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Abstract

In this study, the energy performance of traditional, modern, and insulated wall assemblies
in a heritage residential building in Al Salt city, Jordan, is evaluated using the simulation
software DesignBuilder version 7.0.2.004. The case study compares the thermal behavior
of traditional thick limestone walls, modern reinforced concrete and block-based walls,
and contemporary insulated systems under local climatic conditions. The results show
that traditional stone walls exhibit limited energy efficiency and require insulation to
meet contemporary standards. However, they perform better than modern concrete walls
based on their thermal mass. While concrete walls with inadequate insulation exhibit
the poorest performance and are associated with significantly higher energy demand
and CO; emissions, insulated wall systems that combine stone with insulation layers
demonstrate the best thermal performance and achieve substantial reductions in energy use
and environmental impact. These findings emphasize the feasibility of upgrading heritage
buildings through the integration of modern insulated wall assemblies, which can lead to
considerable energy savings and a lowered carbon footprint while simultaneously keeping
the architectural identity and cultural value.

Keywords: energy efficiency; heritage buildings; retrofitting; DesignBuilder; CO,
emissions; energy simulation; traditional walls; modern building material; insulated walls;
sustainable preservation

1. Introduction

Buildings are a significant global user of energy that cause a huge increase in green-
house gas emissions and also cause energy depletion [1]. Global attention to using sustain-
able building practices that minimize a building’s ecological footprint was raised due to
increased environmental concerns and the need to conserve resources [2,3]

Within this global framework, unique energy obstacles are indeed encountered in
Jordan. The entire nation relies exclusively on imported energy sources; therefore, it is
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completely critical that all diverse sectors, including the built environment, effectively
conserve energy [4]. Jordan’s rich architectural heritage adds another layer of complexity,
featuring many historical buildings holding large cultural and historical importance [5]. In
order to preserve these structures while simultaneously addressing the need for improved
energy performance, we must meet a unique challenge. It is possible that traditional
building techniques used in these historic structures cannot naturally match modern
energy efficiency requirements [6]. These techniques frequently make use of resources that
are locally available, such as stone and mud [7]. In this way, a sort of tension between
conservation efforts and industrialized methods seems to arise.

This study addresses the critical need to evaluate the energy performance of traditional
thick limestone walls in comparison with composite modern wall assemblies in heritage
buildings in Al Salt, Jordan, by using dynamic simulation to assess the role of thermal
mass and insulation in reducing energy demand and CO, emissions, while emphasizing
opportunities to enhance efficiency without affecting architectural identity. A key gap in the
current understanding is the lack of quantitative data comparing the energy performance
of traditional wall materials prevalent in these structures with commonly used modern
alternatives within the specific climatic context of Jordan. To manage this gap, this study
develops a clear energy model of a traditional heritage house located in Al Salt, Jordan,
utilizing DesignBuilder software for the purposes of simulating its baseline energy perfor-
mance, considering its existing conventional stone and mud wall construction. Moreover,
the study simulates the energy performance under three alternative scenarios, where the
traditional wall materials are systematically replaced with three distinct types of commonly
utilized modern wall materials in the Jordanian construction industry. The study conducts a
comprehensive analysis that compares the energy efficiency of the traditional walls and the
three modern wall material types according to the results derived from the DesignBuilder
simulations. This further contributes to assessing the potential for energy savings, in terms
of heating/cooling energy demands, that could be achieved by replacing traditional wall
materials with the selected modern alternatives, as replacing traditional wall materials
with selected modern alternatives could lead to significant energy savings. However, this
would likely involve substantial modifications to a building which may not be feasible
in practice, particularly for heritage buildings. A complete retrofit that involves entirely
replacing existing walls may not always be a viable solution due to historical preservation
concerns and the structural implications of such a change. Instead, this study suggests that
a more practical approach could involve hybrid solutions, where traditional materials are
combined with modern insulation technologies to improve energy performance without
compromising the building’s aesthetic and cultural value.

Through its methodological approach, the research results identify the baseline annual
energy consumption, and heating and cooling demands, of the heritage facility in Al Salt
when modeled with its existing traditional stone and mud walls. Also, it highlights how
the energy performance characteristics (specifically regarding heat transfer and insulation)
of the three selected modern wall materials compare to those of the traditional stone and
mud walls within the distinct site of this case-study house and the climate of Al Salt. Lastly,
it assesses the possible yearly energy savings that could be achieved by swapping out the
conventional walls in the case-study home for each of the three contemporary wall material
options, measured in terms of lower heating and cooling loads.

Because they offer useful, data-driven knowledge regarding the energy performance
exhibited by conventional and contemporary wall materials within the unique climatic
circumstances of Al Salt, Jordan, the study’s findings have a great deal of potential in
benefitting a variety of stakeholders. In particular, the results emphasize the incomparable



Energies 2025, 18, 5336

30f23

performance of composite wall assemblies over single-layer walls, underscoring their signif-
icance in achieving energy efficiency while maintaining cultural and architectural integrity.

Also, it will offer practical information for the local community and policymakers
regarding options for energy-efficient retrofitting for the vast context of heritage buildings
within the city and potentially inform decisions for selecting suitable materials. Fur-
thermore, by offering a quantitative evaluation of potential energy upgrades, this work
advances the more general objective of creating sustainable preservation plans for Al Salt’s
distinctive architectural heritage sites that may be applied in comparable situations. Lastly,
the study demonstrates how DesignBuilder, a building energy simulation technology, and
similar technologies may be of effective use to exploring and assessing the energy perfor-
mance of current buildings, especially heritage buildings that hold historical significance.

2. Literature Review
2.1. Principles and Factors for Energy Efficiency in Buildings

Given that the building industry contributes significantly to both overall usage of
energy and greenhouse gas emissions, there is a critical necessity for increased energy
efficiency in this sector, which has attracted international attention [8,9]. Reducing building
energy consumption has become a crucial tactic as environmental concerns grow and
the need for sustainable development becomes more pressing [10,11]. Therefore, it is
crucial to comprehend the basic ideas guiding the flow of energy and usage in buildings in
order to create energy-saving solutions that work, especially when taking into account the
performance of various building types and materials [12].

