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ABSTRACT

This study investigates a Smart Sustainable Skin (SSS) combining Mashrabiya-inspired glass reinforced concrete (GRC) lattice
panels with hydroponic green walls, applied to a university campus in Oman's hot—arid climate (Képpen BWh). While parametric
facades and biophilic systems have been studied separately, their integrated thermal and life-cycle carbon performance in Gulf
educational buildings remains unexamined. Three campus blocks of differing orientations were simulated using Ladybug, and
EnergyPlus across perforation ratios (50—70%) and vegetation coverage ratios (60—-80%). Key quantitative outcomes include,
operative temperature reductions of 4.5—4.9 °C during peak summer (July, 14:00), with the greatest benefit in west—facing
classrooms; annual cooling energy savings of 28 - 33% (41 - 44 kWh/m?/yr); and life-cycle carbon reductions of 88% over 25 years
when biogenic sequestration (88 kgC0./m?) and operational offsets (125 kgCO.e/m?) are included, yielding a carbon payback of 7.2
years. Regression analysis identified vegetation coverage as the strongest predictor of thermal benefit (R2 = 0.87, p < 0.001), while
the combined SSS system achieved 15-20% greater temperature reductions than the sum of individual components, confirming a
measurable synergistic effect. These findings provide evidence—based design guidance for climate—sensitive campus planning
aligned with UN SDGs 11 and 13.

Keywords: smart sustainable skin, mashrabiya, parametric design, hydroponic green walls, thermal comfort, energy efficiency,

biophilic design, embodied carbon

1.INTRODUCTION

Building skins are essential transformers of the energy, light, air,
and thermal interchanges between interiors, exteriors, and have a
direct impact on the occupant comfort, health, and energy
performance [1-3]. The standard glazed facades involve large
cooling penalties in hot and dry climates with extreme
temperatures (>40 °C), intensive solar radiation (>800 W/m?) and
low humidity, as envelope-attributed heat gains make up 40—-60%
of all cooling loads in learning institutions [4-6]. Air conditioning

*Corresponding author.

is the largest electricity demand source of buildings in the whole
Gulf Cooperation Council (GCC) region, with 60—-80% of the total
consumption [3,5]. These energy overheads are directly transferred
into high greenhouse gas emissions and operational expenses,
which put institutional budgets under pressure. In response, the
much—needed approaches to curb energy demand and maintain
thermal comfort are climate—responsive envelope strategies [2,6].

This pressure is further heightened by current urbanization
trends in the Arabian Peninsula, whereby the pace of the
development of educational infrastructure is increasing in tandem
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Fig. 1. Omani vernacular architecture mashrabiya screens, illustrating the principles of perforation, ventilation and visual privacy.

Table 1. Key prior studies on Mashrabiya and green wall systems in hot climates.

Study Location System Key finding
Yunitsyna & Sulaj (2025) [14] Europe Biomimicry-based kinetic fagade Optimized daylight in south-facing
shading classrooms

Bagasi et al. (2023) [9] Saudi Arabia Traditional Mashrabiya ventilation Improved natural ventilation by
15—25%

Wagdy & Fathy (2015) [16] Desert climates Solar screens, parametric approach ~ Optimum daylighting performance
in desert climates

Mahmoud & Elghazi (2016) [10] Egypt/Gulf Kinetic hexagonal Mashrabiya 18-28% cooling load savings

Abdelhamid et al. (2024) [21] Hot climate Parametric patterned fagade Improved student mood and task

Mehrvarz et al. (2024) [35] Hot semi-arid

Prodanovic et al. (2017) [11] Hot climates
Manso & Castro-Gomes (2015) [15] Hot climates
Charoenkit & Yiemwattana (2016) Hot climates
[23]

Bakhshoodeh et al. (2022) [29] Hot climates
Larsen et al. (2015) [40] Hot climates
Menchawy et al. (2025) [33] Hot arid (MENA)
Debnath et al. (2026) [41] Hot arid

Responsive fagade design

Hydroponic green walls (LAI 3—5)
Green wall systems review

Living walls

Irrigated green facades

Double skin green facades

Green roof on educational building

Vernacular passive cooling screens
(bio-jaali)

performance
Improved occupant visual comfort

8-15 °C surface temperature drop;
2—5 °Cinterior

Identified thermal, energy, and
environmental benefits

Improved thermal comfort; carbon
emission reduction

Peak cooling effect 13:00-16:00; up
to 420 W/m?2

Validated thermal simulation
model for green facades

Improved thermal comfort;
applicable to GCC

Mycelium composites reimagine
passive cooling

with the population increase and the national diversification
agenda. Being typified by large daytime occupancy densities, and
densely glazed facade daylighting areas, universities and colleges
are a building typology that is particularly susceptible to envelope—
driven thermal loads.

Nevertheless, the facade innovation of the educational context in
the Gulf has received relatively little research attention compared
to residential and commercial applications [3,5].

As a component of academic performance, concentration, and
well-being, the thermal comfort of students and faculty directly
affects academic performance [4,7]. It has been determined that
operative temperature in the classroom over 28°C has a negative

effect on cognitive task performance (by 10—15%), and beyond 30
°C [8,9]). In the Gulf universities, where a typical outdoor
temperature exceeds 40 °C during the academic semester, the
ability of the building envelope to regulate the indoor conditions is
an important determinant of the educational quality. This
performance requirement, coupled with the increased institutional
expectations to be sustainable and carbon neutral, highlights the
need for novel approaches to facade design that would be both
thermally comfortable, energy efficient, and environmentally
responsible.
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1.1. Vernacular precedent: Mashrabiya as a climate
solution

The time—tested passive cooling techniques can be observed in the
traditional Islamic architecture, which includes Mashrabiya, A
traditional Arabic/Islamic architectural screen of carved lattice,
that controls sun—rays, promotes natural ventilation, and provides
visual privacy and offers external views [9]. The Mashrabiya is a
multiperformance geometrical
perforations regulate the amount of solar radiation entering the
building based on the sun angle, the thermal mass absorbs the heat,
and the geometry of the lattice distributes airflow through the
building by generating pressure differentials caused by varying
perforation densities. These principles are recorded in historic
buildings in Cairo to Muscat and demonstrate the region’s
adaptation to local climatic conditions.

Variations in Mashrabiya perforation designs include modern
parametric adaptations that have been used to provide cooling
loads of 15—30 % relative to material selection and orientation—
specific designs [10]. The use of technologies in digital fabrication,
such as the CNC milling process and the robotic casting process,
allows them to reproduce even the most difficult geometric designs
at the architectural scale, and make the transition between the
vernacular craft and the contemporary industrialized construction;
however, current literature has focused primarily on residential
and commercial buildings, but not on institutional buildings like
universities, with their occupancy densities, time schedules, and
thermal comfort needs. Figure 1 illustrates an example of the
principles of perforation, ventilation, and visual privacy.

architectural element: the

1.2. Biomimic integration and natural solutions

Vertical vegetation systems and green walls are thermal regulators
that provide evapotranspiration, shading, and thermal mass
addition to achieve a surface temperature drop of 8-15 °C on
building facades [11]. Hydroponic green wall systems also have
specific benefits compared to arid areas, such as the ability to
irrigate, low substrate weight, and planting throughout the year,
despite the lack of water. Eradication of soil substrates also
decreases structural loading to 15—30 kg/m? (compared to 60-150
kg/m? in soil-based systems) to allow retrofit applications to
existing building facades, without structural reinforcement, [12].
In addition to thermal performance, biophilic design attributes
lead to cognitive performance, stress reduction, and better
learning, which are important factors in the educational facility
[13].

Parametric shading that is combined with hydroponic plants is a
potential but largely untapped area of design. Although the
individual performance advantages of both systems have been
demonstrated, the synergistic gains of combining shading and
vegetation protection as the latter shields the former against direct
solar radiation and the former cools the vegetation surface through
evapotranspiration have not been studied rigorously, especially in

terms of life-cycle carbon impacts. This is a significant gap since
the extreme climate in the Gulf region requires multi—mechanism
cooling effects, which cannot be implemented in a single form of
passive intervention.

