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With the intensification of climate change, the energy consumption
pattern in buildings has undergone changes, especially in cold and dry
climates. Tabriz, as one of the cold cities in Iran, will face an increase in
cooling energy demand in the coming decades. The present study aimed
to simultaneously evaluate the energy consumption and thermal comfort
of office buildings under future climate scenarios and identify physical
parameters affecting the thermal resilience of the building. In this study,
an office building was modeled using DesignBuilder software and future
climate data for the horizons of 2050 and 2080 based on the RCP 8.5
scenario and generated through Meteonorm 8 software and applied in
simulations. For extensive parametric analysis, more than 10,000
scenarios were generated using the jEPIlus tool and the LHS sampling
method. Machine learning algorithms were used to reduce the
computational load and extract nonlinear relationships between variables.
Performance indicators including total annual energy consumption and
hours of thermal discomfort were considered. The results showed that the
XGBoost algorithm with determination coefficients of 0.998 for energy
consumption and 0.995 for thermal discomfort hours provides the highest
prediction accuracy. The analysis of the importance of features indicates
that the orientation of the building and the thickness of the thermal
insulation of the shell (among the variables examined) have the greatest
impact.
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In the contemporary era, the climate change crisis and the phenomenon of global warming have confronted the
environmental equilibrium of the planet with an unprecedented and multifaceted challenge. These atmospheric
shifts not only threaten natural ecosystems but have also instigated fundamental transformations in energy
consumption patterns within the architectural framework of human settlements. Scientific estimations and reports
from the Intergovernmental Panel on Climate Change (IPCC) indicate that the rise in mean global temperatures
represents a complete metamorphosis of biological patterns and the physical requirements of buildings rather than
a mere numerical adjustment. This thermal escalation is projected to generate a significant surge in cooling
demand, which will gradually outweigh the decreasing need for winter heating, thereby driving the net energy
consumption balance in buildings upward at a concerning rate.

The building sector, as one of the primary consumers of energy resources and a central axis of global greenhouse
gas emissions, plays a strategic and pivotal role in decarbonization initiatives and sustainable development
frameworks. Due to its geographical positioning within the arid and semi-arid climatic belt, Iran is exposed to the
adverse effects of this temperature rise at a rate significantly exceeding global averages. The metropolis of Tabriz,
long recognized as a prominent archetype of cold and mountainous regions in Iran, now stands on the threshold
of a major climatic transition. In the coming decades, this city will face the paradox of overheating within
buildings that were historically designed solely based on strategies for heat retention and protection against
extreme cold.

The vital necessity of this research lies in the rigorous and scientific analysis of how physical variables interact
with two frequently contradictory components, namely energy efficiency and occupant thermal comfort. By
examining this interplay under both pessimistic and realistic future scenarios for the 2050 and 2080 horizons, a
clear path is established for extracting resilient design strategies. The ultimate objective of this study is to enhance
the quality of life in interior spaces and ensure the ecological sustainability of the urban fabric against forthcoming
atmospheric turbulence, ensuring that architecture functions as a dynamic and responsive system rather than a
passive shell.

By adopting an innovative hybrid approach, this research establishes a cohesive bridge between the domain of
building physics simulations and the realm of computational machine learning algorithms. The research process
was designed through several sequential and overlapping stages to ensure that the accuracy of the results was
maintained at the highest possible level.

In the initial phase, a reference office unit in the city of Tabriz, representing the prevailing construction patterns
of this climate, was selected. This model was developed in the advanced DesignBuilder software with highly
precise technical details, including the thermal properties of materials, occupancy schedules, lighting systems,
and internal loads. The southern facade of this unit was designated as the primary surface for thermal exchange
with the environment, while all other surfaces were configured as adiabatic to ensure that the effects of design
variables on the main envelope were measured in an isolated and accurate manner.

To account for long term climatic impacts, traditional atmospheric data were replaced with forward looking
projections. Utilizing the RCP8.5 scenario, which reflects the continuation of current greenhouse gas emission
trends, weather files were generated for the years 2050 and 2080 and applied within the EnergyPlus simulation
engine. To overcome the limitations of traditional modeling, which typically examines only a restricted number
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of cases, the Latin Hypercube statistical sampling method was employed. This sophisticated technique allowed
for a comprehensive traversal of the design space by generating over 10,000 parametric scenarios.

