzurum) represent each of the major climatic zones, ranging from the cooling-dominated 1st zone to the
extreme heating-dominated 6th zone, thereby ensuring a comprehensive performance evaluation of the wall
configurations under various thermal stresses. The geographic coordinates and specific degree-day data for these
representative locations are detailed in Table 3.

The simulations were carried out using EnergyPlus v8.4 (U.S. Department of Energy*®->° with the Ideal
Loads Air System model, modeling each scenario at an hourly resolution over the course of 8760 h annually.
To align with ASHRAE standards!, the indoor temperature was maintained at 22 °C. All modes of energy
transfer—conduction, radiation, ventilation, solar gains, internal gains, and infiltration—were dynamically
analyzed. Utilizing EnergyPlus’s heat-mass balance framework, comprehensive energy balance calculations were
performed at 15-minute intervals. This study assessed energy and exergy performance in 30 distinct simulation
scenarios, which included six cities and five different types of bricks. This modeling approach not only uncovers
performance variations arising from clay brick unit properties but also emphasizes the influence of climatic
variability on building performance. Consequently, it provides a scientific foundation for envelope materials in
Tiirkiye’s building stock in a climate-adapted manner. The schematic representation of the simulation process is
depicted in Fig. 2480,

The specific simulation parameters and modeling assumptions used in the study are summarized in Table 4,
following ASHRAE 140 reporting conventions. Simulation inputs and boundary conditions were documented
in line with the intent of ASHRAE Standard 140 (BESTEST), which provides a standardized comparative
verification framework for building energy simulation tools. Rather than calibrating a specific real building,
the BESTEST philosophy emphasizes clearly defined and consistently applied input assumptions so that the
model’s response to controlled changes in envelope/system parameters can be interpreted reliably. Accordingly,
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Fig. 2. Overall EnergyPlus Structure simulation manager controls the entire simulation process. Schematic
diagram of the EnergyPlus simulation process®®2.

Category Parameter Value/description
Simulation tool EnergyPlus v8.4 (via OpenStudio interface)
Time step 15 min (4 timesteps/hour, 8760 h/year)
General Simulation period Full year (8760 h)

HVAC system

Ideal Loads Air System (ILAS)

Thermal zoning

One thermal zone per floor (two zones in total)

Indoor conditions

Heating/cooling
Setpoint temperature

22 °C during occupied hours

Setback temperatures

Heating: 18 °C; Cooling: 26 °C (during unoccupied hours)

Humidity control

Not applied (default simulation values used)

Internal gains

Occupant density 0.05 persons/m?
Lighting load 10 W/m?
Equipment load 2.5 W/m?
Activity level Light sedentary

Sensible/latent gains

Both sensible and latent loads included

Ventilation & Infiltration

Natural ventilation rate

0.35 ACH (air changes per hour)

Infiltration rate

2.0 ACH (typical for naturally ventilated residential buildings in Tiirkiye)

Ventilation strategy

Constant minimum outdoor air flow

Windows & Shading

Window U-value

U=2.40 W/m’K (double-glazed, per TS 825 standard)

SHGC (solar heat gain coefficient)

0.62

Glass-to-frame ratio

80% glazing / 20% frame

Shading devices

No external shading modeled

Simulation Algorithms

Heat conduction model

Conduction Transfer Function (CTF)

Convection model

TARP algorithm

Radiation modeling

Includes direct/diffuse solar and internal reflection

Resolution

Hourly results; sub-hourly simulation timestep of 15 min

Table 4. EnergyPlus simulation parameters used.

this alignment improves the transparency, traceability, and reproducibility of the relative comparisons among
the investigated wall configurations.

The methodologyadopted in this study consists of four interconnected stages: (i) experimental characterization
of clay brick materials at the unit scale, (ii) EnergyPlus-based whole-building simulation under six climatic
scenarios, (iii) an integrated 4E performance evaluation (energy, exergy, economic, and environmental), and (iv)
robustness analysis through sensitivity and comparative assessments. A summary of the workflow, inputs, and
outputs of each phase is illustrated in Fig. 3, which provides a clear roadmap of the research process.
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Fig. 3. Methodology flowchart of the study for the comprehensive 4E assessment.

4E (energy, exergy, economic and environmental) performance analysis method

The annual heating and cooling energy demands attributable to the building envelope were evaluated through
dynamic simulations conducted using EnergyPlus outputs. These evaluations incorporated the thermal
performance characteristics of individual building components. The analytical framework for this energy
assessment is grounded in fundamental heat transfer principles, wherein the thermal behavior of the building
envelope is defined in accordance with the methodology outlined in**. Specifically, the core of the analysis is
based on Fourier’s Law of heat conduction, as represented in Eq. (1).

