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Abstract: The literature showed many studies that evaluated single or multiple Phase change materi-
als (PCMs) layers in passive, active, or in hybrid configurations for building applications. However,
little attention has been given to evaluating the energy performance of buildings when PCMs are
used together with other passive design strategies. In this work, the energy performance of an office
building in a typical arid Saharan climate is simulated using EnergyPlus when a PCMs-embedded
envelope is implemented. The office building was analyzed without/with PCMs using various
thicknesses. Results indicated that the annual electrical energy for heating, ventilation and air con-
ditioning (HVAC) could be reduced between 3.54% and 6.18%, depending on the PCM thickness.
The performance of the office building, including PCMs, was then simulated using two practical
architectural design strategies, namely windows-to-wall ratio (WWR) and rezoning of the interior
spaces. Outcomes revealed that the annual energy consumption for HVAC can be reduced from
10% to 15.5% and from 6.1% and 8.54% when WWR is reduced by half to three-quarters, and the
perimeter zones are enlarged by one-third to two-thirds of the original space area, respectively. By
combining both architectural design strategies and PCM, the annual electrical HVAC energy can be
reduced between 12.08% and 15.69%, depending on the design configuration and PCM thickness.
This design option provides additional benefits also since it reduces the vulnerability of increasing
the lighting and fuel gas heating energy because more perimeter zones are exposed to daylighting
and solar radiation, respectively.

Keywords: architectural design; building energy simulation; energy efficiency; PCMs; thermal insulation

1. Introduction

Reducing energy consumption in the building sector is a real challenge and a classic
problem that has encouraged many researchers and manufacturers to look for immediate,
sustainable, and applicable solutions. Despite the variety of solutions, which are often very
innovative and creative, this challenge remains unresolved, especially with the climate
change that the world is currently witnessing [1]. This has also become intensive as
COVID-19 is attacking almost everywhere, putting people at home for a long period which
has subsequently increased the energy consumption in the residential sector by 11% to
32% for several countries during the 2020 full lockdown period [2]. Therefore, improving
energy efficiency in the building sector is essential, as it involves several methods that
are often divided into passive and active technologies. The active design strategies are
related to improvement in heating, ventilation and air conditioning (HVAC), hot water
production, and lighting, whereas the passive design strategies include the building form,
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color, material selection, envelope system, shading system, etc., to enhance the energy
efficiency without the need for energy.

In addition to the passive and active systems, net zero-energy buildings (NZEB),
nearly zero-energy buildings (nZEB), and positive energy buildings (PED) have emerged
as new design concepts [3]. In these designs, renewable energy systems are introduced to
complement the passive and active design strategies [4,5]. The feasibility of designing a
nearly zero-energy building (nZEB) based on typical residential, rural housing in Xi’an has
been discussed by Chang et al. [6] by proposing new construction methods and examining
the strategies for the refurbishment of an existing house. Although the used passive design
strategies could not achieve the Chinese nZEB standard, they showed very promising
results in terms of reducing energy consumption. The ZEB in three office buildings has
been investigated in the hot-humid climate of Thailand [7]. The passive strategies include
the form, geometry, and envelope, the use of a window-to-wall ratio of less than 20%,
laminated glazing with horizontal shading, and the use of natural ventilation. For active
systems, high-performance lighting systems and high-efficient air conditioning systems are
suggested. Finally, a photovoltaic (PV) system is recommended to achieve the ZEB status.

Since passive strategies are considered important design determinants in sustainable
building, several studies have explored the impact of form and geometry on the building’s
energy performance. For example, the optimum aspect ratio of multi-unit residential
buildings in Canadian cities was examined to reduce heating and cooling energy consump-
tion [8]. The simulation results concluded that the optimal aspect ratio could reduce the
peak loads since more solar heat gain can be used for heating in winter and provide enough
shading to reduce cooling energy in summer. Additionally, energy consumption was re-
duced by more than 15%. In another study, at an early design stage, the building form and
geometry were evaluated for their impact on energy consumption using a local sensitivity
index (SI) and a Morris global sensitivity analysis (GSA) [9]. The results indicated that the
horizontal and vertical geometric ratio is sensitive to the energy efficiency in buildings. In
a related context, Konis et al. [10] suggested a new simulation-based method for improving
passive performance that is mainly related to the building form. In particular, this study
proposed a novel passive performance optimization framework (PPOF) to improve the
building performance using daylighting, solar control, and natural ventilation strategies at
the early design stage. It was concluded that PPOF could achieve a reduction in energy use
intensity (EUI) between 4% and 17% while improving daylight performance in the range
between 27% and 65%, depending on the climate. Therefore, it is apparent that the building
form and geometry may enhance the energy performance of buildings, especially when
adequately considered at the early design stage.

Another important aspect of passive systems, when used for improving energy effi-
ciency, is the use of building materials, especially for thermal insulation and energy storage.
Phase change materials (PCMs) are considered an example of innovative and smart passive
solutions that have attracted the attention of many around the world [11]. The benefit of
using PCM in buildings relies on the significant amount of latent heat capacity of PCM.
More clearly, this material offers much higher energy storage with a slight temperature
change than sensible heat storage. This means significant energy can be stored in a small
volume at a constant or small temperature range during the phase transition.

Moreover, PCMs can be easily integrated into building envelopes. Many design inte-
gration methods are also viable for the embedded-PCMs envelope, which allows various
options for practical applications of active or passive systems [12,13]. It should be noted
that a large amount of research effort is also focused on improving the physical properties
of PCMs and trying to adapt them to specific conditions in construction applications [14,15].
Moreover, many studies focus on various methods of incorporation of PCMs, which is the
case in recent research on the effects of capsule geometry on energy storage [16]. The heat
transfer performance and phase change behaviors of six PCM capsules of equal size but
different shapes were investigated experimentally for use in cold latent heat storage. The
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findings showed that the optimal shape of the PCM capsules was similar to the red blood
cell geometry.

Apart from the experimental protocol that is financially costly and often stressful,
many studies have adapted computational methods to investigate the effect of using PCMs
in building envelopes, especially with the advancement of computational technology.
Furthermore, experimentation may not be possible in many cases, which makes simulation
studies complementary to experimental work. Ascione et al. [17] numerically evaluated the
influence of PCM plaster on energy savings in the cooling season and naturally ventilated
office buildings in five Mediterranean climates. The results showed an increase in energy
savings when doubling the PCM thickness. An energy saving of 7.2% was achieved in
Ankara. When the office was well-ventilated, a maximum of 22.9% improvement was
observed in Naples (Italy). In another study, the feasibility of using PCMs as a potential
retrofitting option to reduce the peak indoor air temperature and enhance the occupant
thermal comfort was investigated experimentally and numerically in a modern 5-star
energy-rated house in Melbourne, Australia [18]. The results showed that PCMs could
reduce the indoor air temperature during the day by 1.1 ◦C and achieve a 34% reduction
in hours of thermal discomfort when PCMs are integrated into the ceiling. The study
indicated that occupant behavior, such as operating windows and interior doors, may
further enhance the PCMs performance.

