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Abstract: The potential for energy efficiency in office buildings is critical, especially in regions facing
rapid climate change impacts. This study investigates the use of phase change materials (PCMs) and
double-skin facades (DSFs) to optimize energy performance in office buildings in Iran, a country with
significant energy demands for heating and cooling. Utilizing Building Information Modeling (BIM)
and EnergyPlus 24.1.0 software, we evaluated energy consumption trends across climate scenarios
from 1981 to 2030. The findings underscore the rising energy demand due to global temperature
increases and demonstrate that integrating PCMs and DSFs can mitigate energy consumption. This
research highlights the importance of region-specific building strategies to achieve energy-efficient
designs and contributes practical insights for developing sustainable energy policies in Iran.

Keywords: building information modeling (BIM); energy consumption; sustainability; climate
change; energy efficiency

1. Introduction

Recent data from the Intergovernmental Panel on Climate Change (IPCC) and other
climate sources show that global temperatures have already increased by approximately
1.1 °C above pre-industrial levels, with projections suggesting that under high-emission
scenarios, the rise could reach between 3.3 °C and 5.7 °C by 2100. In 2023, global sur-
face temperatures reached record highs, ranging between 1.34 °C and 1.54 °C above
pre-industrial levels. The rapid warming, particularly over land areas, continues to outpace
earlier estimates, and the IPCC warns that surpassing the 1.5 °C threshold could happen
as early as 2040 if emissions are not drastically reduced [1,2]. As climate change predicts
that summers will be hotter and winters warmer in the next 100 years, currently designed
buildings and many existing buildings will have to deal with future weather conditions.
According to Cemesova et al. [3], climate change is unavoidable, and anthropogenic green-
house gases have primarily caused it. The construction industry’s inefficiency has been
criticized because it generates too much waste, emits significant amounts of greenhouse
gases, and consumes too much energy compared to other industries [4]. Globally, buildings
consume 117 exajoules (EJs), or 32% of the final global energy, 25% of greenhouse gas
(GHG,) emissions, and 51% of global electricity. Additionally, by 2050, heating and cooling
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energy use in commercial and residential buildings is prognosticated to grow by 79% and
83%, respectively [5,6]. Furthermore, the construction sector is responsible for excessive
energy consumption, and its public demand is anticipated to increase in the coming years.

Among developing countries, Iran stands out with buildings accounting for 41% of
the nation’s overall energy demand. Within the building sector, 61% of the total energy
consumption is dedicated to heating and cooling systems, making this the largest contribu-
tor to the country’s energy use. This high demand for thermal regulation highlights the
critical importance of improving energy efficiency in the building sector, particularly as
Iran faces increasing energy challenges due to climate change and rapid urbanization [7].
In other words, in Iran, a significant proportion of operational energy consumption in
buildings is related to thermal needs, primarily for heating and cooling. This emphasizes
the importance of studying the thermal energy aspects of buildings in regions with similar
climates. However, it is acknowledged that this pattern may differ in other parts of the
world where energy consumption patterns in buildings are more diversified and thermal
energy does not constitute the majority of operational consumption [8]. Thus, it is foreseen
that forthcoming constructions will aim for net-zero operational carbon, which refers to
achieving a balance between the carbon emissions from building operations, such as heat-
ing, cooling, and electricity, and the amount of carbon sequestered or offset. This is distinct
from embodied carbon, which refers to the emissions generated during the construction
process and the production of materials. In this context, a “net-zero operational carbon
home” ensures that the energy consumed during building operations results in net-zero
carbon dioxide emissions [9]. Growth is required in infrastructure, especially in residen-
tial building developments, as a priority in urbanization development. Simultaneously,
increasing concerns exist regarding the impact of construction on the economy, society, and
environment [10]. Therefore, green buildings, eco-architecture, and sustainable buildings
have changed the approach of building designers and homebuyers [11].

Green buildings are structures designed to reduce the environmental impact through
the efficient use of resources and energy. They incorporate sustainable materials, energy-
efficient systems, and waste reduction strategies throughout their life cycle. The key features
include renewable energy integration, water conservation measures, and improved indoor
environmental quality. The primary objective is to minimize the ecological footprint while
enhancing occupant health and productivity [12]. Eco-architecture emphasizes harmony
between the built environment and the natural world. This approach integrates natural
elements into architectural design, promoting biodiversity and enhancing the well-being of
occupants. Features often include green roofs, living walls, and the strategic use of natural
light and ventilation. Eco-architecture seeks to create buildings that are not only energy-
efficient but also contribute positively to the surrounding ecosystem [13]. Sustainable
buildings encompass a broader concept that includes economic and social sustainability
alongside environmental considerations. These buildings are designed to meet present
needs without compromising the ability of future generations to meet theirs. This involves
the use of durable materials, adaptability to changing needs, and the promotion of occupant
health and productivity. Sustainable buildings often adhere to certification standards such
as LEED or BREEAM, which assess various sustainability criteria [14]. The adoption of
these concepts has significantly influenced building designers and homebuyers. Designers
are increasingly integrating sustainable practices into their projects, focusing on energy
efficiency, material selection, and the overall environmental impact of their designs. This
shift is driven by both regulatory requirements and a growing awareness of environmental
issues. Homebuyers, on the other hand, are showing a preference for properties that offer
sustainability features, recognizing the long-term benefits such as reduced utility costs,
improved indoor air quality, and enhanced resale value. This trend reflects a broader
societal movement towards environmental responsibility and sustainable living.

Various green building certification systems have been developed to promote both sus-
tainability and the well-being of occupants. Among these, the WELL and LEED standards
have gained prominence due to their comprehensive approaches. The WELL standard
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emphasizes human health, comfort, and well-being, particularly focusing on indoor envi-
ronmental quality (IEQ) factors such as air quality, thermal comfort, lighting, and acoustics.
This standard is designed to enhance occupant satisfaction and overall health outcomes
by creating environments that support mental and physical well-being. In contrast, the
LEED standard adopts a more holistic approach, integrating sustainability objectives with
IEQ parameters. While LEED certifications focus primarily on energy efficiency, water
conservation, and the use of sustainable materials, they also include credits dedicated to
enhancing the indoor environment through measures such as improved ventilation, natural
lighting, and thermal control [15]. Both standards play crucial roles in building design, with
WELL being particularly aligned with health-centric design criteria and LEED providing a
broader framework that addresses both sustainability and indoor environmental quality.
As a result, buildings certified under either system tend to exhibit enhanced environmental
performance and occupant satisfaction compared to non-certified buildings. Certification
systems such as Green Star in Australia, DGNB in Germany, and BREEAM in the United
Kingdom similarly incorporate these dual goals of sustainability and occupant health,
demonstrating the growing global emphasis on the importance of designing buildings that
are not only environmentally responsible but also conducive to occupant well-being [16].
However, many individuals consider that the prior design stages play an essential role
in the stability of buildings, allowing access to information defining a building, such as
its form, materialization, and technical systems. Regrettably, the CAD system generally
cannot maintain the integral perspectives of construction [17].

The need for this study arises from the critical interplay between climate change and
energy consumption in the built environment. As global temperatures rise, driven by
anthropogenic activities, the energy demand for both heating and cooling in buildings is
expected to increase significantly. This trend is particularly concerning in countries like
Iran, where over 60% of a building’s energy consumption is dedicated to thermal regulation.
The construction industry, a significant contributor to greenhouse gas emissions, is under
pressure to adopt more sustainable practices to mitigate its environmental impact. In this
context, Building Information Modeling (BIM) offers a promising solution by allowing for
detailed energy simulations and sustainability assessments throughout the building’s life
cycle. This research aims to quantify the implications of climate change on building energy
consumption through a comprehensive analysis using Building Information Modeling
(BIM). By modeling a five-story residential building located in Tabriz, Iran, and applying
advanced materials such as phase change materials (PCMs) and double-skin fagades
(DSFs), this study evaluates the effectiveness of these strategies in mitigating energy
use. The conclusions drawn emphasize that integrating PCMs and DSFs can contribute
significantly to energy efficiency, offering a potential pathway for sustainable building
design in regions with similar climatic conditions. These insights provide a foundation
for future applications in energy-efficient residential construction and align with broader
global sustainability efforts.

2. Literature Review

According to Seow et al. [18], 80% of a product’s environmental damage occurs after
only 20% of its design phase. Building Information Modeling (BIM) allows for the inte-
gration of multidisciplinary data throughout the design process, promoting sustainability
and performance analysis [8,19]. BIM can be defined as a framework that enhances build-
ing design and construction strategies through computer-aided modeling and simulation,
ensuring the unified management of graphical and informational data, fostering team
collaboration, and optimizing life cycle operations for efficiency and cost reduction [20].