1.2.1. Previous works: Mashrabiya and green wall
systemsin hot climates

Table 1 summarizes key prior studies on Mashrabiya and green wall
systems applied to thermal comfort in buildings, forming the
empirical basis for the present study's design decisions and
benchmarks.

1.3. Research gap, novelty, and objectives

Although parametric facades [14,10,15] and hydroponic green walls
[14] have been investigated individually—primarily in residential
and commercial contexts, their integrated application as a
combined SSS system has not been examined in the Gulf
educational context. Critically, no prior study has simultaneously:
(i) combined Mashrabiya—inspired GRC shading with live
hydroponic vegetation on a single facade assembly; (ii)
disaggregated the synergistic
contributions of each sub-—system; and (iii) quantified both
embodied carbon and biogenic sequestration in a unified 25-year
life-cycle assessment. Most integrated facade studies [14,4,5]
shading device with envelope
modifications, obscuring each component's marginal benefit. This
study addresses these gaps through the following objectives:

Aims and Objectives: This study aims to evaluate the integrated
thermal and life-cycle carbon performance of a combined
Mashrabiya GRC panel and hydroponic green wall facade system
(SSS) on a university campus in a hot—arid climate. Specifically: (1)
compare SSS and conventional facade thermal performance across
orientations and seasons; (2) develop parametric regression
models linking design variables to operative temperature
outcomes; (3) quantify life-cycle embodied carbon, including
biogenic sequestration and operational offsets; and (4) provide
evidence—based design guidance for climate—sensitive educational
infrastructure in hot—arid regions.

individual versus thermal

conflate effects thermal

1.4. Study context

Climate—responsive facade research is best studied at the study
campus in the Dakhiliyah Governorate, which is approximately 140
km southeast of Muscat, Oman. The location has a hot, dry climate
(Koppen BWh) with a summer maximum of more than 46 °C, a
winter minimum of less than 10 °C, large direct normal irradiance
(more than 2,500 kWh/m?/year), and low precipitation (less than
100 mm/year). The new construction programme and the different
orientations of buildings in the campus master plan (as shown in
Figure 2(c)) offer a chance to incorporate complex facade systems
at the design phase rather than as an intervention to remedy the
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Fig. 2. (a) Regional map of Oman and UAE, (b) Satellite view near Nizwa, (c) Close-up aerial of study site.
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Fig. 3. (a) Master Plan of the campus with classrooms highlighted. (b) Front facade of the blocks showing glazed walls. (c) Courtyard with classrooms

surrounding it.

existing situation. The focus on occupant thermal comfort and
well-being made this campus typical of climate—sensitive
institutional environments throughout the MENA region. The
monthly climate profile of the study site is presented in Section 3.2.
The campus master plan showing the three selected teaching
blocks is illustrated in Figure 3.

The campus has several academic and administrative blocks that
are provided with centralized chilled—water cooling with split—
unit air conditioning in the peripheral blocks. The present facade
systems have single-glazed aluminum curtain walls with minimal
external shading that give it high solar heat gain in the interior and
subsequently high cooling energy use. This initial state provides a
clear baseline against which SSS performance improvements can
be measured. Figure 2 illustrates the campus location in the interior
of Oman’s hot arid climatic zone, (22.9°N, 57.5°E, 650 m above sea
level) in the hot arid climatic region (Koppen BWh) of interior
Oman.

Figure 3 illustrates the campus master plan showing three blocks
of teaching chosen for SSS, primary facade orientations and
direction of prevailing wind (NW), and Current facade treatment of
the classroom block on campus with the typical appearance of a
double-glazed curtain wall with little passive shading.

2. LITERATURE REVIEW

2.1. Responsive facades in dry hot climates

Hot dry climates pose unique design considerations such as large
diurnal temperature variations above 15—20 °C, high levels of direct
and diffuse sunlight, low and sustained humidity, and dust storms
that damage facade materials [16]. Building skins that are climate
adaptive using dynamic shading, thermal mass, and natural
ventilation have demonstrated 20—40% savings in cooling energy
versus conventional envelopes in the Gulf and Middle Eastern
environments [15]. Such designing factors as exterior shading

https://dx.doi.org/10.15627/jd.2026.24
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devices that will capture the direct solar gain before reaching the
glazing plane, high—albedo surfaces that reflect solar radiation,
and thermal mass elements that absorb and release heat slowly
during cooler nighttime are also essential [5].

A study in Dubai and Abu Dhabi established that facade
orientation is a critical factor of performance, with the west—facing
facade yielding 30—-40 % higher solar gain than the north—facing
counterpart in the Gulf’s climate, where the depth of shading and
perforation on the western and southern facades are essential [17].
Thermal performance is also influenced by the choice of materials;
GRC and ceramic lattices are superior to metal screens due to their
lower thermal conductivity (0.5—-1.0 W/mK compared to 160—-237
W/mK in the case of aluminum) and higher thermal mass, which
allows the storage and delayed release of heat, thereby lowering the
peak cooling load [13].

Critically, while these studies demonstrate thermal benefits of
climate—adaptive envelopes in isolation, none have combined
shading and evapotranspirative cooling in a single integrated Gulf
educational assessment, a gap directly addressed by the current SSS
framework.

2.2. Parametric facades and adaptive systems

Parametric design allows for exploration of facade geometries,
patterns of perforations, and material configurations in a
systematic way to optimize several performance criteria at the
same time [14]. Multi—objective optimization structures and
genetic algorithms compare the alternatives in the design against
competing goals such as daylight autonomy, glare control, thermal
comfort, and energy performance [18,19]. confirmed after a
thorough review that parametric double—skin facades can be
significantly more thermally comfortable when measured using
the dynamic simulation method, with performance improvements
greatly dependent on cavity depth, ventilation approach, and
geometry of external skin perforation.

The design parameters that regulate parametric Mashrabiya
facades are interconnected and provide a balance between the
environmental performance, aesthetical and cultural value. Studies
show that perforated ratios of 40—80 % suffice to support natural
ventilation and thermal regulation, but above 80 % perforations
undermine privacy and glare control, whereas below 40 % density
is too high to allow daylight to penetrate and allow air to move.
Detailed geometry of modules, such as hexagonal, octagonal, and
Islamic star designs, adds visual richness as well as an extra layer
of diurnal shading to the modules with three—dimensional depth
profiles. The depth and angle of the panel are important
performance factors, and deeper profiles (150—-300 mm) are more
effective at creating shading, but they also absorb more embodied
carbon and create more structural load [13]. Sensitivity analysis
affirms that parametric design with evolutionary algorithms,
including the former Octopus algorithm of Grasshopper, can
significantly improve the performance of facade optimization

results by having the ability to explore Pareto fronts with multiple
conflicting goals [20].

Empirical studies of parametric facade in Egypt, Algeria, and the
West Bank have shown 18—-28% cooling load savings and at least
2% daylight factors at 75% of occupancy [1,17]. The magnitude of
thermal benefit was reported to be a 4.0—4.8 °C reduction in indoor
temperature using a kinetic Mashrabiya simulation in Algeria,
which validated the extent of thermal benefit due to parametric
shading when the environment was hot and arid. Nonetheless, such
studies often confound the shading effect with thermal envelope
adjustments, which is a methodological shortcoming that hides the
role of each component of the facade, and a methodological
shortcoming specifically discussed in this study. Unlike the present
study, prior parametric Mashrabiya research has not incorporated
live vegetation, limiting the applicability to integrated bio—facade
performance quantification [21].

2.3. Green walls of hydroponic nature

Facades that are vegetated work through four main mechanisms:
direct shading of envelope surfaces, evapotranspirative cooling of
ambient air, additive thermal mass of substrate and moisture, and
reduction in wind speed near the facade [14]. There are field
measurements which show exterior wall surface temperature drops
of 8—15 °C and interior operative temperature drops of 2—5 °C,
depending on vegetation cover, plant species, and irrigation regime
[22]. Transpiration rates are high, and the latent cooling flux is
high in arid environments, as the huge difference in vapour
pressure between the leaf surface and ambient air motivates the
evapotranspirative process.