Fundamentally, regulating the flow of heat across interior and exterior spaces is the
main goal of energy efficiency in buildings. Convection, radiation, and conduction are
the three main ways that heat is transferred in buildings [13]. This exchange is largely
controlled by the building envelope, which is made up of components including the floor,
windows, roof, and walls. Key concepts influencing a building’s energy performance
include thermal insulation, which impedes conductive heat flow; thermal mass, which
affects a building’s ability to store and release heat; the control of air infiltration and
ventilation to manage convective heat transfer and indoor air quality; and the management
of solar energy absorption through appropriate design and sun protection strategies [14].
Furthermore, variables such as the prevailing climate, architectural elements of the facility
(such as orientation and fenestration), and, to a lesser extent in this study, user behavior
and the efficiency of building systems, all together, affect the overall consumption of energy
in residential buildings [15].

2.2. Energy Performance of Traditional and Modern Building Materials

Since building materials directly affect how quickly heat moves through the building
envelope, choosing the right ones is essential to attaining energy efficiency in structures.
Predicting how various materials may affect cooling and heating demands requires an
understanding of their intrinsic thermal characteristics. Key thermal properties that dictate
a material’s energy performance include thermal conductivity (A or k), which quantifies its
ability to conduct heat; thermal resistance (R-value), representing its opposition to heat flow
and often used to describe the insulating capacity of a material or assembly; specific heat
capacity (cp), which indicates the heat energy required to alter the temperature of one unit
of mass of a material; and density (p), which contributes, together with the specific heat,
to the thermal mass of a material as well as to the material’s ability in storing heat [16,17].
The relationship between the properties of materials is considered a good indicator of
its effectiveness in resisting the transfer of heat and contributing to the overall occupant
thermal comfort and building energy performance.
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Traditional building materials like mud and stone were widely used for centuries in
various climatic zones such as the Middle East. Research regarding the thermal properties
of stone usually emphasize how it has a relatively high thermal mass as well as a moderate
thermal conductivity that contributes to thermal stability as, over time, it absorbs and
releases heat slowly [18,19]. On the other hand, mud material can exhibit variation in its
thermal properties, which depends on factors like composition and density. However, mud
is acknowledged, in general, for its good thermal regulation, as well as its wide availability
in many regions and a diversity of climatic zones [20]. The literature evaluates the advan-
tages and disadvantages of these traditional materials as, in general, they address issues
besides the materials’ thermal performance. Studies highlight factors like compatibility
with local climate conditions, the material’s affordability, cost, and its embodied energy [21].

In contrast, modern building materials, which are usually used throughout Jordan,
such as concrete blocks with plaster, insulated concrete blocks, and hollow clay bricks
with plaster and insulation, are often chosen due to their easy use within construction and
also their higher capacity for insulation. Unless insulation is added, concrete blocks show
low structural strength and relatively low thermal resistance, as highlighted throughout
relevant studies on concrete blocks [22]. In the same way, studies on insulated concrete
blocks frequently concentrate on incorporating insulation to increase R-values and decrease
heat transfer [22]. Lastly, research on hollow clay bricks may emphasize how lightweight
they are and how their thermal efficiency is affected by the hollow chambers and addi-
tional insulation [23]. Comparative evaluations of these contemporary materials regularly
evaluate the materials’ properties, like their R-values, efficiency, and thermal conductivity,
to determine how the energy loads for space conditioning can be lowered [24].

Recent improvements in numerical methods, like transient simulations and modi-
fied Dufort-Frankel techniques, have made heat transfer simulations in multilayer walls
more accurate. These methods help find the best thickness of insulation and energy effi-
ciency, which is useful for figuring out how well both old and new wall materials work in
heritage buildings [25].

2.3. Heritage Structures’ Energy Efficiency Potential and Difficulties

Heritage buildings, with their cultural, historical, and architectural significance, are
considered an important link to the past of a region that must be preserved with care [26].
However, when high energy efficiency is required, heritage structures usually present
some unique challenges [27]. Traditional energy techniques of retrofitting may come in
conflict with the need for maintaining a heritage building’s original structure, architectural
elements, and material authenticity. Maintaining the historical value of these priceless
artifacts while improving energy performance requires a careful balancing act.

The inherent qualities of heritage buildings’ past construction techniques and materials
present one of the main obstacles to adapting them. As discussed in the previous section,
materials like stone and mud possess certain thermal potentials, but they may not always
meet the standards of contemporary energy efficiency and insulation levels. Also, detailing
and building assemblies are often involved in traditional construction, which require
specialized knowledge and careful consideration when planning energy for upgrades [28].

There are plenty of chances to increase the energy effectiveness of heritage structures
in spite of these obstacles. An investigation of many approaches for achieving significant
energy savings without affecting the heritage fabric includes minimally invasive techniques
such as improving window performance through secondary glazing or shutters, enhancing
roof insulation from the interior, and addressing air leakage through careful sealing of
gaps and cracks [29,30]. In some cases, material replacements may be considered, but
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these often require careful selection to ensure compatibility with the original materials and
aesthetic considerations [31].

Additionally, better efficiency can be achieved by comprehending and maximizing
the built-in energy-efficient elements of traditional architecture, such as natural ventilation
techniques and thick walls that provide thermal mass [32]. Good information on some
good strategies and evidence on real energy savings can be seen in case studies of her-
itage buildings that have successfully undergone energy retrofits, particularly those in
comparable temperature zones or those using the same locally available materials [33,34].

2.4. Using Building Energy Simulation to Assess Material Performance

Building energy simulation (BES) has become a widely adopted methodology for
analyzing and optimizing energy performance in the built environment. Simulation tools
have been utilized in the evaluation of different design choices and material selections for
their impact regarding energy use in buildings, as evident in relevant existing research [35].
Those methods and their implementation involve the examination of the energy perfor-
mance implications of various building materials, particularly concerning their thermal
properties and their impact on heating and cooling demands.