Architects aim to create energy-efficient environments that minimize carbon emissions
by reducing the need for excessive heating or cooling [21]. Sustainable building designs
are increasingly demanded due to rising climate change concerns. The rapid evaluation
of design options and optimization requires advanced tools such as energy modeling and
natural ventilation analysis that access distributed data sources [11]. “Green BIM” links
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these models to sustainable building practices, allowing for the generation of data that meet
energy efficiency and sustainability objectives through 3D models [22,23]. With increasing
attention to the impact and consumption of non-renewable resources, BIM is increasingly
used to predict and monitor the environmental impact of construction [24]. BIM’s sixth
dimension (6D) integrates energy analysis into early project planning, enabling project
teams to evaluate energy performance and sustainability trade-offs by connecting BIM
data with decision-making tools [22,25]. This capability supports assessing both direct and
indirect environmental impacts, thus promoting long-term project sustainability [26,27].
Atik et al. [28] noted that BIM integrated with LCA has been pivotal for data-driven decision-
making, enhancing design outcomes. Potr¢ Obrecht, et al. [29] emphasized that early LCA
integration supports sustainable material selection and life cycle impact reduction.

Houde [30] detailed that BIM’s simulation capabilities, coupled with tools like Tally,
precisely evaluate carbon footprints at the conceptual stage. Jrade and Jalaei [31] high-
lighted that BIM-based LCA supports strategic design decisions to minimize emissions.
Kim, et al. [32] researched window positioning’s effect on energy performance using Revit
and Green Building Studio, finding that the lowest energy load occurred when windows
were at mid-height, with the east-facing position impacting energy the most. BIM can
thus be used to design scenarios that optimize building performance and reduce energy
consumption, supporting the move toward zero-carbon buildings. The authors of [33]
mentioned that BIM technology could be utilized in controlling building performance to
design scenarios that would enable energy savings to be maximized towards zero-carbon
buildings. Alhazzaa and Yan [34] demonstrated that using parametric tools within BIM
allows iterative design evaluations, optimizing thermal performance. Hasan [35] reported
that energy consumption could be reduced by up to 60%, with costs cut by 50%, when
energy use is analyzed and optimized in the preliminary design phase using BIM-based
tools like Insight.

Energy efficiency improvements in existing buildings can also be achieved by opti-
mizing factors such as insulation, lighting, daylight utilization, and photovoltaic panel
efficiency. Bonomolo, et al. [36] proposed a new energy simulation methodology based on
BIM using Graphisoft’s BIM software ArchiCAD 21 and the plug-in for dynamic energy
simulation EcoDesigner STAR plug-in. Ghaffarianhoseini, et al. [37] discussed BIM's use in
urban sustainability projects, emphasizing its effectiveness in forecasting environmental
impacts. Montiel-Santiago et al. [38] found that by applying 6D BIM in a hospital building,
energy savings of 47% could be achieved, thereby reducing CO, emissions and costs. Oti,
et al. [39] illustrated that BIM, combined with tools like EnergyPlus, helps meet sustainabil-
ity standards by accurately simulating energy performance. Ref. [40] integrated BIM and
virtual reality (VR) with cost-effectiveness and sustainability life cycle assessment software.
The authors concluded that VR with BIM could be used to track carbon footprint and cost,
leading to lower emissions and expenses.

Krygiel and Nies identified key areas where BIM enhances sustainability, including
the use of renewable energy, daylight analysis, and building orientation [41]. Gourlis and
Kovacic [42] assessed BIM’s effectiveness in modeling and optimizing energy-efficient
buildings. Andriamamonjy et al. [43] applied BIM to analyze industrial energy efficiency
using EnergyPlus, while Welle et al. [44] developed a BIM-based thermal simulation
method for multidisciplinary design environments. Arayici and Aouad [45] highlighted
BIM'’s ability to foster multidisciplinary collaboration for environmentally efficient design.
Thermal energy storage (TES), through latent heat systems like phase change materials
(PCMs), is among the most effective methods for reducing energy usage [46,47]. PCMs,
known for their high energy storage capacity, can store 5-14 times more energy than
traditional materials [48]. Using the LHS system with PCMs is an effective way to store
thermal energy and benefits from high energy storage density and the isothermal nature
of the storage process [49]. This isothermal energy storage method, comprising organic,
inorganic, and composite types, optimizes energy performance in building walls [50]. Stetiu
and Feustel [51] treated office buildings with PCM beams and night mechanical ventilation,
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which were found to have the beneficial effect of reducing the maximum cooling load
by 28%. PCMs can absorb or release heat during the liquid/solid phase change at a
given temperature, and they can store 5-14 times more energy than conventional building
materials [52].

Several investigations have been conducted on the topics mentioned by the researchers.
Using two experimental structures, the thermal behavior of walls with PCM-impregnated
cellulose insulation was experimentally investigated. The experiments showed that the
PCM cellulose wall could reduce the maximum daily heat flux by 25% [53]. According to
Saffari et al. [54], PCM melting temperatures can be optimized under a variety of climatic
conditions to enhance building energy performance. The optimum melting temperature
version is 26 °C for hot climates, and for cold climates, it is 20 °C. The coupling of an
underfloor heating system with PCM was evaluated with the use of the EnergyPlus tool. It
was found that the appropriate-melting-temperature PCM could provide thermal comfort to
the occupants, and performance of the PCM is affected by seasonal changes. Furthermore,
Sun, et al. [55] studied the performance of three PCM walls during the summer and
winter in lightweight buildings. Sadineni et al. [56] indicated that BIM-aided passive solar
design can reduce heating and cooling loads by optimizing daylighting and thermal mass.
Baniassadi, et al. [57] worked on the optimization of the thickness of the PCM layer and
insulation to achieve a minimum total cost in Iran; the authors reported that zero is the
desired thickness of PCM in Iran, due to economic factors. Their findings show that using
the mentioned walls can save an average of 20% per year. Wang et al. [58] noted that
integrating real-time sensor data into BIM enables adaptive building control for dynamic
energy management. According to research by Leal [59], many universities worldwide are
active in climate change and sustainability. The results show that appropriate measures
related to climate change by universities can effectively achieve sustainability.

The need to maximize the energy efficiency of building envelopes has led to the emer-
gence of double-skin facades (DSFs). This system is generally used to cover most or all
of the exterior wall to create an all-glass transparent facade [60]. Poirazis [61] describes
the double-skin facade as “a system that consists of an external screen, a ventilated cavity,
and an internal screen. Solar shading is positioned in the ventilated cavity. The external
and internal screens can be single-glass or double-glazed units. The depth of the cavity
and the type of ventilation depend on environmental conditions, the desired envelope
performance, and the building’s overall design, including environmental systems”. Pre-
dicting the performance of double-skin fagades is not easy. Temperature and airflow result
from many simultaneous heat, light, and fluid flow processes, which are interactive and
highly dynamic. These processes depend on the geometric, thermophysical, optical, and
aerodynamic characteristics of the double-skin fagades and the various components of the
building itself [62]. These facades consist of two independent layers. In the cold season, the
air trapped between the two layers is heated by the greenhouse effect, contributing to the
heating of the building. In the warm season, opening the windows can promote cooling
through the airflow between the two skins caused by natural convection. In addition to
improving the heat and cold load of the building, this type of facade can also effectively
insulate sound in busy cities and noisy places [63].

Ciancio et al. [64] proposed that EnergyPlus could provide an accurate analysis of
the energy performance of a building located in the center of Rome and would make
approximations depending on the input climate file. Aljundi et al. [65] concluded that in
energy simulation and analysis based on BIM, compared to more detailed and validated
software like EnergyPlus, Revit 2016 presents significant differences and is also offered
as a tool with more substantial errors than the annual seasonal method commonly used
for dwelling regulation. Furthermore, Li, et al. [66] compared the simulation results of
EnergyPlus and HOT2000 v10.51 with sensor monitoring data in a case study in Edmonton,
Canada. The authors concluded that the predictions of EnergyPlus and HOT2000 for total
energy consumption are accurate. The differences observed from the monitoring data
are 8.0% and 7.1%, respectively, but EnergyPlus achieves better predictions for energy
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consumption categories. Ama Gonzalo et al. [67] analyzed the energy needs and consump-
tion of a building located in Garrucha, Spain. However, the authors claimed that after
extracting all the geometric and spatial information of the building from the BIM model,
an energy simulation was run using the EnergyPlus software. Controlling the amount of
natural ventilation helps reduce winter heating and cooling energy consumption by 45%.
Hasan [35] optimized energy consumption based on BIM using EnergyPlus software. As a
result, the author declared that a reduction of up to 60% in the energy consumption and
50% in the cost could be possible by energy analysis and optimization using this framework
in the early design phase.

If the double-layer outer wall is appropriately designed, it can improve thermal
comfort conditions and reduce energy consumption. The efficiency of the DSF in each
region is highly dependent on the climate. The results from the research conducted by
Rezazadeh and Medi [68] show that the hot air between the two skins can be recovered to
meet the needs of the colder part of the building. In the second half of the year, closing the
valves on the facade and trapping air can improve the comfort of the office area adjacent
to the facade. Furthermore, DSFs could be suitable for the second half of the year; it is
necessary to consider the combination of natural ventilation and mechanical systems to
improve indoor temperature and time management in the comfort zone. Norouzi and
Motalebzade [69] concluded that the thermal energy loss rate of DSF buildings in mild-
climate countries such as Malaysia and Spain is lower than that of ordinary buildings.
Furthermore, Shameri et al. [70] proposed that the DSF system has great potential to reduce
energy consumption in a wide range of research fields. DSFs have internal and external
blinds that automatically adjust to the sun’s direction. The system saves energy, eliminates
glare from the sky, and optimizes user comfort [71].

