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ARTICLE INFO ABSTRACT

Keywords: Thermal mass, a pivotal element in a building’s performance, functions as an indoor thermal buffer. While
Climate change literature underscores its advantages, the enduring impact of thermal mass amid climate change remains un-
Overheating

certain. This study methodically assesses thermal mass effects in 21 Iranian cities across contemporary and future
climates, juxtaposing heavyweight and lightweight constructions. The EPSAP algorithm, a generative building
design method, created a dataset of two-story single-family houses. Cooling and heating demands were evaluated
in EnergyPlus, accounting for current and future system design efficiencies. Future climates were simulated using
EC-Earth3 model estimations for the SSP5-8.5 scenario in 2050 and 2080 timeframes. The findings reveal that
the energy efficiency advantage of heavyweight over lightweight buildings will diminish by up to 0.60 kW-h-m 2
in 2050 (40 % less than the present-day climate difference between constructions) and 0.93 kW-h-m~2 in 2080
(63 %) for cities in central and southern regions. The performance differences between constructions will
sometimes be null, making thermal mass negligible. Conversely, only three cities in Northern Iran exhibit an
opposing trend for mid to very-high thermal transmittances. Regarding building geometry, heavyweight con-
struction correlates strongly with indexes related to building compactness, while lightweight construction aligns
more with glazing-related indexes. However, as climates warm or we move towards warmer regions, discernible
differences between lightweight and heavyweight constructions vanish for both shape- and glazing-related in-
dexes. In conclusion, although the use of thermal mass will be less effective, building design professionals will
have greater latitude for innovative construction and design solutions.
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1. Introduction residential buildings; rather, it improves indoor thermal comfort control

compared to low thermal mass [6]. In Indian office buildings, thermal

Thermal mass is defined as a material’s inherent ability to absorb and
retain heat [1], strategically employed as a passive design measure to
mitigate cooling energy demands during warmer seasons or summer-
time overheating in a warmer future [2]. This design choice has
demonstrated notable success in stabilizing fluctuations in temperature
and diminishing overall energy consumption in buildings, particularly
in areas characterized by substantial daily temperature variations,
resulting in considerable benefits in thermal comfort [3], as reported in
the literature. For instance, a recent study concluded that increasing the
thermal inertia of building walls in Poland reduced the summer’s daily
indoor temperature swing [4]. The same authors concluded that the
thermal mass effectiveness lies in reducing temperatures closer to oc-
cupants’ comfort limits, thereby diminishing the reliance on
air-conditioning [5]. In the hot summer and cold winter Chinese climate
zones, high thermal mass does not help reduce building loads in
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mass can reduce excess heat discomfort for a significant time during the
summer and winter seasons [7]. The decrease and stabilization of indoor
daily temperatures for high-mass buildings were also observed in the hot
and arid climates of Egypt [8] and Saudi Arabia [9]. In Brazil, the effi-
ciency of thermal mass varies with the climatic conditions. It is effective
in milder climates like Curitiba, enabling passive operation throughout
the year. However, in more severe climates such as Sao Luis, buildings
with high thermal mass in the envelope exhibit low thermal resilience by
hindering temperature recovery [10].

The thermal response of buildings with high thermal mass is signif-
icantly more stable, helping to attenuate the daily temperature shifts
[11], which, in turn, are an important factor for its effectiveness, espe-
cially when coupled with proper ventilation [12]. This factor can have a
significant impact. In a study conducted during two heat waves in
Poland, the authors concluded that coupling high thermal mass with
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night ventilation eliminated the hours of very high temperatures [13]. In
another study, the thermal mass configuration was optimized with in-
tegrated night ventilation for different climate conditions in China. The
results highlighted night ventilation’s vital role in decreasing over-
heating even under future climate conditions [14]. While also evalu-
ating future scenarios, natural ventilation, paired with thermal
insulation and thermal mass, was the best measure to reduce future
overheating in a Slovenian case study [15]. In contrast, a UK study
concluded that high thermal mass paired with night ventilation is only
effective in the short-term, with the ventilation effect significantly
reduced in the future [16]. A study investigating buildings in five
different cities in the US concluded that increasing thermal mass will
increase energy savings through mixed-mode ventilation [17].

1.1. The effect of thermal mass on energy efficiency

While thermal mass is widely perceived as advantageous for main-
taining optimal indoor temperatures and increasing indoor thermal
comfort, the literature reveals conflicting findings on its impact on en-
ergy consumption across diverse climates. In desert climates like
Australia, thermal mass significantly affects thermal behavior and re-
duces energy consumption, especially when positioned on the inner side
of the insulation [3]. In contrast, in Las Vegas, denser construction
reduced heating energy usage but increased cooling demands due to
heat retention [18].

In central-western Poland’s temperate climate, heavyweight con-
struction significantly reduces the cooling energy demand during
extreme heat events [13]. In Al-Ain, United Arab Emirates, the thermal
mass has effectively reduced cooling and heating demands, saving up to
14.8 % in electricity consumption [19]. Similarly, in the hot semi-arid
climate of Israel, high thermal mass can lower the operational energy
consumption [20]. In contrast, in the tropical savannah climate of the
interior of Brazil, thermal mass is employed as a strategy for cooling,
greatly reducing energy consumption in residential buildings [21].
Conversely, certain studies found limited benefits [22] or no discernible
advantage [11] from high thermal mass in colder climates. For example,
in Canadian cities, buildings with higher thermal mass, such as those
constructed with hempcrete, consumed more energy, mainly for heating
[23].

Research outcomes exhibit considerable variation even within the
same climatic zone. Low thermal inertia walls in Mediterranean climates
heightened heating and cooling demands [24], while medium-heavy
configurations exhibited lower energy consumption, particularly when
paired with appropriate night ventilation [25]. However, a series of
studies indicated that thermal mass, while significantly influencing
comfort level, might have a modest impact on energy savings in this
region [26]. It may even lead to an increase in cooling energy con-
sumption in the southern and warmer climates while increasing the
heating energy demand in northern and colder climates [27].

The impact of thermal mass on energy use appears intricately linked
to variations in climate conditions. Nevertheless, discrepancies in find-
ings also arise from different measurement standards, methodologies,
simulation settings, building types, definitions of optimal thermal mass
and energy usage, and a tendency to focus on specific building compo-
nents rather than the entire structure [28].

1.2. The impact of thermal insulation

Previous research has disclosed that these disparities do not exclu-
sively arise from the factors mentioned above but also stem from the
intricate nature of the underlying physical phenomenon, notably the
building envelope’s selected thermal transmittance (U-value) [27]. The
findings indicate that thermal transmittance exerts a varying impact on
the contribution of thermal mass. For instance, within the same climate
zone, exemplified by Casablanca, low thermal mass can be advanta-
geous when coupled with higher thermal transmittance values [27].
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Conversely, the relationship might be different for lower values.
Therefore, the interplay between thermal mass and U-values signifi-
cantly influences a building’s energy performance. The prevailing
emphasis on thick insulation mandated by energy-saving standards
prompts questions about the potential benefits of combining heavy-
weight construction with insulation, particularly for countries with
diverse climate regions.

A study in the United States underscores that while thermal insu-
lation often surpasses the impact of thermal mass alone in reducing
overall energy consumption, this dynamic shifts in hotter regions, where
insulation leads to higher energy usage [29]. Adding thermal insulation
generally leads to 20 %-50 % heating energy reductions, except for hot
and arid climates. Meanwhile, cooling energy increases with added
insulation. Interestingly, this study found that increasing insulation
thickness does not consistently result in greater energy reduction, which
contrasts with a previous study that added insulation diminishes the
thermal benefits of mass [30]. The findings indicate that incorporating
thermal insulation decreases overall energy consumption, except in hot
climates. In contrast, a study in the same climate category mentions the
advantages of utilizing thermal mass and insulation materials to
enhance energy efficiency [20]. It means that using materials with
higher thermal mass in an office building in Southern Israel could lead to
a 3 % reduction in operational energy consumption, and adding insu-
lation further decreases energy use. Another study emphasizes the sig-
nificance of low thermal transmittance in regions with hot climates
similar to Saudi Arabia’s. It reveals that altering external walls’ U-value
(insulation level) has a more pronounced effect on energy savings than
the thermal mass itself. Lowering the U-value reduces energy use,
though the difference between high and low thermal masses is relatively
small [9]. The study concludes that the U-value is crucial, significantly
impacting wall heat flow.