The input variables within this extensive space encompassed decisive physical parameters such as the orientation
of the building relative to geographic north, the thickness and thermal conductivity of envelope insulation, the
window to wall ratio (WWR), and the depth of horizontal and vertical shading devices. In the final stage, to extract
the complex and nonlinear relationships between these variables and building responses, four premier machine
learning algorithms were tested and calibrated: linear regression (as a baseline), Random Forest, Support Vector
Regression (SVR), and the powerful Extreme Gradient Boosting (XGBoost) algorithm. This approach facilitated
the creation of a surrogate model capable of predicting building performance in a fraction of a second.

Statistical and mathematical analyses derived from data processing revealed that models based on ensemble
learning exhibit significantly higher efficiency in analyzing building dynamics due to their tree-based structures
and capacity to interpret complex interactions. Among these, the XGBoost algorithm demonstrated absolute
superiority in computational precision, achieving a remarkable coefficient of determination (R2) of 0.998 for
energy consumption forecasting and 0.995 for predicting discomfort hours. Such results indicate that the
developed model can predict nearly all thermal behaviors of the building under diverse scenarios with minimal
error. A pivotal component of this research involved feature importance analysis. The results disclosed that
building orientation, with a weighting coefficient of approximately 0.5, plays the most critical role in thermal
equilibrium. This finding suggests that within the future climate of Tabriz, even high-performance insulation
materials cannot compensate for the errors stemming from improper building orientation. Following this, the
thickness of the envelope insulation was ranked as the second most significant factor. Findings from Partial
Dependence Plots (PDP) further illustrated the intensely nonlinear behavior of the building; specifically, minor
adjustments in certain parameters, such as a few degrees of rotation, can trigger sudden and substantial fluctuations
in cooling loads.

Furthermore, the investigation of variable interactions via contour plots and 3D response surfaces unveiled a
compelling phenomenon characterized as the islanded optimal zone. These zones represent specific points within
the design space where a delicate balance is established between energy reduction and occupant comfort. It is
noteworthy that across many other regions of the design space, a clear trade-off was observed. For instance,
attempts to minimize energy consumption by excessively increasing insulation directly resulted in heat entrapment
within the structure, leading to a severe decline in thermal comfort during warm seasons. This discovery
underscores the necessity of transitioning from one-dimensional design approaches toward multifaceted,
engineered, multi-objective design strategies.

Conclusion

The detailed findings of this research substantiate the unavoidable reality that traditional and stereotypical design
patterns in the cold climate of Tabriz will entirely lose their efficacy when confronted with the rigors of climate
change across the 2050 and 2080 horizons. A significant escalation in the risk of overheating within office
environments is observed, stemming from the synergy between high internal loads and rising ambient
temperatures, which poses a substantial threat to occupant health and productivity.

Through the deployment of machine learning computational power, it was demonstrated that the impact of any
physical modification on future building performance can be monitored with high precision, bypassing the
protracted and costly processes associated with conventional simulations. Perhaps the most pivotal practical and
economic contribution of this study is the scientific identification of the Law of Diminishing Returns regarding
envelope insulation. The data indicated that increasing the thickness of thermal insulation is beneficial only up to
a specific threshold. Beyond this point, no meaningful improvement in thermal comfort is achieved; instead, the
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phenomenon of heat entrapment is exacerbated during summer months, resulting in energy degradation and the
imposition of exorbitant, unnecessary costs during the construction phase.

Ultimately, as an operational strategy, a shift in the design paradigm for cold regions is proposed to architects,
consulting engineers, and housing policymakers, moving from maximal insulation toward intelligent
optimization. It is suggested that focus be directed toward the precise calibration of building orientation and the
application of optimal insulation thicknesses. By leveraging the saddle points extracted from this research, the
resilience of structures against the climatic crises of the twenty-first century may be ensured. This study serves as
a departure point for utilizing big data to cultivate an architecture that is not only aesthetically robust but also
fundamentally sustainable in the face of temporal shifts.
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