Systematic Comparison of Building Energy Simulation Tools: Capabilities and Applications

Energy simulation software plays a crucial role in the evaluation and optimization of
building energy performance, particularly in early design stages. Tools such as EnergyPlus,
TRNSYS, IES VE, and DesignBuilder are widely used, each with distinct strengths and limi-
tations that influence their effectiveness in specific applications. EnergyPlus is renowned
for its detailed physics-based simulation capabilities and ability to handle complex energy
and HVAC system modeling, making it suitable for precise, in-depth energy analyses. It
supports various advanced features, such as variable time steps and multizone airflow
modeling, providing comprehensive insights into energy consumption patterns [72]. How-
ever, EnergyPlus can be complex to use, requiring significant expertise, and is often paired
with a separate user interface like DesignBuilder or OpenStudio to improve usability [73].
This complexity can make the initial learning demanding but provides substantial flexibility
for custom scenarios.

TRNSYS, on the other hand, is highly regarded for its modular structure that allows
the integration of custom mathematical models, making it suitable for projects requiring
tailored simulation approaches and detailed HVAC system representations. It is particularly
advantageous when paired with external tools like MATLAB for co-simulation, enabling
advanced predictive strategy planning and the dynamic analysis of energy systems [74].
However, TRNSYS has limitations in terms of handling non-linear heat and moisture
transfer phenomena and can be computationally demanding when simulating complex
scenarios [75]. This makes it ideal for specific, intricate modeling needs but less efficient for
straightforward building energy evaluations.

IES VE and DesignBuilder are known for their user-friendly graphical interfaces,
which make them more accessible for designers and practitioners unfamiliar with coding
or advanced simulation inputs. DesignBuilder uses EnergyPlus as its engine but provides a
more intuitive workflow, simplifying the modeling process and allowing for the integration
of multiple energy-saving strategies within the same framework [76]. IES VE excels in
offering comprehensive, scenario-based modeling, which is valuable for evaluating dif-
ferent design options quickly and understanding their impacts on energy consumption
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and thermal comfort [73]. However, these tools may not match EnergyPlus or TRNSYS in
terms of customization and control over simulation algorithms, making them best suited
for projects that prioritize rapid analysis and ease of use. The choice between these soft-
ware tools should be guided by the specific project requirements, balancing detail and
user-friendliness with computational demands and the desired output accuracy.

3. Materials and Methods

The integral BIM-life cycle assessment (LCA) framework was utilized in this study
based on the ISO 14040 and 14044 guidelines [77] to evaluate the environmental impacts of
two types of materials used in the case study in Brazil. LCA is a standardized methodology
used to assess the environmental impact of a product, process, or service throughout its
entire life cycle—from raw material extraction to disposal [78]. In the context of BIM,
integrating LCA allows for a more comprehensive analysis of the sustainability and envi-
ronmental performance of construction materials, enabling stakeholders to make informed
decisions regarding material selection. The ISO 14040 and 14044 standards [77] provide a
structured approach for conducting LCA by outlining the principles, framework, require-
ments, and guidelines for life cycle assessments.

The current study aims to explore the link between climate change and energy con-
sumption through Building Information Modeling (BIM) to propose materials and equip-
ment that minimize energy consumption while enhancing sustainability. This methodology
adopts a multi-dimensional approach that uses various sources to compare and validate
BIM-based energy simulation results. Autodesk Revit® 2016 and EnergyPlus 24.1.0 are
selected due to their status as industry standards for BIM authoring and energy analysis.
The process also adheres to ISO 19650-1:2018 [79], which defines the concepts and princi-
ples for information management within BIM, and ISO 16739:2013 [80], which specifies
the Industry Foundation Classes (IFCs) data model to facilitate effective data exchange.
These standards are crucial in ensuring compliance and supporting the interoperability
of BIM tools, a critical aspect often highlighted in the literature but underrepresented in
many methodologies.

3.1. Interoperability Issues and Their Significance

Interoperability refers to the seamless exchange and integration of data between dif-
ferent software platforms, which is vital for maintaining the accuracy and reliability of
simulations and analyses. Studies have shown that data exchange issues, such as geometry
misinterpretation, data loss, and material property inconsistencies, can significantly impact
simulation results when transferring models from Revit to analysis tools like DesignBuilder
and EnergyPlus. For instance, Ciccozzi et al. [81] found that interoperability challenges
between BIM and Building Energy Modeling (BEM) tools often lead to discrepancies in
energy simulation outcomes. Similarly, Elnabawi [82] highlighted that data loss during
model exchange can result in inaccurate energy performance assessments. To address these
concerns, this study incorporates mechanisms and practices that minimize these challenges.
The IFC data model and gbXML (green building XML) are used as primary means for data
exchange, as they are widely recognized for their role in ensuring compatibility and reduc-
ing data discrepancies between BIM authoring and simulation platforms. Treeck et al. [83]
emphasized the importance of using standardized data models like IFC and gbXML to
enhance interoperability in BIM workflows.

3.2. Enhanced Data Workflow

The workflow starts with detailed architectural modeling in Revit 2016, which encom-
passes comprehensive building details such as the geometry, materials, and mechanical
systems. This model is then exported to EnergyPlus for advanced energy simulations.
To mitigate known interoperability issues, this study employs gbXML, an open schema
facilitating the structured transfer of essential building data. However, as studies indi-
cate, simple data exports may not always ensure a perfect translation of complex details.
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Dong et al. [84] noted that direct gbXML exports could lead to geometry misinterpretations
in energy simulations. Elnabawi [82] also observed that data exchange via gbXML might
require additional processing to maintain accuracy. To further enhance the data exchange
process, tools such as the Space Boundary Tool (SBT) are utilized to refine and convert IFC
data into formats optimized for EnergyPlus, ensuring that all thermal and spatial proper-
ties are accurately represented. Bazjanac [85] demonstrated that using tools like SBT can
improve the fidelity of data transferred between BIM and energy simulation applications.

Interoperability challenges between BIM tools like Revit and DesignBuilder have
been a topic of extensive research, revealing issues such as incomplete geometry mapping
and the need for manual adjustments to maintain consistency. Dong, Lam, Huang, and
Dobbs [84] discussed the difficulties in achieving seamless data exchange between BIM and
energy simulation tools, emphasizing the need for standardized workflows. This study
recognizes these challenges and incorporates best practices, such as pre-export validation
checks and custom scripts, to ensure that the exported models retain their integrity. These
steps are essential to minimizing the impact of potential data interpretation issues that
could otherwise lead to inaccuracies in energy simulation results.

To maintain data accuracy and reliability, this study validates the BIM-based energy
simulations through a series of cross-references with recognized benchmarks and sensitivity
analyses. This not only aligns with established BIM best practices but also addresses the
critical aspect of interoperability emphasized in the literature. Studies have shown that en-
suring consistency in data exchange leads to more accurate simulations and comprehensive
energy analyses. Silva, et al. [86] highlighted the importance of validation in BIM processes
to ensure data integrity and reliability. Azhar [87] also underscored the need for rigorous
validation to achieve accurate energy performance simulations.

The current research is based on analysis through BIM 6D modeling, including the
time, cost, and sustainability to ensure the examination is holistic in terms of performance
throughout the life cycle of a building. First, the architectural design is digitized with
Autodesk Revit. The detailed information provided includes the building’s location and
purpose, geometry, materials, and mechanical systems. The building information is then
digitized and exported to EnergyPlus 24.1.0 software for energy simulation. This workflow
can ensure a smooth transition from architectural design to detailed energy analysis,
considering accuracy and consistency through the process (Figure 1).

Inputs
1 1
: Building Modeling Weather Occupant Simulation Mechanism of :
1 and Standards Conditions Schedule Simulation Engines 1
1 1
1 1
1 1
G o - —— - —-—— -
Architectural Climatic Energy Comparison Based on
BIM information Simulation and Validation ASHRAE
Energ RS

Simulation

Sensitivity and Other Analysis of
Building Operations

Comparison and Validation
with Different Sources

Outputs

Figure 1. Framework of BIM-based energy simulation.
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3.3. Energy Simulation

Although EnergyPlus is a powerful and comprehensive building energy simulation
software, the detailed calculations it performs are automated, and thus, referencing the
software manual would suffice for the technical explanation of its algorithms. EnergyPlus
integrates the functionalities of the Building Loads Analysis and System Thermodynamics
(BLAST) and DOE-2 programs, and it uses a thermal equilibrium approach to model energy
performance across building envelopes. The software is divided into two major simulation
modules: Heat and Mass Balance Simulation and Building Systems Simulation. These
modules simulate heat transfer through building elements such as windows and walls
while also accounting for internal gains from occupants, equipment, and lighting. The
Building Systems Simulation models the behavior of mechanical systems such as HVAC,
on-site power generation, and other mechanical subsystems, based on the thermal loads
identified by the Heat and Mass Balance Simulation.