Studies indicate that the insulation placement and thermal mass
within walls significantly affect the energy performance of buildings. In
Riyadh, a two-layered insulation configuration in the middle and on the
exterior side of the wall resulted in the most substantial time lag and
reduced peak loads by 20 % [31]. In comparison, exterior insulation
coupled with optimal thermal mass thickness yields up to 35 % energy
savings [32]. Another research work concluded that walls with thermal
mass on the interior side of the wall exhibited the lowest decrement
factor and minimal fluctuations in heat flux and indoor surface tem-
peratures, contributing to energy savings [33]. Additionally, research
conducted in two Palestinian climates indicated that walls with high
thermal mass and high thermal insulation in the outer layer positively
affected thermal performance during winter and summer, irrespective of
the climate zone [34], while uninsulated walls displayed the poorest
thermal performance during winter. Similarly, in the warm Mediterra-
nean climate of Italy, the employment of a massive thermal layer on the
internal side of the external wall and the resistive layer outside resulted
in the optimal thermal performance solution to mitigate overheating
[35]. Similar conclusions were reported for thermally massive buildings
in Iran, where placing the thermal insulation on the outer side of walls
results in the most efficient solution [36]. The strategic arrangement of
thermal mass is essential, with some studies indicating that
semi-thermal mass inside the wall (i.e., thermal mass divided by the
insulation layer) leads to the lowest annual heating and cooling loads,
while walls with higher thermal mass concentrated on the interior side
exhibited the highest energy consumption [37].

Despite a consensus on the placement of thermal mass within
external walls, the effectiveness of combining this strategy with insu-
lation still needs to be conclusive. The interaction between thermal mass
and U-values is complex and varies with climate conditions. Moreover,
the complexities introduced by climate changes underscore the need to
investigate how shifts in climate might alter the interplay between
thermal mass and U-values, influencing building energy efficiency.

Table 1 summarizes and presents the relevant literature regarding
the impact of thermal mass and other related measures.



Table 1
Summary of collected literature regarding the impact of thermal mass and other related measures.
Ref. Location Climate” Building Performance indicator Results Future
type climate?
[3] Newcastle (Australia) Humid subtropical climate Residential High thermal mass on the Reduction of energy consumption. No
insulation’ inner side
[4,5] Zielona Géra (Poland) Temperate Residential High thermal mass Reduction of daily indoor temperature swing in summer. No
[6] Chongging (China) Hot Summer and Cold Winter Residential High thermal mass Improvement of indoor thermal comfort control. No
[7] Jaipur (India) Composite Office High thermal mass Reduction of excess heat discomfort during summer and No
winter.
[8] Cairo (Egypt) Hot and arid Residential High thermal mass Reduction and stabilization of indoor daily temperatures. No
[9] Riyadh (Saudi Arabia) Hot and arid Office High thermal mass + thermal Reduction and stabilization of indoor daily temperatures No
insulation with higher thermal mass. Added insulation has a higher
impact than thermal mass.
[10] Curitiba, Sao Luis (Brazil) *Subtropical highland, Tropical Residential High thermal mass Effective, enabling passive operation throughout the yearin ~ No
monsoon the milder Curitiba climate; and lower thermal resilience in
the more severe Sao Luis climate.
[11] Madrid (Spain) Hot and dry Office High thermal mass Attenuation of the daily temperature shifts. No
[13] Zielona Géra (Poland) Temperate Residential High thermal mass + night Elimination of hours of very high temperatures and reduction ~ No
ventilation of cooling energy demand, during extreme heat.
[14] Harbin, Beijing, Shanghai, Kunming, Severe Cold, Cold. Hot Summer Cold Office Optimized thermal mass + night =~ Overheat reduction. Yes
Guangzhou (China) Winter, Temperate, Hot Summer Warm ventilation
Winter
[15] Ljubljana (Slovenia) Temperate Residential High thermal mass + thermal Overheat reduction. Yes
insulation + natural ventilation
[16] London (UK) *Temperate oceanic Office High thermal mass + night Reduction in overheating in the short term, with the Yes
ventilation ventilation effect significantly diminished in the future.
[17] Miami, Phoenix, Las Vegas, San Very hot and humid, Very hot and dry, Office High thermal mass + mixed- Higher energy savings. No
Francisco, Philadelphia (USA) Hot and dry, Marine climate, Warm and mode ventilation
humid
[18] Las Vegas (USA) Desert climate Residential High thermal mass Heating energy reduction and cooling energy increase. No
[19] Al-Ain (UAE) Arid Residential High thermal mass Reduction of heating and cooling demands. Yes
[20] Beer Sheva (Israel) Hot semi-arid Office High thermal mass + thermal Reduction of operational energy consumption, with added No
insulation adding insulation further decreasing energy use.
[21] Cuiaba (Brazil) Tropical savannah Residential High thermal mass Reduction of cooling demand. Yes
[22] Vixj6, Ostersund, Kiruna (Sweden) Nordic Residential High thermal mass Limited impact on the heating demands. No
[23] Toronto, Vancouver (Canada) Cold, Mild Residential High thermal mass Higher energy consumption for heating. No
[24] Milan (Italy) Continental Residential Low thermal mass Higher heating and cooling demands. No
[25] Milan, Rome, Palermo (Italy) *Humid subtropical, Mediterranean, Office Medium-high thermal mass + Lower energy consumption. No
Hot-summer subtropical night ventilation
[26] Ancona (Italy) Hot-summer Mediterranean Residential High thermal mass Significant impact on comfort level and modest influence on ~ No
energy savings.
[27] Several across the Mediterranean area ~ Humid subtropical, Mediterranean, Hot Residential High thermal mass Increase in cooling energy consumption in southern and No
subtropical steppe warmer climates. Increase in heating energy demand in
northern and colder climates.
[29] Miami, Phoenix, San Francisco, Very hot humid, Hot dry, Warm marine, Office High thermal mass + thermal Thermal insulation surpasses the impact of thermal mass in No
Albuquerque, Chicago, Minneapolis, Mixed dry, Cool humid, Cold humid. insulation reducing overall energy consumption, except in hotter
Duluth, Fairbanks (USA) Very cold. Subarctic regions where insulation leads to higher consumptions.
[30] Phoenix, Houston, Tucson, Billings, Hot and dry, Hot and humid, Very hot, Office High thermal mass + thermal More thermal insulation diminishes the thermal benefits of No
Minneapolis, Fargo (USA) Cold and Dry, Cold and humid, Very cold insulation mass and decreases overall energy consumption, except in
hot climates.
[31,32] Riyadh (Saudi Arabia) Hot and arid Generic Optimized thermal mass + Reduction of peak loads and higher energy savings. No
wall exterior thermal insulation
[33] Montreal (Canada); Miami, Denver Heating-dominated, Cooling-dominated,  Office High thermal mass on the Low decrement factor, minimal fluctuations in heat fluxand ~ No
(USA) Temperate interior side of the wall indoor surface temperatures, and higher energy savings.
[34] Jericho, Nabus (Palestine) Hot dry summer and warm winter, Cold  Residential High thermal mass + thermal Better thermal performance during winter and summer. No

winter and hot summer

insulation on the outer layer

(continued on next page)
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Table 1 (continued)

Future

Results

Performance indicator

Building

Climate”
type

Location

Ref.

climate?

No

Reduction of overheating and temperature swings

High thermal mass on the

Residential

Hot Mediterranean/dry-summer

subtropical

Lecce (Italy)

[35]

internal side + thermal

insulation on the outer layer

High thermal mass + thermal
insulation on the outer layer

Thermal mass on the interior
side of the wall + natural

ventilation

No

Higher thermal performance, with lower decrement factor

and longer time lag.

Generic
wall

Semi-arid

Shiraz (Iran)

[36]

No

Semi-thermal mass (massive layer divided by insulation)

enhances the energy performance.

Hot and arid Residential

Tehran (Iran)

[37]

Yes

Effectiveness reduction of thermal mass in the future in

certain locations.

High thermal mass

Residential

Humid subtropical, Cold desert,

Santa Rosa, Mendoza, Cérdoba, Oran

(Argentina)

[38]

Monsoon-influenced humid subtropical

@ Climate classification according to the respective research work, except where missing (marked with *), for which the Koppen-Geiger climate classification [39] was considered here.
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1.3. Future weather

Given the current context of climate change, a few studies stress the
importance of thermal mass evaluation under future climate (Table 2),
with some future projections suggesting a potential decrease in the
thermal mass strategy’s effectiveness in certain locations [38]. These
studies employ future weather data to simulate future buildings’ per-
formance, but most of them use outdated climate data from the HadCM3
model produced for CMIP2 experiments [40], which date from 2001 and
were the basis for the 4th assessment report of The Intergovernmental
Panel on Climate Change (IPCC). The future climate scenarios from
these experiments are much less detailed than the ones in the recent 6th
assessment report of the IPCC, the Shared Socioeconomic Pathways
(SSP). Other issues must be pointed out, such as the coarse spatial res-
olution of the climate data and the tools that implement the morphing
procedure (CCWorldWeatherGen and Weather Morph), lack of statisti-
cal transforming of all variables needed in the dynamic simulation of
buildings and interpolation method of the data to the location of the
building [41]. The remaining studies use Meteonorm data or trans-
formation of design summer year with a probabilistic prediction of
climate change, which, from 2009, uses an old climate scenario, and the
second study only accounts for summer overheating. Therefore, there is
a clear lack of knowledge on the role of thermal mass under climate
change scenarios, both due to the small number of studies that only
cover a small number of locations worldwide and the use of outdated
climate data.