Q=UAAT. (1)

In this equation, Q represents the total heat transfer (J) occurring over a given time interval (t). U denotes the
overall heat transfer coefficient of the building component (W/m?K), A is the heat transfer surface area (m?),
and AT refers to the temperature difference (K) between the indoor and outdoor environments. The thermal
transmittance coefficient (U) can be calculated using Eq. (2) based on the total thermal resistance (R, ), taking
into account the multi-layered structure of the building component?'.

1

U =
Rtotal

)
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The total thermal resistance R, is calculated as the sum of the individual thermal resistances R, of each
building layer. The thermal resistance of each layer depends on the ratio between the material thickness (L,) and
its thermal conductivity (k) as expressed in Eq. (3)%L.

h

Accordingly, the total thermal resistance of all layers of the wall model used in the study is expressed by Eq. (4)*.

Rtotal = Rz + Rinterior plaster + Rbm’ck + Rextem'or plaster + Ro (4)

Here, R, and R, denote the internal and external surface film resistances, respectively. In the simulation model,
the annual energy requirement was calculated using hourly time steps and is defined by Eq. (5)*.

Eyear = Z STEOULA. (A T) .3600 (5)

In Eq. (5), E ar denotes the annual energy requirement (J), and the constant 3600 converts the hourly time step
to seconds. Each A T'j, represents the indoor-outdoor temperature difference for an hour. Exergy (Ex) analysis
was used to evaluate the thermodynamic quality of envelope-related heat transfer. In this study, the heat transfer
rate/quantity Q required for the exergy calculations was not assumed; it was directly extracted from the dynamic
EnergyPlus simulations. The second-law relation given in Eq. (6) was then employed to compute the exergy loss

associated with heat transfer>*.

Baioss = (1= 72) @ (6)

Here, Ex,  represents the exergy loss due to heat transfer (J); T, (K) is the ambient (outdoor) reference
temperature; T (K) is the indoor air temperature; and Q (J) is the conductive heat transfer through the wall.
Monthly conductive heat transfer quantities Q were extracted for each wall configuration, thereby reflecting
transient effects (e.g., thermal mass, solar gains, and time-varying outdoor conditions). These monthly Q values
were combined with the corresponding monthly average outdoor temperatures to define T, and to compute
monthly exergy losses using Eq. (6). The indoor temperature T was taken as the constant setpoint of 22 °C
(295.15 K) throughout the year. The annual exergy loss was calculated based on seasonal heat transfer values
obtained through dynamic simulation (EnergyPlus). In this context, the total annual exergy loss is defined by
Eq. (7).

Emloss,yetﬂ‘ - EIloss,H + Exloss,C (7)
Here, the terms Ex, |, and Ex;, _ denote the seasonal exergy losses associated with heating and cooling,
respectively’. The total annual exergy loss was computed as the sum of the seasonal contributions derived
from the monthly EnergyPlus heat-transfer outputs. This procedure enables a climate-responsive, simulation-
based exergy assessment of the wall configurations and supports consistent comparison across different climatic
contexts.

As part of the economic analysis of the study, the Life Cycle Cost (LCC) Analysis methodology was employed
to assess the long-term feasibility of the innovative brick scenarios (PV1-PV4) in comparison to the reference
brick (PVO0). To account for the time value of money, the Net Present Value (NPV) was determined over a 10-
year lifetime (N). The actual interest rate (r), representing the economic balance between the nominal interest
rate (i) and the inflation rate (g), was calculated using Eq. (8)*°.

t—9g
"TT g ®)
Subsequently, the Present Worth Factor (PWF) was determined using Eq. (9) to represent the cumulative value
of annual savings*®.

A+ -1

PWF = g )

The total life-cycle cost (C, ;) was then calculated by combining the initial investment cost and the discounted
operational energy costs as defined in Eq. (10)*.

Croc = Ciotal PWF + Cinyest (10)
The specific economic parameters and investment costs used in these calculations are summarized in Table 5.

C,ora indicates the annual energy cost for heating and cooling, which was calculate;g using the energy

requirement (Q), fuel unit cost (C; ), and system efficiency as shown in Eqgs. (11) and (12)
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Parameter Unit | Value
Analysis period (N) Year | 10
Nominal interest rate (i) % 24
Inflation rate (g) % 21
Present worth factor (PWF) | - 8.765
Initial investment costs (C,_,,)

PVO (reference) $/m? | 12
PV1 $/m? | 13.8
PV2 $/m? | 14.2
PV3 $/m? | 14.6
PV4 $/m? | 15

Table 5. Input parameters for the life cycle cost (LCC) analysis.