However, more critical to the simulation outcome are the specific parameters used
in the EnergyPlus simulation, which directly influence the accuracy of the results. In this
study, the important parameters included the occupancy rates, which were modeled based
on ASHRAE guidelines [88]; the temperature setpoints for heating and cooling, which were
set at 22 °C and 25 °C, respectively; and the HVAC system schedules, which followed a
typical residential building profile. Additionally, the lighting controls were modeled with
daylighting sensors to minimize unnecessary energy consumption, and the thermophysical
properties of building materials were defined in alignment with the Iranian 5th National
Building Code [89]. These parameters, which are crucial for predicting building energy
performance, should be considered in conjunction with the software’s automated processes
to ensure realistic simulation outcomes. Including these details early in the methodology
provides a clearer understanding of the building’s operational conditions and their impact
on energy consumption.

The heat balance equation is already applied in EnergyPlus; it is an integral part of
the ZoneAirHeatBalanceAlgorithm object. In the equation, the Euler method is used to
predict zone air temperatures. It is one of the three available solution-based algorithms in
the tool for producing an accurate thermal simulation. Since it is a numerical technique for
solving ordinary differential equations, the Euler method is very appropriate for dynamic
thermal modeling in buildings. The method projects the amount of energy required to
maintain the thermal equilibrium within a zone when internal heat gains come into play
with environmental external factors and the thermal building features through an iterative
solution to the heat balance equation.

Thermal simulation in EnergyPlus is trial and error. It basically assumes an initial
amount of energy that can achieve thermal balance within the environment through a heat
balance equation. This estimated energy requirement informs the subsequent simulation
of building systems like HVAC and on-site power generation. For example, the software
will compute the ambient temperature because of the simulated performance of the system.
Through this process—the interaction and progressive sophistication of these estimates and
simulations—EnergyPlus ensures that the modeled zone air temperatures are very close
to the real conditions. Thus, EnergyPlus can adopt these iterative calculations to come up
with very precise predictions for the consumption of energy, the indoor environment, and
the performance of the whole building; it is, therefore, an essentially required tool during
design in sustainable buildings and energy management.

3.4. Climate Condition

This building is located in Tabriz, situated at 38.0962° N, 46.2738° E in the Northwest
of Iran, specifically in the East Azerbaijan province. Tabriz experiences a continental climate
with distinct seasons (Képpen Dsa), bordering on a cold semi-arid climate (Képpen BSk).
Figure 2 illustrates the climate conditions of Tabriz.
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Figure 2. Climate conditions of Tabriz [90].

3.5. Case Study and BIM Modeling

In the present research, a five-story residential building located in Tabriz, Iran, was
selected as the case study and simulated using EnergyPlus 24.0.1 software. The building
has a total footprint of 120 square meters, with dimensions of 12 m in length and 10 m
in width, and an overall height of 15 m across its five floors. Each floor contains two
residential units, and each unit comprises a living room, two bedrooms, a kitchen, and a
bathroom, with an approximate area of 60 square meters per unit. The units are designed
to provide ample natural lighting and ventilation, utilizing large windows measuring
1 m in height and 2.5 m in width, positioned 1 m above the floor level. The building
materials were sourced from the Iranian 5th National Building Code [89], ensuring accurate
thermophysical properties were input into the simulation model. The rationale behind the
selection of the building was its typical representation of urban residential structures in
Tabriz, aligning with prevalent building practices and construction norms. The windows
have a solar transmittance of 0.55, a visual transmittance of 0.65, and a thermal conductivity
of 0.95 W/m? K for the 6 mm thick glazing, which plays a critical role in regulating the
building’s thermal performance, particularly during the summer months. Table 1 shows
the common construction materials used in the case study.

The building is situated in a densely populated urban area of Tabriz, characterized
by narrow streets and closely spaced buildings. This urban typology significantly impacts
the building’s exposure to solar radiation and natural ventilation. Due to the proximity
of adjacent buildings, particularly on the north side, the lower floors experience reduced
airflow and solar gains, thus increasing their reliance on mechanical heating and cooling
systems. These environmental factors were carefully modeled in the simulation to account
for variations in ventilation and solar heat gain, which directly influence the building’s
heating and cooling loads (Figure 3). Furthermore, the climate of Tabriz, which exhibits a
continental pattern with hot, dry summers and cold winters, necessitated the use of both
heating and cooling systems to maintain indoor thermal comfort. The indoor temperature
setpoints of 25 °C for cooling and 22 °C for heating were selected based on local residential
standards and occupant comfort preferences in Iran, ensuring the consistency and realism
of energy simulations. The simulation incorporated design days that represent extreme



Eng 2024, 5

3059

weather conditions to calculate peak heating and cooling loads. For instance, the heating
design day was selected to represent the coldest day of winter when outdoor temperatures
drop below freezing, while the cooling design day represented the hottest summer day,

where outdoor temperatures rise as high as 40 °C.

Table 1. The common construction materials used in the case study.

Conductivity

Specific Heat

0 . . 3
Materials Thickness (cm) (W/m2-K) (/kg-K) Density (kg/m?)
External walls Marble 2 3.5 1000 2800
Sand and cement mortar 3 1 920 1600
Concrete block 20 1.05 1000 900
Browning plaster 3 1.1 960 1500
White gypsum 1 0.57 1090 1300
Internal walls White gypsum 1 0.57 1090 1300
Browning plaster 3 11 960 1500
Clay block 10 0.5 840 1850
Browning plaster 3 1.1 960 1500
White gypsum 1 0.57 1090 1300
Internal walls (between Ceramic 1 0.85 1090 2000
rooms and toilets)
Sand and cement mortar 3 1 920 1600
Clay block 10 0.5 840 1850
Browning plaster 3 1.1 960 1500
White gypsum 1 0.57 1090 1300
Internal wall (between .

kitchen and toilet) Ceramic 1 0.85 1090 2000
Sand and cement mortar 3 1 920 1600
Clay block 10 0.5 840 1850
Sand and cement mortar 3 1 920 1600
Ceramic 1 0.85 1090 2000
Internal floors Ceramic 1 0.85 1090 2000
Sand and cement mortar 3 1 920 1600
Clinker (lightweight 4 052 1000 1200

concrete)
Concrete 20 1.5 1000 2200
Browning plaster 3 1.1 960 1500
White gypsum 1 0.57 1090 1300
Flat roof Asphalt 2 0.017 1000 2250
Sand and cement mortar 3 1 920 1600
Clinker (lightweight 4 052 1000 1200

concrete)
Concrete 20 1.5 1000 2200
Browning plaster 3 11 960 1500
White gypsum 1 0.57 1090 1300
Ground floor Marble 3 35 1000 2800
Sand and cement mortar 3 1 920 1600
Clinker (lightweight 10 052 1000 1200

concrete)
Concrete 75 1.5 1000 2200

To accurately reflect the building’s operational demands, the heating hours were
primarily set for the period between October and March, while the cooling hours were
concentrated between May and September. The building’s heating and cooling needs were
met using a Variable Refrigerant Flow (VRF) system, which provided zone-level temper-
ature control across multiple units. The VRF system operates efficiently by modulating
refrigerant flow to match the specific cooling or heating demands of each zone, based on
signals received from indoor units. This technology allows the system to maintain comfort
levels while avoiding unnecessary energy consumption in unoccupied spaces. The outdoor
VRF unit, equipped with a variable-speed compressor, operates efficiently across different
loads, thus minimizing energy wastage. Setback temperatures of 28 °C for cooling and
18 °C for heating were implemented during unoccupied hours to enhance energy savings
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further. These operational details were programmed into EnergyPlus to ensure that the
building’s energy performance was modeled accurately over an annual cycle, incorporating
the specific urban and climatic factors that impact energy demand.

S

Figure 3. View of the modeled building.

The EnergyPlus simulation was run over the course of an entire year, using weather
data derived from Meteonorm 2020 for Tabriz. The model accounted for the building’s
geometric configuration, urban context, and mechanical systems to calculate the heating and
cooling loads for each zone. The results indicated that the heating load was concentrated
during the cold winter months, while the cooling load peaked in the summer, driven by
high outdoor temperatures and solar heat gains. The proximity to neighboring buildings
further exacerbated the reliance on mechanical cooling in some areas, as natural ventilation
was hindered, particularly on the lower floors where airflow was restricted. Additionally,
the high solar transmittance of the windows contributed to increased cooling demands
during the summer, emphasizing the need for efficient energy management strategies.
These findings underscore the importance of the building’s urban context and climatic
conditions in shaping its overall energy consumption, making the simulation results crucial
for understanding the operational energy dynamics in such dense, urban environments.
Gains of the building’s activity is shown in Table 2.