1.4. The Iranian context

The building sector in Iran faces significant challenges, particularly
in terms of energy consumption and thermal efficiency. A major portion
of Iran’s energy consumption is attributed to buildings, with approxi-
mately 40 % of the total energy used for heating and cooling [42]. This
high energy consumption is exacerbated by the country’s status as the
world’s leading source of energy subsidies in 2020 [43]. The availability
of these subsidies and economic assistance from the Iranian government
in the building energy industry has diminished the emphasis on energy
efficiency in building envelopes [43]. Consequently, thermally efficient
exterior walls are not commonly found in Iranian buildings, and
selecting exterior wall materials often disregards appropriate criteria
[43]. This disregard for thermal efficiency poses significant challenges,
especially given the ongoing climate warming trend. Projections suggest
that the mean annual temperature in Iran is anticipated to rise by
approximately 5.2 °C by the end of the century [44]. This situation will
likely exacerbate without intervention, making buildings increasingly
inefficient and energy-intensive.

Research on the influence of thermal mass on building energy effi-
ciency in Iran remains sparse. While recent studies have emphasized its
significant impact on thermal performance across various climates, most
have predominantly focused on the placement of thermal insulation
within conventional wall types [43] or optimizing the thickness of
thermal insulation [45]. There is a notable gap when considering al-
terations to wall mass.

Researchers who have investigated the impact of thermal mass in
Iran have primarily focused on positioning thermal mass within walls to
determine where it can yield optimal thermal performance [36,37], as
discussed in the preceding section. Some studies have also assessed the
combination of thermal mass with other strategies. For instance, it was
discovered that cases with higher thermal mass, such as 25 cm
high-density concrete blocks or 30 cm outer bricks in external walls,
along with additional layers of insulation positioned externally, could
significantly enhance building performance in a school building during
the winter season in the arid, steppe, cold climate of Tehran [46]. In
another study, by increasing the thermal mass, particularly using con-
crete structures and interior brick walls, in buildings constructed with
straw bale material, substantial reductions in energy consumption were
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Table 2
Studies focusing on the evaluation of thermal mass under climate change.
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Ref. Location Timeframe Scenario Model Tool Performance indicator
[14] Harbin, Beijing, 2050, 2080 A1FI (High emissions), A2 HadCM3  Weather Morph Comparison of overheating hours between
Shanghai, Kunming, (Medium-high emissions), B1 different timeframes, scenarios, and
Guangzhou (China) (Medium-low emissions), B2 construction types, with and without night
(Low emissions) ventilation.
[15]1  Ljubljana (Slovenia)  2011-2040, A2 (Medium-high emissions) HadCM3  CCWorldWeatherGen Effect of overheating-preventing measures (e.
2041-2070, g, thermal mass, ventilation) on the
2071-2100 operative temperature and thermal comfort
for the different timeframes.
[16] London (UK) 1970, 2030, Medium emissions, High DSY weather file with Effect of high thermal mass on the
2050, 2080 emissions probabilistic prediction for overheating hours, for the different

[19] Al-Ain (UAE) Present, 2050, Scenario-1 (+1.6 °C in 2050),
2100 Scenario-2 (+2.3 °C in 2100),
Scenario-3 (+2.9 °C in 2050),

scenario-4 (+5.9 °C in 2100)

[21] Cuiaba (Brazil) 1961-1990, A2 (Medium-high emissions)
2011-2040,
2041-2070
[38] Santa Rosa, 1961-1990, A2 (Medium-high emissions)
Mendoza, Cérdoba, 2020, 2050,
Oran (Argentina) 2080

HadCM3

HadCM3

climate change timeframes and scenarios, and for different
ventilation rates.

Comparison of energy demand and CO,
emissions for the different timeframes and
scenarios with distinct design measures (e.g,
thermal mass, insulation, shading).
Comparison of energy consumption, cooling
degree-hours, operative temperatures, and
discomfort hours for the different timeframes
and construction types, and for different
orientations.

Comparison of temperature of thermal
neutrality and energy consumption for the
different timeframes, with distinct passive
strategies (e.g., thermal mass, natural
ventilation, shading).

MeteoNorm

CCWorldWeatherGen

CCWorldWeatherGen

observed across all climates of Iran. However, the extent of improve-
ment varied among locations, with some areas such as Yazd (arid,
desert, hot) and Rasht (temperate, no dry season, hot summer) neces-
sitating higher thermal mass for optimal performance [47]. Conversely,
in another study utilizing Givoni’s correction chart to provide biocli-
matic recommendations across ten climates in Iran, the use of high
thermal mass was only recommended for Abadan, a city characterized
by a hot-desert climate, for both present and future time frames [48].
Therefore, the literature on this topic in Iran is limited, with findings
often exhibiting inconsistent results across different climates in Iran.

1.5. Aim and contributions

Despite the existent literature stressing the importance of thermal
mass on energy efficiency, thermal resilience, and the impact of distinct
factors (e.g., ventilation, thermal insulation, climatic context), there are
limited works addressing the optimal interplay between thermal mass
and thermal transmittance amidst climate change. In addition, such
topics are rarely investigated in the context of Iran, with few existing
studies addressing them separately (as mentioned in Section 1.4). Our
research aims to fill this void by exploring such relationships and their
impact on building energy performance. This study addresses three key
questions: “Will thermal mass remain effective in the future?”, “How do
variations in U-values and climate impact the role of thermal mass in
buildings?” and “Will thermal mass affect the building geometry
options?”

This study takes a distinctive and novel approach that uses a
generative design method to produce large synthetic datasets
comprising detailed single-family homes across multiple Iranian loca-
tions with varying degrees of thermal mass construction, incorporating
randomized values for thermal transmittance in building envelope
components. Their energy performance is determined using dynamic
simulation under current and future climate scenarios, which were
morphed using the most recent climate data from the latest Assessment
Report of the IPCC and statistically analyzed to determine their trend
over time and identify the most important design aspects.

This work provides new insights by presenting representative find-
ings on the relation between thermal mass and thermal transmittance
while accounting for the effect of climate change. It contributes to the

body of knowledge by referencing similar buildings and climates where
comparably significant findings are lacking. The results of this research
may also help building professionals employ the best strategies in the
face of climate change.

The remaining paper is structured in four additional sections. In
Section 2, the material and methods employed in this study are
described and justified. The results are presented in Section 3 and are
discussed in Section 4. Finally, the conclusions are made in Section 5.

2. Materials and methods

We followed a systematic approach to address the hypothesis that
climate change will impact the role of thermal mass in buildings, which
affects both energy performance and geometry design options, as out-
lined below in six steps. Fig. 1 provides a visual illustration of our study
concept framework.

Step 1. In the initial stage, we obtained typical meteorological
weather data for Iran from the climate.onebuilding.org website. We
assessed the integrity of this weather data (derived from historical
records from 2004 to 2018). This dataset served as our representa-
tion of the present-day climate.

Step 2. The present-day climate data underwent statistical trans-
formation to create a future climate scenario (SSP5-8.5) for two
specific timeframes, namely 2050 and 2080. We achieved this
transformation using the Future Weather Generator morphing tool.
The present-day and future climates were utilized to define outdoor
conditions in Step 4.

Step 3. Subsequently, we generated alternative designs for a two-
story single-family house using the generative design technique
known as the EPSAP algorithm. This process resulted in 115,200
distinct building designs.

Step 4. EnergyPlus simulated the buildings’ energy performance with
randomized window, wall, and roof thermal transmittances for each
thermal mass construction (heavyweight and lightweight). Two
hundred thirty-four hundred simulations were carried out for each
location and climate timeframe.

Step 5. We organized the simulation results into two datasets, one for
heavyweight construction and another for lightweight. Within these
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h 4
5. Organization of
Datasets (Heavyweight
and Lightweight
construction)

 E— . "N S R—"

6. Statistical Analysis
and Synthesis

Fig. 1. Study concept framework.

datasets, we calculated the cooling and heating energy consumption
in conditioned zones, considering the anticipated efficiencies of the
Heating, Ventilation, and Air Conditioning (HVAC) system corre-
sponding to the chosen climate scenario.

Step 6. Finally, we conducted a comprehensive statistical analysis
and comparative assessment of the two datasets to synthesize our
findings. This analysis involved leveraging information about energy
performance, construction properties, and building geometry to
discern statistical relationships and identify trends over time.

The study involved 14,515,200 simulations, considering various
building geometries, locations, climate timeframes, and thermophysical
properties. The following sections describe in detail the materials and
methods used.
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2.1. Present-day and future climates

The study analyzes the role of thermal mass in twenty-one locations.
These locations encompass a diverse range of climate types found in Iran
according to Koppen-Geiger climate classification [39], including arid,
desert, hot (BWh), arid, steppe, hot (BSh), arid, desert, cold (BWk), arid,
steppe, cold (BSk), hot-summer Mediterranean (Csa), humid subtropical
(Cfa), and humid continental (Dsa) climates.

The selected locations include cities along the Caspian Sea coastline
(Rasht, Ramsar, Nowshahr, and Sari), the Persian Gulf coastline (Bandar
Mahshahr, Bandar Bushehr, Dayyer, Assaluyeh, Bandar Abaass, Bandar
Lengeh, and Chabahar), as well as inland cities (Tabriz, Karaj, Hamedan,
Tehran, Semnan, Kashan, Yazd Sadooghi, Shiraz, Sirjan, and Fasa).
Further geographical and climatic information for these locations is
provided in Table 3. The selection of these locations follows criteria
presented in a previous study [49].