Fuel H, n COP | Price (Cg, ., C)) | Carbon factor (CF)
Natural gas | 34,485,000 J/m? 090 | - 0.232 $/m’> 0.200 kgCO,/kWh
Electricity | 35,990,000 J/kWh | - 3.0 0.0912 $/kWh 0.443 kgCOz/ kWh

Table 6. Specific values for energy sources (Prices of Fuels-TR).

C uel
Chea,ting = Qheating (I‘Iffl;’]) (11)
Ce
Ccooling = Qcooling (COP) (12)

Here, Qying indicates the heating energy requirement obtained from the simulation, Qeooling indicates the
cooling energy requirement obtained from the simulation, and C; , and C, indicate the unit cost of natural gas
and electricity, respectively. The specific values employed in this study for energy sources are enumerated in
Table 6.

In this study, the economic performance was assessed using life cycle cost analysis (LCCA), and environmental
sustainability was evaluated via total carbon emissions (CO,, ) in accordance with EN 15978>%. The
analysis follows EN 15978 and quantifies the total carbon emissions as the sum of embodied carbon emitted
during material production and installation and operational carbon emitted during the building’s use phase.
Accordingly, the total carbon impact was calculated using Eq. (13) as®®:

COQ,total - CYO27 embodied + COQ, operational (13)

Here, CO, 1 dieq TEPTESENtS the CO, emissions associated with the production, transport, and application of
the building material, whereas CO, perational FEPTESENLS the CO, emissions arising from the energy consumed
to meet the building’s heating and cooling demands over its service life. The embodied carbon component was
calculated using Eq. (14) by considering the material bulk density (p), clay brick thickness (L), and the emission
factors for raw material extraction/supply (CO, ,.), transportation (CO, ,,), and manufacturing (CO, ,,) for
each clay brick type:

2,A1 2,A2 2,A3

COz2, embodied = pd(COy 41 +CO02 a2 + CO2,43) (14)

The Inventory of Carbon & Energy (ICE) database was used as a reference for the carbon emission factors of
raw materials and production processes®’. The embodied carbon inventory calculated for the reference (PV0)
and additive (PV1-PV4) clay bricks is reported in Table 7. As shown in Table 7, raw material and transportation
emissions increased with higher additive content, whereas the A3 term was kept constant because the firing
process was assumed identical for all samples.

In this study, embodied carbon (EC) values were calculated in kgCO,e/kg-brick unit. This approach is
compatible with the ICE database, which assesses the carbon impact of Raw materials used in Building material
production, transport distances, and production processes on a mass basis®’. Regarding the A1 (raw material)
stage, emission factors were specified as 0.005 kgCO e/kg for clay, 0.006 kgCO,e/kg for pumice, and 0.801 kgCO, e/
kg for expanded vermiculite based on the specific mass fractions of each mixture. The A2 (transportation) stage
was modeled based on a heavy-duty Euro 5 engine truck (> 20 tons) with an emission factor of 0.107 kgCO, e/
tkm, assuming transport distances of 20 Km for clay and 150 Km for additives. For the A3 (manufacturing)
stage, the energy intensity of the industrial firing process was kept constant at 0.1403 kgCO,e/kg for all samples
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Sample

A1l (raw material) (kg-CO,e/kg) | A2 (transportation) (kg-CO,e/kg) | A3 (manufacturing) (kg-CO,e/kg) | Total embodied carbon (kg-CO,e/kg-brick)

PVO

0.0050

0.0021 0.1403 0.147

PV1

0.0449

0.0048 0.1403 0.190

PV2

0.0450

0.0058 0.1403 0.191

PV3

0.0451

0.0069 0.1403 0.192

PV4

0.0452

0.0080 0.1403 0.193

Table 7. Embodied carbon (EC) values for each brick type.

to ensure a controlled comparative analysis®”-*%. If these values are to be compared based on surface area (m?),

the approximate carbon density can be calculated using the bulk density (p) and wall thickness (L) of the relevant
brick type as shown in Eq. (14). This study assumes a standard wall thickness (L) of 0.19 m for a 1 m? wall, with
corresponding material consumptions of 366.81 kg, 340.03 kg, 307.75 kg, 275.47 kg, and 249.06 kg for PVO0,
PV1, PV2, PV3, and PV4 bricks, respectively. However, as the primary objective of the analyses in this study
is to evaluate relative performance differences, the unit kgCO,/kg has been preferred for comparative analyses.
This method allows for transparent and traceable comparison of the environmental impacts of different material
compositions. Operational carbon refers to emissions generated by the fuel consumed to Meet the heating and
cooling needs of the Building throughout its service life. Operational carbon emissions were determined using
Eq. (15)%%0,