Table 2. Gains of the building activity.

General Lighting Electrical Occupancy . Zone Sensible Zone Sensible
(kWh) Appliances (kWh) (kWh) Solar Gains (kWh) gy ting (kWh) Cooling (kWh)
10,622 7303 2126 36,740 116,467 17,562

3.6. Information on Building

In this study, the residential usage of the building was modeled in accordance with
ASHRAE standards. The occupancy patterns are shown in Figure 4. The y-axis of the
figure represents occupancy level (%), which was capped at 100%, and the time labels were
updated to clearly distinguish between the AM and PM periods. A virtual daily occupancy
schedule was designed based on [66] and customized in EnergyPlus to match the building’s
operational plan. The occupancy schedule reflects variations between working and non-
working days, with higher occupancy levels during evenings and weekends.
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Figure 4. Occupancy level on working and non-working days.

Hot water use for the residential space was assumed to be 0.72 L per square meter per
day, with the primary usage hours between 16:00 and 23:00. This assumption was applied
consistently throughout the simulation to reflect typical residential consumption patterns.
The updated occupancy schedule in EnergyPlus was then used to simulate the building’s
energy performance more accurately, in line with these customized usage patterns.

3.7. HVAC Design Input Data Overview

Table 3 provides a comprehensive summary of the essential HVAC design input data,
highlighting the critical factors necessary for accurate energy modeling and system sizing.
The table outlines various parameters including indoor and outdoor design conditions,
building characteristics, occupancy details, internal heat gains, ventilation requirements,
system specifications, control strategies, and environmental influences. These elements are
fundamental in the planning and performance optimization of HVAC systems. For instance,
maintaining specific indoor temperature setpoints (23.9 °C for cooling and 21.1 °C for
heating) ensures occupant comfort while optimizing energy efficiency. Similarly, outdoor
design conditions, such as —6.7 °C for heating and 38.4 °C for cooling, are essential for
calibrating system capacities to withstand local climatic variations. The building’s thermal
envelope, defined by characteristics like the total floor area (120 m? on the ground floor
and 140 m? on each upper floor) and insulation levels (U-values of 0.518 W /(m?K) for
walls and 0.25 W /(m?-K) for roofs and floors), significantly influences heat transfer and
subsequent HVAC loads. Additionally, window-to-wall ratios (e.g., 30%) impact solar heat
gains and overall thermal performance.

The table further emphasizes the importance of occupancy details and internal heat
gains, both crucial for accurately estimating HVAC loads. With an occupancy rate of
0.0188 persons/m? and peak usage between 16:00 and 23:00, the system must align with
real usage patterns to optimize performance. Internal heat gains from lighting systems
(e.g., 28,543 W) and electric equipment loads (14,272 W) contribute significantly to the
total cooling and heating requirements. Ventilation needs are governed by standards
like ASHRAE to ensure sufficient airflow and maintain air quality, while infiltration rates
are factored in to address air leakage. Additionally, system specifications, such as using
Carrier HAP for HVAC analysis, support precise calculations of heating and cooling
capacities, including airflow rates. Control strategies like thermostat setpoints and basic
setback sequences enhance energy efficiency. Environmental data, including local climate
information and solar heat gain coefficients, are integral for effective simulation and design,
reinforcing the role of comprehensive data in developing efficient, reliable HVAC systems.
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Table 3. HVAC design input data.

Parameter

Details

Indoor design temperature and

humidity

Occupied thermostat temperatures: 23.9 °C for cooling and 21.1 °C for heating.

Outdoor design temperature and ~ Outdoor conditions for heating: —6.7 °C dry bulb/—8.8 °C wet bulb. Outdoor cooling data

humidity

for summer: 38.4 °C dry bulb/23.8 °C wet bulb.

Total floor area

Ground floor area: 120 m?; upper floors: 140 m? each.

Building orientation

Impacts on solar heat gain, with a focus on window direction.

Insulation levels

Wall U-value: 0.518 W/ (m?-K); roof U-value: 0.25 W/ (m?2-K); floor U-value: 0.25 W/(m?2-K).

Window-to-wall ratio

General window-to-wall ratio: 30%.

Number of occupants

Occupancy for residential use: 0.0188 persons/m?.

Occupancy schedule

Primary occupancy between 16:00 and 23:00.

Equipment loads

Electric equipment load: 14,272 W.

Appliance loads

Linked to general residential equipment.

Outdoor airflow rates

Ventilation per ASHRAE standards [88].

Infiltration rates

Referenced in manual calculations for air leakage based on standards.

HVAC system type

Carrier HAP used for HVAC load analysis.

Cooling and heating capaciti

es Cooling load: 68.45 kW. Heating load: 184.59 kW.

Thermostat setpoints

Setpoints provided for occupied heating and cooling.

Control sequences

Basic strategies include setback points for heating and cooling.

Local climate data

Used for EnergyPlus simulations, specific to Tabriz.

Solar heat gain coefficients

Assessed through window positioning and solar impact.

3.8. Examined Scenarios and Double-Skin Fagade (DSF) Implementation

To evaluate the impact of various energy-saving strategies, this study examined
multiple scenarios for the case study building. Each scenario was designed to isolate and
analyze specific energy performance factors, with the goal of identifying the most effective
measures for reducing energy consumption and enhancing indoor thermal comfort. Table 4
outlines these scenarios, providing a clear reference for the different configurations tested
during the simulation.

Table 4. Overview of examined scenarios for energy-saving strategies.

Scenario Description

Scenario 1 Baseline model with no additional energy-saving measures.
Scenario 2 Integration of phase change materials (PCMs) to improve thermal regulation.
Scenario 3 Implementation of a double-skin fagade (DSF) to enhance insulation and

natural ventilation.

Scenario 4 Combined use of PCMs and DSF for optimized energy performance.

In the case study building, the DSF was specifically designed to align with the unique
climatic conditions of Tabriz. The DSF system consists of an outer glazed screen, an
intermediate ventilated cavity, and an inner glazed screen. This configuration allows for
adaptive thermal management across different seasons. During the winter months, the DSF
acts as an insulating layer, trapping air within the cavity to minimize heat loss and reduce
heating loads. The greenhouse effect within the cavity further contributes to maintaining
indoor warmth. In contrast, during the hot summer months, the DSF facilitates natural
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ventilation by enabling air circulation within the cavity, which helps to dissipate heat and
decrease reliance on mechanical cooling systems.

The DSF also incorporates automated shading devices within the cavity, which adjust
in response to solar radiation levels. These shades help to control solar heat gain while
optimizing daylight penetration, striking a balance between energy efficiency and occu-
pant comfort. The incorporation of the DSF in the building simulation demonstrated its
significant role in enhancing thermal performance by reducing peak heating and cooling
demands. This approach aligns with sustainability goals, showcasing how passive design
strategies, such as the use of a DSF, can contribute to more energy-efficient buildings. The
scenarios outlined in this study were crafted to provide a comprehensive assessment of
different energy-saving measures applicable to residential buildings in climates similar to
that of Tabriz. Scenario 1, the baseline model, served as a reference for assessing the effec-
tiveness of subsequent strategies. Scenario 2 introduced phase change materials (PCMs)
into the building’s construction, leveraging their high thermal storage capacity to absorb
and release heat, thereby stabilizing indoor temperatures and reducing peak energy loads.
Scenario 3 explored the use of a double-skin fagade (DSF), which added an extra layer of
insulation and allowed for natural ventilation. This configuration aimed to reduce heating
needs in the winter and minimize cooling loads in the summer through passive airflow.
Finally, Scenario 4 combined both PCMs and DSF to analyze the synergistic effects of these
two strategies on overall energy performance.

The DSF system employed in the case study building was tailored to enhance energy
efficiency while maintaining occupant comfort. This dual-layer facade operates by capitaliz-
ing on the natural properties of air insulation and passive solar management. During cooler
months, the air trapped between the inner and outer layers acts as an insulator, reducing
the need for mechanical heating. In warmer periods, the cavity’s design promotes airflow
through natural convection, effectively dissipating heat and reducing cooling requirements.
The automated shading devices embedded within the DSF further aid in managing solar
heat gain, adapting dynamically to environmental conditions. This design demonstrates
how strategic building enhancements can provide sustainable solutions that align with the
needs of rapidly changing climates. The implementation of such systems underscores the
importance of integrating advanced materials and design features in new construction and
retrofit projects to promote energy efficiency and resilience.

4. Results and Discussion

In this regard, the average temperature, sunlight, and precipitation will be focused
on after simulating the building in EnergyPlus. The results regarding energy simulation
will be evaluated with the help of EnergyPlus, and the validation will be carried out with
Carrier software.