For the present-day climate, 21st-century hourly weather was
retrieved from the climate.onebuilding.org website [50] and is derived
from meteorological records between 2004 and 2018 following the ISO
15927-4:2005 standard [51].

Relatively to the future weather data, it was synthetically produced
by morphing the present-day weather data to match a chosen projected
scenario. The Future Weather Generator was used [52]. The tool was
developed using climate data from one of the latest general circulation
models, and it addresses several issues found in other weather morphing
tools [41].

The climate data used in this study originated from the EC-Earth3
model, as detailed in Doscher et al. [53], and was a crucial component
in the CMIP6 (Coupled Model Intercomparison Project Phase 6) exper-
iments [54], forming the basis for the 2022 IPCC’s 6th Assessment
Report. The EC-Earth3 climate system is a comprehensive model
encompassing various physical domains and system components, each
playing a vital role in simulating Earth’s climate dynamics. These do-
mains and components include the atmosphere, ocean, sea ice, land
surface, dynamic vegetation, atmospheric composition, ocean biogeo-
chemistry, and the Greenland Ice Sheet [53]. The EC-Earth3 model
operates on a grid with an 80 km atmospheric resolution (T255L91) and
a 1.0° ocean resolution (ORCA1L75).

For validation purposes, the performance of the EC-Earth3 model has
been assessed in previous studies, providing confidence in its ability to
simulate real-world climate phenomena. References to these validation
studies can be found in Refs. [55,56].

Table 3
Geographic data and climate classification adapted from Ref. [49].
Location Climate
City Lat. (°) Long. (°) Alt. (m) Type Description
Tabriz 38.13° N 46.23° E 1359 BSk Arid, steppe, cold
Rasht 37.32° N 49.60° E -12 Cfa Temperate, no dry season, hot summer
Ramsar 36.91° N 50.68° E -21 Csa Temperate, dry summer, hot summer
Nowshahr 36.65° N 51.50° E -21 Csa Temperate, dry summer, hot summer
Sari 36.63° N 53.19° E 10 BSh Arid, steppe, hot
Karaj 35.77° N 50.82° E 1271 BSk Arid, steppe, cold
Hamedan 34.85° N 48.53° E 1749 BSk Arid, steppe, cold
Tehran 35.68° N 51.31° E 1207 BSk Arid, steppe, cold
Semnan 35.59° N 53.49° E 1117 BWk Arid, desert, cold
Kashan 33.89° N 51.57° E 1056 BWh Arid, desert, hot
Yazd Sadooghi 31.90° N 54.27° E 1235 BWh Arid, desert, hot
Shiraz 29.53° N 52.58° E 1499 BSh Arid, steppe, hot
Sirjan 29.46° N 55.71° E 1739 BSk Arid, steppe, cold
Fasa 28.89° N 53.72° E 1298 BSh Arid, steppe, hot
Bandar Mahshahr 30.55° N 49.15° E 2 BWh Arid, desert, hot
Bandar Bushehr 28.94° N 50.83° E 20 BSh Arid, steppe, hot
Dayyer 27.83° N 51.93° E 4 BWh Arid, desert, hot
Assaluyeh 27.36° N 52.73° E 8 BWh Arid, desert, hot
Bandar Abass 27.21° N 56.37° E 6 BWh Arid, desert, hot
Bandar Lengeh 26.53° N 54.82° E 20 BWh Arid, desert, hot
Chabahar 25.28° N 60.61° E 8 BWh Arid, desert, hot
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Our study employed the SSP5-8.5 scenario to project future climate
conditions. This scenario anticipates a substantial increase in current
CO4, emissions, nearly doubling by 2050, leading to a significant rise in
the average global temperature of approximately 4.3 °C by 2100. While
it may not be the most probable scenario, SSP5-8.5 is considered the
most impactful, and numerous researchers deem its study [57].

Monthly changes from the current climate to the SSP5-8.5 scenario
are computed from each median month of the present-day period
(1985-2014) and the two future timeframes—2050 (2036-2065) and
2080 (2066-2095). The monthly changes for each variable are spatially
downscaled using the bilinear interpolation method and the four nearest
points of the grid to the weather data’s location. Further information
about the tool and the method formulation may be found on the tool’s
website [58].

2.2. Building geometry generation

The building geometries in this study were produced using the
EPSAP algorithm [59], a generative design method. EPSAP is a
population-based hybrid evolution strategy that uses a stochastic
hill-climbing method instead of the traditional mutation and crossover
operators. Each candidate design has its geometry and topology trans-
formed and kept if the produced result is better or equal to the
pre-transformed design. The transformations comprise the translation,
reflection, rotation, stretching, and alignment of a single space to a
cluster of spaces.
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The algorithm determines if the transformation leads to an improved
solution by minimizing a weighted-sum cost function of seventeen
penalty functions. These penalty functions evaluate (i) the building’s
maximum gross and construction areas, compactness, and circulation
areas, (ii) the overflow, connectivity, overlapping, fixed position, min-
imum dimensions, and relative importance of the zones, and (iii) the
accessibility, minimum dimensions, overlapping, orientation, and fixed
position of the openings. Further methodological detail on this algo-
rithm may be found in Refs. [60,61] and its validation in Ref. [62].

The EPSAP algorithm generates diverse designs while adhering to a
common functional program. This program encompasses the indoor
arrangement of rooms and openings in the building. These designs must
meet specific constraints, including minimum and maximum dimen-
sional requirements for rooms, windows, and doors, as well as topo-
logical specifications that dictate the relationships between rooms and
the orientation of elements. In essence, despite variations in volume,
floor area, window-to-wall ratio, orientation, compactness, and indoor
layout, all resulting building designs maintain the integrity of the pre-
defined functional program.

The functional program is a two-story single-family house used in a
previous study [49]. The functional program consists of two floors
interconnected by a staircase. The ground floor comprises a hall, a living
room, a kitchen, and a bathroom. On the second floor, a corridor con-
nects three bedrooms and a second bathroom. Table 4 depicts all re-
quirements and preferences for zones and openings used in this study.

Table 4

Functional program requirements and preferences for zones and openings. Based on Ref. [49].
Zone o ot o o o C* (m) C® (m?) v (0) o ()
Sy Hall Circulation Min Ly L 2.70 10.0 {2.0, 3.0} {3.0, 1.5}
Sz Living room Living Max L L, 3.20 - 1.7 2.0
S3 Kitchen Service Mid L, L, 1.80 - 1.7 2.0
S4 Bathroom Service Min L, L, 2.20 - 1.7 2.0
Ss Stair Circulation - Ly Ly - - - -
Se Corridor Circulation None Lo Ly 1.40 6.0 {2.0, 3.0} {3.0, 1.5}
S; Double bedroom Living High Ly Ly 2.70 - 1.7 2.0
Sg Double bedroom Living High Lo Lo 2.70 - 1.7 2.0
So Single bedroom Living Mid L Lo 2.70 - 1.7 2.0
S10 Bathroom Service Min Ly Ly 2.20 - 1.7 2.0
Exterior (o et C°%(m) coeh (m) €Y (m)
Opening
Oe; S; Door 1.00 2.00 0
Oez Sz Window 2.80 2.00 0
Oez S3 Window 1.20 1.00 1.00
Oey S4 Window 0.60 0.60 1.40
Oes Ss Window 0.80 1.40 0.80
_ Se _ _ _ _
Oeg S, Window 1.80 1.00 1.00
Oe, Sg Window 1.80 1.00 1.00
Oeg So Window 1.20 1.00 1.00
_ S1o - - _ -
Interior coit coia ceib CoY (m) ¢ (m) CoV (m)
Opening
Oiy Door S; Sz 0.90 2.00 0
Oiy Door S; S3 0.90 2.00 0
Oi3 Door S; S4 0.90 2.00 0
Oiy Door Ss S; 0.90 2.00 0
Ois Adj. S2 S3 0 - -
Oig Door Ss Se 0.90 2.00 0
Oi, Door Se S, 0.90 2.00 0
Oig Door Se Sg 0.90 2.00 0
Oig Door Se So 0.90 2.00 0
Oizp Door Se S10 0.90 2.00 0

C*" — name, C*¥ - function, C" - relative importance, C*' and C** — served lower and upper stories, C** — minimum side, C** - minimum area, C*" and C*"' — zone smaller

and larger side ratios, L; and Ly — story 1 and 2.

C° — zone, C°® — opening type, C°* — width, C°" — height, C°®" — vertical position.

Cot _ type, C°? and C°® — connecting zones, Co" — width, C°™ — height, C°V — vertical position, Adj. — adjacency.
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Fig. 2. Examples of the generated building geometries (from Ref. [49]).

Fig. 2 illustrates building geometries generated with different vol-
umes, orientations, and floor plan arrangements.