It was apparent from the literature that PCMs have a positive impact on energy
consumption and thermal comfort when evaluated under several climatic conditions [19].
These studies are limited to investigations on optimal PCMs thicknesses, latent heat of
fusion, melting temperature, and melting range. In addition, studies are focused on how
the PCMs are integrated into the building envelope or when used with active systems.
Few studies have addressed the concept of using passive strategies to improve the thermal
performance of PCMs when integrated into building envelopes. For instance, Arici et al. [20]
proposed a method to distinguish the contribution of latent heat of PCM in the overall
energy saving due to the integration of a PCM layer in the external wall of buildings in
different cities in Turkey. Piselli et al. [21] investigated the possibility of enhancing the
capabilities of PCMs for passive cooling application by natural ventilation in residential
building stock under Italian climate zones. The study showed promising results in terms
of energy savings when using the two strategies. Moreover, the ideal control of natural
ventilation can enhance the efficiency of the thermal energy storage charge–discharge cycle
of PCMs. The effect of the exterior design of a building façade with shading devices was
recently evaluated when PCMs were integrated into building envelopes in several Saharan
climates [22]. This study linked the impact of architectural design, mainly the envelope
system and the shading devices, on the thermal and energy performance of a typical
housing when PCMs are used. However, limited studies take further steps to enhance
the PCM’s performance by considering other factors, such as architectural design. The
scientific gap remains deep in this aspect since the architectural design considerations are
varied, which may also influence thermal behavior. The novelty of this study, therefore, lies
in investigating the impact of two main architectural design aspects, namely, the spatial
design (interior layout of spaces) and the window-to-wall ratio (WWR) on the performance
enhancement of office building when PCM-embedded envelope systems are used. Several
configurations are investigated for an office building under a typical Saharan climate.

2. Presentation of the Ouargla Region

Ouargla is a large desert state (with an area of 211,980 km2) located on the north-
eastern part of the Algerian Sahara, as shown in Figure 1. This region is characterized
by a very harsh environment, classified as a hot desert (BWh) according to the Köppen
Classification [23]. In this region, the summer is the longest season in the year, with very
high temperatures sometimes exceeding 49 ◦C and the annual average precipitation is
only 45 mm [24]. However, the weather is very pleasant during the mild and warm winter.
Despite its arid desert character, Ouargla city can be considered an economic hub in Algeria
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due to its oil and gas industry, especially in the Hassi Messaoud region. In addition, the
region is also witnessing considerable development in several other areas, such as the
agricultural sector, culture, and tourism, due to economic and historical considerations. As
a result, the urban sector is also influenced, especially in recent years [25], which has led
to an inevitable increase in the construction of new administrative buildings. This is the
reason for choosing an office building model in the current work in the state capital (i.e.,
the municipality of Ouargla). The results from this study can be adopted when planning
for constructing new administrative buildings or may be used for the renovation of exist-
ing office buildings using the PCMs technology in building envelopes to improve energy
efficiency.
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3. Methodologies
3.1. EnergyPlus Simulation Tool

EnergyPlus, commonly abbreviated as E+, is a whole-building simulation software
developed by the US Department of Energy (DOE), which is available for free. It provides
the users with tools to model heating, ventilation, and air conditioning (HVAC) systems,
cooling load, lighting, and energy flows [26,27] and helps to optimize the building design
for low energy use. The software is a collection of several numerical modules that are simul-
taneously solved to calculate the energy requirements for cooling and heating a building
using many systems and configurations and includes advanced simulation capabilities for
modeling the building environment and its complex systems.

The ability to model phase transition was made possible in EnergyPlus V 2.0, which
was first released in April 2007, by integrating the CondFD algorithm [28]. This algorithm is
mainly based on the heat capacity method, which was numerically discretized using a semi-
implicit finite difference scheme, with manipulation of auxiliary enthalpy–temperature
data, to take into account the evolution of latent heat [28]. Using this database, the heat
capacity is approximated using a time-averaging approach proposed by Morgan et al. [29].
While the initial versions of EnergyPlus had a semi-implicit PCM modeling scheme, a fully
implicit scheme that is unconditionally stable was later added in version 7 [27]. However,
for accurate results and stable computations, a small time step is required.
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The thermal performance of PCMs is simulated by EnergyPlus v8.8 through CondFD
algorithm in which the one-dimensional implicit finite difference solution is coupled
with an enthalpy-temperature function to account for phase change energy (Equation (1)).
The specific heat capacity (Cp) of PCMs is updated in each iteration according to the
following equation:

Cp =
hj

i − hj−1
i

T j
i − T j−1

i

(1)

where h and T represent the user-defined function of the specific enthalpy of PCMs and
the node temperature, while subscript i and superscript j stand for the modeled node and
time step, respectively, namely, j and j − 1 are the current and previous simulation time
steps. The latent heat of PCM is accounted for via Cp, which is based on the user-defined
enthalpy–temperature function. The time step was set to 3 min (20 timesteps per hour) with
the node discretization of 3 as per the guideline recommendations for modeling PCM [30].

The CondFD algorithm has undergone numerous experimental validations with mixed
precision results. For example, a successful validation of the CondFD algorithm was re-
ported by Zhuang et al. [31], using two envelope systems with PCMs, namely, envelope “A”
and envelope “B”. This study showed that the greatest relative difference in temperature
was at 12.41% and the least was at 0.71% between the simulation and test results over a
sequential period of 36 h in envelope “A”. As for envelope “B”, the maximum relative dif-
ference was 8.33% and the minimum was 0.33% in a 72-h sequence. The authors concluded
that real weather data and accurate thermal properties are important factors in reducing
the deviation between the simulation and experimental results. Other validation efforts
of the CondFD algorithm for PCM were obtained by Campbell [32] and Chan [33] using
experimental data published by Kuznik et al. [34]. For both validation studies, the indoor
air temperature was in good agreement with the experimental results.

3.2. Reference Building Prototype

To evaluate the energy performance of PCMs in Ourgala climate, a medium-sized
office was selected following the ASHRAE Models of construction of standard prototypes
90.1-2016 [35], and slightly modified to adapt the building to the hot-dry climate conditions
as shown in Figure 2a. Figure 2b shows the five thermal zones consisting of four perimeter
zones and one core zone which is also identical in all floors. The ASHRAE 90.1 prototype
buildings were generated by the Pacific Northwest National Laboratory in support of the
US Department of Energy (DOE) Building Energy Codes Program. These construction
prototypes are simulated in different climatic zones and could be mapped to other climatic
regions for universal use [36].

This building has a rectangular shape (46.32 × 16.91 m), and three floors with a height
of 3.10 m per floor, which is usually a practice for an office building. Each level has five
thermal zones (i.e., four perimeter zones and a core zone), which can also be considered
universal for office building typology. The internal walls are constructed with gypsum
board which can easily be retrofitted. The floor contains 5 windows to the north and south
with a total window-to-wall (WWR) ratio of 30% and 4 windows with an average of 20%
WWR on the east and west sides. All thermal zones are mechanically conditioned. The
HVAC system was employed to provide air conditioning, ventilation, and heating in the
rooms using a packaged terminal air-to-air heat pump (PTHP) with a variable volume fan
control, direct expansion (DX) cooling coil, a gas furnace with electric reheat for heating
and an electric heat pump in accordance with ASHRAE standard 90.1 [35]. In this study,
the office is generally featured with common architectural and engineering systems so that
the proposed design ideas and the conclusion can be generalized in other locations.
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3.3. Characterization of PCMs

The enthalpy method is based on the simplified equation proposed by Feustel [37] to
construct enthalpy–temperature (h–T) curves for PCMs. Figure 3a shows the RUBITHERM®

RT organic PCM for external wall surfaces [38], and Figure 3b illustrates the Knauf smart-
board as a replacement for regular gypsum used in internal walls [11]. These particular
PCM panels are selected for this study because of their low thermal conductivity and high
thermal energy storage. The products are well suited for office buildings, easy to install,
flexible, reliable, and chemically stable.
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The specific heat capacity (Cp) is written as the derivative of enthalpy with respect
to the temperature. As a function of temperature, the enthalpy is nonlinear in the phase
transition temperature (Tm) range. The specific heat can be described by Equation (2)
as follows:

Cp(T) =
dh
dT

(2)

The enthalpy is defined by Equation (3):

h = T
0

∫
Cp(T)dT (3)

Generally, at the melting point, the specific heat capacity exhibits high values due to the
latent heat of fusion. Outside the melting range, the thermal diffusivity (α) is linear because
the thermal properties are nearly constant. The PCMs, such as crystalline substances and
eutectics, exhibit a discontinuous transition, whilst some PCMs, such as mixtures, have
continuous enthalpy curves. Egolf and Manz [39] described the enthalpy function with
discontinuity using the following equations:

h(T) = Cp1T + η1 (4)

with : T ≤ Tm
h(T) = Cp1Tm + (h2 − h1) + Cp2(T − Tm)− η2 (5)

with : T > Tm
With:

ηn = (
h2 − h1

2
)e(−2 |T−Tm |

τn )

with : n ∈ [1, 2]
The CondFD algorithm in EnergyPlus does not model the discontinuity at the melting

region. Thus, it is necessary to find a continuous equation for enthalpy, which may describe
the enthalpy as a function of temperature for the entire temperature range. For PCMs
that exhibit asymmetrical specific heat distribution for the melting zone, the melting
temperature (Tm) can be assumed at the mid-point (refer to Figure 4).