COQ, operational = EyearCF (15)

Result and discussion

This section presents the results obtained for the next-generation porous clay bricks (PV0-PV4) incorporating
pumice and vermiculite additives in terms of annual energy consumption, exergy loss, environmental impact,
and economic performance across different climate zones, and discusses them in comparison with the existing
literature. To provide an at-a-glance comparison across all climates and brick configurations, Table 8 consolidates
the key annual 4E indicators (energy, exergy, economic, and environmental analysis results) for PV0-PV4 in the
six representative cities. The following sub-sections discuss these outcomes in detail.

Energy and exergy analysis

The results obtained from EnergyPlus-based simulations are presented in Fig. 4, which compares the effects of
five different brick configurations (PV0-PV4) on annual heating and cooling energy consumption in six cities
representing different climate zones.

In the analyses of the heating loads shown in Fig. 4a, it is evident that the wall configuration using PV4
provides savings of up to 10-14%, particularly in cold climates (such as Erzurum and Kastamonu). This result
demonstrates that PV4 limits heat loss due to its low thermal conductivity. In hot regions (e.g., Mersin), however,
the effect of material-related improvements is limited due to the lower absolute heating load. The cooling load
analyses presented in Fig. 4b show that the Wall configuration using PV4 provides savings of 6-11% in hot
climates (such as Mersin and Denizli). This is related to the building envelope’s reduced heat-gain effect.

In contrast, in cold regions, cooling loads are low, so the difference remains below 2%. Overall, improvement
rates increase in parallel with the additive content across all configurations. Figure 5 presents a comparative
analysis of the effect of different brick configurations on total annual energy requirements (heating + cooling)
for six different climate zones in Tiirkiye.

As illustrated in Fig. 5a, the PV4 configuration achieved the highest energy efficiency across all climate zones,
yielding total demand reductions of 12.92% in heating-dominant Erzurum and 10.81% in cooling-dominant
Mersin relative to the reference case (PV0). Decomposing these loads (Fig. 5b) reveals absolute savings reaching
21 kWh/m?-year for heating and 17 kWh/m?-year for cooling, confirming the material’s efficacy in mitigating
both thermal losses and gains. These results underscore the critical role of low thermal conductivity in extreme
climatic conditions, consistent with prior research attributing enhanced thermal performance to porosity and
additive integration in porous masonry systems' 1314,

When Fig. 6 was examined, the reduction in annual exergy losses—reaching up to 13.66% with the PV4
wall configuration—is fundamentally attributed to the mitigation of internal and external thermodynamic
irreversibilities. Specifically, the lower thermal conductivity of the innovative porous bricks reduces the
magnitude of heat flux through the wall assembly, which consequently decreases the temperature gradient (AT)
between the indoor and outdoor environments. From the perspective of the second law of thermodynamics,
a smaller AT during heat transfer results in lower entropy generation and, thus, reduced exergy destruction.
Furthermore, the optimized thermal mass and specific heat capacity (c_) of the PV4 porous clay bricks (872 J/
kgK) provide an enhanced thermal damping effect. This allows the PBuilding envelope to stabilize internal
temperature fluctuations more effectively against transient climatic loads, minimizing the high-quality energy
required to maintain thermal equilibrium.

In cold climates such as Erzurum, the wall configuration with PV4 reduced annual total exergy loss to 13.7
kWh/m?-year, representing a 14% reduction compared to the reference case (PV0), while improvements reached
12% in temperate regions like Ankara. Even in hot climates (Mersin and Denizli), PV4 maintained a 10% exergy
advantage. These findings corroborate the positive impact of thermal mass on exergy efficiency and align with
the reported distinctions between energy and exergy performance in buildings®. Furthermore, the observed
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Environmental
analysis
Economic analysis ?O(Zf‘(o)w/
Brick type | Energy analysis L (kWh/m?-year) | Exergy analysis Ex, _ (kWh/m?-year) | payback period (year) | m?year,
PVO 188.50 8.17 - 77.30
PV1 181.00 7.84 9.19 87.06
PV2 179.24 7.77 9.10 81.02
PV3 174.15 7.55 6.75 74.50
PV4 168.12 7.29 5.38 68.88
PVO 180.28 8.45 - 72.18
PV1 173.37 8.12 10.41 82.22
PV2 171.84 8.05 10.41 76.25
PV3 167.20 7.83 7.68 69.94
PV4 162.33 7.60 6.38 64.58
PVO 165.89 8.47 - 65.68
PV1 159.67 8.14 12.27 76.03
PV2 157.53 8.03 10.88 70.07
PV3 153.20 7.79 8.24 63.95
PV4 149.67 7.61 7.37 5891
PVO 161.51 10.18 - 60.63
PV1 154.61 9.72 11.06 71.14
PV2 152.62 9.58 10.38 65.26
PV3 147.60 9.25 7.56 59.22
PV4 144.36 9.03 7.07 54.35
PVO 165.10 11.54 - 59.46
PV1 157.23 10.94 9.56 70.02
Kastamonu (5th) | PV2 155.31 10.81 9.33 64.14
PV3 150.04 10.40 6.99 58.19
PV4 146.72 10.16 6.56 53.28
PVO 166.11 17.09 - 56.86
PV1 157.01 16.10 8.11 67.49
Erzurum (6th) PV2 154.56 15.83 7.74 61.64
PV3 148.87 15.21 6.05 55.72
PV4 144.65 14.76 541 50.85