2.3. Building performance simulation

The energy performance evaluation of each building within the
dataset was carried out using EnergyPlus version 23.1 through a multi-
zone annual simulation. This simulation process is integrated with the
EPSAP algorithm and occurs after the building generation procedure
[63]. For these simulations, a time step of 15 min was chosen, and the
results are primarily focused on assessing the building’s energy con-
sumption in the air-conditioned spaces.

Subsequent sections elaborate on further details regarding the in-
ternal gains, HVAC systems, airflow patterns, and construction specifi-
cations utilized in these simulations.

2.3.1. Internal gains specifications

The internal gains considered in the simulations represent a generic
single-family house accommodating five occupants. These gains follow
the expected occupancy, lighting, and equipment activities in each zone
(Table 5). The schedules are presented in Fig. 3.

Furthermore, daylighting control mechanisms are implemented to
optimize energy efficiency. These controls include dimming the artificial
lighting with the SplitFlux method in zones with exterior windows and
automatically turning off artificial lights when natural sunlight exceeds
an illumination level of 300 lux. Each zone has a dimming reference
point located at the geometric center of each zone, which is 0.8 m from
the floor. Window shades are closed during nighttime to minimize en-
ergy consumption and provide privacy and safety.

Table 5

Occupancy, lighting, and equipment specifications in each zone. Based on Ref. [64].

For more comprehensive information on these parameters, including
the occupancy and operating schedules, please refer to the details pro-
vided in Ref. [64].

2.3.2. HVAC and airflow specifications

In this study, the living room and the bedrooms are the only rooms
with heating and cooling, with the system’s availability depending on
the occupancy in each room. The HVAC template zone ideal loads air
system is used, and the temperature thermostat setpoints for heating and
cooling are 20 °C and 25 °C, respectively, according to the Iranian
Building Code [65]. This system meets the thermal energy needs for the
living room and bedrooms, assuming 100 % efficiency and using a
generic primary energy source. The choice of an ideal system serves two
purposes: (a) it simplifies the system’s definition, given the uncertainty
about future HVAC equipment, and (b) it facilitates the consideration of
various future system efficiencies to calculate the impact of primary
energy consumption (which is treated as electric energy in this study).

Currently, the seasonal coefficient of performance (SCOP) stands at
2.11 for heating and 3.35 for cooling, which are the averages from real
data. It is important to note that efficiency is expected to increase. Ac-
cording to existing literature [66-68], it is projected that the efficiency
of electric heating and cooling systems will improve by the year 2100,
reaching a value of 3.875 under the SSP5-8.5 scenario. Hence, for both
the current SCOP values (baseline) and the anticipated values in 2100, a
straightforward interpolation yields 2.77 and 3.55 in 2050 and 3.43 and
3.74 in 2080 for heating and cooling SCOP, respectively.

Mechanical ventilation is considered to have a 0.6 h™! air change
exhaust rate during occupancy in the kitchen and bathrooms. Additional
0.2 h™! and 0.1 h™! air changes are defined for the outdoor air

Zone type Occupancy Electric lighting Electric equipment
Max. number of people” Activity level (W-person~') Design level (W-m~2) Design level (W)

Living room 5 110 7.5 350

Bathrooms 1 207 7.5 100

Circulation areas 1 190 3.2 20

Kitchen 2 190 5.0 1440

Double bedrooms 2 72 7.5 250

Single bedroom 1 72 7.5 250

@ Number of dwellers accessing each zone and not necessarily the number of occupants simultaneously in the zone. The occupants’ distribution is defined together

with the proper occupancy schedules.
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Fig. 3. Occupancy, lighting, and equipment use schedules in each zone. Based on Ref. [64].

infiltration in zones with and without exterior openings, respectively.

2.3.3. Construction specifications

For each thermal mass level to be studied, and given the nature of
this research, the exterior opaque elements of the building exhibit
similar thermal mass and are assigned random triple-wise values for
thermal transmittances. Consequently, it becomes impractical to estab-
lish their dynamic characteristics, thereby hindering the comprehensive
utilization of the admittance method outlined in ISO 13786:2017 [69].
As a result, thermal mass (expressed in kg-m=2) is employed as a
simplified representation of the thermal inertia’s impact, with heavy-
weight construction corresponding to high thermal mass values and
lightweight construction to low thermal mass values.

The exterior window, wall, and roof thermal transmittances set a
triplet. The window value varies from 0.2 W-m 2K ! to 5.0 W-m 2K
in steps of 0.1 W-m 2K}, the wall value between 0.05 W-m 2-K ! and
1.25 W-m 2K ! in steps of 0.05 W-m 2-K!, and the roof value ranges
from 0.05 W-m 2K ! to 1.01 W-m 2K ! in steps of 0.04 W-m 2K 1,
The values vary proportionally in a triple-wise fashion. In other words,
the scale of thermal transmittances begins with the triplet {0.2
Wom’zoK’l, 0.05 W-m’Z-K’l, 0.05 W-m 2K !} and ends with the
triplet {5.0 W-m~2K 1, 1.25 W-m 2K}, 1.01 W-m~2K!}. The triplets
of U-values follow the tendency of real cases, where the U-values of
windows, walls, and roofs decrease or increase proportionally. Table 6
lists the intervals and thermophysical properties of these elements.

The thermal mass of the exterior opaque elements is equivalent to
that of the interior slab. Solar absorptance of 0.75 was used for all outer
surfaces. Although the windows’ solar heat gain coefficient also tends to
vary according to the window U-value, a fixed 0.6 was chosen to capture

only the impact of thermal transmittance variation. A visible trans-
mittance (VT) value of 0.6 was used.

The ground floor and interior door constructions are similar in both
levels of thermal mass, and their thermophysical properties are pre-
sented in Table 7.

Table 8 and Table 9 present the elements that have their thermo-
physical properties fixed, such as interior walls and interior slabs, but
are different according to the thermal mass level for heavyweight and
lightweight construction, respectively.

2.4. Comparison analysis and synthesis

Two buildings’ geometry, construction, and performance datasets
were created—one for each thermal mass level—containing the results
for the present-day, 2050, and 2080 timeframes. A statistical analysis
was conducted by splitting each dataset into clusters according to the
thermal transmittance values of their envelope elements (25 triplets of
U-values for windows, walls, and roofs).

The relative energy intensity differences between heavyweight and
lightweight constructions were calculated in relative terms (%)—a
percentage of the energy intensity difference concerning energy in-
tensity found for the lightweight construction—for each timeframe:
present day, 2050, and 2080. Thus, a negative percentage means
heavyweight construction has a lower energy intensity than lightweight
construction. Similarly, but presenting absolute energy intensity dif-
ference values (A kW-h-m~2), cooling and heating consumptions are
calculated.

Afterward, the Coefficient of Determination (R?) of each triplet for
five geometry indexes was computed, and the differences between their

Table 6

Thermophysical properties of the building elements that are random. Based on Ref. [64].
Element U(W-m 2K Mass (kg-m’z) o (—) SHGC (—) VT (-)
Exterior wall RAND {0.05, ..., 1.25} Equivalent to the mass of the interior slab. 0.75 - -
Roof RAND {0.05, ..., 1.01} Equivalent to the mass of the interior slab. 0.75 - -
Exterior window RAND {0.2, ..., 5.0} - - 0.6 0.6

U - thermal transmittance, o — solar absorptance, SHGC - solar heat gain coefficient, VT — visible transmittance.
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Thermophysical properties of the building elements common to both construction types that are fixed. Based on Ref. [27].

Element Layer Thick. (m) k(Wm LK1 p (kgm~%) [ kg LK U(W-m 2K Mass (kg-m~2)
Ground floor Structural layer 0.200 1.730 2245.6 836.8 0.437 509.69
Insulation layer 0.080 0.040 321 836.8
Filling layer 0.020 0.800 1600.0 840.0
Regulation layer 0.010 0.220 950.0 840.0
Finishing layer 0.020 0.200 825.0 2385.0
Interior door Finishing layer 0.005 0.200 825.0 2385.0 2.009 21.15
Structural layer 0.030 0.067 430.0 1260.0
Finishing layer 0.005 0.200 825.0 2385.0
k — thermal conductivity, p — density, c, — specific heat, U — thermal transmittance.
Table 8
Thermophysical properties of the building elements for the heavyweight construction that are fixed. Based on Ref. [27].
Element Layer Thick. (m) k(W-m LK) p (kgm~3) ¢ (Ukg 'K U(W-m %K) Mass (kg-m %)
Interior wall Finishing layer 0.020 0.220 950.0 840.0 4.499 195.01
Structural layer 0.070 1.730 2243.0 836.8
Finishing layer 0.020 0.220 950.0 840.0
Interior slab Finishing layer 0.020 0.220 950.0 840.0 2.841 494.12
Structural layer 0.200 1.730 2245.6 836.8
Regulation layer 0.010 0.220 950.0 840.0
Finishing layer 0.020 0.200 825.0 2385.0
k — thermal conductivity, p — density, c, — specific heat, U — thermal transmittance.
Table 9
Thermophysical properties of the building elements for the lightweight construction that are fixed. Based on Ref. [27].
Element Layer Thick. (m) k (W-m’l-K’l) P (kg-m’s) [ (J~kg’l-K’l) U (W-m’Z»K’]) Mass (kg<m’2)
Interior wall Finishing layer 0.013 0.250 900.0 1000.0 0.763 60.55
Regulation layer 0.012 0.130 650.0 1700.0
Foam layer 0.002 0.050 30.0 2400.0
Structural/core layer 0.100 0.110 214.3 656.4
Foam layer 0.002 0.050 30.0 2400.0
Regulation layer 0.012 0.130 650.0 1700.0
Finishing layer 0.013 0.250 900.0 1000.0
Interior slab Finishing layer 0.013 0.250 900.0 1000.0 0.425 64.36
OSB layer 0.012 0.130 650.0 1700.0
Foam layer 0.002 0.050 30.0 2400.0
Structural/core layer 0.300 0.160 55.0 561.6
Foam layer 0.002 0.050 30.0 2400.0
OSB layer 0.025 0.130 650.0 1700.0
Finishing layer 0.010 0.170 1200.0 1400.0
k — thermal conductivity, p — density, ¢, — specific heat, U — thermal transmittance.
values in heavyweight and lightweight construction were determined. WWR=S5,/S )
This calculation allows us to determine how thermal mass influences the &r=w
correlation between geometry and energy consumed. The geometry in- WFR=5,/S )
dexes are grouped into two types: compactness-related and glazing- 8/ °f
related indexes.
3. Results