Feustel [37] used a hyperbolic function to simplify the relationship between the specific
heat and the enthalpy as follows:

h(T) = Cp,constT +
h2 − h1

2
×
{

1 + tanh
[

2β

τ
(T − Tm)

]}
(6)

Since the specific heat capacity is the derivative of the specific enthalpy, the following
equation is obtained:

Cp(T) = Cp,const +
h2 − h1

2
×

2β
τ

cosh2
[

2β
τ (T − Tm)

] (7)

For this study, two PCMs products, namely Knauf smartboard [11] and RUBITHERM [38],
are used. The thermophysical properties of both products are listed in Table 1. By using
these properties and the above enthalpy equation, two h–T curves can be obtained, as
shown in Figure 5. It is worth mentioning that in actual PCM integration, manufacturers
may provide standard thickness based on the market or manufacture specific thickness
based on the client requirement. In this study, the thickness of the PCM panel was varied
to show the influence of the thickness on the energy consumption.
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Table 1. Thermal and physical properties of Knauf smartboard [11] and RUBITHERM® CSM-Panel [38].

Physical Property Knauf Smartboard RUBITHERM® CSM-Panel

Specific heat [kJ/kg·K] 1.2 2
Melting temperature [◦C] 23 28

Thermal conductivity at liquid state 0.20 0.20
Thermal conductivity at solid state 0.19 0.20

Enthalpy of fusion of PCM [J/g] 110 250
Latent heat capacity [kJ/m2] 330 -

Thickness [m] 0.016 from 0.01 to 0.05
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By using the thermophysical properties of PCMs and substituting them in the enthalpy
equation, the two h–T curves can be obtained, as shown in Figure 5.

4. Results and Discussion

A building is primarily affected by various climatic conditions and internal heat
gains from occupants, lights, and appliances, which may drive heat gain and/or loss.
Thus, these factors may influence the energy demand needed for heating, cooling, and
ventilation systems. The enhancement of the thermal performance of the exterior envelope
system and the interior spatial design are considered effective passive strategies to reduce
thermal loads, especially in the case of renovation. Accordingly, in this part of the study, a
detailed assessment of the effect of using PCMs wall panels with various thicknesses on
energy consumption is made. Other passive strategies for reducing heating and cooling
loads may include controlling solar heat gain by reducing window sizes. The effects of
these possibilities on the total energy consumption and thermal performance of PCMs
are studied.

4.1. Impact of PCMs on Annual Energy Consumption of the HVAC System at the Building Level

As previously discussed, a complete HVAC system has been installed for the building
to maintain thermal comfort. The HVAC system consumes a significant amount of annual
energy consumption. The energy consumption needed for thermal comfort was estimated
for the base case model. The cooling energy consumption was the highest, reaching 84.72%
of the total energy, followed by the ventilation system at 13.17%. These results were mainly
due to the extremely hot and dry climate and the intense solar radiation experienced in
Ouargla city. The climatic conditions together with the high internal load have resulted in
low demand for heating energy (i.e., less than 2.11%). Therefore, this Saharan climate can
be considered a cooling-dominated climate with negligible heating demand.

Table 2 shows the effects of using both the Knauf smartboard instead of regular
gypsum in the interior walls and the RUBITHERM® CSM PCM panels in the building’s
exterior cladding. Taking into account the energy savings based on HVAC subcategories
(i.e., cooling, heating, and ventilation), the results showed that the PCMs can be considered
a promising solution for reducing the demand for heating. In particular, the reduction
for 50 mm PCMs layers was 71.93% and 34.36% for electric heating and gas consumption,
respectively. In addition, the results also showed that incrementing the PCM thickness
has a promising potential to reduce energy consumption. For instance, PCM panels
with a thickness of 10 mm reduced the total HVAC electricity (i.e., heating, cooling, and
ventilations) and gas demands by 3.54% and 31.84%, respectively. In contrast, thicker PCM
panels with 50 mm resulted in a reduction of 6.18% and 34.36% of total HVAC electricity
and gas consumption, respectively. This is due to the capture of solar radiation on all four
sides of the building and the storage of internal thermal heat that was released when the
PCMs solidified due to the perceived decrease in outdoor temperatures. The design of the
building that makes the core less demanding of heating energy could also be the reason for
such findings.

To fully investigate the effect of PCMs on reducing heating energy consumption, the
top floor of the building was taken for further analysis. For this floor, the total heating
energy consumption of the perimeter zones was 356.03 kWh, and it was approximately the
same for four cold months of the year (i.e., January, February, November, and December).
The PCMs met a significant amount of heating demand (i.e., more than 91%) in January.
In February, November, and December, the demand for heating energy in the inner core
reached 17.63, 4.07, and 7.26 kWh, with a total of only 28.96 kWh during December.
Meanwhile, 0.81 kWh of energy in the building reinforced with PCMs did not exceed the
required energy rating, which was recorded only in January. This energy rating proved the
efficiency of PCMs in storing heat.
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Table 2. Reduction in the HVAC energy consumption based on the thickness of the Knauf smartboard
and RUBITHERM® CSM panels.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73

with 10 mm of CSM

EConsumed [GJ] 5.95 5.67 516.98 76.09
ESavings [GJ] 2.78 7.44 8.88 5.64
ESavings [%] 31.84 56.75 1.69 6.90

with 20 mm of CSM

EConsumed [GJ] 5.68 4.86 512.50 75.96
ESavings [GJ] 3.05 8.25 13.36 5.77
ESavings [%] 34.94 62.93 2.54 7.06

with 30 mm of CSM

EConsumed [GJ] 5.66 4.30 508.58 75.98
ESavings [GJ] 3.07 8.81 17.28 5.75
ESavings [%] 35.17 67.20 3.28 7.04

with 40 mm of CSM

EConsumed [GJ] 5.67 3.94 505.56 75.95
ESavings [GJ] 3.06 9.17 20.30 5.78
ESavings [%] 35.05 69.95 3.86 7.07

with 50 mm of CSM

EConsumed [GJ] 5.73 3.68 502.74 75.88
ESavings [GJ] 3.00 9.43 23.12 5.85
ESavings [%] 34.36 71.93 4.39 7.16

The gained results indicated a significant reduction in cooling energy also when PCMs
are utilized, as shown in Table 2. In absolute terms, the energy savings are 8.88 GJ and
23.12 GJ for 10 mm, and 50 mm PCM panels, respectively. Despite the high reduction
when considering the absolute values, the maximum percentage of energy savings is
only 4.34%. Likewise, the results showed that PCMs have a reasonable reduction in the
energy consumption of the ventilation systems when considering the absolute values.
However, when considering the relative values the saving is low compared to the reduction
achieved for heating. When the temperature rises in the melting phase of the PCMs, the
shift and the reduction in the peak demand provided by PCMs are directly proportional
to the increase in the PCMs’ thickness. The demand for cooling energy would likely
increase in other hours of the day due to the release of the stored energy in the PCMs.
Based on these results, other passive methods were used in this study to complement the
PCMs. This consideration may deem necessary when planning for renovation to reduce
the cooling energy. The potential of the complemented passive design strategies will be
further analyzed to quantify their benefits for reducing cooling energy consumption and
subsequently proposed for further consideration.