The extent of evapotranspirative cooling is determined by a
number of interrelating variables: the leaf area index (LAI),
stomatal conductance, ambient air temperature, relative humidity,
wind speed, and the availability of soil moisture.

Evapotranspiration rates at well-irrigated green walls in hot
arid climates with a frequent vapour pressure deficit (VPD) of 3-4
kPa during summer afternoons can be 4—6 mm/day with a latent
cooling flux of 280—-420 W/m?2. This process of cooling is self-
regulating: the higher the ambient temperature and VPD, the faster
the transpiration occurs, and therefore optimal cooling when it is
most needed. This thermal responsiveness is one of the
characteristics that bio—integrated cooling systems possess
compared to passive shading systems, which provide uniform
shading conditions despite the thermal conditions [23].

Substrate—free (hydroponic) green walls have been proposed as
a specifically appropriate type of green wall in water—stressed
areas, using less water (30—50% lower than traditional soil-based
systems), loading the structure with only 15-30 kg/m? and
delivering nutrients at all times (6) with automated fertigation [15].
To measure the evapotranspirative cooling, [10]. compared the
effects of evapotranspirative cooling across irrigation regimes,
establishing the fact that green facades in hot climates are most
effective in the afternoon (13:00-16:00) when cooling needs in
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buildings are at their highest. Such plant species as Pothos aureus,
Chlorophytum comosum, and Sansevieria are recommended to be
planted in the Gulf climates because they are heat—tolerant, have
low water demand, and a high leaf area index (LAI 3-5) [24].
Although these are the strengths, the scarcity of research on
concrete carbon capture of the wall-mounted vegetation systems,
in comparison to ground-based vegetation, has resulted in a
shortage of empirical research to amend the life-cycle analysis
[25].

2.4, Biophilic education buildings

Natural features contribute to the improvement of the health,
cognitive performance, and psychological renewal of occupants by
the mechanisms explained by Attention Restoration Theory and
Stress Recovery Theory [15]. Grass contact in the educational
environment is linked to better student concentration, higher test
scores, and attendance, the effects of which are very strong in
environments with restricted access to outdoor green space [23]. In
the meta—analysis of 27 studies, the researchers found that
classroom greening enhances attention span (12-18 %) and
biomarkers of stress (15—25 %) [24]. The biophilic benefits of
incorporating vegetation into university facades in hot arid areas,
where the ground-level area of green space is limited by water
shortage and temperature, are provided with less infrastructure,
such as irrigation, and occupy less valuable space on campus.
Connection of natural scenery in classrooms through windows also
promotes perceived thermal comfort in constant physical
temperature settings, which is also explained by psychological
adaptation and the restorative nature of natural scenery [25,26].
This two—fold thermal/psychological advantage reinforces the
argument of using bio—integrated facades to schools and
universities where physical comfort and mental performance are
the key design targets.

2.5. Life-cycle carbon assessment of facade systems

This study employs the EN 15978 life-cycle assessment standard
(Modules A1—A5) as the primary auditing framework, with carbon
data from ICE Database v3.0 [27] and manufacturer EPDs. The life-
cycle facade carbon assessment should consider the embodied
carbon (extraction of materials, manufacturing, transportation,
installation and end—of-life) as well as operational carbon (the
energy required to heat/cool the building during its service life).
The traditional aluminum-glass curtain walls represent 150—250
kg CO.e/m?, while the vegetated facades have 80-180 kg CO.e/m?,
depending on the substrate type and load—bearing needs [12,34].
Comparatively assessed the life-cycle of felt—based and plastic—
module green wall systems and found that the choice of material in
the production phase was the key factor affecting the
environmental impact, as felt—based systems had 20-30% less
embodied carbon than plastic components.

Plant systems also capture carbon via photosynthesis in the
atmosphere; green walls with LAI 4-5 will capture 2-5
kgCO./m?/year, which offsets the embodied emissions over a 15—
25—year service life [24]. Carbon advantages of the reduction of the
cooling load due to facade are enhanced by carbon—intensive grid
power in hot arid climates where cooling is the primary operational
energy requirement. The payback of bio—integrated facades is
nearly 8—15 years, which is many times shorter than the time of
traditional systems, and it is because the use of monetized cooling
operational energy savings is based on the Gulf grid emission
factors of 0.45-0.65 kgCO.e/kWh [25]. Nevertheless, there is a
paucity of life-cycle research that considers both shading and
vegetation terms in one system of assessment, which reduces the
amount of evidence available on policy and practice.

Educational buildings in the Gulf region are especially acute in
terms of the gap in integrated life-cycle assessment as the
combination of high cooling intensity, the carbon—intensive grid
electricity, and long building service life (25—-40 years) makes both
the embodied and operational carbon choices especially important.
GCC national building rating schemes such as the Estidama project
in Abu Dhabi, the GSAS in Qatar, and the Oman Green Building
Standard are starting to include life-cycle carbon metrics, although
they do not provide explicit support of bio—integrated facade
systems [27]. It is thus necessary to have a strong evidence base on
combined shading—vegetation facade assemblies to guide the
regulation development as well as the practice of the profession in
the region.

3. METHODOLOGY

3.1. Research design and phases

This study uses a two-phase mixed methodology that combines the
concepts of parametric simulation modelling and life-cycle carbon
assessment, and organizes them into two complementary steps
(Table 1). Phase 1 covers the performance in terms of thermal
performance by conducting a comparative
conventional and SSS facades on three blocks on the campus. The

simulation of

phase 2 measures embodied carbon on the ICE database and
biogenic sequestration modelling, which allows a comprehensive
assessment of thermal and environmental performance. The two-
phase design has the advantage that the operational energy savings
in Phase 1 are used to inform the carbon offset computation in
Phase 2 to generate an internally consistent analysis framework.
The research design was informed by best practices in building
performance simulation research, such as using validated
simulation engines, standardized inputs of weather data, and
reporting all the model parameters and assumptions. Sensitivity
analysis has been performed on 156 distinct design layouts
(combinations of perforation ratio, vegetation covering,
orientation, and albedo) to guarantee high levels of robust
parametric relationships identification. All regression models were
evaluated at the p < 0.05 level of statistical significance, and model
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PHASE 1: PERFORMANCE SIMULATION

Data Acquisition (Input)
EPW Climate Data (Muscat, Oman, TMY3);
3 Campus Blocks (N, E, W Orientations)

Baseline Model

PHASE 2: LIFECYCLE
CARBON ASSESSMENT (LCA)

25-Year Lifespan

ICE Database

PHASE 3: STATISTICAL
VALIDATION & ANALYSIS

Regression Analysis (p<0.001)
— Vegetation Coverage R>=0.87

Parametric SSS Modeling (Rhino + Grasshopper)
* Mashrabiya Perforation (50%, 60%, 70%)

 Hydroponic Vegetation Coverage (60%, 70%, 80%)
* Material Properties: GRC, Albedo, LAI

(Strongest Predictor)
SSS Embodied Carbon Inventory
GRC, hydroponic infrastructure ie
ﬁl—l Model Diagnostics

- - - VIF<3.0, Residual Analysis (Confirmed)
Biogenic Operational
Simulation & Sensitivity Runs Sequestration Offsets
(Ladybug + EnergyPlus, 156 Iterations) Model Calculation

hfl

Final Synthesis & Design Guidelines

Validation

Lifecycle Net Carbon Footprint
Synthesis — 88% Lifecycle Reduction

— Evidence-Based Climate-Sensitive
Confirmation of Synergistic SSS Effect

Y A

(loop back)
Thermal & Energy Outputs Operational
Peak Summer Top Reductions: 4.5-4.9 °C | _Offset Data
Annual Cooling Savings: — Informs
28-33%, 41-44 kWh/m?/yr LCA Model

Carbon Payback Calculation
— Carbon Payback: 7.2 Years

Output
— UN SDGs 11 & 13 Alignment

Fig. 4. Methodology flowchart of two-phased research design.