The compactness-related indexes are the Shape Factor—Cf; Eq. (1),
where S is the total external surface of the building in contact with the
outdoor air (m?) and V the building volume in cubic meters—and the
Relative Compactness—RC; Eq. (2), where S;, is the 5/6 of the surface
area of a cube (m?) with the same volume as the building.

Cf=S/V )

RC=S,/S 2

The glazing-related indexes are the Window-to-Surface Ratio—WSR;
Eq. (3), where S is the total glazing surface area (rnz), and S is the total
external surface area of the building (m®)—, the Window-to-Wall
Ratio—WWR; Eq. (4), where S,, is the external wall surface area of the
building (mz)—, and the Window-to-Floor Ratio—WFR; Eq. (5), where
Sy is the building floor surface area (m?).

WSR=S,/S (3

10

For ease of comparison, the 21 locations were grouped according to
the trend of the ideal thermal transmittance values in Iran, as depicted in
Fig. 4 and according to findings from Ref. [49]: Group 1 - locations
where buildings will require higher U-values in the future (marked as
blue squares), Group 2 — lower or equal values in the future (yellow
triangles), and Group 3 — where values should be the lowest possible for
the present day and the future (red circles). For each group, key weather
variables influencing building energy performance in different time-
frames are presented. Then, the differences between heavyweight and
lightweight constructions for total energy intensity, cooling, and heating
energy consumption across various timeframes are analyzed. Following
this, the performance across the range of U-values and how these per-
formances evolved over time are analyzed. Subsequently, the relation-
ship between thermal mass and building geometry is discussed for each
respective timeframe.
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3.1. Group 1 - northern cities

The results from generating future weather show a rise in terms of
daily average temperature, both daily minimum and maximum average
temperatures, with a more pronounced effect observed in highland cities
(Tabriz, Karaj, and Hamedan) compared to coastal areas (Rasht, Ramsar,
Nowshahr, and Sari). Hamedan demonstrates the most substantial
change, with a temperature increase of 4.6 °C in 2050 and 7.9 °C in
2080. Relatively to global horizontal radiation, it shows a slight
decrease across the timeframes. The differences range from —2.1
W-hm™2 to —4.2 W-h-m™2 in 2050 and from —1 W-h-m™2 to —3.4
W-h-m 2 in 2080.

Relative to the buildings’ energy performance, the first column in
Fig. 5 illustrates a percentage of the overall difference in yearly energy
intensity between heavyweight and lightweight constructions. For all
cities in Group 1, situated in Iran’s northern and northwestern regions,
the total energy difference consistently exhibits negative values across
all three timeframes—differences ranging from —2 % to —10 % in the
present day and 2050 and from —2 % to —8 % in 2080. Heavyweight
construction presents lower energy intensity compared to lightweight
construction for the present-day (green lines), 2050 (orange), and 2080
(red) timeframes. The differences in total energy intensity (heating plus
cooling) vary between —0.68 + 0.05 kW-h-m~2 and -1.58 + 0.04
kW-h-m~2 in the present day, between —0.67 + 0.05 kW-h-m 2 and
-1.51 + 0.05 kW-h-m ™2 in 2050, and between —0.53 + 0.06 kW-h-m >
and -1.48 + 0.05 kW-h-m~? in 2080.

Assessing the outcomes across various U-values, it becomes evident
that for low U-values, heavy thermal mass exhibits lower energy in-
tensity (indicating higher energy efficiency), except for instances of very
low U-values. However, as the U-values of the building envelope in-
crease, the advantage of employing heavy thermal mass over light-
weight structures diminishes.

Comparing the present-day to 2050 and 2080 timeframes in the cold
cities of Tabriz, Karaj, and Hamedan, we note that buildings with higher
thermal mass demonstrate improved energy performance in future
timeframes (up to —0.48 kW-h-m 2 and -0.83 kW-h-m 2 compared to
2050 and 2080, respectively) except for very low U-values that show
thermal mass increasing energy consumption (up to +0.46 kW-h-m 2 in

article.)

2050 and + 0.52 kW-h-m~2 in 2080). In the coastal cities of Rasht,
Ramsar, Nowshahr, and Sari, buildings with higher thermal mass exhibit
lower energy intensity in the present-day climate than in the future
around the whole range but are particularly advantageous for low U-
values. For instance, the reduction may reach up to —0.50 kW-h-m 2 in
2050 (34 % less than present-day climate construction differences) and
—0.73 kW-h-m~2 in 2080 (52 %). This implies that thermal mass be-
comes less energy-efficient in the warmer future projected for these
coastal cities.

In all cases, the evolution of the total energy difference (diminishing
advantage of employing heavyweight construction over lightweight for
higher U-values) tends to follow the cooling difference evolution (sec-
ond column in Fig. 5), which generally displays similar values for all
timeframes. The difference in total energy between timeframes is mainly
the result of the heating differences, as seen in the third column. Thus,
for buildings located in this group, the impact of different thermal mass
will mainly be on heating demand in the future.

Regarding the Coefficient of Determination (R?) for the five geom-
etry indexes, for the first group of cities, the first column of Fig. 6 shows
that buildings with heavyweight construction materials have a stronger
correlation between geometry indexes like Shape Factor (Cf) and rela-
tive compactness (RC) with energy consumption compared to light-
weight structures during the current period. In simpler terms, changes in
Cf and RC are more likely to impact the energy consumption of buildings
with heavyweight construction than buildings with lightweight
structures.

In contrast, for the same present-day timeframe, the correlation be-
tween glazing-related indexes (such as WSR, WWR, and WFR) and the
energy consumption is weaker for heavyweight construction than for
lightweight, meaning that windows play a more important role in the
energy consumption of building with lightweight constructions than
building with heavyweight construction. Noteworthy, for buildings with
very low U-values, there is no difference between construction types; in
other words, they have the same correlations with those factors.

Looking into the future, within the timeframes of 2050 and 2080,
denoted by the second and third columns in Fig. 6, the color scheme,
which represents the relevance of construction types with these factors
and energy consumption, gradually fades. This indicates that the

11
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Fig. 5. Group 1 — Comparison of the differences in yearly energy intensity (kWh-m~2 of air-conditioned rooms) between heavyweight and lightweight constructions
for the present-day (green lines), 2050 (orange), and 2080 (red) timeframes. Graphs in the first column depict the percentage difference in total energy consumed.
Graphs in the second and third columns illustrate the absolute differences in cooling and heating energy consumed. Shadowed areas represent a 95 % confidence
interval. Negative values mean heavyweight construction consumes less energy. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

significance of construction type is diminishing over time. In other 3.2. Group 2 - central inland cities

words, the thermal mass impact becomes less relevant regarding these

geometry indexes as the climate continues to warm up. In Group 2, the results of future weather generation show that the
maximum average temperature will increase by 3.7 °C for 2050 and 7 °C
for 2080, falling between the differences for highland and coastal cities

12
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Fig. 6. Group 1 — Differences in Coefficient of Determination (R?) values between thermal masses for each timeframe. Red cells depict heavyweight construction
having a lower correlation between the index and energy consumption than lightweight construction. Green cells depict the opposite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

in Group 1, and daily minimum and maximum average temperatures
also exhibit an upward trend. A slight decrease in global horizontal ra-
diation for all cities in this group is expected, ranging from —3 W-h-m ™2
in 2050 to —1 W-h-m? in 2080.

In Fig. 7, buildings constructed with heavy materials exhibit lower
energy intensity than lightweight construction—differences ranging
from —3 % to —8 % in the present day, from —2 % to —6 % in 2050, and
from —2 % to —5 % in 2080. The differences vary between —0.79 +
0.10 kW-h-m~2 and -1.56 + 0.06 kW-h-m~2 in the present day, between
—0.57 £ 0.10 kW-h-m ™2 and -1.46 + 0.07 kW-h-m~2 in 2050, and be-
tween —0.46 + 0.10 kW-h-m 2 and -1.22 £ 0.07 kW-h-m 2 in 2080.