4.2. Impact of PCMs on Annual Energy Consumption of the HVAC System at the Floor Levels

Figure 6 shows the electrical energy consumption of the DX cooling coil in typical
floors (i.e., uppermost floor (TOP), middle floor (MID), and ground floor (BOT)) of the base
case (i.e., without PCMs) building and the other three PCMs design cases (i.e., PCM with
10, 20 and 30 mm thickness). It is worth mentioning that the air is returned via the ceiling
plenum on the roof floor.
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Figure 6. Electrical energy consumption due to the cooling system for each floor.

The results showed that the upper floor consumed higher cooling energy than the
other two floors, as shown in Figure 6. For this floor the roof is exposed to the outside
environment, which increases the heat gain that has to be removed by the air conditioning
system. The ground floor is the second-largest energy consumer due to the exposure of
the ground floor and the reflected solar radiation from the surroundings. The PCMs have
reduced the energy consumption of the uppermost floor by 2.05%, 4.1%, and 5.97% for
the 10 mm PCMs, 30 mm PCMs, and 50 mm PCMs, respectively. Likewise, the energy
consumption was reduced by 3.67%, 4.85%, and 5.38% when using 10, 30, and 50 mm PCMs,
respectively, for the ground floor. A slight increase in energy consumption is observed
for the middle floor when 10 mm PCMs are used. However, the energy consumption was
reduced by 0.75% and 1.59% when using 30 mm PCMs and 50 mm PCMs, respectively.
For this particular floor, the PCMs provided lower potential. It was observed that the
PCMs stay in a liquid state for a longer period when compared with other floors. For
instance, during July, the average temperature in the return air stream in the middle floor
was 25.6 ◦C, which was close to the thermal comfort range, on the one hand, and close to
the point of fusion of PCMs, on the other. This indicates that the discharging process of
heat stored in PCMs is continuous on the middle floor compared to the other two floors. It
is also worth pointing out that the other two floors have outside exposure, which may help
to dissipate heat when outdoor conditions are favorable. This condition may have aided
other floors in accelerating the discharging process of heat in PCMs.

4.3. Impact of PCMs on Monthly Energy Consumption of the HVAC System at the Zone Levels

The energy consumption of the HVAC systems on each floor was studied when PCMs
were used. This should identify the favorable environmental conditions that may optimize
the thermal performance of PCMs. This may shed light on the thermal performance of
PCMs, especially when considering the orientations of the thermal zones that may be of
particular importance due to the variations in solar radiation. To study this further, the
impact of using PCMs on monthly energy consumption is analyzed.

Cooling load is the amount of thermal energy (sensible and latent heat) that should
be removed for the thermal zone to maintain the indoor environmental conditions at an
acceptable thermal comfort range. On the contrary, the heating load is defined as the
amount of thermal energy that must be added to a zone. Cooling load calculations consider
heat transfer by conduction, convection, and radiation, and involve the complex interaction
between the building envelope, internal loads, and outside environmental conditions. The
cooling load may be determined under steady-state or dynamic conditions and, in some
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cases, may involve complex physical phenomena. The cooling load calculation methods are
described in several documents, such as the ASHRAE handbook of fundamentals [40], ISO
11855 [41], and European standards [42]. ASHRAE recommends the heat balance method
and radiant time series methods for cooling load calculations. In this work, the heat balance
method provided by EnergyPlus was used. The heat balance of the outer surface represents
the sum of the heat flux of absorbed direct and diffused solar radiation, long-wavelength
radiation flux, convective flux exchange with the outside air, and the conduction heat flux.
The outside air temperature, solar radiation, and the wind are in direct contact with the
external envelope of the building; therefore, the different climatic conditions, in addition to
the thermo-physical properties of the layers of the walls and roof, can significantly impact
the heat gain and consequently the energy needed for thermal comfort.

Figure 7 displays the energy requirements due to the cooling load in the core zones
of the ground, first, and second floors. As shown in Figure 7, the core zone consumes
high energy, even if it is not exposed to solar radiation, when compared to the perimeter
zones (refer to Figures 8–10). The core zone has the largest floor area (representing around
59% of the total floor), and it is characterized by high internal heat gain. On a monthly
basis, the cooling energy is significant in the summer months (peaked in August) and
then gradually decreases in the transition and winter months. This gradual difference
is due to the variations in the outside environmental conditions, mainly characterized
by high outdoor air temperatures and intense solar radiation. For example, the average
daily temperature and the average direct solar radiation for August were 35.67 ◦C and
564.01 W/m2, respectively. These values were recorded at 19.07 ◦C and 554.94 W/m2 in
March, while the average temperature did not exceed 10.97 ◦C during January, whereby
the ambient temperature dropped noticeably at night. Therefore, the climatic condition is a
major driver for the variation in the monthly cooling energy. The 50 mm PCMs layer was
able to provide a maximum of 8%, 5%, and 13% reductions in the cooling energy in the core
area for the ground floor, first floor, and second floor, respectively. The maximum reduction
occurred in May for the ground floor and in March for the middle and uppermost floors.
This can be related to the impact of the soil beneath the ground floor since it acted as one
of the boundary conditions. The lack of solar radiation in the core areas has contributed
to increasing energy consumption when PCMs are used. In general, thinner PCMs layers
perform poorly in summer as they have a negative impact on the cooling energy for the
upper floors. On the other hand, thicker PCMs layers perform poorly during the winter
months for the upper floors. For example, on the middle floor, the use of 50 mm thick PCMs
increased the cooling energy consumption in November by 13.4% and by 5.83% for 10 mm
thick PCMs (Figure 7). Overall, the PCMs perform better when used for the ground floor.

Energy consumptions for the perimeter zones for the ground, first and second floors
are shown in Figures 8–10, respectively. On the ground floor, the north, east, and west
zones achieved high energy savings in May and October, as shown in Figure 8. For the
first and second floors, the north, east, and west perimeter zones experienced high energy
savings in March and November with the exception of the south zones, which achieved
high energy savings in March and December, as illustrated in Figures 9 and 10, respectively.
In general, the south thermal zones (refer to Figures 8–10) consumed more energy than
other perimeter zones due to higher solar radiation. The south zone has high energy
savings in March and November. Energy savings reached 13.90% in the eastern perimeter
of the ground floor during the month of May, and this ratio exceeded 29.3% during March
in the southern perimeter for the upper floor, as shown in Figure 10. The role of PCMs
decreased dramatically during the winter, even when increasing thickness. The PCMs play
a negative role in reducing the energy consumption in areas less exposed to solar radiation,
as was previously shown for the core areas (refer to Figure 7). For example, the use of 50
mm thick PCMs in the northern perimeter of the middle floor resulted in 12.2% increase in
energy consumption in January, as shown in Figure 9. The 10 mm thick PCMs increased
the energy consumption by 5.52% for the same zone. This observation is applicable to all
other zones and floors but less significant on the ground floor, as shown in Figure 8. The
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reduced role of PCMs or the negative impact during cold periods could be explained by
the lack of a natural thermal energy source, mainly from solar radiation. Since the PCMs’
melting temperature is close to the thermostat setpoint, the PCMs utilized the heat energy
from the HVAC system, which subsequently increased the energy consumption.
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Figure 7. Effect of PCMs on the monthly cooling energy of the core zone of: (a) the ground floor core;
(b) the first floor; and (c) the second floor.
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The results clearly indicate that the PCM plates in the perimeter zones are more note-
worthy in reducing energy consumption than the PCM-enhanced gypsum boards located
in the core areas, due to the high core surface areas which have negatively impacted the
performance of PCMs. Therefore, the spatial design of the core area should be reconsidered,
and the perimeter areas should be enlarged. This consideration is expected to enhance
the thermal performance of PCMs. In addition, this may help to reduce the window areas
required for passive heating on the perimeter zones, since PCMs can now help in storing
more heat from the solar radiation which can be used at later stages to offset the heating
requirement. This recommendation is applicable when retrofitting the building. Further
strategies will be explored in the next sections.