4.1. Analyzing the Average Temperature

Figure 5 shows the average temperatures over four main periods: 1981-1990, 1991—
2010, 2010-2020, and 2020-2030. A trend in temperature change is clearly captured across
the decades in these graphs. In this regard, the average temperatures linearly increased
from 1981 to 2020, consistent with observations made globally on a higher temperature field
relative to the general increase in greenhouse gas emissions. Gradual temperature increases
from one period to another emphasize the increasing effects of global warming. Subsequent
decades show higher peaks of temperatures and a wider range of temperature fluctuations,
thus exhibiting extremities in weather. What is most interesting, though, is the trend for the
period 20202030, which has diverged from the previous warming and resulted in some
months staying at approximately the same level or showing a slight decrease in average
temperatures compared to previous years. This can be driven by natural climate variability,
changes in the patterns of atmospheric circulation, or mitigation efforts against climate
change. However, care must be taken in making interpretations from these findings, for
such short-term phases of cooling can readily occur with long-term climate change. This
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stabilization is consistent with observations from regional studies showing periods with
limited temperature increase amidst an overall warming trend.
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Figure 5. The graphs of average temperature in different years.

These observations were supplemented by several other studies that documented
similar trends of temperature variability. For example, studies have shown that from 1950
to 2004, minimum temperatures rose more quickly than maximum temperatures, thereby
markedly reducing the diurnal temperature range [91]. Regional warming in large amounts
has been documented in studies carried out in Europe and Switzerland, particularly during
spring and summer seasons, thereby having a strong bearing on the ecosystems and human
activities therein. Another study on temperature extremes in Serbia during the period
1961-2010 showed that there has been huge warming over the last decades of the twentieth
century, which has added to the general trend of rising temperatures [92]. These studies
confirm together that climate change is occurring and show how complex it can be to
predict the future development of temperature.

4.2. Analyzing the Average Sunlight

Figure 6 shows the average monthly solar radiation for the time periods 1981-1990,
1991-2010, 2010-2020, and 2020-2030. As can be observed from these graphs, there is a
clear trend of increasing values from 1981 to 2020 and a slight reduction or stabilization in
the period between 2020 and 2030. This increase in the values can be explained by changes
in environmental conditions related to the ozone layer and general atmospheric conditions
leading to higher intensity solar radiation reaching the Earth’s surface. Since 2010, the solar
radiation has been tending towards a reduction in its value, which is fully consistent with
the intensified global control of pollution, which has been mastered by the application of
cleaner sources of energy with fewer aerosols and pollutants reflecting or absorbing solar
radiation. Research supports the observed trends in solar radiation. For example, studies
conducted in Spain report a high increase in SSR in the period 1985-2010, popularly called
the “brightening period”, because of reductions in cloud cover and aerosols [93]. In the
same vein, a pan-European increase in SSR from 1983 to 2010 has been reported, with an
increased rise since the middle of the 1990s mainly because of reduced cloud cover. In
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China, during the period from the 1960s to the 1980s, there was a steep drop, followed by a
brightening period in global radiation from the 1990s because of reduced aerosol loadings
and enhanced environmental regulation [94].

1981-1990 1991-2010

200 A

150 A

100 A

Radiation [kWh/m?]

2010-2020 2020-2030

200 A

150

100 A

Radiation [kWh/m?]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. The graphs of average radiation in different years.

The trend of stabilization or slight decline in solar radiation during 2020-2030 may be
linked to the global climate policy in controlling pollution and enhancing renewable energy.
Most probably, these measures have reduced atmospheric aerosols and pollutants and
hence the scattering and absorption of solar radiation. This may also be contributed to by
the adopted cleaner energy sources mitigating environmental impacts usually associated
with increasing atmospheric pollution. In other words, these findings underscore, in equal
measure, the complex interplay of human activities, atmospheric conditions, and solar
radiation, underscoring thereby the effectiveness of global efforts toward mitigating climate
change and improving air quality.

4.3. Analyzing the Average Precipitation

Figure 7 illustrates the average monthly precipitation (blue-shaded area) and the
number of days with precipitation (red line with dots) over four distinct periods: 1981-
1990, 1991-2010, 2010-2020, and 2020-2030. The data are plotted with two distinct y-axes,
precipitation levels in millimeters on the left y-axis and days with precipitation on the
right y-axis, to clearly represent both datasets. Each line of red dots marks the number
of days with precipitation during a specific month, while the blue area indicates the total
precipitation amount during the same period. This approach allows for a comprehensive
understanding of both the quantity of rainfall and its frequency across each period.

Analyzing these charts reveals significant changes in precipitation patterns over the
four decades. From 1981 to 2010, the precipitation levels from January to March generally
remained below 15 mm. However, starting from 2010, an increase in precipitation can
be observed, with levels rising to approximately 25 mm in these months. This pattern of
increasing rainfall during the early part of the year points to shifting climate dynamics
in response to climate change. Another notable change is the increased precipitation in
November post-2010, compared to previous decades, further indicating a rise in overall
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precipitation levels. These changes suggest a general increase in precipitation over the
decades, likely linked to the effects of climate change. The literature supports these ob-
served trends, with studies showing climate change-induced variations in precipitation.
For instance, a trend analysis of precipitation in Sicily for the 1921-2012 period indicated a
general decrease during the autumn and winter but an increase in total annual precipitation
during the 1981-2012 period. Similarly, global analyses have revealed significant increasing
trends for the annual maximum daily precipitation, correlated with rising global tem-
peratures [95]. This global phenomenon of rising temperatures influencing precipitation
patterns is consistent with the data presented in Figure 7.
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Figure 7. The graphs of the average precipitation in different years.

The patterns indicate a stabilization and, in some cases, a slight decrease in precip-
itation during the later periods (2020-2030). This could be attributed to natural climatic
variability, along with the potential impact of mitigation strategies against climate change.
For example, a study on precipitation trends across the United States and Canada found
that, although there were some significant increases in precipitation, the main driver of
those trends was natural variability itself [96]. This highlights the complexity of climate sys-
tems, where both anthropogenic factors and natural variability contribute to the observed
changes. These findings underscore the importance of understanding the combined impact
of natural and anthropogenic factors on precipitation patterns, as they have significant
implications for predicting future water resource availability. By accurately modeling these
changes, planners and policymakers can better manage the potential impacts on agricul-
ture, infrastructure, and ecosystems. Thus, Figure 8 not only reflects historical changes in
precipitation but also provides insights into the broader implications of climate variability
and climate change on regional precipitation dynamics.
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Figure 8. Comparison of total, heating, and cooling energy over different periods.

4.4. Analyzing Energy in EnergyPlus

Through the in-depth analysis of the impacts of climate change, it has become evident
that increasing temperatures across the world are practically altering the energy-use pat-
terns of buildings. Figure 8 compares the total, heating, and cooling energy over different
periods. According to the data, in the second period—1991-2010—the change in building
energy use increased minimally from the first period—1981-1990—by around 1%. The
third period, however, clearly indicates that in the 2010-2020 period, with high rising
temperatures and fluctuating precipitation patterns, increased energy demands obviously
occurred. This rise amounts to approximately 8% from the first to the third period, clearly
pointing to the immense effects caused by climatic change on energy requirements.

Projections for the future period, based on Meteonorm data and used in conjunction
with the IPCC AR4 A1B scenario, remain slightly reduced up to 2030. This reduction
may be explained by the incorporation of bio-based organic phase change materials and
double-skin fagades into building models, as simulated through EnergyPlus 24.0.1 software.
Specifically, the applied BioPCM M51/Q25 has a capacity of 51 Btu/ft? and a melting
temperature of 25 °C; it was applied to external and internal walls, floors, roofs, and
ground floors. These materials enhance the thermal performance through the storage and
discharge of heat by phase changes, hence reducing their impact on the HVAC systems.
The HVAC and PV systems were unchanged from previous configurations; therefore, there
was a baseline constant throughout for comparison.

For BioPCM, the specific properties applied include a thermal conductivity of 0.2 W/(m-K),
a specific heat of 1970 ] /kg'K, and a density of 235 kg/m3. These features ensure efficient
thermal management that may contribute to the observed reduction in energy consumption
despite ongoing climatic changes. Advanced materials and building designs that are to
be implemented in buildings show proactive action toward the mitigation of the impacts
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of climate change on energy consumption in a region like Tabriz, where extreme weather
conditions are more frequent. The strategic integration of BioPCM into this process shows
that innovative building materials can become very instrumental in improving energy
efficiency and sustainability in the face of climate change.

These findings support the prevailing body of research on the interaction between
climate change and building energy use. In fact, a lot of studies indicate that temperature
increases and altered precipitation patterns have significant impacts on energy demand in
buildings, therefore compelling adjustments to be made. Such adaptive measures include
using advanced materials like BioPCM and sustainable design that would decrease these
effects to promote energy efficiency in the built environment.

The amount of energy consumption for heating the building is depicted in Figure 8.
In this study, natural gas was utilized to supply energy for the heating equipment of
the building, and it is observed that the heating energy trend mirrors the overall energy
consumption trend of the building. Heating represents a major part of a building’s energy
use, especially in Tabriz, where the cold weather necessitates heating for most of the year.
The chart illustrates energy consumption for heating up to 2020, highlighting a decrease in
this trend from 2020 onwards. This reduction is attributed to rising global temperatures,
decreased precipitation, and regional climate changes. Previous graphs also show a steady
increase in sunlight. Moreover, incorporating PCMs and double-skin fagades is seen as an
effective way to lower energy consumption for heating, particularly in colder climates.

