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ABSTRACT

Introduction

Amid accelerating urbanization and escalating energy demands in the built
environment, enhancing the thermal efficiency of building envelopes has
become imperative, particularly in climatically challenging regions.

Methodology

This study investigates and optimizes the thermal behavior of external walls
in residential buildings within the cold, mountainous context of Bonab, East
Azerbaijan Province, Iran. The building sector accounts for nearly 40% of
Iran’s final energy consumption, with a substantial portion attributed to
heating and cooling loads. To address this, a hybrid methodology integrating
on-site measurements and dynamic energy simulations - conducted using
DesignBuilder - was employed to evaluate various wall assemblies and fagade
configurations across representative residential structures in Bonab.

Results

The analysis encompassed multiple wall constructions, including clay brick,
lightweight expanded clay aggregate (Leca), and autoclaved aerated concrete
(AAC), combined with extruded polystyrene (XPS) insulation, alongside
window-to-wall ratios (WWR) varying between 15% and 45%. Results
demonstrate that an AAC—XPS composite wall system delivers optimal
thermal performance, achieving a 42% reduction in annual energy
consumption relative to conventional clay block walls. Furthermore, a
daylight factor between 25% and 35% is identified as the ideal WWR range
for Bonab, balancing energy efficiency with sufficient natural illumination.
By leveraging localized climatic data and empirical validation.

Discussion and Conclusion

This research provides evidence-based, scalable recommendations for
architects, building engineers, and urban planners seeking to advance energy-
resilient design strategies in cold, highland climates.

KEYWORDS
Thermal performance, External walls, Residential buildings, Energy
simulation, Bonab, Cold and mountainous climate.
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Introduction

The building sector is one of the most critical energy-consuming domains globally, accounting
for approximately 36% of final energy consumption and 39% of carbon dioxide emissions. In
Iran, this share reaches 41%, with half of this amount dedicated to the heating and cooling of
residential spaces. Driven by rapid urbanization and the growing demand for thermal comfort,
optimizing the thermal performance of building envelopes has become an undeniable necessity.
This imperative is doubly significant in cold, mountainous climates characterized by severe
seasonal temperature fluctuations.

The city of Bonab in East Azerbaijan Province, located at 37°23'N, latitude and 46°02'E,
longitude with an elevation of 1,340 meters above sea level, features a cold and semi-arid
climate according to the Kdppen classification. With a mean annual temperaturel3.5°C,
absolute maximum of 41°C in summer, and an absolute minimum of —22°C in winter—coupled
with relatively stable winds averaging 3.5 m/s and low relative humidity during warm months—
the city experiences conditions that maximize heating and cooling demands simultaneously.
This intense seasonal thermal dichotomy distinguishes Bonab from typologically similar
regional cities like Maragheh and Miandoab, meaning that the application of generic climate
recommendations introduces substantial errors.

A review of the literature indicates that while numerous studies have addressed exterior wall
optimization in cold climates, significant knowledge gaps persist: (1) over 70% of these studies
rely exclusively on software simulations lacking field validation; (2) most researchers focus on
central and southern regions of Iran, largely overlooking the unique microclimates of the
northwest, particularly Bonab; (3) mid-rise buildings (4 to 8 stories), which constitute the bulk
of Bonab's urban expansion, are underrepresented in prior analyses; and (4) previous efforts
predominantly emphasize novel materials and high-tech systems while ignoring local economic
constraints and material availability.

To address these gaps, this study adopts a mixed-methods (qualitative and quantitative)
approach, combining real-world field data with advanced building performance simulation. The
primary objective is to identify the optimal configuration of materials and geometry for the
exterior walls of mid-rise residential buildings in the cold, mountainous climate of Bonab,
aligning with the Iranian Energy Organization's strategic vision to reduce building energy
consumption by 30%.