4.4. Impact of PCMs When Combined with Potential Passive Strategies
4.4.1. Passive Strategy Scenario# 1: Reduce the Window-to-Wall Ratio (WWR)

In the first part of the study, the medium-sized office building following the ANSI/ASHRAE/
IES Standard 90.1-2016 was modified for the desert climate of Ouargla, Algeria, as indicated
in Figure 3. The construction layers used in the exterior walls and the roof were perfectly
suited to such climatic conditions (with R-value for the external wall = 1.27 m2 K/W and
the R-value for the roof = 3.53 m2 K/W). The window was a double-glazing system with an
R-value of 0.21 m2 K/W, a solar transmission of 0.17, and solar reflectance of 0.30. However,
the perimeter zones are with high WWR, which increases the spaces’ vulnerability to solar
thermal gain, especially in summer months. With the introduction of PCMs layers, the
glazing areas can be reduced since PCMs can capture the needed solar radiation, which
will offset the heating requirements that otherwise would be passively provided by the
windows. Therefore, this strategy is further analyzed to evaluate the potential of reducing
the WWR. As shown in Figure 11, the area of each window is reduced to half to obtain
model (A-1) and then reduced to a quarter to develop model (A-2). Based on the original
model, the optimal model was deduced from these three models.
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Table 3 lists the effect of reducing the WWR by 50% on energy requirements by
category. The results revealed the use of model (A-1) instead of the base case has resulted
in a 16.17% increase (or reduction of 1.46 GJ) in gas heating energy. However, the electrical
heating energy was reduced by 31.9% (or 4.19 GJ). A negative effect on lighting energy
consumption was observed when the WWR was reduced. The demand for indoor lighting
power consumption in this model was increased by 20.22 GJ (or a 6.26% increase) compared
to the base model because the daylighting control was active in the model. This increase
in lighting energy is related to the need for more artificial lighting to complement the
reduction in daylighting that should have been provided by large windows. The cooling
and ventilation (mainly from the fan) energy demands were reduced by 6.22% and 7.06%,
respectively. The reduction is primarily attributed to the resizing of the window areas,
which reduces the admitted solar radiation as well as the reduction in conductive heat
transfer across the glazing. This finding is backed up by a closer look into the cooling-
dominated months between May and September. During this period, the heat gains through
the windows were estimated at 41,788.70 kWh for the base case and became 20,986.23 kWh
for the glazing model (A-1), a reduction of approximately 50% in heat transfer. This
condition could explain the significant reduction in energy consumption for ventilation
and cooling when the window sizes were halved.

Table 3. Effect of using windows model (A-1) on energy consumption.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (A-1)
without PCM

EConsumed [GJ] 10.19 8.93 493.15 75.96 343.41
ESavings [GJ] −1.46 4.18 32.71 5.77 −20.22
ESavings [%] −16.72 31.88 6.22 7.06 −6.26

The use of PCMs in model (A-1) improves heating energy savings, as shown in Table 4.
The use of gypsum reinforced with PCMs in the interior walls and CSM plates in the exterior
walls (10 mm thick) saved 35.23% and 51.85% of the heating demand from natural gas
and electricity, respectively. However, the role of PCMs in reducing energy consumption
for cooling and ventilation was diminished in this model. Nevertheless, the use of PCMs
allowed slightly more energy saving in cooling demand in model (A-1) compared to when
they were used in the base model. For example, when 10 mm CSM plates (i.e., PCMs plates)
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were used in model (A-1), 9.73 GJ of cooling energy (i.e., or 1.97%) was saved, while it did
not exceed 8.88 GJ (i.e., 1.69%) when similar plates were used in the reference model. This
difference in cooling energy savings remained, even when the thickness of the PCM panels
was increased. This result can be explained by the increase in the surface areas that were
enhanced with PCMs when the window sizes were reduced. The thermal performance of
PCMs was also improved when heat gain in the building was reduced.

Table 4. Effect of using PCMs on energy consumption in model (A-1).

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (A-1)

EConsumed [GJ] 10.19 8.93 493.15 75.96 343.41

with 10 mm of CSM

EConsumed [GJ] 6.60 4.30 483.42 70.89 343.85
ESavings [GJ] 3.59 4.63 9.73 5.07 −0.44
ESavings [%] 35.23 51.85 1.97 6.67 −0.13

with 20 mm of CSM

EConsumed [GJ] 6.30 3.82 478.21 70.83 343.85
ESavings [GJ] 3.89 5.11 14.94 5.13 −0.44
ESavings [%] 38.17 57.22 3.03 6.75 −0.13

with 30 mm of CSM

EConsumed [GJ] 6.29 3.54 474.27 70.83 343.85
ESavings [GJ] 3.90 5.39 18.88 5.13 −0.44
ESavings [%] 38.27 60.36 3.83 6.75 −0.13

with 40 mm of CSM

EConsumed [GJ] 6.32 3.40 470.96 70.78 343.85
ESavings [GJ] 3.87 5.53 22.19 5.18 −0.44
ESavings [%] 37.98 61.93 4.50 6.82 −0.13

with 50 mm of CSM

EConsumed [GJ] 6.38 3.34 467.76 70.69 343.85
ESavings [GJ] 3.81 5.59 25.39 5.27 −0.44
ESavings [%] 37.39 62.59 5.15 6.94 −0.13

Table 5 shows the energy performance of the windows model (A-1) with PCMs
compared to the base case model. These results were compared with the outputs of other
improved models with PCMs to estimate the optimal model easily. As seen from the table,
the combination of the two passive strategies (i.e., reducing the WWR and utilizing PCMs
layers) further improves the energy efficiency of the building. The use of 10 mm CSM
panels and the reduced windows saved 8.07% and 13.26% of the cooling and ventilation
energy demands, respectively. A reduction of 10% in HVAC electric energy is recorded for
this design option. On the other hand, the cooling energy was reduced by 11.05% in model
(A-1) with 50 mm thick PCMs. For this design strategy, the annual HVAC electricity (i.e.,
heating, cooling, and ventilations) is reduced by 12.71%.

As shown in Table 6, the heating energy demand from the natural gas increased by
1.58 GJ (18.09%) when the windows model (A-2) was used, a 75% reduction in WWR from
the base case. On the other hand, the electric heating energy was reduced by 5.44 GJ
(41.49%). The energy consumption for cooling and ventilation was cut down by 8.80%
and 10.15%, respectively. This was due to the significant reduction in heat gain through
the windows. The negative impact became more apparent with this windows model
on the electrical energy consumption demand for interior lighting of the building. The
electrical energy demand for lighting had increased by 38.01 GJ, an increase of 11.76% in
lighting energy.