Table 2. Thermal and carbon research stage of SSS facades.

Phase Title

Description

Phase 1 Thermal Performance Analysis

Phase 2 Embodied Carbon Assessment [28].

The applications to be used included Ladybug Tools and EnergyPlus that
simulated and compared the conventional and SSS facades of three campus
blocks through the calculation of operative temperature and cooling loads
and parametric relationships.

The carbon account of life-cycle materials based on the ICE database, and
the life-cycle vegetation based on biogenic sequestration modelling, and
benchmarked against the Gulf grid emission factors.

diagnostics, such as a residual analysis and a multicollinearity test
(variance inflation factors < 3.0 of all predictors) was used to
validate regression coefficients. Figure /4 presents the overall
methodology flowchart illustrating the two-phased research
design, data inputs, simulation workflow, and output linkages.

An integrated methodology for optimizing SSS. Source: author’s
input matplotlib. Table 2 illustrates the thermal and carbon
research stage of SSS facades with its descriptions.

3.2. Climate characterization

The campus is located 22.9° N, 57.5°E, and stands 650 m above sea
level. According to the Koppen Geiger classification system climate
is BWh (hot desert) with extreme aridity and high exposure to sun
rays throughout the year. Summer has a temperature of (38—45 °C)
in June—August, and the lowest temperature in winter (12—18 °C) is
found in December—February. The daily range of temperature is
very high, and during transitional seasons, it may be over 15 °C. The
solar radiation on Earth is 2,100-2,400 kWh/m? annually, and the
relative humidity is 15—35% in summer and 40—-60% in winter. The
wind pattern is northwesterly at a speed of 2 m/s, and shamal
winds, frequently laden with dust, occur during the summer

seasons as illustrated in the wind rise and solar analysis charts
(Figures 5 and 6). The data on weather was obtained based on the
EnergyPlus Typical Meteorological Year (TMY3) file of Muscat
International Airport, considering the altitude was corrected to
cover the 650 m difference in altitude.

Three representative teaching blocks were chosen by means of
the orientation diversity, similarity of constructions, and facade to
floor—area ratios, which are presented in the campus master plan
(Figure 3a). Block 1 is oriented on an east-west major axis, with east
and west classes getting morning and afternoon sun exposure,
respectively. Block 2 has north-south orientation and respective
classroom exposures and is more evenly loaded with the sun
throughout the day. Block 3 has a southeast—northwest
orientation, which forms mixed exposures resembling diagonal
orientations typical of campus planning. All the blocks consist of
8-12 classroom blocks of 60—80 m2 size, aligned to single—loaded
corridors with 3.2 m floor—to—ceiling height and 40-50%
window-to-wall ratio (WWR).

The blocks used are reflective of the overall campus building
stock, which has common structural systems (reinforced concrete
frame), floor plate sizes, and facade-to-floor area ratios. The
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Fig. 5. Annual solar radiation and humidity trends, which is extracted from the Oman meteorological service data.

internal configurations of classrooms are standardized with the
fixed desks in rows, facing projection screen positioned on ceiling,
air conditioning cassettes on ceiling and fluorescent—to—LED
converted lighting systems.

This homogeneity reduces confounding variables in the
comparative study because observed performance variations can be
largely explained by the features of the facade systems and not
variations in the building configuration. Figure 5 shows the
monthly climatic profile of the study area, which demonstrates
how harsh the conditions of the thermal conditions are in each
season. The site receives 2,100-2,400 kWh/m?/year global solar
radiation and relative humidity of 15—35% in summer and 40—60%
in winter. Source: Authors, processed based on Oman
Meteorological Service data.

Figure 6 shows wind rose (left) and dry bulb temperature
distractions (right) of the study site (22.9°N, 57.5°E). Source:
Authors, obtained based on TMY3 weather information.

Figure 7 shows sun shading chart showing solar altitude and
azimuth angles across seasons for the study location, informing
facade shading design.

3.3. Typologies of facade and parametric variables

Table 3 presents orientation, envelope properties, and HVAC
Features of study campus blocks. The traditional facade system has
a single glaze aluminum curtain wall (U = 5.8 W/m?K, SHGC = 0.82),
limited passive shading using a 300 mm horizontal overhang, and
a back wall with light—grey concrete painted surface (U = 2.1
W/m?2K). Such a structure is the most common type of facade found
on the campus, and it is the base of the simulation. The SSS facade
is a multi-layered system that combines the needs of solar,
thermal and bioclimatic performance: innermost double, low—-E
glazing (6—12—6 mm, U = 2.7 W/m?K, SHGC = 0.42); intermediate,
inspired by Mashrabiya, GRC lattice panel (50 mm thickness, 60%
ratio of perforation, Islamic geometric star pattern) that installs
400 mm above the glazing plane to form a ventilated cavity; and
The comparative specifications are summarized in Table 4 and the
parametric variables and the tested ranges are introduced in Table
5.
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Fig. 7. Solar altitude and azimuth analysis, which is extracted from the Oman meteorological service data.

Parametric variables, ranges, and increments were tested in
Justification for parameter ranges: The
perforation ratios (50—70%) were selected based on evidence that
this range optimally balances solar control, natural ventilation, and
daylighting in Gulf conditions [9,7]; below 50% restricts daylight
and airflow, above 70% compromises privacy and glare control.

Vegetation coverage of 60—80% was selected because this range
yields maximum evapotranspirative benefit in hot—arid climates,
with coverage below 60% providing insufficient leaf area for
meaningful latent cooling [22,29].

Phase 1 simulations.

3.4. Simulation parameters and setup

EnergyPlus (v22.2) with Ladybug Tools (v1.6) through Grasshopper
on Rhino 7was the main simulation environment where parametric
facade modelling and hourly thermal performance analysis could

be performed using the same computational environment. It is a
well—established tool chain to construct performance research and
promotes the linkage of geometric parametric design and overall
building energy simulation. Classroom models used an occupancy
of 30 students and one instructor [11,29], with sensible heat gains
of 75 W and latent loads of 55 W when occupied with activities at
seated levels. Occupancy was planned on a schedule basis (08:00—
18:00, five days a week) during the semester (September—May),
with less occupancy during examinations.

The internal loads included LED lighting at 10 W/m? with a
dimming control based on daylight and equipment loads at 5 W/m?
(laptops and projector). Split air—conditioning units were used to
provide cooling with a coefficient of performance (COP) of 2.8 with
a setpoint of 24 °C, and a deadband of 1 °C. The modelling of natural
ventilation entailed that this would be available at outdoor
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Table 3. Design parameters of blocks.

Feature Block 1 (E/W) Block 2 (N/S) Block 3 (SE/NW)
Orientation East—West axis North-South axis Southeast—Northwest
No. of Classrooms 12 10 8

Classroom Floor Area 60—80 m?each 60—-80 m? 60—-80 m?
Floor—to—Ceiling Height 3.2m 3.2m 3.2m
Window-to—Wall Ratio £40-50% 40-50% 40-50%
Structural System RC frame RC frame RC frame
External Wall U-value 2.1 W/m?K 2.1 W/m?’K 2.1 W/m?K
Glazing (Existing) Single 6 mm (U = 5.8 W/m?K, SHGC  Single 6 mm Single 6 mm
Ventilation Rate Bgié)H 0.5 ACH 0.5 ACH

HVAC Type Split AC, COP = 2.8 Split AC Split AC
Exposed Facade Area ~1,500 m? ~1,200 m? ~1,500 m?

Table 4. Facade specifications: conventional vs. SSS design.

Phase Title Description

Glazing Single 6 mm clear (U = 5.8) Double low-E 6-12—-6 (U = 2.7)

Shading device 300 mm horizontal overhang GRC Mashrabiya panels (50 mm, 60% perf.)

Vegetation None Hydroponic green wall (70% coverage, LAI =
4.5)

WWR 4,0-50% £4,0-50%

GRC albedo N/A 0.55

Embodied carbon 205 kgCO.e/m? 198 kgCO.e/m?