Methodology
This applied research was executed across four distinct methodological phases:

e Phase 1: Climate and Field Data Collection
Meteorological data—including ambient temperature, relative humidity, wind speed/direction,
solar radiation, and precipitation—were extracted over a two-year period from the Bonab
synoptic station to construct an EnergyPlus Weather( EPW) file. Concurrently, 12 mid-rise
residential buildings (4 to 8 stories) were selected based on specific criteria, including
construction age (5 to 15 years), HVAC system type (centralized vs. independent), exterior wall
materials (clay blocks or lightweight expanded clay aggregate, known as LECA), orientation,
and Window-to-Wall Ratio (WWR). High-precision temperature and humidity sensors were
deployed internally and externally across these samples, and actual billing data for gas and
electricity were compiled for winter and summer seasons. The thermal resistance of the wall
assemblies was empirically verified using non-destructive techniques, including infrared
thermography and heat flow meter testing.

e Phase 2: Simulation and Modeling
Three-dimensional digital models of the target buildings were constructed utilizing
DesignBuilder software backed by the EnergyPlus simulation engine. The parametric design
variables included: base wall materials (clay brick, LECA, and Autoclaved Aerated Concrete,
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known as AAC), insulation type and thickness (uninsulated, Extruded Polystyrene, known as
XPS at 5 cm and 10 cm, and rock wool at 8 cm), glazing configurations (standard double-glazed
vs. low-E double-glazed with argon gas filling), WWR evaluated across six increments (15%,
20%, 25%, 30%, 35%, and 40%), and building orientations.

e Phase 3: Model Validation
The empirically monitored indoor temperature and relative humidity profiles were compared
against the simulated outputs. The validation metrics demonstrated that the computational
models predicted indoor air temperatures with a Mean Absolute Error (MAE) of 1.5°C and
relative humidity within an error bound of less than 8%, establishing an acceptable threshold
for parametric optimization.

e Phase 4: Parametric Optimization
A genetic algorithm (GA) within the DesignBuilder environment was deployed to
systematically navigate the parametric design space. The primary objective function was the
minimization of the total annual cooling and heating Energy Use Intensity (EUI). The
optimization process was bound by multiple design constraints: a minimum daylight factor
(DF) exceeding 2%, a maximum investment cost caped at 1.5 times the standard benchmark,
and a maximum total wall thickness of 40 cm. For each configuration, 500 algorithmic iterations
were processed to guarantee mathematical convergence to the global optimum. Sensitivity
analysis was subsequently performed using multi-variate regression and analysis of variance
(ANOVA) models.

Results

1) Baseline Energy Consumption Patterns
Field monitoring revealed that residential buildings in Bonab consume an average of \35 m? of
natural gas per square meter of gross floor area during the heating season, a value 20% higher
than national energy codes specify for comparable climatic zones. Summer electricity
consumption averages 120 kWh/m?, reflecting heavy reliance on supplementary split-system
cooling units. The thermal gradient between internal and external environments during peak
heating hours (4:00 AM to 6:00 AM) reached an average of 24°C.

2) Measured Thermal Resistance Metrics
In-situ measurements of thermal resistance (R-value) indicated that a standard uninsulated 20-
cm clay brick wall yields and R-value of 0.45 m?K/W. Conversely, a 30-cm composite
assembly consisting of an AAC block backed by 10 cm of XPS insulation achieved and R-value
of 3.42 m*K/W, indicating a greater than sevenfold increase in thermal resistance relative to
traditional clay brick enclosures.

3) Parametric Optimization Solutions
The mathematically optimal configuration identified for the exterior walls in Bonab consists of
Autoclaved Aerated Concrete (AAC) blocks paired with a 10-cm layer of Extruded
Polystyrene (XPS) insulation. This assembly reduces annual heating energy consumption by
42% compared to uninsulated clay brick walls. The total annual EUI for the optimized building
envelope dropped to, 99.5 kWh/m?yr, which represents a 57% energy reduction compared to
the baseline uninsulated clay brick layout (EUI = 230.7 kWh/m?yr) alternative assembly pairing
AAC with 8 cm of rock wool insulation (R = 3.15 kWh/m?yr) demonstrated a competitive but
marginally lower performance (EUI = 113.9 kWh/m?yr).

4) Optimized Window-to-Wall Ratio (WWR)
The ideal range for the WWR in Bonab was determined to be between 25% and 35%. Granular
spatial analysis revealed that for southern and western orientations (which experience high solar
heat gains), a WWR of 30% to 35% is optimal. For northern and eastern facades, a tighter range
of 25% to 30% is recommended. Increasing the WWR beyond 40% triggered severe indoor
temperature fluctuations due to excessive solar gains and thermal losses. Integrating double-



Physical Development Planning, Volume 13, Issue 1, 2026 70

glazed, low-E windows filled with argon gas emerged as the most effective glazing strategy,
mitigating overall fenestration heat transfer by 25% while maintaining appropriate daylight
levels.