Numerous studies have employed software for BES to conduct an evaluation of alter-
native wall construction systems, insulation materials, and glazing systems in the energy
efficiency of buildings across a range of regions with different climatic conditions [36,37].
Investigations on energy performance usually quantify the differences in energy demand
that are associated with different material choices, identify materials that offer superior
thermal performance in specific contexts, and evaluate the potential for energy savings
through informed material selection [38]. Some research have also focused on utilizing sim-
ulation to analyze the effectiveness of material upgrades in retrofitting existing buildings,
demonstrating the capacity for energy savings and enhancing thermal comfort through
targeted material use [39,40]. Even with different simulation tools, the main idea is always
the same: building a digital version of a building to understand how energy moves through
it, considering its materials and the outside environment, which also helps to provide
crucial information on approaches for optimizing energy performance in buildings.

2.5. Building Construction Practices and Materials in Al Salt, Jordan

It is important to understand the construction methods and materials used in Jordan
to assess energy efficiency within a heritage building in Al Salt through its context [41].
The precise kinds of stone utilized, the makeup of mud mixtures, and the building meth-
ods utilized frequently differed by place and were tailored to the local environment and
resources [42]. In Al Salt, the characteristic terraced architecture often features load-bearing
stone walls, sometimes incorporating mud mortar or renders, reflecting both the availability
of local stone and the need for thermal regulation in the region’s climate [43,44].

Jordan’s modern construction now increasingly utilizes conventional alternatives.
These include concrete blocks with plaster, insulated concrete blocks, and hollow clay
bricks, often integrated with both plaster and insulation [45]. These materials are primarily
chosen for their robust structural properties, ease of construction, and perceived durability,
such as the wide use of concrete blocks for structural walls which often require additional
insulation to meet thermal comfort standards. Furthermore, local building codes and
regulations in Jordan may influence the selection and application of these modern materials,
potentially including requirements related to thermal performance [46,47].

2.6. Regional Context: Energy Efficiency in Heritage Buildings in the MENA Region

The energy performance of heritage edifices in the Middle East and North Africa
(MENA) has assumed prominent significance against the concurrent imperatives of cli-
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matic adaptation and cultural preservation. The region’s predominantly hot and arid
zones exact strict limitations on energy-conserving retrofits, thereby complicating the main-
tenance of both thermal performance and architectural integrity. Recent investigations,
centering on historic complexes in Egypt and Jordan, elucidate the theoretical and opera-
tional frameworks that reconcile thermal optimization with the preservation of authentic
heritage fabric [48].

An empirical investigation undertaken on the adaptive re-use of the Cairo Citadel is
illustrative. The project, conducted within the historic core of the Citadel, utilized analog
energy-performance modeling juxtaposed with empirical sensory monitoring in inhabited
zones. The research demonstrated that retrocession layers, the reconfiguration of internal
thermal mass, and indirect ventilation devices can be assimilated without inflicting visible
damage, provided that the measures are prescribed within defined reversibility criteria.
Key performance indicators confirmed gains exceeding 23 percent in daily thermal energy
demand, concomitant with subjective improvements in occupant thermal comfort and a
diminished empirical carbon balance [49].

Similarly, within the Egyptian context, inquiries into the energy performance of resi-
dential green heritage edifices have highlighted the imperative of reconciling enhanced
energy efficacy with the safeguarding of cultural values. The findings indicate that the
principal hurdle of retrofitting such patrimonial structures resides in the obligation that
measures—whether the installation of thermal insulation or the incorporation of high-
efficiency mechanical services—must abide by the attributes of the permanent heritage
fabric. Such diligence is vital for the conservation of architectural identity while fulfilling
the prescribed energy performance benchmarks [50].

A further illustrative investigation by Wekalet El-Ghouri reaffirms the necessity of an
energy performance regimen in heritage edifices. The findings disclose that the repository
of traditional development techniques—characterized by massive masonry walls and high
ceilings—afford an acceptable degree of thermal steadiness yet fall short of contemporary
energy expectations. The project therefore advances a streamlined protocol for the quantifi-
cation of energy performance within patrimonial structures, reasserting the predominant
need for interventions that procure stable energy dividends while meticulously avoiding
disturbance to original architectural features [51].

The sustained climatic conditions of the MENA region—characterized by extreme
heat and limited moisture—have catalyzed a concerted effort to humor nearly zero-energy
targets for heritage architecture through precisely crafted retrofitting measures. Recent
investigations assert that any effective intervention must be underpinned by regionally
calibrated methodologies that maximize energy efficiency yet leave the original fabric of
the heritage edifice intact. Investigational pilots within Jordan—most notably the concerted
retrofitting of the Abu Jaber House in Al Salt—quantitatively verify that judicious appli-
cation of contemporary thermal insulation strategies yields a meaningful contraction in
energy demand. The intervention in Al Salt was meticulously orchestrated to safeguard the
visual and tectonic traditions of the dwelling while securing pronounced and quantifiable
reductions in resource consumption, thereby demonstrating the compatibility of heritage
conservation with contemporary carbon-reduction priorities [5].

The body of research originating from the MENA region concisely corroborates the
rising imperative to implement energy-efficient retrofitting strategies within the corpus of
built heritage. While the survey of traditional construction materials confirms their effective
thermal mass, the empirical evidence continues to contend that such materials frequently
fall short of prevailing energy-performance criteria. Accordingly, the introduction of
contemporary energy-saving technologies emerges as a necessity, albeit one that mandates
judicious application to preclude the erosion of heritage significance. Synthesizing the
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evidence from the regional studies thus furnishes a substantive frame of reference for
delineating the energy-efficiency impediments and opportunities presently confronting
heritage edifices in Jordan and analogously situated MENA territories, as demonstrated in
the concurrent and complementing analyses.

In light of the discussed studies, this study compares the energy efficiency of three
widely used contemporary wall materials in Jordan with the traditional walls of a heritage
building in Al Salt. This study can more precisely assess energy-efficient retrofitting
strategies appropriate for the context by bringing an understanding of both the region’s
traditional construction practices as well as of newly used building materials.