When we compare different timeframes for higher U-values, the
energy intensity differences remain somewhat lower in the present-day
or stay similar across all periods, except for the city of Fasa. However,
the highest contrast between timeframes is noticeable at lower U-values,
where heavy structures perform notably better in today’s climate than in
the future. For example, this reduction may reach up to —0.60 kW-h-m 2
in 2050 (44 % less than present-day climate construction differences)
and —0.93 kW-h-m~2 in 2080 (63 %). To put it plainly, the reduced
energy intensity observed across all U-value ranges for the present day
suggests that thermal mass currently performs better than it will in the
warmer future. As in Group 1, cities in this group also show that
adequate U-values will enhance the energy benefits of a higher thermal
mass.

As in Group 1, the evolution of the total energy difference also tends
to follow the cooling difference evolution (second column), with the
difference in total energy between timeframes mainly the result of the
heating differences (third column). The third column now displays
higher and more constant differences in heating between timelines than
in Group 1.

Regarding the geometry indexes (Fig. 8), we observe a trend similar
to that of the first group. Heavy construction exhibits a more pro-
nounced correlation with compactness-related indexes and energy
consumption. At the same time, a weaker link is observed between
glazing-related indexes and energy consumption when compared with
light construction. Similar to Group 1, the importance of the building
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construction material, whether heavy or light, decreases over time,
illustrated by the fading colors as we move from the present to the
future.

3.3. Group 3 - southern coastal cities

The generated future weather shows a consistent increase in the
average dry bulb temperature for all locations in this group, similar to
the patterns observed in cities of Groups 1 and 2. However, compared to
other groups, they show lower temperature differences across time-
frames. The maximum average dry bulb temperature increase is
observed at 2.8 °C for 2050 and 5.2 °C for 2080. Differences between the
daily minimum and maximum average temperatures for cities in this
group are lower than in other cities but still show an upward trend over
the timeframes. Global horizontal radiation exhibits a slight decrease for
all cities, ranging from —4.1 W-h-m 2 in 2050 to —3.4 W-h-m 2 in 2080.

Group 3 presents cities with high demand for cooling (Fig. 9) and
shows negative energy intensity values across nearly all U-value ranges.
Although with diminished benefits than in the previous two groups,
heavyweight construction still outperforms lightweight construction in
almost the whole range of thermal transmittances—differences varying
from —4 % to none in present-day and 2050 and from —3 % and +1 % in
2080. The differences vary between +0.18 + 0.10 kW-h-m 2 and -1.28
4+ 0.11 kW-h-m~2 in present day, between +0.06 = 0.11 kW-h-m~2 and
-1.32 + 0.11 kW-h-m~? in 2050, and between +0.39 + 0.11 kW-h-m 2
and -1.33 + 0.11 kW-h-m 2 in 2080. However, it is important to point
out that this difference diminishes to zero in cases of very high U-values.
This result indicates that, in buildings with inadequate insulation, the
type of construction (heavyweight or lightweight) does not significantly
impact performance in this exceedingly warm region. When we evaluate
thermal performance across various timeframes, we observe that the
differences remain consistent across the entire U-value spectrum for all
cities of this group, showing buildings in the present day to have lower
consumption, up to —0.54 kW-h-m2 (42 % less than present-day
climate construction differences) and —0.70 kW-h-m~2 (100 %),
compared to 2050 and 2080, respectively.
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Fig. 7. Group 2 - Comparison of the differences in yearly energy intensity (kWh-m™~

2 of air-conditioned rooms) between heavyweight and lightweight constructions

for the present-day (green lines), 2050 (orange), and 2080 (red) timeframes. Graphs in the first column depict the percentage difference in total energy consumed.
Graphs in the second and third columns illustrate the absolute differences in cooling and heating energy consumed. Shadowed areas represent a 95 % confidence
interval. Negative values mean heavyweight construction consumes less energy. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

The evolution of the total energy difference closely follows the
cooling difference evolution, as seen in the second column in Fig. 9. The
heating differences between construction types are very small or even
inexistent (third column) due to the very low or null heating re-
quirements in the locations of this group.
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In Fig. 10, concerning the geometry indexes, it is observed that the
color scheme remains consistently pale throughout all periods, even for
the current time. This consistent trend reveals that in these warm
climate cities, the classification of construction types, be it heavy or
light, carries minimal significance. In simpler terms, there is no notable
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Fig. 8. Group 2 - Differences in Coefficient of Determination (R?) values between thermal masses for each timeframe. Red cells depict heavyweight construction
having a lower correlation between the index and energy consumption than lightweight construction. Green cells depict the opposite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

difference in the correlation between geometry indexes and energy
consumption for buildings with high and low thermal mass. Therefore,
in warmer climates, using thermal mass does not provide a significant
advantage in affecting energy consumption over lightweight
constructions.

4. Discussion

Comparing Groups 1, 2, and 3 provides valuable insights. Firstly, we
observe that the differences in energy intensity between heavy and light
thermal mass are more pronounced in cities within Groups 1 and 2 than
in Group 3. This finding underscores the idea that in cities with higher
heating demand (Groups 1 and 2), heavy construction can prove to be
more effective than lightweight construction, resulting in greater energy
savings, as solar heat is captured during the day and released at night-
time when the building is permanently occupied. This confirms the
findings of previous works addressing the same climate (e.g., Shiraz [36]
and Tehran [37]) or similar (e.g., Cairo [8], Riyadh [9], Al-Ain [19], and
Beer Sheva [20]), which point to the reduction and stabilization of in-
door temperatures by employing heavy construction, thus avoiding
overheating and decreasing thermal energy demands.

Secondly, across all cities, it becomes apparent that construction
with lower thermal transmittance (although not at extremely low levels)
tends to favor heavy thermal mass over lightweight alternatives.
Nevertheless, this effectiveness diminishes as U-values increase. This
finding echoes a common theme in existing literature, including other
studies in Iran [36,37], suggesting that combining effective insulation
with heavy thermal mass can lead to more efficient outcomes.

Considering cooling demand (the second column in Figs. 5, 7 and 9),
it is consistently observed that heavyweight construction always re-
quires less cooling energy (ranging from —1.5 kWh-m 2 to none) for all
cities and across all timeframes, reflecting other the findings in the
literature for the same climate type. The overlap of the three timeframe
lines underscores the similar thermal mass performance concerning
cooling demand over time. Considering the range of U-values, heavy-
weight construction performs better at lower U-values for all cities.
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Nonetheless, in buildings located in warm climates (Group 3) with
inadequate insulation (very high U-values), it is noticeable that heavy
construction consumes energy nearly equal to lightweight construction
or even slightly more across all timeframes.

However, an inverse trend is observed for heating demand (the third
column in Figs. 5, 7 and 9). There is virtually no difference between
heavy and light constructions at very low U-values. As we progress to-
wards higher thermal transmittances, buildings with heavy construction
consume less heating energy across all cities in Groups 1 and 2 for all
timeframes. This result highlights the advantage of using thermal mass
for buildings with inadequate insulation in climates where heating de-
mand prevails.

Furthermore, when we consider different timeframes, it is obvious
that as the climate gradually warms, the effectiveness of thermal mass
compared to lightweight construction declines (with current-day values
consistently lower than those of 2050, the latter lower than those of
2080). This trend holds for Group 3, where heating demand is minimal.
In cases where heating demand is present, the pattern aligns with that
observed in Groups 1 and 2. The only comparable results in the literature
refer to a study in the arid climate of Al-Ain (UAE) [19], which points to
a significant reduction of energy use for heating and cooling in the
present and future by employing higher thermal mass. However, the
comparison cannot be made lightly since (i) the future scenarios
considered differ from the one in the present work (Table 2) and (ii) the
thermal transmittances for walls (2.32 W-m %K) and windows (6.3
W-m~2K) are far greater than the maximum values admitted in the
present study. Nevertheless, the results confirm that heavier buildings
present an advantage in energy performance in the present day, while in
the future, the trend is highly dependent on the scenario but still clearly
advantageous for high thermal mass, with the authors stating that the
amount of energy saved due to a higher thermal mass is increased as the
ambient air temperature gets warmer, leading to greater energy savings.
Our findings contradict such conclusions, as shown by our results for
future climates (i.e., less effectiveness of thermal mass), especially for
high U-values, as in Ref. [19]. In addition, our work presents a far more
in-depth analysis, contributing more thorough and novel results, even
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referred to the Web version of this article.)

when compared with the few other studies that also address the impact
of climate change on energy performance (Table 2).

Several noteworthy observations regarding the buildings’ geometry
emerge when comparing Groups 1, 2, and 3. Firstly, as we move from
colder cities in the northern regions and center (Groups 1 and 2) to the
significantly warmer cities in southern Iran (Group 3), a reduction in the
difference in the correlation between geometric indicators and energy
consumption for buildings constructed with heavyweight and light-
weight constructions becomes evident. This trend is represented by the
fading colors during the transition from northern to southern cities
within the same timeframe, aligning with our previous observations
across all cities moving from the present to the future. In summary,
heavyweight constructions do not confer any advantage over their
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lightweight counterparts regarding the building’s geometry when
considering the shift toward warmer climates or the expectation of a
warmer future. This is also true for very low U-values in all locations.