Table 8. Summarizes all 4E analysis (energy, exergy, economic, and environment) results for wall
configurations incorporating PV0-PV4 porous clay brick types across six climates, complementing Figs. 3, 4,
5,6,7 and 8.

regional variations validate the necessity of climate-specific building envelope analysis for robust performance
assessment™.

The findings of this study, particularly the thermodynamic improvements achieved with PV4 across all zones,
align with the global multi-criteria envelope optimization trends. Consistent with the findings of Zhou et al.”-%!
in different climatic contexts, our results confirm that increasing the thermal resistance of the building skin leads
to non-linear improvements across all 4E metrics. However, our analysis specifically highlights that for porous
clay bricks, the magnitude of these improvements is highly dependent on the local HDD profile, showing the
highest exergy resilience in extreme climates like Erzurum.

Economic and environmental assessment

Beyond energy conservation, economic feasibility is a decisive factor in material selection. Accordingly, this
study evaluates the cost-effectiveness of the proposed brick configurations by quantifying annual energy savings
($/m?-year) and payback periods relative to the reference case (PV0), based on dynamic simulation outputs.
Figure 7 illustrates the variations in annual total energy costs across the six climate zones.

When examining Fig. 7, the building scenarios modelled with PV4-type bricks show lower total energy costs
in all climate zones. Particularly in regions with high annual heating requirements, such as Erzurum, the PV4
clay brick achieved an annual saving of approximately $0.65/m?2-year. Similarly, in cold climate zones such as
Kastamonu and Ankara, annual savings reached the range of $0.55-0.6/m?-year. In hot regions (e.g., Mersin),
although energy savings were relatively low, a cost advantage was achieved due to the reduced cooling loads.
These results demonstrate that bricks with lower thermal conductivity and higher specific heat capacity also
offer economic advantages. The payback periods calculated for different brick configurations (PV1-PV4) are
presented for comparison across the six climate zones in Fig. 8.
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Fig. 4. Annual (a) heating and (b) cooling loads (kWh/m?) and percentage differences (%) calculated per m?
of wall area for clay brick configurations PV0-PV4 across six climatic regions.

As illustrated in Fig. 8, the superior thermal performance of PV4 translates directly into economic viability.
In heating-dominated regions such as Erzurum, PV4 achieves a payback period (PBP) of less than five years,
whereas lower-performing alternatives (PV1, PV2) prolong this period to 7-9 years. This trend is consistent
across all climate zones and corroborates studies in Turkey, which estimate optimal insulation PBPs between
5.38 and 7.47 years'”?-3!. In order to provide a comprehensive robustness check as per EN 15459, a sensitivity
analysis was performed for all developed brick types (PV1-PV4) across all climatic zones. The analysis evaluated
the impact of annual energy price escalation rates of 5% and 10% on the Net Present Value (NPV) of energy
savings over a 10-year lifespan. As detailed in Table 9, even under the most conservative scenarios, all innovative
bricks maintain their economic superiority over the reference case (PV0). For the PV4 configuration, a 10%
annual increase in energy prices results in nearly an 80% increase in total savings, reaching up to $9.07/m? in
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Fig. 5. Comparative analysis of (a) total annual energy demands (kWh/m?) - percentage differences (%), (b)
absolute heating/cooling need differences (kWh/m?) calculated per m? of wall area for clay brick configurations
PV0-PV4 across six climatic zones.

Mersin and $8.75/m? in Erzurum. These findings demonstrate that the proposed lightweight bricks act as a
hedge against energy market volatility, providing greater economic security as energy costs rise.