Table 5. Variables and ranges in phase 1 simulation.

Phase Title Description

Perforation ratio 50—70% 5%

Vegetation coverage 60—-80% 10%

Orientation E,W,N, S Fixed per block

GRC albedo 0.4—0.6 Fixed per block

temperatures below 28 °C, and the windows would be operated
during the period of occupancy. The intrusion rate was fixed to 0.5
air changes per hour, which is in line with the normal quality of
construction in the Gulf.

Operative temperature was used as the measure of thermal
comfort, which is the summation of air temperature and mean
radiant temperature, and is the combined thermal stimulus to
occupants.

The embodied carbon intensity per unit facade area is calculated
using Eq. (1), based on element thickness, density, and assembly
configuration per ICE Database v3.0 [29]:

Cemp = X (EF; X my) (1)
where Cemp is the embodied carbon intensity (kgCO.e/m?2), EF; is the
carbon emission factor for material i (kgCO.e/kg) from ICE
Database v3.0, and m; is the mass per unit facade area (kg/m2) of
material i. Table 6 shows detail for facade embodied carbon
calculation: kgCO.e/m? (facade) = [kgCO.e/kg] x [material mass per
m? of facade area], based on element thickness, density, and
assembly configuration per ICE Database v3.0.

The hydroponic green wall has been modelled to the mature
condition with LAI 4.5 and evapotranspiration rates 2.5— 4.0
mm/day, which was adjusted to ambient humidity and temperature
with the Penman—Monteith equation [23]. The growth medium
was 50 mm mineral wool, which was kept at 70 % moisture content
through automated drip irrigation with 15-minute cycling periods.
This combined modelling method allowed complete comparison of
standard and SSS facade systems in modest classroom operating
conditions, as represented by the simplified material variation
models (Figure 8), portion of wall assembly (Figure 9), and thermal
performance visualization (Figures 10). The sensitivity analysis
proves that a combination of parametric design and evolutionary
algorithms is more successful in optimization of the facade, and the
Ladybug—Grasshopper platform has created the workflow to
consider both indoor and outdoor thermal and visual factors [30].
Figure 8. Facade Variants Demonstrating Material Choice and
Shading Performance.

Figure 9 illustrates the layered Wall Construction with Insulation
and Cladding. This part of the wall has been made more thermally
comfortable with the combination of insulation and air gap, along
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Table 6. Detailed parameters for embodied carbon calculation and thermal simulation.

Parameter Value Source/Basis

Simulation Engine EnergyPlus v22.2 + Ladybug Tools v1.6 IBPSA validated

Occupancy 30 students + 1 instructor Khalil & Kamoona (2024) [4]
Sensible Heat Gain 75 W/person ASHRAE 55 [17]

Latent Heat Gain 55 W/person ASHRAE 55 [17]

Schedule 08:00-18:00, Mon-Fri, Sep—May Academic calendar

Lighting Load 10 W/m? (daylight-dimming) Measured campus data
Equipment Load 5 W/m2 Measured campus data
HVAC COP 2.8 Typical Gulf installation
Cooling Setpoint 24 °C + 1 °C deadband ASHRAE 55 [17]

Infiltration 0.5 ACH Gulf construction standard
Natural Ventilation Active if outdoor < 28 °C Assumed window operation
Green Wall LAI 4.5 (mature) Prodanovic et al. (2017) [11]
ET Model Penman—Monteith; 2.5—-4.0 mm/day Charoenkit & Yiemwattana (2016) [23]
Weather File TMY3 — Muscat (altitude-corrected) EnergyPlus database
Comfort Metric Operative Temperature (°C) ASHRAE 55/IS0 7730 [17]

Concrete Block Wall Wood Jaali
(Ventilated Shading)
(@ (b)

Wood Polymer Composite  Stone Jaali (Thermal Mass
with Biophilic Insertion + Ventilated Shading)
() (d)

Fig. 8. (a(—(d). Streamlined facades: (a) concrete block wall, (b) wood Jaali (ventilated shading), (c) wood polymer composite with biophilic insertion, (d)

stone Jaali (thermal mass + ventilated shading).

with layered construction to minimize heat transfer. Combined,
these factors stabilize the indoor temperature and reduce the
amount of energy wasted, and provide the residents with a more
comfortable living environment. Figure 10 shows thermal and
spatial performance of classroom blocks under extreme climate.

Output of thermal simulation in the Ladybug Tools in the Rhino
with the EnergyPlus displaying the operative temperature
distribution throughout the internal zones (26.24 °C to 32.51 °C).
This multilayered visualization helps space
organization, volume organization, and comfort to thermal
variations because of extreme climate conditions.

to measure

3.5. Embodied carbon assessment

The embodied carbon analysis was based on cradle—to—gate and
installation system boundaries (Modules A1—A5, EN 15978), which
included extraction of the raw materials, manufacturing, delivery
to the installation site, and the installation on—site. The sources of
data were the Inventory of Carbon and Energy (ICE) Database v3.0
[27] and a list of Environmental Product Declarations (EPDs) of
GRC panels and hydroponic systems (collected in the form of
manufacturer specifications). Transport distances of the region of
200-500 km were included, which represent the common chains of
supplies of the Gulf construction. Carbon sequestration through
biogenic sequestration was computed to be 3.5 kgCO./m?/year using
a LAlIvalue of 4.5, eight hours of effective photoperiod, and C3 plant
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Table 7. Conventional air—conditioning load (setpoint 24 °C, COP = 2.8).

Material kgCO.e/kg kgC0.e/m? (facade)

Aluminium (curtain wall) 8.24 185

Single glazing (6 mm) 0.85 15

GRC panels (50 mm) 0.23 32

Steel frame (green wall) 2.75 18

Hydroponic substrate 1.2

Plants (initial) 0.8 4

Table 8. Thermal performance variation by season, orientation, and facade type.

Season Time Conventional (°C) SSS (°C) Reduction (°C)

July (Peak) 10:00 28.9 25.2 3.7
14:00 30.1 25.8 4.3
10:00 27.8 24.6 3.2
14:00 32.5 27.6 4.9
14:00 28.3 25.1 3.2
14:00 29.7 26.4 3.3

April 14:00 26.8 24.2 2.6
14:00 28.4 25.1 3.3

October 14:00 27.5 24.8 2.7
14:00 29.1 25.6 3.5

200 mm Thick wall —

50 mm thermal insulation

100 mm solid block wall -

60mm Air gap

Wall cladding

Foundation ——

Fig. 9. Wall assembly: The wall is made up of cross—sectional 200 mm (100 mm solid block, 50 mm insulation, 60 mm air gap and exterior cladding.

metabolism with seasonal variation in low growth rate in winter.

Biogenic carbon
quantified using Eq. (2):
Coeq = LAI X P, X C; X 1

sequestration through photosynthesis is

(2)

where C,, is the total biogenic carbon sequestered (kgCO./m?), LAI
is the leaf area index (m2/m?2), P; is the photosynthetic rate per unit
leaf area, Ci is the carbon content conversion factor, and n is the
service life (years). For the study conditions (LAI = 4.5, 8 h
photoperiod, C3 plant metabolism), this yields 3.5 kgCO./m?2/year.
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The evaluation was 25 years, which is in concurrence with the
normal institutional building facade service life. The calculation of
the operational carbon offsets was based on the avoided emission
of cooling energy on the basis of the Oman grid emission factor of
0.52 kgCO2e/kWh [30], which uses the operational energy savings
calculated in Phase 1. The emissions during maintenance phases
included replacement of plants periodically (30% after every five
years), energy used in irrigation pumps, and nutrient solutions.