4.1. Limitations and future work

This study has some limitations that, if overcome, may provide a
different understanding of the results. The functional program we used
was a generic two-story single-family house whose representativeness is
unknown due to the lack of statistical information about the current
Iranian built environment [70]. In addition, no study refers to building
archetypes in this region based on statistical data that could be used as a
reference to adjust the generated buildings.
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Fig. 10. Group 3 — Differences in Coefficient of Determination (R?) values between thermal masses for each timeframe. Red cells depict heavyweight construction
having a lower correlation between the index and energy consumption than lightweight construction. Green cells depict the opposite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

To have a basis for comparison among different cities, thermal mass,
thermal transmittances, and climate scenarios, we defined constant and
low-rate ventilation values similar to those found in high-performance
buildings. However, this simplification ignores the fact that ventila-
tion may play a role in minimizing overheating [71]. As ventilation
works when outdoor conditions allow the exchange of indoor hot air
with outdoor colder air, cities in Group 1 and several from Group 2
would benefit from it, particularly during nighttime. However, we pre-
dict its use will reduce as global warming settles in, and fewer hours of
colder outdoor air will be available in the future. In a few cities in Group
2 and all cities in Group 3, such a strategy does not work, as the outdoor
air is constantly above the cooling setpoint in the present-day climate. It
should also be noted that using dynamic ventilation strategies would
diminish the differences between construction types, and ultimately,
lightweight construction could prove to be more energy-efficient in
colder regions.

Similar reasoning was used regarding windows’ solar gains. Again, to
make a fair comparison, we decided to have fixed SHGC and VT values,
although these values tend to decrease as the window’s thermal trans-
mittance also decreases. These lower values would lead to lower cooling
needs and more heating needs, particularly in the Northern cities in Iran,
or lower cooling needs in the Southern cities. However, because these
values are the same for both construction types and we only determine
the differences between them, we foresee that varying SHGC and VT
values would diminish the benefit of thermal mass even further, espe-
cially in the low range of thermal transmittances.

Another aspect related to solar gains is windows’ shades. The study
assumes shades are active during nighttime to prevent heat losses and
provide privacy and safety. Therefore, buildings capture solar radiation
during the daytime, when vacated, to raise indoor temperatures for
nighttime occupancy. This strategy works well in central and northern
Iran’s colder cities but not in southern cities. Therefore, this strategy
neglects that shades could be active during the daytime to reduce the
cooling needs, particularly in some cities in Group 2 and all Southern
cities in Group 3. However, because shades are activated in both
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construction types in the same way and we are calculating the differ-
ences for comparison, we foresee no great differences in the results or,
eventually, a benefit for lightweight constructions.

This study exclusively examines the buildings’ operational energy
consumption, overlooking the embodied energy of materials, which may
markedly affect the overall environmental footprint of buildings.
Therefore, we foresee lightweight construction having higher energy
savings overall if we include the embodied energy of materials, partic-
ularly in the future. Consequently, further research should encompass a
more comprehensive analysis that considers energy utilization during a
building’s lifecycle and accounts for the energy embedded in construc-
tion materials. This approach would provide a more global view of the
environmental consequences related to the selection of different con-
struction materials. In addition, future research should focus on over-
coming the stated limitations to have a deeper understanding of the role
of thermal mass, such as determining statistical data representative of
the built environment in the region, studying the effects of solar gains
through glazed areas with varying optic properties, and analyzing
different ventilation strategies.

4.2. Recommendations

This study uncovers important insights into the relationship between
construction materials and building energy efficiency in Iran. The se-
lection of heavy construction materials in the colder regions of this
country delivers observable energy savings. In contrast, in warmer cli-
mates, the emphasis should shift towards energy-efficient design prin-
ciples to reduce energy consumption effectively. It is imperative to
understand that the long-term importance of material choice may
diminish, particularly under warmer climatic conditions. Considering
the study’s results, some practical building strategies and recommen-
dations based on this study can be summarized as follows.
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Architects, practitioners, and technologists

e Prioritize heavyweight construction, such as concrete or masonry,
particularly in cold regions and when using low U-values. However,
they may consider lightweight construction for warmer coastal re-
gions that allow for better ventilation and reduced cooling demands.
Focus on optimizing the building envelope’s U-value. This may result
in highly insulated solutions and compact building designs in colder
climates. In warmer climates, strategic use of shading devices and
low U-value windows can minimize heat gain and cooling needs.
Optimized U-values will also enhance the benefits of thermal mass.
Consider the correlation between thermal mass and building geom-
etry. For heavy construction, architects may emphasize
compactness-related factors, such as optimizing shape factor and
relative compactness, to maximize energy efficiency. In lightweight
construction, strategies include selecting high-performance windows
and glazing to improve overall building performance.

Adopt other climate-adaptive design strategies because thermal mass
will lose its importance. For example, architects may explore flexible
design features, such as operable shading systems, natural ventila-
tion solutions, and renewable energy integration, to ensure buildings
remain energy efficient.

Policymakers and municipal authorities

e Integrate the study’s findings into building codes. By introducing
new provisions or guidelines, they can promote the strategic use of
thermal mass, considering specific factors and the effect of climate
change. In regions like Iran, where existing codes may lack recom-
mendations for thermal mass utilization, incorporating insights from
this study can substantially reduce energy consumption. For
instance, while the current building code of Iran focuses on low U-
values for different climate regions, updating regulations to include
considerations for thermal mass can lead to more regional con-
struction practices (with low U-values, in colder regions, heavy-
weight construction may be preferable, while lighter construction
options could be recommended for warmer coastal areas). Also,
based on the study’s findings, there should be a heightened focus on
selecting high-performance windows and transparent elements in
warmer regions and compactness-related factors for colder climates
in the building code.

Offer incentives or subsidies to developers and builders who imple-
ment the energy-efficient building strategies outlined in the study.
Encourage the use of appropriate materials, design strategies, and
technologies that align with sustainability goals and contribute to
reducing environmental impact.

The findings of this study not only provide valuable insights but also
open new research paths. Investigating the embodied energy within
construction materials is paramount to comprehensively assessing
diverse building materials’ environmental impact. Furthermore, future
studies could comprehensively evaluate the cost implications of select-
ing heavy or lightweight construction materials in different climatic
regions. This evaluation entails analyzing how construction material
choices influence initial and long-term operational costs, providing a
more holistic view of the economic dimensions of these decisions. These
potential research areas are intriguing and hold significant promise for
further exploration.

5. Conclusions

In this comprehensive study, encompassing diverse climatic condi-
tions in Iran, we addressed three key questions related to the energy
impacts of climate change on heavyweight and lightweight construc-
tions. Regarding the main question, “Will thermal mass remain effective
in the future?” we conclude that it will significantly lose its effectiveness
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as a passive design strategy. However, this is not completely true in a
few cities in Northern Iran, where thermal transmittances are between
mid-to very high-range values.

This finding provides insight into the second question: “How do
variations in U-values and climate impact the role of thermal mass in
buildings?” In fact, heavyweight buildings in three cities with mid to
high U-values will have greater energy performance than those with
lightweight construction in the future climate, and the opposite is found
in the low U-values. In the remaining cities, except those in Southern
Iran, heavyweight buildings with low U-values tend to lose their energy-
saving edge in the future. In contrast, climate change will not be so
impactful in the remaining range. Also, independently of the climate
scenario, mid-to very high-range U-values tend to minimize the effect of
thermal mass.

Regarding the last question, “Will thermal mass affect the building
geometry options?” we conclude that heavyweight buildings exhibit a
stronger correlation between energy consumption and compactness-
related indexes and lightweight construction with glazing-related in-
dexes in present-day climate. However, as the climate gets warmer or we
move towards warmer regions in Iran, these correlations attenuate or
become inexistent. Lastly, as climate change settles in and thermal mass
loses its benefits, building professionals will lose one of their most
important design strategies but will gain a wider range of construction
materials and will become freer to choose alternative designs.

Our findings are summarized as follows.

e Over time, the importance of thermal mass diminishes in all loca-
tions, particularly in warmer regions and the future, eliminating its
energy-saving edge.

e In warmer climates, thermal mass has minimal impact on energy

consumption.

In Tabriz, Karaj, and Hamedan (Northwest Iran), heavyweight con-

struction will present energy benefits from rising temperatures for

mid to very-high thermal transmittances. However, buildings with

low thermal transmittances will have the opposite effect from ther-

mal mass.

Correlation analysis reveals that heavyweight construction exhibits

stronger links with energy consumption through compactness-

related indexes, while lightweight construction is more associated
with glazing-related indexes.

Adequate envelope U-values will enhance the energy benefits of

having higher thermal mass, and building practitioners should

consider them both when deciding on a construction solution,
particularly in central and northern cities in Iran.

In general, heavy thermal mass loses impact in a warmer future or

region, underlining the shifting dynamics of building energy

efficiency.
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