Regarding environmental performance, Fig. 9 illustrates the annual total CO, emissions, encompassing
both embodied and operational carbon loads, normalized per square meter of the wall system. The embodied
emissions (gray bars) contribute approximately 55 kgCO,/m*-year across all configurations, representing
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Fig. 7. Annual energy cost distribution and economic savings ($/m?) calculated per m? of wall area for clay
brick configurations PV0-PV4 across six climatic zones.
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Fig. 8. Payback periods of alternative clay brick configurations (PV1-PV4) across six climatic regions based
on energy savings.

Region | City Scenario PV1 | PV2 | PV3 | PV4
Base (e=0%) 194 239 |3.71 |5.28
st Mersin e=5% Escalation |2.54 |3.13 | 4.85 | 6.9
e=10% Escalation | 3.34 | 4.12 | 6.38 |9.07
Base (e=0%) 1.75 | 2.13 |3.31 | 455
2nd Denizli e=5% Escalation |2.29 |2.79 |4.33 |5.95
e=10% Escalation | 3.01 |3.67 |57 |7.83
Base (e=0%) 1.53 |2.06 |3.12 |3.99
3rd Bursa e=5% Escalation |2 2.69 | 4.08 |5.22
e=10% Escalation | 2.63 | 3.54 | 5.37 | 6.87
Base (e=0%) 1.66 |2.14 | 335 |4.12
4th Ankara e=5% Escalation |2.17 |2.8 |4.38 |5.39
e=10% Escalation | 2.85 | 3.68 | 5.76 |7.09
Base (e=0%) 1.88 | 234 |36 |439
5th Kastamonu | e=5% Escalation |2.46 |3.06 |4.71 |5.74
e=10% Escalation | 3.23 | 4.02 |62 |7.55
Base (e=0%) 2.16 |2.74 | 4.09 |5.09
6th Erzurum e=5% Escalation |2.82 |3.58 |5.35 |6.65
e=10% Escalation | 3.71 |4.71 | 7.04 |8.75

Table 9. Sensitivity analysis of NPV savings ($/m?) for all brick types under different energy price escalation
rates (e) (Analysis period:10 years, r=2.48%).

the baseline environmental impact of material production. When considering the total life-cycle impact, the
PV4 configuration achieves the highest environmental benefit, particularly in heating-dominated regions like
Erzurum and Ankara, where operational carbon reductions are most significant. In Erzurum, the net emission
savings for PV4 reach nearly 4.7 kgCO,/m*-year compared to the reference clay brick case (PV0). Even in
cooling-dominated Mersin, the innovative brick configurations demonstrate a clear reduction in total carbon
emissions, indicating that the increased embodied carbon associated with the modified bricks is effectively offset
by substantial operational energy savings. These findings align with life cycle assessments linking insulation
optimization to significant carbon mitigation** and support the emphasis on integrating embodied carbon into
material selection for holistic building envelope design*®.

The performance advantage of the proposed porous clay bricks becomes more evident when compared with
common masonry alternatives such as Autoclaved Aerated Concrete (AAC) and conventional concrete blocks.
Previous studies have reported that while AAC provides low thermal conductivity, its high hygroscopicity often
leads to an in-situ thermal performance degradation of up to 15-20% under humid conditions. In contrast, the
porous clay matrix utilized in this study offers better moisture buffering and structural integrity. Furthermore,
comparative life-cycle assessments indicate that fired clay bricks with pumice additives can achieve a 10-12%
lower carbon footprint per unit of R-value compared to lightweight concrete blocks, primarily due to the
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Fig. 9. Comparative assessment of annual total CO, emissions from embodied and operational sources and
net emission savings (kgCO,/m?) calculated per m? of wall area for brick configurations PV0-PV4 across six
climate zones.

lower cement-related embodied emissions. Quantitatively, while standard concrete blocks exhibit thermal
conductivities above 1.0 W/mK, the PV4 configuration reduces this value to 0.439 W/mK, providing a 56%
improvement in the building envelope’s thermal resistance without the need for additional synthetic insulation
layers.