Sustainability 2023, 15, 1196 18 of 29

Table 5. Energy consumption of the window model (A-1) with PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (A-1) with
10 mm of CSM

EConsumed [GJ] 6.60 4.30 483.42 70.89 343.85
ESavings [GJ] 2.13 8.81 42.44 10.84 −20.66
ESavings [%] 24.39 67.20 8.07 13.26 −6.39

Model (A-1) with
20 mm of CSM

EConsumed [GJ] 6.30 3.82 478.21 70.83 343.85
ESavings [GJ] 2.43 9.29 47.65 10.90 −20.66
ESavings [%] 27.83 70.86 9.06 13.34 −6.39

Model (A-1) with
30 mm of CSM

EConsumed [GJ] 6.29 3.54 474.27 70.83 343.85
ESavings [GJ] 2.44 9.57 51.59 10.90 −20.66
ESavings [%] 27.95 73.00 9.81 13.34 −6.39

Model (A-1) with
40 mm of CSM

EConsumed [GJ] 6.32 3.40 470.96 70.78 343.85
ESavings [GJ] 2.41 9.71 54.90 10.95 −20.66
ESavings [%] 27.60 74.06 10.44 13.39 −6.39

Model (A-1) with
50 mm of CSM

EConsumed [GJ] 6.38 3.34 467.76 70.69 343.85
ESavings [GJ] 2.35 9.77 58.10 11.04 −20.66
ESavings [%] 26.92 74.52 11.05 13.51 −6.39

Table 6. Effect of using the window model (A-2) on energy consumption.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (A-2)
without PCM

EConsumed [GJ] 10.31 7.67 479.56 73.43 361.20
ESavings [GJ] −1.58 5.44 46.30 8.30 −38.01
ESavings [%] −18.09 41.49 8.80 10.15 −11.76

On the other hand, the PCMs played an effective role in saving the cooling and ventila-
tion energy when used with model (A-2), reaching 31.87 GJ for the case of 50 mm PCMs, as
shown in Table 7. In addition, the results exhibited that the thermal performance of PCMs
was influenced by the total heat gain in the building when windows were minimized. For
example, when comparing model (A-1), model (A-2), and the base case, the 10 mm thick
CSM panels, were able to save 2.30% of the cooling energy consumption, i.e., a difference of
0.61% and 0.33% in energy savings for the base building and model (A-1), respectively. This
difference was increased by 1.29% (for the base case) and 0.53% (for model (A-1)) when
using panels with 50 mm thick PCMs. When considering the PCMs thickness of 50 mm and
model (A-2), the annual HVAC electricity (i.e., heating, cooling, and ventilations) is reduced
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by 15.50% compared to 12.71% for the case of model (A-1). For the thinner PCM layer
(i.e., 10 mm), the HVAC electrical energy (i.e., heating, ventilation, and cooling energy) is
reduced by 12.77% for this model option.

Table 7. Effect of using PCMs on energy consumption in model (A-2).

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (A-2)

EConsumed [GJ] 10.31 7.67 479.56 73.43 361.20

with 10 mm of CSM

EConsumed [GJ] 6.62 4.02 468.54 68.89 361.53
ESavings [GJ] 3.69 3.65 11.02 4.54 −0.33
ESavings [%] 35.79 47.59 2.30 6.18 −0.09

with 20 mm of CSM

EConsumed [GJ] 6.29 3.69 463.11 68.94 361.53
ESavings [GJ] 4.02 3.98 16.45 4.49 −0.33
ESavings [%] 39.00 51.89 3.43 6.11 −0.09

with 30 mm of CSM

EConsumed [GJ] 6.26 3.51 458.93 68.99 361.53
ESavings [GJ] 4.05 4.16 20.63 4.44 −0.33
ESavings [%] 39.28 54.24 4.30 6.05 −0.09

with 40 mm of CSM

EConsumed [GJ] 6.29 3.43 455.42 68.92 361.53
ESavings [GJ] 4.02 4.24 24.14 4.51 −0.33
ESavings [%] 39.00 55.28 5.03 6.14 −0.09

with 50 mm of CSM

EConsumed [GJ] 6.36 3.39 452.33 68.79 361.53
ESavings [GJ] 3.95 4.28 27.23 4.64 −0.33
ESavings [%] 38.31 55.80 5.68 6.32 −0.09

Table 8 shows very promising results in the reduction in energy consumption, particu-
larly electrical cooling. As seen in model (A-2), improvement with PCMs in the gypsum
interior walls and 50 mm thick CSM plates can save up to 86.47 GJ of cooling (a reduction
of 13.98%) and ventilation energy (a reduction of 15.83%) and 9.72 GJ (74.14%) of electrical
energy heating when compared to the base case model.

Table 8. Energy consumption of model (A-2) with PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (A-2) with
10 mm of CSM

EConsumed [GJ] 6.62 4.02 468.54 68.89 361.53
ESavings [GJ] 2.11 9.09 57.32 12.84 −38.34
ESavings [%] 24.17 69.34 10.90 15.71 −11.86

Model (A-2) with
20 mm of CSM

EConsumed [GJ] 6.29 3.69 463.11 68.94 361.53
ESavings [GJ] 2.44 9.42 62.75 12.79 −38.34
ESavings [%] 27.95 71.85 11.93 15.65 −11.86
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Table 8. Cont.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (A-2) with
30 mm of CSM

EConsumed [GJ] 6.26 3.51 458.93 68.99 361.53
ESavings [GJ] 2.47 9.60 66.93 12.74 −38.34
ESavings [%] 28.29 73.23 12.73 15.58 −11.86

Model (A-2) with
40 mm of CSM

EConsumed [GJ] 6.29 3.43 455.42 68.92 361.53
ESavings [GJ] 2.44 9.68 70.44 12.81 −38.34
ESavings [%] 27.95 73.84 13.39 15.67 −11.86

Model (A-2) with
50 mm of CSM

EConsumed [GJ] 6.36 3.39 452.33 68.79 361.53
ESavings [GJ] 2.37 9.72 73.53 12.94 −38.34
ESavings [%] 27.15 74.14 13.98 15.83 −11.86

Regardless of the architectural and aesthetic characteristics, the results have shown
that WWR in arid desert environments must be carefully considered, as their reduction can
contribute to savings in cooling and ventilation energy consumption but may increase the
heating and lighting energy demand. Although the reduction in WWR causes an increase in
the lighting energy demand, this issue can be solved by the utilization of high-performance
lighting systems such as LED lights. In addition, heating demand may be reduced by
providing more space for energy storage, such as the use of glass windows filled with PCM,
which may store a significant amount of energy.

4.4.2. Passive Strategy Scenario# 2: The Rezoning of the Core Areas

This part is focused on the impact of the spatial designs on improving the energy
performance of building with/without PCMs. The base case office plan is characterized
by a large core area on each floor which may not be appropriate for the arid climate. This
floor plan has increased the demand for ventilation, cooling, and lighting energy, unlike
heating energy, as previously discussed. Figure 12 shows the spatial design models that
are proposed for this analysis. The core area is reduced from 59.22% for the base case
to 28.58% and 7.89% for model (B-1) and model (B-2), respectively. The perimeter zones
were consequently increased when each core corner was moved inwards by 4.57 m. These
configurations were selected to evaluate the extent of the spatial modifications.
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Table 9 shows a positive impact on the energy consumption for cooling, ventilation,
and lighting when the building design is changed, even without using PCMs, compared
to the reference model. Model (B-1) has saved a significant amount of electrical energy,
estimated at 40.04 GJ, due to the resizing of the core areas. In addition, the demand for
lighting energy has significantly reduced for the perimeter zones because they have more
access to daylight. The rezoning of the floors, decreasing the core zones in this case, has
an effective role in reducing the thermal gains and, therefore, reducing the demand for
cooling energy. This modification has, however, increased the demand for heating energy
in perimeter zones. For model (B-1), the heating energy demand has risen by 14.45 GJ
(or 165.5%) and 0.42 GJ (or 3.2%) for natural gas and electric heating, respectively. This
difference can be explained by the lower heating demand of the core spaces compared
to the perimeter zones, which are more vulnerable to the outside environment. Since the
perimeter zone areas are incremented, the heating demand has increased too.