Figure 8 also illustrates the energy consumption of the building for cooling, providing
a distinct perspective compared to previous charts. More importantly, it represents a pro-
gressive decrease in the building’s cooling energy use from 1981 to 2020; the general trend
is a serious drop from 2010 to 2020. This was because of changes and enhancements made
to the building and several energy-efficient technologies adopted during this period. How-
ever, this trend reverses from 2020 to 2030, with an increase in cooling energy consumption.
This is expected since global temperatures are likely to rise during this period. In fact,
increased energy consumption for cooling will directly go hand in hand with an expected
warming climate on Earth that will require enhanced indoor comfort cooling measures.
With temperature increase forecasts from 2020, it will be of essence to find new methods of
controlling energy consumption. Among the approaches, there is the integration of PCMs
into building construction.

PCMs applied to the building envelope can drastically improve the thermal regulation
through the absorption of excess heat by the materials during the day and its release
at night. This can help in maintaining an almost constant temperature indoors, thereby
decreasing the load on cooling systems. Passive cooling by this phenomenon not only helps
in saving energy but also contributes to overall sustainability by reducing the dependency
on energy-intensive HVAC systems.

The specific application of BioPCM, with properties like a thermal storage capacity
of 51 Btu/ft? and a melting temperature of 25 °C, can be cited as a typical example of
how these materials could be tailored for use under specific local climatic conditions. For
instance, the temperature sometimes reaches extremes in Tabriz; hence, BioPCM plays a
significant role in mitigating the impacts of increasing temperatures by assuring indoor
thermal comfort with minimum energy use. These findings are supported by various
studies that show the efficacy of PCMs in reducing energy use for cooling. Research has
shown that incorporating PCMs into building structures significantly reduces peak cooling
loads, increasing energy efficiency [97]. Furthermore, the flexibility of PCMs to adjust
to different climatic conditions makes them very suitable for buildings across the world,
especially where temperature fluctuations are extreme.

5. Validation

In this regard, the performance of the PCM module and the algorithm implemented in
EnergyPlus was benchmarked against the experimental data provided by [98]. As shown
in Figure 9, the simulated zone temperatures were well aligned with the experimental
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data in both the PCM and non-PCM cases. To provide a more robust evaluation, we
calculated the Mean Absolute Error (MAE) and Root Mean Square Error (RMSE) instead
of relying solely on percentage deviations. For the non-PCM case (Figure 9a), the MAE
was 1.91 °C, and the RMSE was 2.04 °C, indicating a moderate but acceptable level of
error between the simulated and experimental results. This level of accuracy is consistent
with prior findings, such as [99], which reported an average deviation of 2.6% between
the experimental and numerical data for similar studies. These values indicate that while
the simulation captures general temperature trends, some discrepancies remain due to
simplifications in the EnergyPlus model or experimental uncertainties.
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Figure 9. Experimental and simulated zone temperature (a) without PCM and (b) with PCM.

In the PCM case (Figure 9b), the simulation results showed an even closer correlation
with the experimental data. The MAE was calculated to be 0.90 °C, and the RMSE was
1.11 °C, demonstrating that the EnergyPlus PCM module provides more accurate predic-
tions when phase change materials are included. The lower error margins in the PCM case
indicate that the thermal performance of the PCM module is well represented in the simu-
lation, closely matching the experimental results. This finding suggests that EnergyPlus is
a reliable tool for evaluating the benefits of PCM integration in building designs.
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5.1. Manual Calculations

To demonstrate the accuracy of the information obtained, the total heat load of the
building in the analytical calculations was derived as the sum of the heat lost through
the walls, the heat required for ventilation and cooling, and the heat needed for hot
water consumption. The heat lost through the building walls was calculated by means of
Equation (1).

Q1 = AU(t; — to) )
where the following variables are used:

U = heat transfer coefficient;

A = external wall area;

t; = indoor temperature;

tg = outdoor design temperature for winter.

During the current investigation, the indoor temperature was set to 22 °C as per
residential building standards, and the heat transfer coefficient for each wall was deter-
mined based on Table 1. Considering the surface area of each wall and the outdoor design
temperature for Tabriz in winter, the total heat loss through all building walls amounted to
124 kW.

According to Equation (2), the heat required for air infiltration through walls and
materials, as well as the heat needed for supplying fresh air, was evaluated.

ACH
60

Qy =1.08 x cfm(t; —tg),cfm =V x (2)

where the following variables are used:

cfm = the amount of infiltrating air or fresh air;
t; = indoor temperature;

tg = outdoor design temperature for winter;

V = the volume of space;

ACH = the amount of room air change per hour.

In this study, the infiltration from walls and building materials was calculated at 0.7
air changes per hour (ACH), and the fresh air requirement per person followed ASHRAE
standard 62, set at 10 cubic feet per minute (cfm) per person. ASHRAE defines infiltration
as “the flow of outdoor air into a building through cracks, joints, and other unintentional
openings, as well as through doors for normal entry and exit” [100].

Accordingly, in Equation (2), the heat load required to compensate for air infiltration
and supply fresh air amounts to 23.42 kW and 34.29 kW, respectively. Thus, the total load
required for incoming air is 57.71 kW.

Next, the heat required for hot water consumption was evaluated using Equation (3).

Q3 =8333x V x (fr— 1) 3)

where the following variables are used:

V = the amount of hot water consumed in gallons per hour;
t; = consumption of hot water from the water heater;
t) = city water temperature entering the water heater.

The amount of water consumed is considered according to Table 5, based on the
ASHRAE standard [88].

Referring to Table 5 and considering the building’s occupancy per software standards,
which categorize it as a residential building, the required heat load at this stage amounts to
68.59 kW. The cumulative thermal load calculated analytically totals 192.65 kW.
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Table 5. The amount of hot water used for the residential building.

Maximum Required

Building Type Hot Water per Person = Demand Coefficient ~ Source Storage Factor
per Liter per Hour
Residential buildings 38 0.6 14

5.2. Carrier Software Calculations

Due to the high-reliability requirement, the thermal and cooling loads of the building
were calculated using Carrier HAP v6. software. According to the results obtained, the
calculated thermal load was 184.590 kW. Manual estimations of the cooling load may not
provide a highly accurate criterion for comparison. Hence, Carrier software was used to
estimate the building’s cooling load under the specified conditions. As can be observed in
Table 6, the results that can be drawn from Carrier software in relation to the thermal and
cooling loads in this building include a refrigeration load of 68.45 kW for the building in
the Tabriz climate.

Table 6. Results extracted from Carrier software for building in Tabriz.

“COMPONENT LOADS FOR SPACE” BLD1-F001-Z01

“IN ZONE” BLD1-F001-Z01

DESIGN COOLING
COOLING DATA FOR Aug 1600
COOLING OA DB/WB 38.4 °C/23.8 °C

DESIGN HEATING
HEATING DATA AT DES HTG
HEATING OA DB/WB —6.7 °C/—-8.8 °C

OCCUPIED T-STAT 23.9 °C OCCUPIED T-STAT 21.1 °C
Sensible Latent Sensible Latent

SPACE LOADS Details (W) W) Details W) W)
Window and skylight solar loads 195 m? 20,910 - 195 m? - -
Wall transmission 452 m? 1560 - 452 m? 43,768 -
Roof transmission 0 m? 0 - 0 m? 0 -
Window transmission 195 m? 2910 - 195 m? 36,925 -
Door loads 0 m? 0 - 0 m? 0 -
Floor transmission 1768 m?2 0 - 1768 m?2 55,368 -
Partitions 0 m? 0 - 0 m?2 0 -
Ceiling 0 m?2 0 - 0 m? 0 -
Overhead lighting 28,543 W 11,296 - 0 48,529 -
Task lighting (%Y 0 - 0 0 -
Electric equipment 14,272 W 3734 - 0 0 -
People 69 5270 0 0 0 0
Infiltration - 0 0 - 0 0
Miscellaneous - 0 0 - 0 0
Safety factor 0%/0% 0 0 0% 0 0
>>Total zone loads - 45,680 - 184,590 0

5.3. EnergyPlus Calculations

The thermal performance of buildings and the energy consumption based on data
extracted from EnergyPlus for Tabriz offer vast information. Figures 10 and 11 give a more
detailed picture of the combined impact of internal gains and solar gains on the heating and
cooling loads. Figure 10 shows the zone sensible heating, which is 183.02 kW. This value
illustrates the interaction between internal gains resulting from occupants, equipment, and
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lighting and the solar gains through the building envelope that influence heating needs.
The large heating load depicted in the figure highlights the significant role of solar radiation
in contributing to the overall heating demand. This finding underscores the importance of
implementing efficient thermal management schemes, such as improved insulation and
strategic shading devices, to mitigate excessive energy consumption while maintaining
indoor thermal comfort. The integration of such strategies can substantially lower the
impact of peak solar gains, ultimately enhancing the building’s energy performance. The
data reflected in Figure 10 not only demonstrate the thermal loads associated with internal
and solar gains but also emphasize the potential for energy-saving opportunities through
targeted passive and active measures tailored to reduce heating requirements.