A systematic sensitivity screening was conducted to evaluate the stability of the 4E (Energy, Exergy, Economy;,
Environment) results and to address potential input uncertainties across the six climatic zones. As summarized in
Table 10, the analysis focused on two critical operational and material variables associated with the investigated
wall models: (i) thermal conductivity (k) variations of + 10\% to account for moisture-related variability within
the porous clay brick units, and (ii) infiltration rate fluctuations of + 20% reflecting uncertainties in construction
quality and airtightness of the overall wall assembly. This screening-level sensitivity approach is consistent with
common practice in simulation-based building performance and energy-management research, where a limited
set of influential inputs is perturbed within plausible ranges to test the robustness of comparative conclusions.
Although® is framed in the context of energy flexibility and control, the underlying principle—evaluating result
stability against plausible input perturbations—is directly transferable to building energy simulation studies.
All sensitivity indices are reported as the magnitude of the relative deviation from the respective baseline case
for each wall type (JA%]), calculated as |A%|=100|(Xperturbe dcaseXbasecase) Xpasecase- While the results in Table
10 are reported as absolute magnitudes, the directionality follows consistent physical logic; increases in k
and infiltration generally increase E ., Ex, , and CO, while reducing NPV. This assessment addresses input
uncertainty at a level consistent with typical building simulation studies and is sufficient to demonstrate the
robustness of the identified comparative trends among the wall models utilizing different innovative clay bricks.

The numerical results in Table 10 demonstrate that the 4E performance of the wall configurations incorporating
different porous clay brick types is highly susceptible to climatic boundary conditions and material properties. A
primary observation is the climatic divergence of sensitivity indices, specifically variations in clay brick thermal
conductivity (k) and infiltration rates, which exert their maximum impact in cold climates. For the baseline wall
type (PV0) and the optimized configuration (PV4), Erzurum exhibits the highest energy demand deviation,
reaching magnitudes of 5.0% and 3.7%, respectively. This confirms that conduction through the building
envelope and air leakage are the dominant heat loss mechanisms in heating-dominated regions. Furthermore,
the wall configuration with innovative PV4 consistently shows the lowest sensitivity magnitudes (|A%|) across
all six zones, indicating superior thermodynamic and economic resilience compared to the standard reference
case with PVO. For instance, the NPV sensitivity to infiltration in Erzurum is reduced from 6.1% (PV0) to 5.1%
(PV4), proving that the high-performance porous brick layers act as a “thermal buffer” that mitigates the risks
associated with construction quality and material degradation.
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Parameter Brick | Criteria Mersin | Denizli | Bursa | Ankara | Kastamonu | Erzurum
Eye“r (x%) | 3.6 39 4.3 4.6 4.6 5.0
EXq (£%) | 4.1 4.5 4.8 5.1 5.1 5.5
PVO
NPV (+%) | 4.2 4.8 52 5.6 5.6 6.0
CO, (%) | 1.9 2.2 2.4 2.6 2.7 3.0
E (%) |32 35 3.8 4.1 4.1 44
‘year
Ex, (£%) | 3.6 40 43 |46 4.6 49
PVl
NPV (+%) | 3.6 4.4 4.7 5.0 5.0 5.3
CO2 (%) | 1.5 1.7 1.9 2.0 2.1 24
E (%) |3.0 33 3.6 3.8 3.8 4.1
‘year
Ex, . (+%) | 3.4 38 41 |43 43 4.6
k-value (+10%) PV2 :
NPV (+%) | 3.3 4.2 4.5 4.7 4.7 5.0
CO, (+%) | 1.3 1.5 17 1.8 1.8 2.1
E. (£%) |29 32 34 |36 3.6 39
Ex,, (£%) | 3.3 3.7 39 |42 42 45
PV3
NPV (+%) |3.2 4.0 4.3 4.5 4.5 4.8
CO, (%) |1.2 1.4 1.6 1.7 1.7 1.9
E . (x%) |28 3.1 33 |35 35 37
oy | Bl (%) | 32 3.6 38 |4l 41 44
NPV (+%) | 3.1 39 4.1 4.3 4.3 4.5
CO2 (%) | 1.1 1.2 1.3 14 14 1.6
E (%) |4.1 4.7 5.1 5.6 5.8 6.3
year
Ex, (£%) | 4.6 5.2 56 |61 6.4 6.9
PVO
NPV (+%) | 4.0 4.7 5.1 5.5 5.7 6.1
CO2 (%) | 1.8 2.1 2.3 2.5 2.7 3.0
E._ (+%) |36 41 45 |49 5.1 56
year
ExloSg (%) | 4.0 4.6 5.0 5.4 57 6.1
PV1 :
NPV (+%) | 4.0 4.7 5.1 5.5 5.7 6.1
CO, (+%) | 1.8 2.1 23 |25 2.7 3.0
E . (£%) |34 3.9 43 |47 49 5.3
Ex,, (£%) | 3.8 44 48 |52 5.4 5.8
Infiltration (+20%) | PV2
NPV (+%) | 3.8 4.5 4.8 52 54 5.8
CO, (+%) |16 1.9 2.1 23 24 2.7
E . (%) |33 3.8 41 |45 47 5.1
Ex, (£%) | 3.7 42 46 |49 5.1 55
PV3
NPV (+%) |3.7 43 4.6 4.9 5.1 5.5
CO2 (x%) | 1.5 1.7 1.9 2.1 2.2 2.4
E (%) |32 3.6 3.9 4.2 4.4 4.8
year
Ex, (£%) | 3.5 40 43 |46 48 5.2
Pv4 :
NPV (+%) | 3.5 4.1 4.4 4.6 4.8 5.1
CO2 (%) |1.3 1.5 1.7 1.8 1.9 2.1