Table 9. Energy consumption of model (B-1) without PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (B-1)

EConsumed [GJ] 23.18 13.53 512.68 81.20 296.86
ESavings [GJ] −14.45 −0.42 13.18 0.53 26.33
ESavings [%] −165.52 −3.20 2.51 0.65 8.15

Table 10 shows the effect of using PCMs in model (B-1), whereby a thickness of only
10 mm was able to significantly reduce heating energy consumption by 15.53% and 54.39%
for natural gas and electricity demand, respectively. PCM sheets were also effective in
reducing the ventilation (mainly fan energy) and cooling energy consumption. The use of
PCMs with gypsum and CSM sheets 10 mm thick, for example, saved 2.41% of the cooling
energy demand. These results clearly showed that the thermal performance of PCMs can
be affected by the internal design of the building, i.e., 2.41% of cooling energy savings in
model (B-1) compared to 1.69% in the base case model when 10 mm PCM plates are used.
Although the amount of PCMs with gypsum in model (B-1) was less than the amount
in the base model, this reduction was due to the decrease in the total area of the internal
walls, which was 1281 m2 in the base case model and became 1193 m2 in model (B-1). More
energy savings are also observed as PCMs thickness is increased.

Table 10. Energy consumption of model (B-1) with PCMs compared to model (B-1) without PCMs.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (B-1)

EConsumed [GJ] 23.18 13.53 512.68 81.20 296.86

with 10 mm of CSM

EConsumed [GJ] 19.58 6.17 500.34 76.38 297.36
ESavings [GJ] 3.60 7.36 12.34 4.82 −0.50
ESavings [%] 15.53 54.39 2.41 5.94 −0.17

with 20 mm of CSM

EConsumed [GJ] 19.53 5.37 496.23 76.31 297.36
ESavings [GJ] 3.65 8.16 16.45 4.89 −0.50
ESavings [%] 15.75 60.31 3.21 6.02 −0.17
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Table 10. Cont.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

with 30 mm of CSM

EConsumed [GJ] 19.65 4.80 492.69 76.34 297.36
ESavings [GJ] 3.53 8.73 19.99 4.86 −0.50
ESavings [%] 15.23 64.52 3.90 5.98 −0.17

with 40 mm of CSM

EConsumed [GJ] 19.90 4.45 489.85 76.26 297.36
ESavings [GJ] 3.28 9.08 22.83 4.94 −0.50
ESavings [%] 14.15 67.11 4.45 6.08 −0.17

with 50 mm of CSM

EConsumed [GJ] 20.16 4.27 487.26 76.15 297.36
ESavings [GJ] 3.02 9.26 25.42 5.05 −0.50
ESavings [%] 13.03 68.44 4.96 6.22 −0.17

Comparison of the architectural design scenarios of models (A-1), (A-2), and (B-1) with
PCMs clearly demonstrated that the options of reducing the WWR (i.e., A-1, and A-2) are
more favorable from energy-saving perspectives than modifying the spatial floor design
(i.e., B-1). Table 11 presents the results of the model (B-1) with various PCMs thicknesses
compared to the base case. When B-1 model is considered with a PCMs thickness of 50 mm,
the annual HVAC electricity saving is 8.54%, while it is 6.19%, 12.71%, and 15.50% for the
PCMs option only, the PCMs with model (A-1) and the PCMs with model (A-2), respectively.
The results suggested that adopting both options (i.e., model A and model B) would further
reduce heat gains in the building and, therefore, achieve more positive results in reducing
energy consumption, in general, and cooling and ventilation energy, in particular.

Table 11. Energy consumption of model (B-1) with PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (B-1) with
10 mm of CSM

EConsumed [GJ] 19.58 6.17 500.34 76.38 297.36
ESavings [GJ] −10.85 6.94 25.52 5.35 25.83
ESavings [%] −124.28 52.94 4.85 6.55 7.99

Model (B-1) with
20 mm of CSM

EConsumed [GJ] 19.53 5.37 496.23 76.31 297.36
ESavings [GJ] −10.80 7.74 29.63 5.42 25.83
ESavings [%] −123.71 59.04 5.63 6.63 7.99

Model (B-1) with
30 mm of CSM

EConsumed [GJ] 19.65 4.80 492.69 76.34 297.36
ESavings [GJ] −10.92 8.31 33.17 5.39 25.83
ESavings [%] −125.08 63.38 6.31 6.59 7.99

Model (B-1) with
40 mm of CSM

EConsumed [GJ] 19.90 4.45 489.85 76.26 297.36
ESavings [GJ] −11.17 8.66 36.01 5.47 25.83
ESavings [%] −127.95 66.05 6.85 6.69 7.99
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Table 11. Cont.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (B-1) with
50 mm of CSM

EConsumed [GJ] 20.16 4.27 487.26 76.15 297.36
ESavings [GJ] −11.43 8.84 38.60 5.58 25.83
ESavings [%] −130.93 67.43 7.34 6.83 7.99

Despite the increase in heating energy in the perimeter zones, the rezoning of the core
areas has contributed to the reduction in the lighting and cooling energy. This trend is also
clear for the model (B-2), as outlined in Table 12. The demand for heating energy increased
to 21.13 GJ (or 242.04%) and 2.16 GJ (16.47%) for natural gas and electricity, respectively.
These results were due to the increase in the perimeter zones. The results also showed the
importance of spatial design, which needs careful attention to avoid unnecessary energy
consumption. The spatial design is normally considering the administrative, functional
issues, and architectural aesthetics with less regard to the energy demand.

Table 12. Energy consumption of model (B-2) without PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (B-2)
without PCM

EConsumed [GJ] 29.86 15.27 517.20 82.80 278.53
ESavings [GJ] −21.13 −2.16 8.66 −1.07 44.66
ESavings [%] −242.04 −16.47 1.65 −1.31 13.82

The incorporation of PCMs in model (B-2) has reduced the energy consumption of the
HVAC systems. The energy-saving rates are increased with increasing thickness, as shown
in Tables 13 and 14. The results also confirmed that the thermal performance of PCMs can
be affected by the building design, as shown in Table 13. The use of 10 mm thick CSM
panels has reduced the cooling energy consumption by 2.84%. Meanwhile, CSM panels
of 50 mm have saved 5.10% of cooling energy consumption. The results have generally
proved that the cooling energy demand in the building and the thermal performance of
PCMs were affected by the design of the building. The annual HVAC electricity is reduced
between 6.1% to 7.61% for PCMs of thickness between 10 mm and 50 mm.

Table 13. Energy consumption of model (B-2) with PCMs compared to model (B-2) without PCMs.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Model (B-2)

EConsumed [GJ] 29.86 15.27 517.20 82.80 278.53

with 10 mm of CSM

EConsumed [GJ] 26.27 7.04 502.53 77.66 279.09
ESavings [GJ] 3.59 8.23 14.67 5.14 −0.56
ESavings [%] 12.02 53.89 2.84 6.21 −0.20
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Table 13. Cont.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

with 20 mm of CSM

EConsumed [GJ] 26.22 6.11 498.96 77.71 279.09
ESavings [GJ] 3.64 9.16 18.24 5.09 −0.56
ESavings [%] 12.19 59.98 3.53 6.15 −0.20

with 30 mm of CSM

EConsumed [GJ] 26.64 5.42 495.97 77.85 279.09
ESavings [GJ] 3.22 9.85 21.23 4.95 −0.56
ESavings [%] 10.78 64.51 4.10 5.98 −0.20

with 40 mm of CSM

EConsumed [GJ] 27.01 4.94 493.52 77.86 279.09
ESavings [GJ] 2.85 10.33 23.68 4.94 −0.56
ESavings [%] 9.54 67.65 4.58 5.96 −0.20

with 50 mm of CSM

EConsumed [GJ] 27.82 4.70 490.81 77.96 279.09
ESavings [GJ] 2.04 10.57 26.39 4.84 −0.56
ESavings [%] 6.83 69.22 5.10 5.85 −0.20

Table 14. Energy consumption of model (B-2) with PCMs compared to the reference model.