3. Materials and Methods

A case study approach is employed in this research to examine the energy perfor-
mance of a historic heritage building in Al Salt, Jordan. The research has three main
goals: to analyze the energy efficiency of the building, to compare the energy efficiency
of traditional and modern wall materials, and to explore potential alternative materials.
This analysis was performed using the energy simulation software DesignBuilder. This
enabled a detailed assessment of the thermal behavior and energy consumption of various
construction materials.

3.1. Description of the Building

This work is conducted in Al Salt city, Jordan, designated as a World Heritage Site in
2021 by UNESCO for its rich history and urban character. The historic center of the city
presents a unique townscape that features Ottoman architecture of yellow limestone [52].
The case study is a heritage residential house built around 1860-1900 in the historic center
and is known locally as the Khader center (previously the Jaghbeer family residence),
shown in Figure 1.

(a) (b) ()

Figure 1. (a) Location of Al Salt city in Jordan [53]. (b) Map highlighting the Al Khader Center’s
location within the Al Salt heritage context [54]. (c) Illustration of Al Khader Center [55].

The building resembles a rectangular architectural plan measuring 24.42 m x 16.23 m,
comprising two floors (ground and first), with the ground floor covering an area of 396.3 m?
and an overall height of 4.55 m. The total external wall surface area of the house, including
both the ground and first floors, is 3.5 m?. It has a north—south (0.0°) orientation on its
longitudinal axis. Detailed architectural drawings used in the generated simulation model
of the building are presented in Figures 2 and 3, respectively. There is a group of studies
that used the DesignBuilder program in the computational verification of the heritage
buildings under study [56-58].
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The existing external walls of this heritage building, which served as the base case, are
constructed from 51 cm of stone-limestone, possessing a U-value of 1.392 W/m? K [59].
The building’s window-to-wall ratio (WWR) is 15%, and the windows feature 6 mm clear
glass with a solar heat gain coefficient (SHGC) of 0.810, a light transmittance (LT) of 0.881,
and a U-value of 6.121 W/m? K. The roof is composed of 85 cm of compacted clay, resulting
in a U-value of 1.415 W/m? K. These simulation specifications are presented in summary
in Table 1. All data shown in Table 1 are from a field survey of the model under study or
commonly used in these residential buildings. In most international studies and standards,
such as ASHRAE 55 [60], the optimum thermal comfort levels in winter are between 20
and 26 °C, and between 23 and 29 °C in summer. A uniform temperature of 23 °C was set
for both summer and winter to achieve the optimum indoor thermal comfort, which was
maintained in all tests [61].

Table 1. Simulation parameters overview (Authors).

Name

Characteristics/Area Remarks

Building Description

Building use

Residential heritage building

Shape

Rectangular (24.42 m x 16.23 m) First floor

Floors count

2 (Ground floor + First floor)
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Table 1. Cont.
Name Characteristics/Area Remarks
Ground floor area 396.3 m?
Gross wall area 284.55 m? First floor
Height 3.5 m?
External walls construction Stone-Limestone 51 cm U-value = 1.392 W/m? K
Window-To-Wall Ratio 15%
SHGC =0.810

Types of Glazing 6 mm Single Glazing, Clear Glass LT =0.881

U-value = 6.121 W/m? K
Roof material and structure Compacted clay 85 cm U-value = 1.415 W/m? K

DesignBuilder Inputs

Drawing

Created with the window design tool

Building orientation

The model is aligned with its longitudinal
axis running north—south 0.0°

Weather input file (Amman Airport) Jordan

For this study, the building is The building is equipped with split-type air
assumed to be conditioned using  conditioners without fresh air intake, set to
refrigeration via HVAC only. maintain an indoor temperature of 23 °C.
Cooling set back (C°) 32°

Number of occupants 7

Artificial lighting

2.5 W/m?3 (LED)

3.2. Simulation Software and Model

The study uses the DesignBuilder tool to perform the building energy performance
simulations, which is a robust graphical interface of the EnergyPlus simulation engine. This
selection was based on the software’s broad capabilities in accurately modeling elements
like building form, material specifications, internal thermal loads, HVAC system parame-
ters, and climatic conditions. Creating the model, shown in Figure 4, involved inputting
the building’s architectural and materials specifications.

Figure 4. (a,b) Simulation model (Authors).

The building under study was carefully surveyed, its components analyzed and ac-
curately entered into the DesignBuilder program. Simulations were conducted several
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times, ensuring that the same result was obtained each time. DesignBuilder is an ana-
lytical tool based on the popular EnergyPlus simulation engine, developed by the US
Department of Energy (US DOE). DesignBuilder’s results are recognized by several green
building rating systems and international standards like LEED, ASHRAE 90.1, BREEAM,
and MOSTADAM.

3.3. Material Properties

The study examined the thermal characteristics of different materials employed in
both the conventional and proposed new wall materials. The specific values for all wall
types are found in Table 2. Their respective thermal conductivity, density, and specific heat
capacities are provided in Table 3.

Table 2. Wall classification description and thickness (cm) (Authors).

Classification D Wall Description and Thickness (cm) Wall Section Total Thickness
Description From Outside to Inside of the Wall (cm)
WTO Stone-Limestone 51 cm 51
Traditional
Methods WT 1 Stone-Limestone 38 cm 38
WT 2 Stone-Limestone 25 cm 25
WC1 1.5 cm Plaster + 20 cm Cement Blocks + 23
1.5 cm Plaster
7 cm Limestone + 8 cm Reinforced Concrete
weC2 + 10 cm Cement Blocks + 1.5 cm Plaster 265
Concrete
7 cm Limestone + 10 cm Reinforced
Wes Concrete + 1.5 cm Plaster 18.5
10 cm Limestone + 10 cm Reinforced
wC4 Concrete + 1.5 cm Plaster 215
WI1 1.5 cm Plaster + 10 cm Cement Blocks + 5 cm '5‘% 08
Air + 10 cm Cement Blocks + 1.5 cm Plaster -
1.5 cm Plaster + 10 cm Cement Blocks + 5 cm N —
WI 2 Insulation + 10 ccn Cement Blocks + 1.5 cm f 28
Plaster Out
IN
WI3 10 cm Limestone + 5 cm Air + 10 cm Cement 77777 %5
Insulation Blocks + 1.5 cm Plaster m ’
10 cm Limestone + 5 cm Insulation + 10 cm
Wi 4 Cement Blocks + 1.5 cm Plaster 265
10 cm Limestone + 5 cm Air + 10 cm .llllﬂ
WI5 Li Wz 25
imestone out
WI6 10 cm Limestone + 5 cm Insulation + 10 cm 25

Limestone
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Table 3. Specific entries for materials [59].