Table 7 gives a summary of key material embodied carbon
factors. The operational carbon offset is calculated using Eq. (3):

Cop = AE X EFgg X n (3)
where C,, is the operational carbon offset (kgC0O.e/m?), AE is the
annual cooling energy saving (kWh/m?2/yr) from Phase 1 simulation
results, EF,. is the national grid carbon intensity (0.52 kgCO.e/kWh
for Oman [30]), and n is the service life (25 years). Carbon factors
were contained in key material (ICE Database v3.0 [27]), as
mentioned in Table 7.
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Fig. 10. Thermal analysis of a normal teaching block by plan, section, and 3D analysis with operative temperature gradient (26.24—32.51 °C). It is assured that
thermal inertia in insulating layers is an efficient measure of reducing high heat gains. Source: Author’s visualization with Rhino Grasshopper and technical
drawings in Revit. Scale N.T.S. (a) Sectional analysis of a standard classroom wall assembly with thermal detailing. (b) Section showing fagade integration
with acoustic and glazing elements for thermal control. (c) Section illustrating a hydroponic facade system with vegetation for passive cooling. (d) Floor plan
layout of Classroom 03 (60 m2) with conventional seating arrangement. (e) Alternative floor plan of Classroom 03 (60 m?2) showing spatial reconfiguration
and outdoor link. (f) Modified floor plan of Classroom 03 (60 m2) with enhanced indoor—outdoor interaction. (g) 3D thermal simulation of a normal teaching
block showing operative temperature gradient (26.24—32.51 °C). (h) 3D thermal simulation of classroom block with insulating layers, demonstrating reduced
heat gains in hot desert. (i) The visualization of the architectural, and thermal simulation of the classroom block with the operative temperature distribution

(26.24—-32.51°C).

Table 9. Sensitivity ranking of facade variables.

Variable Range Tested Impacton AT Rank
Vegetation coverage 60—80% 0.84°C 1
Orientation E/W/N/S 1.7°C 2
Perforation ratio 50—70% 0.62°C
GRC albedo 0.4-0.6 0.28°C 4
4. RESULTS solar altitude was highest and maximum direct western solar

This section shows the key findings in the simulations classified
into thermal performance, parametric sensitivity, embodied
carbon results, and energy saving. All reported values are averaged
in the classroom and across the three blocks of the study, except
otherwise mentioned.

4.1. Thermal seasonal performance

Table 8 shows the classroom-level analysis of seasonal thermal
performance, which reports the operative temperature of
conventional and SSS facades in all orientations and critical design
periods. Peak summer (July), transitional seasons (April and
October), and more than one time of day are included in the analysis
to capture the diurnal performance variation. The meaning of time
is local solar time. The values are the mean of 12—8 classrooms per
block.

The lowest operating temperature took place in the west—facing
classrooms on the hottest day of summer (4.9°C; July, 14:00), as the

penetration was experienced. The smallest decrease was observed
in east—facing classrooms in spring (2.6°C; April, 14:00), when
middle solar angles and low ambient temperature decrease the
difference between facade systems. The use of a west—facing
classroom was always found to have a 15—20 % higher thermal
benefit compared to an east—facing classroom, and the highest
thermal benefit was observed during afternoon hours (14:00-
16:00). The lowest absolute temperature changes were observed in
north—facing classrooms (3.2°C) as they had a lower solar
exposure, intermediate performance was observed in south—facing
classrooms (3.3°C). The observed changes in temperature
throughout the day demonstrate that both thermal mass and
shading are important factors to consider in order to reduce the
extremely high temperatures in desert areas, and these findings are
confirmed through the thermal inertia of insulating layers.
Nevertheless, variations that are orientation specific highlight
performance tradeoffs in parametric optimization, whereby larger
periods of time in analysis indicate tradeoffs, not demonstrating
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uniform excellence, e.g., daylight uniformity at the cost of thermal
gains [31-34]. The dynamic control of skin apertures should be
carefully adjusted to balance the exposure to the sun because
simulation results suggest that too much shading should force
greater use of artificial light in the morning in east—facing
classrooms [35,36].

Seasonal analysis indicated that the benefits of performance of
SSS are at the highest point in the extended summer season (May—
September) when the ambient temperature is consistently greater
than 38°C, and the intensity of solar radiation is greatest. In winter
(December—February), the temperature difference between
conventional and SSS facades decreases 1.5—2.2°C, and this is an
indication of the low cooling demand and lower evapotranspiration
rates related to lower ambient temperature and low sunlight
exposure. The intermediate performance is demonstrated by the
transitional seasons (March—April and October—November). SSS
shows intermediate performance with a decrease of 2.5—3.5°C with
a strong correlation to ambient temperature and direct solar
radiation intensity. This seasonal trend proves that SSS is best
adapted to climatic conditions that have long periods of hot
seasons, which exactly describe most of the GCC and MENA urban
centers.

Comparing orientations during peak summer: west—facing
classrooms showed 15.1% reduction below conventional (4.9°C),
east—facing at 14:00 showed 14.3% (4.3°C), south—facing 11.1%
(3.3°C), and north—facing 11.3% (3.2°C). The asymmetry between
morning east—side gain and west—side gain, despite similar solar
radiation intensities around noon, is attributable to summer dust
deposition: shamal winds deposit particulates on west—facing
surfaces during morning hours, increasing surface reflectance and
temperature, reducing effective solar transmittance. By afternoon,
wind re—suspension restores full western solar incidence,
explaining the afternoon peak in west—facing solar gain [18].

Winter season explanation: Peak winter performance was not the
primary study focus because winter operative temperature in
conventional classrooms (19—24°C) is already within the ASHRAE
55 [17]. comfort zone, and heating loads are minimal in Oman's
mild winter climate. The primary thermal challenge, and
institutional energy cost driver in GCC educational buildings are
cooling, not heating.

4.2. Parametric sensitivity analysis

Multivariate regression analysis was used to measure the relative
effect of design variables on thermal performance. Regression
Model 1: operative temperature reduction as a function of
vegetation coverage is expressed as:

AT,, = 0.85 + 0.042 x I (4)
where V. is vegetation coverage (%), R? = 0.87, p < 0.001, SE =
0.23°C. A 10% increase in vegetation coverage is associated with
0.42°C additional cooling. Regression Model 2: operative

temperature reduction as a function of perforation ratio is
expressed as:

AT,, = 1.12 + 0.031 X P. (5)
where P, is perforation ratio (%), R2 = 0.76, p < 0.001, SE = 0.31°C.
The reduced explanatory power of the perforation ratio relative to
vegetation coverage indicates that evapotranspirative cooling is
the dominant mechanism of thermal benefit within the tested
parameter ranges. The comparative effect of all parametric
variables on 156 design combinations is summarised in Table 9.

These coefficients have direct design implications: each 10%
increase in vegetation coverage yields ~0.42°C additional cooling,
delivering ~3-5% cooling load reduction per degree in this climate.
Perforation ratio's diminishing returns above ~65% suggest a
design ceiling beyond which privacy, glare, and structural integrity
constraints dominate. In multi—objective optimization, vegetation
coverage should be treated as the primary performance lever;
perforation ratio as a secondary tuning parameter.

The interactive quality of perforation ratio and vegetation
coverage on the operating temperature reduction is shown in Fig.
11 and gives the impression of a nonlinear interaction between the
design variables. The total reduction at 80 % of vegetation coverage
and 70 % of perforation ratio is about 15—20 % more than the total
contribution of the individual parts; hence, there is a positive
interaction effect in the sense that each system complements the
performance of the other. Operative temperature reduction as an
interactive effect of perforation ratio and vegetation coverage, with
synergistically increasing performance gains with 156 parametric
combinations.

4.3. Embodied carbon outcomes

Table 10 shows the life-cycle embodied carbon comparison
between the conventional and SSS facade through the 25-year
assessment period, a breakdown of the initial embodied carbon,
maintenance emissions, biogenic sequestration, and opration
energy offsets. Table 10 illustrates Life-cycle embodied
comparison of carbon (25—year assessment period).