5) Sensitivity Analysis Outcomes
The selection of the primary core wall material exerted the most profound impact on building
energy consumption, accounting for 35% of the variance. This was closely followed by
insulation layer thickness at 30%, and the WWR at 25%.

6) Economic and Environmental Lifecycle Assessment
The initial capital cost of the optimized wall system is approximately 35% higher than a
conventional clay brick wall. However, this premium is fully amortized within an estimated
payback period of 7 to 8 years through cumulative utility bill savings. Environmentally, the
optimized building envelope mitigates lifecycle greenhouse gas emissions, yielding a 45%
reduction in carbon dioxide intensity, equivalent to preventing 45% — equivalent to 45 kg CO-
per m? emissions per square meter of floor area annually.

Discussion and Conclusion

Alignment with Prior Literature

The findings of this study demonstrate strong congruence with regional literature, notably
research conducted in the nearby cold-climate city of Tabriz, which similarly recommended
AAC blocks combined with XPS insulation as the premier envelope solution. However, the
optimal WWR reported for Tabriz ranges higher (30% to 40%), highlighting subtle
microclimatic variations between the two urban centers. The results also align with cold-climate
building studies from northern China, which identified an optimal WWR of 25% to 35%.
Conversely, a divergence is observed when comparing these outcomes to Canadian envelope
studies that mandate a minimum insulation thickness of 30 cm; this variation is readily
explained by Canada's significantly harsher sub-zero winters (dropping below —35°C relative
to the minimum extremes observed in Bonab.

Innovation and Distinctiveness

The defining contribution of this research lies in its reliance on empirical field datasets for
simulation validation. While over 70% of comparable domestic building energy studies depend
entirely on unvalidated software setups, this research significantly bolsters empirical reliability
by collecting direct temperature, humidity, and energy data from sensors across 12 operational
buildings. Furthermore, the explicit focus on mid-rise developments (4 to 8 stories) and the
incorporation of localized economic constraints offer a practical framework often absent in
theoretical optimization models.

Practical and Policy Implications

Based on the empirical findings, the following actionable recommendations are proposed:

e Formulation of Regional Codes: Building regulatory bodies in East Azerbaijan Province
should institutionalize localized thermal standards for Bonab and its immediate
geographic vicinities, mandating a minimum envelope thermal resistance of R>2.5
m?K/W, and optimal WWR range of 25% to 35%.

e Financial and Fiscal Incentives: To offset the higher up-front capital costs of high-
performance materials, municipal authorities and banking institutions should extend
property tax credits, subsidized low-interest construction loans, and building permit
discounts to developers utilizing AAC blocks and thick XPS insulation layers.

e Capacity Building for Local Contractors: Technical training workshops focusing on the
installation mechanics and lifecycle benefits of modern insulated assemblies should be
mandated for regional architects, civil engineers, and construction crews.

e Establishment of Urban Energy Databases: The Municipality of Bonab, in coordination
with regional natural gas and electricity distribution utilities, should develop a
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centralized building energy consumption registry to facilitate ongoing monitoring,
empirical policy updates, and the calibration of future predictive models.
Limitations and Future Horizons
This research was bounded by its focus on mid-rise residential structures aged between 5 and
15 years, and stochastic occupant behavior introduces an inherent margin of uncertainty
regarding absolute energy predictions. Future research should evaluate the synergistic
integration of active renewable energy systems (such as building-integrated photovoltaics)
alongside envelope optimization, while also evaluating thermal performance resilience under
prospective climate change scenarios.
Final Synthesis
This investigation clearly demonstrates that implementing an exterior wall assembly composed
of AAC blocks and 10 cm of XPS insulation, while constraining the window-to-wall ratio
between 25% and 35%, reduces space-heating energy demands by 42% and carbon emissions
by 45% in Bonab's residential buildings. Yielding an economically viable investment payback
period of 7 to 8 years, this strategy represents a scalable milestone toward achieving national
energy reduction targets and mitigating localized air pollution across northwestern Iran. The
dual field-simulation paradigm established herein offers a highly generalizable model for urban
centers across cold, mountainous regions globally.

Keywords: Thermal performance, Exterior walls, Residential buildings, Energy simulation, Bonab,
Cold and mountainous climate.
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