Materials Th. Conductivity Density Spec. Heat

W/m-K kg/m3 J/kg/K

Limestone 0.93 1650.00 900.00

Cement Blocks 1.25 1140.00 880.00

Reinforced Concrete 2.30 2300.00 1000.00

Clay or Silt 1.50 1500.00 2085.00

Plaster /Mortar 0.88 2800.00 896.00

XPS-Extruded Polystyrene-CO, Blowing 0.030 34.00 1400.00
Air Layer, 50 mm, Wall Thermal Resistance = 0.2399 m?2 k/w

Note: Only external walls were considered for the application of the different wall types and insulation layers in
the simulation. Internal partitions were not modified in terms of material or insulation.

e  Conventional (traditional) wall materials: The primary material is limestone, whose
properties are detailed in Table 1.

e  New proposed (modern) wall materials: A range of modern materials was considered
for the comparative analysis, including cement blocks, reinforced concrete, clay or silt,
plaster/mortar, and XPS-extruded polystyrene.

In the baseline scenario (WTO0), the traditional wall construction consists of thick
stone-limestone walls combined with mud, representing the heritage building’s original
material composition. This scenario serves as the reference case for comparing the energy
performance of modern wall materials and insulation solutions.

3.4. Simulation Scenarios

A total of 13 distinct wall constructions were modeled and then simulated in order to
compare their performance with regard to energy:

e Base scenarios: The base case for all comparisons is the existing traditional wall,
specifically the 51 cm limestone wall with ID# WTO.

e  Alternative scenarios: Other simulation scenarios included two additional traditional
walls constructed from limestone types with reduced thicknesses, with given ID#WT1:
38 cm; and ID# WT2: 25 cm. Also, the study proposes the investigation of ten other
new wall types that are divided into two main categories, which are grouped based
on their primary construction method as follows:

1.  Concrete walls: Four different concrete wall compositions, ID# WC1, WC2, WC3,
and WC4.

2. Insulated walls: Six different insulated wall compositions, ID# WI1, W12, WI3,
WI4, WI5, and WI6. Detailed in Table 3, each wall represents a multilayered
combination with specific material arrangements and total thicknesses. These
scenarios were created with the goal of identifying the most energy-efficient
construction solutions.

3.5. Simulation Settings, Parameters, and Comparative Analysis

The simulations use a typical meteorological year (TMY) and weather data, which is
obtained from Jordan at the Amman Airport. Also, internal conditions within the building
model were defined based on the factors given in Table 1: occupancy, artificial lighting, and
HVAC system.
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Figure 5 shows the climate of the study area. It displays the daily mean air tempera-
tures and direct normal radiation at Amman Airport, Jordan, for a typical meteorological
year. These climate data serve as the boundary conditions used in the energy simulation of
the heritage building in Al Salt. The climate data file from Amman Airport is the closest
climate data file approved by EnergyPlus. In addition, the city of Al Salt is in the same
climate region as the city of Amman. The distance separating the borders of the cities
of Amman and Al Salt is estimated to be only 6 km, so there is no significant difference
between the climate data files of the two cities.

s 10
9
& 30 -
g ol -
B >
] 20 | 6 =
& ‘ | J I . 3
= I 3
ERT | =
& 1s i \ I ||| J 1 E
£ g
Sy ) ‘ 3 =
A2 ‘1\ ] ‘I‘dl £
—— .
B 1 " b‘ N < B
& s i |
1
0 0
S ENESERESIHNA%REESSEASAEEEE2553S
Dray
e Outsid @ Dry-Bulb Temperature “C Direct Normal Solar EW h/m2

Figure 5. Daily average air temperatures and global horizontal radiation (Authors).

For each wall scenario being simulated, key performance indicators were extracted
and analyzed. These included the following: annual energy consumption (kWh/year),
CO; emissions (kg.CO,), U-value for external walls (W/ m? K), U-value for internal walls
and partitions (W/m? K), and energy saving rate (%). The metrics given were all compared
among all wall types: traditional, concrete, and insulation methods were compared against
the primary base wall, a traditional wall constructed from limestone with a thickness of
51 cm to assess the relative energy performance of each wall type, highlight the effective-
ness of traditional building methods versus modern construction materials, and identify
the most energy-efficient construction solutions for heritage residential buildings in the
specified climate, as shown in the Results section that follows.

4. Results

This study analyzed the energy demand and thermal response of various wall materi-
als in a heritage house located in Al Salt, Jordan. The study considered both traditional
stone and mud walls and compared them to several modern wall materials, including
cement blocks, reinforced concrete, and insulated materials. The results of the simulations,
shown in Table 4, provide insights into the energy consumption, CO, emissions, and
U-values for each wall type.



Energies 2025, 18, 5336 13 of 23
Table 4. Energy consumption results (Authors).
Classification Energy €O, U-Value W/m? K U-Value W/m? K Energy
Description ID Consumption Emissions (External Walls)  (Partitions Walls) Saving Rate
P (kWh/Year) (kg.CO,) ernal vatls artrions Yvatis (%)
WTO 4689 3581 1.392 1.237 0.00
Traditional
Methods WT1 4747 3629 1.728 1.492 —-1.22
WT 2 5210 3963 2.279 1.891 —10.00
WC1 5174 3974 2.747 2.202 -9.37
WC2 5404 4097 2.652 2.531 —13.23
Concrete
WC3 6031 4513 3.27 2.527 —22.25
WC4 5618 4253 2.958 2.527 —16.54
WI1 4609 3604 1.656 1.441 1.74
WI2 4615 3608 0.492 0.472 1.60
. WI 3 5058 3880 1.627 1.42 —7.30
Insulation
WI4 4807 3730 0.49 0.469 —2.45
WI5 5025 3867 1.6 1.399 —6.69
WI6 4812 3740 0.487 0.467 —2.56

4.1. Energy Consumption (kWh/Year)

Energy consumption includes the energy consumed in achieving the building’s interior
comfort (total cooling (kWh/year)). The total design loads of energy for the different wall
constructions are given in Figure 6. The constitutive traditional wall constructed from
limestone with a thickness of 51 cm (WTO) that defined the base was characterized by an
annual energy demand of 4689 kWh, and simply turned out to be selected as the reference
case with which other walls were compared.