The biogenic to be 35
kgCO./m?/year over 25 years to give a total of 88 kgCO./m?> It was
calculated that operational offsets were based on the average
cooling energy savings (44 kWh/m?/year) by the Oman grid
emission factor (0.52 kgCO.e/kWh) over the 25—year period, which

sequestration was estimated

was 125 kgCO.e/m? of avoided emissions. Maintenance is also
provided with 30% replacement of plants after every five years, the
energy of the irrigation pump, and the replenishment of the
nutrient solution. The SSS system realizes a reduction of embodied
carbon that does not include operational offsets (31% versus 220
kgCO.e/m?). A cumulative carbon payback period of 7.2 years
(27/220 kgC0O2e/m?) with cumulative carbon reductions of 88% (27
versus 220 kgCO.e/m?) is achieved when biogenic sequestration
and energy savings during operation are included, with a carbon
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Fig. 11. Interactive effects of perforation ratio and vegetation coverage on operative temperature reduction.

Table 10. Breakdown of embodied carbon, maintenance, sequestration, and operational offsets.

Facade Type Initial Embodied Maintenance Biogenic Seq. Operational Offset Net Life-cycle
(kgCO.e/m?) (kgCO.e/m?) (kgCO.e/m?) (kgCO.e/m?) (kgCO.e/m?)
Conventional 205 15 0 0 220
SSS (without offsets) 198 42 -88 0 152
SSS (with offsets) 198 42 -88 -125 27
Table 11. Comparison of cooling energy and cost savings across classroom blocks.
Block Orientation Conventional SSS (kWh/m?/yr) Savings (%) Cost Savings (OMR/m?/yr)*
(kWh/m?/yr)
Block1 E/W primary 142 98 31% 2.64
Block 2 N/S primary 118 85 28% 1.98
Block 3 SE/NW 135 91 33% 2.64
Average — 132 91 31% 2.42

payback period of 7.2 years, the period when the cumulative carbon
savings are greater than the initial embodied carbon investment.

The initial embodied carbon values in Table 7 are derived from
the material quantities and carbon factors in Table 4 replacing
aluminum framing (185 kgCO.e/m?) with GRC panels (32
kgCO.e/m?), steel frame (18 kgCO.e/m?), substrate (6 kgCO.e/m?),
and plants (4 kgCO.e/m?) reduces initial embodied carbon from 205
to 198 kgCO.e/m>. The biogenic sequestration and operational
offset rows in Table 7 represent dynamic 25—year carbon flows not
captured in Table 4's static material factors.

4.4, Annual energy savings

Table 11 shows the cooling energy performance by block, and it has
aconsistent performance in terms of savings in all orientations, but
shows variations in the absolute and percentage terms depending
on the orientation.

Mid-summer (July, 14:00-16:00) peak cooling demand (85
W/m? in conventional classrooms versus 58 W/m? in SSS—equipped
classrooms) was 32 % lower than that of peak cooling demand.
There are important implications of this peak sharing capacity on
the HVAC sizing, which may allow only 25—-30% the size of cooling
plant installations with equivalent capital reduction costs. Block 3
(SE/NW orientation) showed the largest % age savings (33%),
which is because the diagonal orientation is exposed to both the
morning and afternoon solar loads and therefore maximizes the
operational hours within which the SSS can be of thermal benefit.

When these energy savings are extrapolated to campus scale,
assuming the application of SSS to all the eligible facade areas in
the three study blocks (about 4200 m? of exposed facade), the
savings in energy used on campus—wide cooling would be about 172
MWh/year, or about 10320 OMR of electricity savings and 89.4
tonnes of CO, savings each year. Cumulative campus-level savings
would amount to about 4300 MWh and 2236 tonne CO.e over the
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25-year assessment period, and this is a significant contribution to
institutional carbon reduction targets. These estimates use fixed
electricity tariffs and grid emission factors: these should be revised
with the expected grid decarbonization and tariff increases,
adjusting the economic and carbon curves in opposite directions,
but should be re—evaluated periodically.

Energy baseline explanation: The conventional facade values
(118-142 kWh/m?/yr) reflect cooling energy for occupied classroom
typologies only (08:00-18:00 operation), not whole—building
averages. These are lower than published GCC national averages of
200-300 kWh/m?/yr because: (i) analysis is limited to classroom
occupied hours; (ii) equipment loads are modest (5 W/m?); and (iii)
the inland campus altitude (650 m) reduces ambient temperature
by 3—4 °C relative to coastal Gulf cities. Results are benchmarked
against this study's own internal baseline rather than national
averages.

5. DISCUSSION

The SSS system achieved 4.5-4.9 °C reductions, exceeding
standalone Mashrabiya facades (2.8—3.2 °C, isolated component,
this study; cf. 2.8 °C in [19] and standalone green walls (2.0-2.4 °C,
isolated component, this study; cf. 2.0-3.0 °C in [33]). The
combined system exceeds the additive sum by approximately 0.5—
0.7 °C (15—20%), confirming a quantifiable synergistic effect. This
synergy arises because GRC panels reduce solar heating of
vegetation surfaces, lowering leaf temperature by 3—-5 °C and
enhancing evapotranspirative efficiency; simultaneously, pre-
cooled air from vegetation reduces thermal load on the glazing
beyond what either mechanism achieves independently.

The evapotranspiration rate of 3.5-4.0 mm/day and latent
cooling flux of 250-280 W/m? was derived from the Penman-—
Monteith equation [35] applied to site conditions: 38—-45 °C
ambient, 15—-25% RH, vapor pressure deficit 3.5—4.5 kPa. This is
consistent with [37], who measured 280—-420 W/m? in comparable
hot—arid conditions. The selected LAI of 4.5 represents mature
canopy density achievable with Gulf—adapted species (Pothos
aureus, Chlorophytum comosum, Sansevieria) within 12-18
months, providing near—complete facade coverage.

Third, the thermal mass and radiative performance of GRC
panels suppress diurnal temperature oscillations, extending the
time between peaks in heat flux into classrooms by 2—-3 hours and
more evenly allocating the thermal loads during the occupied time.

The present study's regression analysis confirms vegetation
coverage as the most predictive of thermal performance (R? = 0.87)
and found evapotranspirative cooling to be a significant
contribution to the overall thermal benefit compared to geometric
shading within parameter ranges that were examined. Such a
discovery disrupts the current practice in Gulf architecture, where
the use of bio—integrated methods as opposed to fixed mechanical
shading (external louvers, overhangs, solid screens) has always
been viewed as complex to maintain and therefore a topic of water

scarcity. The information below implies that the thermal ROI of
vegetation is much higher than these operational factors [38].

5.1. Regional studies comparison

The fact that the SSS approach is unique is supported by
comparison with literature in the region, and the effectiveness of
the approach exceeds that of facade strategies that are applied
separately. The 2.8 °C reported in this study by [39] using
parametric Mashrabiya facades in office buildings in Dubai showed
results that were 2.8 °C lower than in office buildings; this is due to
the additive nature of the hydroponic vegetation, better glazing
specifications, and lower internal heat gains in educational
buildings than in office buildings. [40] obtained 3.2 °C decreases in
the residential buildings in Cairo, where the peak temperatures are
lower, and the ambient relative humidity is higher, which restricts
the potential of evapotranspiration, and thereby minimizes the
cooling impact of the vegetation.

The 18—22% cooling load savings with Jaali—inspired facades in
university buildings reported by Mahmoud and Elghazi were
comparable to but less than those obtained in this study [10,37-39],
but the researchers did not integrate or disaggregate the shading
and envelope effects with vegetation. The results of the kinetic
Mashrabiya simulation of 4.0-4.8 °C of indoor temperature
decreases in Algeria as a result of kinetic—based shading, which
confirms the magnitude of thermal gains that parametric shading
can potentially provide in hot arid environments and confirms the
consistency of the present results with the shading—only
component of the present study (2.8—3.2 °C). [40] affirmed that
large—scale applications of green systems on educational buildings
located in hot arid areas are effective to deliver significant thermal
comfort benefits, which indicates that bio—integrated facades can
be an effective way of cooling institutional buildings across the
MENA region.