Table 10. Screening sensitivity analysis of annual energy demand, exergy losses, economic return (NPV),
and operational CO, emissions under key input uncertainties for porous brick wall configurations across
representative Turkish climates.

It should be noted that the performance of porous materials is inherently linked to their moisture-dependent
thermal conductivity, a factor often highlighted as a critical uncertainty in real-world applications’. In this study,
we addressed this potential degradation by conducting a sensitivity analysis (k £ 10%), which demonstrated that
even under potential moisture-induced conductivity increases, the PV4 configuration maintains its comparative
advantage over standard clay bricks. While all values are reported as absolute magnitudes, the physical trend
remains consistent: increases in k and infiltration exacerbate exergy losses (Ex, ) and CO, emissions while
penalizing the NPV. This screening confirms that the comparative advantages of the proposed porous brick wall
designs are robust even under conservative + 10% to + 20% parameter perturbations.

Conclusion

In this study, six cities representing different climate zones in Turkey were analyzed. The research focused on
standard bricks containing 100% clay (referred to as PV0) and the performance of the novel developed porous
clay bricks made from 55% clay, 40% pumice, and 5% vermiculite (PV1-PV4 series). The evaluation considered
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the 4E dimensions: Energy, Exergy, Economic, and Environmental impacts, using comprehensive building
energy simulations. The main findings can be summarized as follows:

« Buildings using wall configurations with PV4 bricks experienced a decrease in total annual energy consump-
tion by 9-13% compared to the PVO reference bricks.

o The use of PV4 bricks resulted in an average reduction in annual exergy loss of 10-14% across all regions.

« The annual energy cost savings for buildings using PV4 bricks ranged from $0.50 to $0.70 per square meter,
with a payback period (PBP) estimated to be between 4 and 6 years.

« Additionally, PV4 bricks contributed to a reduction in annual CO, emissions by 3-5 kgCO,/m*

The analysis demonstrates that climate-specific envelope optimization is vital for multidimensional sustainability,
underscoring that laboratory-determined thermal conductivity is insufficient for accurate evaluation without
dynamic simulations. Consequently, PV4 porous bricks emerge as a technically and economically superior
alternative. Based on these insights, the following recommendations and final assessments are proposed:

o Policy and fiscal recommendations: Material selection strategies must move beyond generic approaches to
prioritize climate-specific adaptability. Governments and policymakers should implement fiscal mechanisms,
such as tax reductions or energy efficiency certification schemes, to promote the commercialization of locally
sourced, sustainable materials like pumice-vermiculite clay bricks.

« Engineering and design: Integrating these material properties into Building Information Modelling (BIM)
workflows at the early design stage offers significant advantages for architectural and engineering precision.

« Study limitations: While providing robust comparative results, this study acknowledges certain real-world
limitations. These include the long-term sensitivity of porous bricks to moisture content (which may alter
thermal conductivity), potential surface aging/soiling effects on solar absorptance, and the impact of thermal
bridging in practical construction quality. The simulated walls do not include external insulation. While this
was a deliberate modeling choice to isolate material effects, the resulting energy and CO, savings represent
upper-bound estimates and may not fully reflect code-compliant assemblies under TS 825. The HVAC system
is modeled using the Ideal Loads Air System, which excludes equipment efficiencies and user behavior; thus,
the results are for relative comparison only. Thermal bridging effects (e.g., from mortar joints or structural
connections) were not explicitly modeled and could reduce real-world thermal performance.

o Future work and circular economy: Future studies should extend this methodology to diverse building typol-
ogies and occupancy scenarios. Moreover, future research should focus on “Lifecycle Stage C” (end-of-life),
investigating the potential for crushing and reusing pumice/vermiculite-enhanced bricks as aggregate in new
construction materials to support circular economy goals.

In conclusion, this study validates PV4 porous clay bricks as a technically viable solution for enhancing both
energy efficiency and environmental sustainability. Expanding such climate-responsive performance analyses
is essential for establishing a resilient and energy-efficient national building stock in multi-climatic regions like
Turkey.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
on reasonable request.
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