Energy Cons. (kWh/year)
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soo0 4689 4747 T 0 T 0 M 4609 4615 ~_° 4807 -7 4812
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WTO0 WT1 WT2 WC1WC2WC3WC4 WI1 WI2 WI3 WI4 WIS WI6

Energy Consumption (kWh/year)

Traditional methods Concrete Insulation
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Figure 6. Energy consumption (kWh/year) (Authors).

Both thinner walls made of limestone (WT1 and WT2) did not significantly in-
crease the energy demands, where WT1 consumed 4747 kWh/year and WT2 consumed
5210 kWh/year. This finding demonstrated that a thinner wall brought about the in-
creased energy requirement for heating and cooling. WC3 was the most energy-demanding
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concrete wall with 6031 kWh/year, thus confirming that thicker concrete structures, es-
pecially the walls reinforced with steel structures, use more amounts of energy to keep
themselves warm.

The energy performances between the levels measured outside and inside the walls
(WI1 to WI6) were substantially improved in the six insulated walls. Energy consumption
in WI1 and WI2 were the lowest of all, and WI2 has an annual demand of 4609 kWh, a
1.6 percent decrease compared to the baseline, becoming more energy efficient than the
51 cm limestone wall.

If we interpret the results of energy consumption per square meter of the build-
ing’s floor area, the highest energy consumption was for the WC3 walls, which
was 6031 kWh/year. Dividing it by the building’s floor area, which is estimated at 396.3 m?,
the result is that each square meter of flooring consumes 15.22 kWh/year. One of the
best results of the WI2 walls was the consumption by each square meter of flooring of
11.6 kWh/year.

4.2. CO, Emissions (kg.CO,/Year)

Figure 7 demonstrates the CO, emissions in accordance with each variant of the walls
evaluated in the current study. The baseline wall (WT0) released 3581 kg.CO, /year. Thin
limestone walls increased emissions; in WT1 they amounted to 3629 kg.CO, /year, whereas
in WT2 it was 3963 kg.CO, /year. Completely concrete walls emitted significantly more;
WC3 was measured at 4513 kg.CO, /year, reflecting relatively higher energy-requiring
materials with low thermal conductivity. Insulated walls fared better, whereby WI2 had
the best emission of 3608 kg.CO,/year, similarly to its better performance with energy.

CO2 Emissions (kg.CO2)

o B3 53
4500 4097

4000 3581 3629 9603 39T 1 3604 3608 000 3730 3867 3740
3500 1 [ mom ™ B
3000
2500
2000
1500
1000

500

Co2 Emissions (kg CO2/year)

WTOWT1 WT2WC1WC2WC3WC4 WI1 WI2 WI3 WI4 WIS WI6

Traditional Concrete Insulation
methods

ID WALL

Figure 7. CO, emissions (kg.CO, /year). (Authors).

The CO, emissions presented in this section refer to the carbon dioxide emissions
resulting from the building’s energy consumption, specifically related to heating and
cooling demands. These emissions vary depending on the wall types and the effectiveness
of insulation, as different materials impact the building’s energy requirements.

4.3. U-Value (Thermal Transmittance)

The U-value of the exterior walls displays the index of resistance to heat transmission
of every material, as can be seen in Figure 8.
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Figure 8. U-value W/ m? K (external walls) (Authors).

Conventional limestone walls (WTO0) had a U-value of 1.392 W/m? K, implying low-
to-moderate levels of insulation. The U-value, with thinner walls, rose to 1.728 W/m?
K (WT1) and 2.279 W/m? K (WT2) in sequence, demonstrating that thinner walls are
wors insulators.

U-values of concrete walls (WC1-WC4) were significantly lower, where WC3 equaled
3.27 W/m? K, already showing the poor insulating characteristic of concrete walls. Insu-
lated walls performed best, demonstrating an optimal insulating capacity as the U-value of
WI2 was the lowest at 0.492 W/m? K, as shown in Figure 9.

U-Value w/m?.k (Partitions Walls )
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Figure 9. U-value W/ m? K(partition walls) (Authors).

4.4. Energy Saving Rate (%)

Energy saving rate is depicted as the percentage that shows the decrease in energy
usage as compared to that of the baseline scenario (WT0). The strategies related to insulated
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walls (WI1-WI6) have rather low energy savings. WI1 results in the largest enhancement, a
savings of 1.74%, whereas W12 yields a 1.60% savings, as shown in Figure 10.

Energy saving rate (%)
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0.00 1.74 1.60
0.00 | M
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-10.00-9-37
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-20.00
-25.00 -22.25
WTOWT1 WT2WC1WC2WC3WC4 WI1 WI2 WI3 WI4 WI5 WI6
Tﬁgﬁ?;sal Concrete Insulation

OEnergy saving rate (%) 0.00 -1.22 -10.00 -9.37 -13.23-22.25-16.54 1.74 1.60 -7.30 -2.45 -6.69 -2.56

Figure 10. Energy saving rate (%) (Authors).

The results show that concrete walls, WC3 in particular, perform poorly, and its rate of
energy saving is negative, —22.25%, which implies that in comparison with the traditional
51 cm wall made of limestone, it is less efficient with regard to energy saving.

5. Discussion

Given these facts, this study explored the thermal performance of various heritage
building wall elements specific to Al Salt, Jordan. The findings show significant differences
in the materials, and they highlight the defining role of material choice in energy retrofitting.
As compared to the literature, it can be noted that modern insulation systems tend to be
better than traditional ones.