The geographical similarity of results of the study between
Algerian and Egyptian regions and the Arabian Gulf, gives more
credence to the application of the results to the climate zone of hot
arid climate. Some of these climate- specific aspects that affect the
magnitudes of absolute performance comprise the peak ambient
temperature (the maximum cooling potential), relative humidity
(the rate of evapotranspiration), sun intensity (the effectiveness of
shading), and wind patterns (the rate of convectional cooling of the
facade surfaces). The inland desert environment of Omani where
extreme temperature, low humidity, and high solar radiation are
combined, is a near—optimal setting for the SSS implementation,
and the fact that the performance in the coastal cities of the Gulf,
with more humidity, can be slightly reduced and yet significant.

5.2. Carbon implications of the lifecycle

The 88 % life-cycle carbon reduction (with offsets) makes SSS one
of the most efficient low—carbon facade interventions that have
been reported in hot climates. Hydroponically grown plants (LAI
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4.5) absorb 3.5 kgCO./m?/year, and 88 kgCO./m? is accumulated by
the 25-year evaluation period, which is greater than the
summation of structure, substrate, and initial planting embodied
emissions (28 kgCO.e/m?). The average cooling energy saving of
31% equates to 44 kWh/m?/year of annual operational offset, which
is a 572 kgCO.e/m? that could be avoided over 25 years at Oman grid
intensity — a figure which would rise as the grid decarbonization
proceeds.

Material efficiency also helps to achieve a positive carbon
footprint: GRC panels represent 32 kgCO.e/m?, in contrast to 185
kgCO.e/m? in the case of aluminum curtain wall frames, and
hydroponic substrates have lower embodied carbon than soil-
based ones because of their lower mass and easy manufacturability
(Reyhani et al., 2022). The carbon payback period of 7.2 years is
favorable to other facade technologies such as electrochromic
glazing (12—18 years), automated Venetian blinds (8 -14 years), and
phase—change material panels (10—16 years) with the Gulf cooling
loads and the carbon-intensive grid electricity accelerating
payback compared to temperate climates [28].

5.3. Methodological contribution and novelty

One of the main methodological contributions of the research is the
clear separation of shading device effects and thermal envelope
adjustments— a form of analysis, that is not commonly used in the
literature of facade performance. Controlled simulations reveal
that Mashrabiya GRC panels only attain 2.8—3.2 °C reductions,
green walls only attain 2.0-2.4 °C reductions, and that the
combined SSS system attains 4.5—4.9 °C reductions, which are
rather synergistic performance levels than merely additive. The
aggregate effect is more than the sum of the contributions of each
of them by 15—-20 %, as an interesting result that has important
implications in regard to the optimization of facade design. This
nonlinearity is due to the fact, that low GRC surface temperature
promotes vegetation health and efficiency and optimization of
evapotranspiration by decreasing leaf temperature and heat stress,
and further inhibits conductive and radiative heat exchange via the
GRC layer by decreasing outer surface temperature.

5.4. Policy, practice implications, and
implementation challenges

In the case of SSS deployment on a campus scale, the areas of
implementation need to place emphasis on the west and south—
facing facade of high occupancy teaching blocks where the gains of
thermal benefits will be maximized and the payback will be the
most favorable. The maintenance procedures should take into
account the horticultural skills
management of the facilities that can guarantee long—term health
and performance of the vegetation. Present building codes in Oman
(Oman Building Code 2019) do not specifically mention bio—
integrated facades, but the presented evidence indicates that the
use of vegetation credits in envelope thermal analysis and the effect

in addition to the normal

of lowering U—value compliance in the facades with an established
60 per cent vegetation cover and LAI.

Several implementation challenges must be acknowledged: (i)
Maintenance complexity: hydroponic systems require horticultural
expertise, automated irrigation with soil-moisture feedback,
quarterly plant health assessments, and 30% plant replacement
every five years, beyond standard facilities management capacity.
(ii) Water management risks: irrigation failure during peak
summer (>40 °C) can cause plant mortality within 24—48 hours;
redundant water supply and automated monitoring are essential.
(iii) Structural loading: SSS adds 30— 60 kg/m? to facades, requiring
structural assessment before retrofit. (iv) GRC panel durability:
annual cleaning and inspection for micro—cracking is required in
dust-laden environments.

The UAE, Qatar, Saudi Arabia, and Kuwait are considered to be
the region of transferability because hydroponic systems are able
to resolve issues of water shortage by 40 % compared to traditional
landscape irrigation, and provide a certain amount of thermal and
carbon advantages. Increasing electricity costs in the Gulf
(estimated 3—5 % per year) can also lead to improvements in
economic viability, and can shorten the payback periods of capital
to 4—6 years. The correspondence with the UN SDGs 11 (Sustainable
Cities and Communities) and 13 (Climate Action) makes SSS one of
the real contributions to the institutional sustainability goals that
are more and more required by the national visions in the GCC.

Pedagogical opportunities also arise through the inclusion of SSS
in the campus design. Sustainable technologies that are visible on
university buildings are used as living laboratories, where students
can observe, measure, and analyze the performance of biophilic
[42] and low—carbon systems as an element of their university
courses. This dimension of experiential learning will give an added
value to education in the form of sustainability awareness and
technical expertise architects,
environmental scientists, in addition to the direct thermal and
carbon benefits. Many of the universities of the Gulf have already
implemented the idea of living buildings as educational resources,
and SSS installations have the potential to make the idea of
performance—measurable interventions at the facade level.

in future engineers, and

5.5.Study limitations

This study recognizes various limitations one should assume when
explaining the results. Green wall performance modelling made
assumptions about the nature of mature vegetation; the simplified
evapotranspiration models used in EnergyPlus, are not necessarily
the most accurate model of the microclimate in the facade cavity in
comparison with coupled computational fluid dynamics (CFD)
methods [41], Simulations were not done on plant establishment
periods (6—12 months) where the thermal performance would be
less than the modelled. The simulation did not consider the effects
of occupants’ behavior, such as window opening behavior, opening
blinds, or thermostats and HVAC, creating ambiguity as to HVAC
performance in the real world.
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It was limited to teaching buildings without other buildings that
were more likely to have high internal heat gains, such as
laboratories, 24-hour occupancy of dormitories, and
administrative buildings with varied usage patterns. There was no
detailed economic cost—benefit analysis, but preliminary estimates
of the cost are encouraging. The acoustic, air quality, and detailed
daylighting effects were not measured and are significant
complementary performance dimensions. Limited transferability
to more humid coastal climates or to arid environments with even
higher latitudes is restricted by the site—specific climatic
conditions (inland desert at 650 m elevation) and the use of
literature—based parameters of plant species to use and LAI values
to rely on; pilot validation of the site—specific monitoring is
suggested before wider application.

6.CONCLUSION

This study demonstrates that an SSS combining Mashrabiya—

inspired GRC lattice panels with hydroponic green walls delivers

measurable and synergistic thermal, visual [43], energy, and
carbon benefits for educational buildings in hot—arid climates.

Key conclusions:

e Thermal performance: SSS achieved operative temperature
reductions of 4.5—-4.9°C during peak summer, with the greatest
benefit in west—facing classrooms (4.9°C, 15.1%
conventional).

o Synergistic effect: The combined SSS exceeded additive
component contributions by 15-20% (~0.5-0.7 °C), confirming
positive  interaction  between @ GRC  shading and
evapotranspirative cooling.

below

e Vegetation primacy: Vegetation coverage was the primary
thermal predictor (R = 0.87); each 10% increase delivers ~0.42°C
additional cooling higher ROI
optimization.

than perforation ratio

o Energy savings: Annual cooling reductions of 28—-33% and 32%
peak demand reduction support HVAC downsizing potential.

e Carbon performance: 88% life-cycle carbon reduction over 25
years; carbon payback of 7.2 years, competitive with advanced
facade technologies.

o Future research should extend to coupled CFD thermal
modelling, humid coastal Gulf climates, and diverse building
typologies. West— and south—facing facades should be
prioritized for deployment, with post—occupancy monitoring
over at least two full annual cycles to validate simulation
predictions.
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