Model Heating (Gas) Heating (Elect) Cooling (Elect) Ventilation (Elect) Lighting (Elect)

Reference Model

EConsumed [GJ] 8.73 13.11 525.86 81.73 323.19

Model (B-2) with
10 mm of CSM

EConsumed [GJ] 26.27 7.04 502.53 77.66 279.09
ESavings [GJ] −17.54 6.07 23.33 4.07 44.10
ESavings [%] −200.92 46.30 4.44 4.98 13.65

Model (B-2) with
20 mm of CSM

EConsumed [GJ] 26.22 6.11 498.96 77.71 279.09
ESavings [GJ] −17.49 7.00 26.90 4.02 44.10
ESavings [%] −200.34 53.39 5.12 4.92 13.65

Model (B-2) with
30 mm of CSM

EConsumed [GJ] 26.64 5.42 495.97 77.85 279.09
ESavings [GJ] −17.91 7.69 29.89 3.88 44.10
ESavings [%] −205.15 58.66 5.68 4.75 13.65

Model (B-2) with
40 mm of CSM

EConsumed [GJ] 27.01 4.94 493.52 77.86 279.09
ESavings [GJ] −18.28 8.17 32.34 3.87 44.10
ESavings [%] −209.39 62.32 6.15 4.73 13.65

Model (B-2) with
50 mm of CSM

EConsumed [GJ] 27.82 4.70 490.81 77.96 279.09
ESavings [GJ] −19.09 8.41 35.05 3.77 44.10
ESavings [%] −218.67 64.15 6.66 4.61 13.65
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4.4.3. Combing the Passive Strategies with/without PCMs

The previous sections clearly demonstrated that passive strategies are wise to consider
since they have enhanced the performance of PCMs considerably. This section will evaluate
the idea of combining the reduction in WWR and the resizing of the core areas with/without
PCMs. It is expected that blending the two strategies may produce an attractive and
improved design for reducing energy consumption. The new designs generated from this
proposal are as follows:

• The rezoning scenario model (B-1) with a 50% reduction in WWR (i.e., model (A-1)) is
now designated as (B1-A1), and the version with a 75% reduction in WWR is named
(B1-A2);

• The rezoning scenario model (B-2) with a 50% reduction in WWR (i.e., model (A-1)) is
designated as (B2-A1), and the version with a 75% reduction in WWR is called (B2-A2).

The above models were then simulated without PCMs and with different thicknesses
of PCMs (i.e., 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm of CSM sheets). Figure 13 displays
the consumption of natural gas and the electrical energy of HVAC and lighting for the four
new models, with and without PCMs, compared to the base case. Modifying the spatial
design of the floors and windows together has provided very promising results in reducing
the energy consumption of the HVAC, as shown in Figure 13a,b. The HVAC energy was
reduced by 8.08%, 10.03%, 6.44%, and 7.88% for the model (B1-A1), model (B1-A2), model
(B2-A1), model (B2-A2), respectively, without incorporating PCMs. As observed from the
figure, as PCMs’ thickness is incremented, the energy saving is improved. For the case of 50
mm CSM plates, the HVAC energy consumption was reduced by 13.96%, 15.69%, 12.08%,
and 13.35% for the model (B1-A1), model (B1-A2), model (B2-A1) and model (B2-A2),
respectively. Regardless of the PCMs thicknesses, model (B1-A2), model (B1-A1), model
(B2-A2), and model (B2-A1) are ranked from high to low potential in reducing the HVAC
energy consumption.

The modifications associated with the reduction in WWR and rezoning of the core
areas have increased the heating demand from the gas fuel. since more perimeter areas are
now exposed to the exterior side. However, a reduction in electrical heating energy was
observed when PCMs were used. For example, model (B1-A2), with a 50 mm thickness
PCMs, achieved a maximum electrical heating energy savings of 9.26 GJ (or 70.63%) in
comparison to the base case. In terms of cooling energy, model (B1-A2) achieved 14.54%
energy savings when compared to the base case model when incorporating 50 mm thick
CSMs plates. Model (B1-A1), with CSM panels of 50 mm thick, was also found to be an
attractive option with a 14.25% reduction in cooling energy.

On the other hand, the results showed a negative impact on lighting energy since small
size windows were introduced. It is interesting to note that reducing the WWR coupled
with the enlargement of perimeter zones has reduced the negative impact on lighting
energy. For instance, when reducing the WWR by 50% (Model A1), the lighting energy was
increased by 6.39% (refer to Table 5). However, when this design option was coupled with
Model (B-1), the lighting energy was increased by 2.07% because more perimeter zones are
now exposed to daylighting, which reduces the electric energy of the artificial lights.
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5. Conclusions

This research is intended to study the energy performance of an office building in
a typical Saharan arid climate when PCMs are embedded in the envelope system. The
work is also extended to evaluate the energy performance of the office when several
configurations of the WWR (i.e., reducing the windows’ area), spatial designs (i.e., enlarging
the perimeter zones), and the PCM-embedded wall designs are generated. The following
can be concluded:

• At the building level, the HVAC electrical energy can be reduced between 3.54% and
6.18% when PCMs are integrated into the wall system;

• At floor levels, the uppermost floor and the ground floor have shown more PCMs
potential in saving HVAC energy than the middle floor due to the exposure. The
ground floor was the best among all floors for PCMs implementation;

• At zone levels, the perimeter zones have shown more PCMs potential in saving energy
than the core area. Hence, the PCMs should be utilized more in areas exposed to
solar radiation, like the perimeter zones. The use of PCMs in the perimeter areas may
also have another advantage where the need for more windows for passive heating is
reduced since it can be fostered by the stored thermal energy in the PCMs;

• The reduction in WWR for the office with PCMs provided a significant reduction in
HVAC energy consumption. Depending on the PCMs’ thickness, the reduction in
HVAC energy ranged between 10% and 12.71% when the WWR was reduced by half
the original window areas and ranged between 12.77% to 15.5% when the WWR was
reduced by three-quarters. Regardless of the architectural and aesthetic characteristics,
the results have shown that WWR in arid desert environments must be carefully
considered, as their reduction can contribute to savings in HVAC energy consumption
but may increase the heating and lighting energy demand due to the lack of access to
solar radiation and daylight;

• The reduction in core areas (i.e., enlargement of the perimeter zones) was seen as a
promising design alternative for improving the performance of the office with PCMs.
When the core area was reduced by one-third and two-thirds of the total floor areas,
the reduction in HVAC energy ranged between 6.1% and 8.54%, depending on the
PCMs’ thickness. This concept has increased the exposure of the perimeter zones to
the outside climatic, which further enhanced the performance of the PCMs layers.

The combination of the WWR and the enlargement of the perimeter zones has slightly
enhanced the performance of the office with PCMs. The reduction in HVAC energy ranged
between 12.08% and 15.69% for thicker PCMs. In addition, this design option has reduced
the vulnerability of the office to the increase in lighting energy since more perimeter zones
are now exposed to daylighting, which reduces the electric energy of the artificial lights.
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