5.1. Discussion of Findings

The results of this study align with previous research [21] which compared the life
cycle assessments (LCAs) of traditional and modern building elements in heritage struc-
tures. Both studies emphasize the role of thermal inertia provided by stone and mud in
regulating internal temperatures. However, the results here show that lower stone thick-
ness (WT1 and WT2) is associated with higher energy consumption, supporting previous
studies which argued that additional insulation is necessary to meet contemporary energy
efficiency standards [26]. Despite the natural thermal mass of traditional materials, this
finding highlights the need for further actions, such as insulation upgrades, to improve
energy performance.

It is important to note that the studies referenced here were conducted in different
climatic conditions. While in previous studies [21,26] the authors focused on temperate
regions, this study specifically examines heritage buildings in Al Salt, Jordan, which has a
hot, arid climate. The climatic differences mean that the thermal performance of materials
like stone and mud may vary significantly, and the need for insulation could be more
pronounced in warmer regions like Al Salt.
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In contrast, the performance of concrete-based assemblies (WC1-WC4) reflects similar
findings as in [23], which reported that uninsulated concrete walls lead to higher energy
demands and greenhouse gas emissions. Notably, WC3 exhibited significantly high energy
consumption (6031 kWh/year) and a high U-value (3.27 W/m?K), indicating poor thermal
performance. These results corroborate other conclusions [22] which found that uninsu-
lated concrete walls cannot be effectively retrofitted for energy efficiency. Other studies
also highlighted that concrete, by itself, lacks sufficient thermal resistance and requires
additional insulation to achieve energy savings [17].

Concrete walls (WC1-WC4), especially WC3, perform poorly because of their high
thermal conductivity and insufficient thermal mass. Unlike traditional materials like
limestone, concrete cannot naturally moderate temperature fluctuations by storing and
releasing heat gradually, which results in higher energy consumption because more energy
is needed for heating and cooling to maintain a comfortable indoor temperature. In contrast,
thinner limestone walls (WT1), which have a lower thermal mass than thicker limestone
walls, perform better because of their moderate thermal conductivity, which enables them
to retain and regulate heat more effectively, lowering energy demand and improving
energy efficiency. Concrete walls, especially those without additional insulation, struggle
to match the thermal performance of materials like stone, which contributes to their poor
performance in energy consumption and negative energy savings.

The insulated assemblies (WI1-WI6) demonstrated the best performance across the
board, with WI2 and WI6 achieving the highest energy savings and the lowest CO, emis-
sions. This supports previous findings [24] which confirmed that insulation drastically
reduces energy demand and CO, emissions. It is also further affirmed that upgrading the
insulation of heritage buildings reduces energy consumption without compromising their
architectural integrity [40]. Specifically, WI2, with 1.60% energy savings, proved to be the
most efficient in terms of CO, emissions, aligning with previous work that observed similar
benefits of insulation in hot climates like Al Salt [39]. The relatively modest energy savings
of 1.6% to 1.74% are due to the already high thermal mass of the baseline limestone walls.
These walls naturally help keep indoor temperatures stable in Al Salt’s hot and dry climate,
which limits the extra benefits from added insulation. Additionally, the savings are based
on the whole building, where other elements like the roof, windows, and air leaks affect
energy demand. This makes the impact of wall insulation seem smaller in percentage terms.
However, the insulated walls achieve very low U-values and result in significant absolute
reductions in kWh/year and CO, emissions. This is important for heritage retrofitting,
where small yet effective changes are preferred.

Finally, the U-values of the insulated wall systems emphasize their superior insulating
properties. The WI2 system, with a U-value of 0.492 W/m? K, outperformed all other wall
types, reinforcing previously found findings that demonstrated that well-insulated walls
provide far better thermal regulation and overall performance compared to traditional or
concrete walls [28].

5.2. Implications for Heritage Buildings

It is well recognized that retrofitting heritage buildings in Al Salt, which mainly
consist of traditional stone-made buildings, can be improved through the introduction of
modern insulation. This inference is consistent with previous studies which elaborated
on measures to utilize energy efficiency to its maximum and yet not compromise the
historical integrity [29]. To reduce the energy demand and maintain structural and aesthetic
value, they promote minimal interventions, including insulation retrofits, which maintain
the facade.
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Previous findings also claim that optimal energy performance is achieved by the
intrinsic thermal mass of traditional architecture alongside the use of insulation [32]. The
empirical evidence of this work backs up that claim, showing that insulated walls are better
than stone walls in both energy consumption and carbon production.

5.3. Practical Recommendations for Energy Retrofitting

According to the findings, solution WI2, which combines insulation and cement
blocks, exhibits the best energy performance in terms of CO, emissions and energy savings.
However, there are significant practical issues with this solution’s use of cement blocks.
Many heritage buildings, particularly those with masonry walls composed of stone or mud,
do not typically use cement blocks. Although cement-based systems provide better thermal
performance, retrofitting existing masonry buildings—which are the most common type in
places like Al Salt, Jordan—presents a challenge.

It would take a lot of work to apply WI2 to existing structures, including adding
contemporary materials like insulation and cement blocks, which might not complement the
masonry walls’ structural integrity or historical beauty. This draws attention to a possible
trade-off between heritage preservation and thermal efficiency. Combining conventional
materials with insulation technologies that can be subtly incorporated into the current
structure without sacrificing its historical significance may be a better option for masonry
buildings. A more practical method of retrofitting historic structures while preserving
architectural integrity is provided by solutions like W16, which combine stone with layers
of insulation.

The results indicate that insulated wall systems (WI2, W16) performed the best in terms
of CO; emissions and energy savings. When using these solutions on historic buildings, it
is important to take heritage values into account as well. The use of such contemporary
materials may compromise the building’s aesthetics and architectural integrity, which are
essential to its historical and cultural significance, even though WI2 (which uses cement
blocks) provides better thermal performance. Traditional limestone walls, on the other hand,
ensure that the building maintains its historical significance by preserving its architectural
authenticity and cultural legacy, despite being less energy efficient.

This study highlights how crucial it is to incorporate energy-saving strategies that en-
hance thermal performance without sacrificing the building’s historic significance. Energy
efficiency must be balanced with the preservation of historic buildings’ architectural and
cultural legacy, especially in areas where heritage preservation is essential to tourism and
community identity.