Internal Gains + Solar
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Figure 10. The heat load of the building using EnergyPlus in Tabriz.
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Figure 11. The thermal and refrigeration load of the building using EnergyPlus software in Tabriz.
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Figure 11 shows the system dynamic loads profile for the building during a typical
day. The internal and solar gain variation profile follows the day, peaking in the early
morning and late evening. These periods mark high demands for cooling and heating.
The data underscore how solar gains and internal heat loads fluctuate throughout the
day, influencing the overall energy use for heating and cooling. One effective strategy to
mitigate heating loads and enhance energy efficiency is the integration of phase change
materials (PCMs) into building construction. PCMs, during periods of excessive heat,
can absorb and store thermal energy that can later be released in areas where needed,
reducing the dependence on active heating and cooling. According to studies, PCMs are
able to smooth the indoor temperature and decrease the peak loads for both space heating
and cooling.

Conclusively, with the background of the results in Table 7, the heating load estimation
by different methods for the Tabriz building gives very accurate and reliable estimates. It
resulted in an estimated heating load of 192.65 kW through manual calculation, 184.59 kW
through Carrier software, and 183.02 kW through EnergyPlus. The credibility of EnergyPlus
as a simulation tool becomes apparent from the minor deviation of about 5% between man-
ual calculations and the EnergyPlus calculation. EnergyPlus demonstrated an extremely
detailed simulation capability in respect of energy use and environmental performance
based on interrelationships between different built components and systems, including
the envelope structure, windows, HVAC systems, lighting, plug loads, and internal heat
gains from a variety of sources. There are advanced algorithms which give it the capability
to predict quite accurately the system load needed to maintain the desired indoor air
temperature so as to achieve thermal comfort [101].

Table 7. Comparison of heating loads obtained from software and manual calculations.

EnergyPlus Calculations Carrier Software Calculations Manual Calculations

183.02 (kW) 184.59 (kW) 192.65 (kW)

This further supports the credibility of EnergyPlus: a comparison study of simplified
energy calculations, like ISO 13790 [102], with dynamic simulations like EnergyPlus shows
that the former can offer a more detailed and accurate result in specific conditions and
under changing conditions and uncertainties [103]. This accuracy is important in mod-
eling complex interactions in building systems that are very often simplified in manual
calculations. The slight overestimation of the cooling loads provided by the EnergyPlus
simulations in relation to the Carrier software suggests that EnergyPlus may have more
conservative assumptions, or it accounts for something that the simpler models ignore. This
will ensure that building systems are adequately sized to meet peak demands, enhancing
the reliability and performance of building systems under real-world operating conditions.

The overall findings indicate that EnergyPlus has the capability to provide a good
amount of accuracy for building energy performance simulation and can be effectively
used as a design tool for developing and assessing energy-efficient buildings. The ability to
combine various building components together in a single package and accurately predict
system interactions sets it above manual calculations and other less complicated software
solutions that are available on the market. Thus, EnergyPlus would be appropriate for
detailed energy analysis and building performance optimization under different climatic
conditions, including in Tabriz [104].

The findings from this study can be generalized to broader applications in the field of
energy-efficient building design, particularly in regions with similar climatic characteristics
to those in Tabriz, Iran. The use of Building Information Modeling (BIM) tools such as Au-
todesk Revit® and EnergyPlus has been shown to be effective for simulating and optimizing
energy consumption in residential buildings. By assessing both heating and cooling loads
under different climatic conditions, the methodology used in this study can be applied to
various geographic locations with similar climate conditions. For example, regions that
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experience extreme temperature fluctuations, like those in other parts of the Middle East,
southern Europe, or central Asia, could adopt these findings to optimize energy efficiency
in buildings. The integration of phase change materials (PCMs) demonstrated significant
improvements in thermal regulation, suggesting that their application in different building
types, such as commercial and public buildings, could yield similar energy-saving benefits.
Moreover, this research demonstrated that the simulation and analysis processes could
be expanded to include a variety of building designs and materials, making the findings
applicable to different architectural forms and building structures. The use of EnergyPlus
allowed for the detailed modeling of the building envelope, occupancy patterns, and energy
loads, which can be replicated in different settings, including in high-rise buildings, multi-
residential complexes, or individual homes. The successful validation of the EnergyPlus
simulation against experimental data further supports the generalizability of this approach,
as it can be adapted to other climates, building regulations, and materials worldwide. In
particular, this study’s methodology for assessing the effectiveness of PCMs in reducing
heating and cooling demands can be applied to any region facing high energy consumption
due to temperature extremes. This offers a scalable solution to building energy efficiency,
contributing to global efforts to reduce energy consumption and carbon emissions.

The generalization of these findings also extends to the use of simulation tools for
forecasting future building performance under different climate scenarios. With increasing
emphasis on sustainable construction, the approach used in this study can be applied
to green building projects globally. The flexibility of BIM and EnergyPlus allows for
customization to regional building codes, materials, and climate conditions, making this a
versatile solution for architects and engineers aiming to create energy-efficient buildings.
Moreover, this study’s focus on material properties, such as window transmission values
and wall insulation, provides a framework for general application, regardless of specific
building designs or local climates. Overall, the results of this study demonstrate that the
strategies used to optimize thermal performance in a residential building in Tabriz can
be generalized and applied across various regions and building types to achieve greater
energy efficiency and sustainability.

6. Conclusions and Future Directions

This research work aims to analyze the energy consumption trends of buildings from
the past to the future considering climate change while proposing viable solutions to reduce
energy consumption by 2030. This study utilized BIM to assess the interoperability among
climate change impacts, energy consumption patterns, and sustainability goals. A five-story
residential building in Tabriz, Iran, served as the case study. EnergyPlus 24.0.1, Carrier,
and Meteonorm software were employed to achieve the research objectives. BioPCM
and double-skin fagades were integrated into the building modeling using Autodesk
Revit® 2016 and EnergyPlus to evaluate the potential impact of these advanced materials
on future energy consumption reduction. In a five-story residential building in a cold
climate, applying BioPCM and double-skin fagades would reduce the total consumed
energy in 2030 by roughly 701 kW (0.6%) compared to the year 2020. Specifically, PCMs
and double-skin facades reduced the heating energy use by approximately 1.909%, which is
equivalent to 82,916.13 kW in 2030. However, due to projected increases in global average
temperatures, the energy consumption for cooling is expected to rise from 11,017.8 kW in
2020 to 11,930.86 kW in 2030. While novel materials may not significantly reduce cooling
energy demand, BioPCMs have the potential to absorb and release energy cyclically, which
could partially offset cooling needs.

On the validation front, EnergyPlus was found to be more accurate in computing
and estimating the energy use as compared to manual calculations and Carrier software
estimations. Further studies should be aimed at assessing the effectiveness of different
kinds of newly emerging materials and technologies, such as halochromic smart materials,
photochromic materials, and thermal expansion smart materials, in reducing the total
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amount of energy use. This should be based on the requirements, objectives, and climatic
conditions of the projects with respect to the location.

This study also provides both practical and theoretical contributions to the field of
energy-efficient building design, particularly in regions impacted by climate change. From
a practical perspective, the integration of Building Information Modeling (BIM) tools such
as Autodesk Revit® and EnergyPlus allows for the detailed simulation and analysis of
energy consumption patterns, enabling more sustainable building designs. The application
of phase change materials (PCMs) and double-skin facades offers real-world strategies
for reducing energy consumption in residential buildings, as demonstrated by the case
study in Tabriz, Iran. This research also highlights the significance of advanced simulation
tools in predicting future energy trends under climate change scenarios, offering valuable
insights for architects and engineers aiming to meet sustainability goals. The use of BIM
and energy simulation software presents a robust approach to enhancing design efficiency
while minimizing environmental impact, contributing to the global effort to reduce carbon
emissions in the construction sector. From a theoretical perspective, this research enriches
the existing literature on the role of advanced materials in improving building performance
under future climate conditions. By benchmarking the EnergyPlus simulation results
against experimental data, this study provides a validated methodology for assessing the
thermal performance of buildings equipped with PCMs and double-skin facades. This
reinforces the effectiveness of these materials in improving energy efficiency, particularly
in cold climates. Furthermore, this study identifies critical gaps in the understanding of
cooling energy demand, which is projected to increase due to rising global temperatures.
This opens avenues for future research to explore additional materials and technologies,
such as smart materials, which can further reduce energy consumption. However, one
limitation of this study is the reliance on simulation data, which may not fully capture the
complexities of real-world energy performance. Future research should focus on long-term
field studies to validate the findings and assess the applicability of the proposed solutions
across different climate zones and building types.
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