Although the savings compared to the base case are modest, WI1 and WI2 are still
reasonable choices when considered more broadly. They are low-cost and simple solutions
that can gradually improve energy performance. Implementing them is especially justifiable
in situations where budget limits or ease of operation are important, making them useful
in a decision-making process that lists multiple criteria.

5.4. Perspectives from MENA Studies in the Region

Research conducted in the MENA region, especially in Egypt and Jordan, offers
significant insights into the energy efficiency of heritage structures in arid, hot climates.
Previous studies showed that adding energy-saving features like insulation and solar
control to Cairo’s historic buildings worked, which is in line with our findings that tradi-
tional stone walls need modern upgrades to meet energy standards without losing their
cultural value [48].

Similarly, another study talked about how important it is for residential green heritage
buildings in Egypt to have energy-saving technologies that work well together [49]. This
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supports the idea that modern insulation can work with traditional materials to lower
energy use. More studies stressed the importance of using energy simulations to help
make decisions about retrofitting [50]. This study used energy simulations to improve wall
performance in Al Salt, which is in line with that idea.

Attaining nearly zero-energy performance in heritage structures situated in hot cli-
mates necessitates a blend of passive and active strategies [51]. This finding parallels the
results of this study, which demonstrated that contemporary wall systems substantially
decreased energy consumption and CO, emissions. A recent case study in Al Salt [5] backs
this method even more by showing how insulation and glazing technologies can make
buildings more energy efficient while still keeping their historical value.

These studies from the MENA region show that we need to come up with unique
retrofitting plans that use both modern technologies and traditional materials to save
energy and protect heritage.

6. Conclusions

The current study explores the thermalization of a number of wall-cladding materials
applied in a historic building in Al Salt, Jordan, and assesses the viability of intervention
thereof to improve energy efficiency. The findings point out the following:

e  Traditional stone walls (WTO0): Thermal stability of the thicker 51 cm thick limestone
walls proved to be acceptable; thinner ones (WT1, WT2) were also found to be linked
to marked growth in energy use and CO, emission. Despite the fact that stone walls
have thermal mass, it needs additional insulation so as to reach the current energy
efficiency requirements.

e  Concrete walls (WC1 to WC4): the concrete walls, especially those without insulation,
had high building energy demand and CO, emissions. The conclusion of the findings
is in line with preceding literature, highlighting the importance of insulation on
energy-efficient systems of concrete walls. Uninsulated concrete walling minimizes
thermal efficiency, thus necessitating the deployment of more energy during heating
and cooling.

o Insulated walls (WI1 to WI6): Coming out on top in the tested materials were the insu-
lated wall systems; WI2 and WI6 achieve the lowest energy demand and lowest CO,
emissions. WI2 achieved a saving of 1.6% in energy use compared to the traditional
wall, proving that modern insulated wall materials offer the best plan of action for
enhancing the energy performance of heritage buildings.

e  While insulated wall systems (WI2, WI6) provide optimal thermal performance, the
cost and feasibility of implementing these systems in heritage buildings should also
be considered. Retrofitting heritage structures often involves challenges related to
structural integrity, aesthetic preservation, and financial costs. The installation of
modern insulation systems may require significant investment and could disrupt the
building’s historical and architectural features. Therefore, a more pragmatic approach
might involve hybrid solutions that integrate insulation with traditional materials
to improve energy efficiency while respecting the cultural value and architectural
integrity of the heritage building.

e This study demonstrates that maximizing the use of insulated materials can sig-
nificantly improve the energy performance of Jordanian heritage buildings while
preserving their historical value. Based on the simulation results performed using De-
signBuilder, the hybrid wall system WI6, which consists of 10 cm limestone (outside) +
5 cm insulation + 10 cm limestone (inside) with 1.5 cm plaster layers on both sides,
provides a practical and effective solution. W16 achieves a U-value of 0.487 W/m? K.
It reduces annual energy consumption and CO; emissions compared to the baseline
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traditional wall constructed with limestone of 51 cm thickness and maintains the build-
ing’s original facade and architectural integrity. Unlike fully cement-based insulated
walls (WI2), WI6 can be applied to existing masonry heritage buildings with minimal
disruption, making it suitable for culturally sensitive and UNESCO-listed structures.
This approach indicates that integration of modern insulation with traditional ma-
terials allows retrofitting projects to meet contemporary energy standards without
compromising heritage preservation.

Finally, while traditional stone walls showed good thermal stability due to their high
thermal mass, particularly the thicker 51 cm walls, they still do not meet modern energy-
efficiency standards without extra insulation. Their ability to naturally control indoor
temperatures shows the inherent efficiency of traditional building methods. This efficiency
can work well with modern insulation approaches to support both the preservation of
heritage and the improvement of energy performance. In the research conclusion, the
study advises that maximizing the use of insulated materials in the context of retrofitting
projects aiming at improving the energy efficiency of the Jordanian heritage buildings,
and particularly, the setting of Al Salt, where the traditional approach to architectural
designs prevails.

7. Recommendations

Future research should concentrate on examining different retrofitting options for
heritage buildings that strike a balance between energy efficiency and architectural preser-
vation in light of the study’s findings. Long-term research is also required to evaluate the
actual performance of various wall types and insulation techniques over time, especially
in hot, dry regions like Al Salt, Jordan. Future research should also look at energy retrofit
measures on buildings in low-income urban neighborhoods in Jordan that can lower house-
hold energy costs and improve living quality, which supports economic growth [62], as
well as the cultural effects of retrofitting techniques and the viability of implementing such
solutions in different kinds of heritage buildings.
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Abbreviations

The following abbreviations are used in this manuscript:

Aork Thermal conductivity
R-value Thermal resistance
cp Specific heat capacity
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p Density
BES Building energy simulation
LT Light transmittance

SHGC Solar heat gain coefficient
WWR Window-to-wall ratio
W/m?2 K  Watts per square meter per kelvin

XPS Extruded polystyrene

WT Wall traditional

WC Wall concrete

™Y Typical meteorological year

HVAC Heating, Ventilation, and Air Conditioning.
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