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Abstract

Building energy performance is largely determined during the early conceptual design
stages. However, energy evaluation is often postponed until after key architectural
decisions—such as massing and fagade configuration—have been finalized, limiting oppor-
tunities for meaningful optimization. This study addresses this gap by demonstrating a
Building Information Modeling (BIM)-based comparative approach for integrating energy
analysis into early design stages. Focusing on residential villas in Abu Dhabi, UAE, three
residential forms were selected for testing: compact, L-shaped, and U-shaped designs. Each
form included multiple iterations representing the design progression process, namely
the base building form, fagade refinement (glazing and shading adjustments), and spatial
layout and/or orientation adjustments. The analysis incorporated variations in glazing
ratio and building orientation to evaluate their combined impact on Energy Use Inten-
sity (EUI). Among the tested options, the L-shaped configuration achieved the lowest
EUI (79 kWh/m?), representing the best-performing option, followed by the compact
(81 kWh/m?) and U-shaped (82 kWh/m?) configurations. The results also confirm that
orientation remains an important factor even after fagade refinement. Overall, the find-
ings suggest that BIM-based energy analysis is most effective when applied early as a
comparative and iterative design-support tool.

Keywords: BIM; building energy performance; early-stage design; residential villa; Energy
Use Intensity; Autodesk Revit; Abu Dhabi; hot-arid climate; massing design; sustainable
architecture

1. Introduction

The building sector is responsible for approximately 36-40% of the global energy
consumption. It is also responsible for nearly one-third of greenhouse gas emissions. This
creates a critical issue that requires improvement in terms of sustainability and environ-
mental impact [1,2]. In this connection, it is necessary to enhance the energy efficiency
of buildings and introduce sustainability considerations in the design process, especially
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decisions that are related to orientation, building form, envelope materials, and glazing
ratio and are made early in the project. These decisions can strongly influence long-term
operational efficiency [3], as early-stage design parameters significantly affect thermal
performance and energy demand [4].

There have been significant changes within the Architecture, Engineering, and Con-
struction (AEC) industry due to the development of Building Information Modeling (BIM).
As the construction industry works to lower energy consumption across a building’s entire
life cycle, architects and engineers need tools that can deliver fast, accurate, and easy-to-
understand feedback during the earliest phases of design [5]. The integration of digital
models with advanced data analytics is emerging as a major focus in the construction in-
dustry and across other technology-driven sectors [6]. This change is due to the integration
of design, documentation, and analysis within a single platform. For example, Autodesk
Revit is a widely used software in the BIM field. It includes built-in features that evaluate
performance indicators, including solar analysis and daylight performance [7], as well as
external plug-ins that can be used within the software. Previous studies have shown that
BIM-based energy analysis can support better design decisions by enabling the comparison
of alternative design options [8] and facilitating data-rich simulation environments for
iterative design refinement and performance evaluation [9].

Previous studies have shown that BIM can improve building energy efficiency by
integrating performance analysis into the design process, allowing critical decisions to be
evaluated before they become difficult to modify [3,10,11]. Sofronievska et al.’s findings
also suggest that BIM technology improves the energy efficiency of buildings through its
capability to compare design alternatives in one digital environment [7]. In addition, the
review by Kamel of the application of BIM technology in energy simulation concludes
that BIM is an effective tool to improve the assessment of decision-making; however,
its implementation has been inconsistent [8]. However, although the previous literature
demonstrates the importance of BIM, traditional simulation methods, although accurate,
tend to require substantial data and are not well suited for use during the conceptual
phase, when multiple design options are being explored and refined. Furthermore, energy
analysis is often introduced only after major design decisions have already been finalized
in many conventional design workflows, which limits the opportunity for effective iterative
refinement [12].

Hence, the present study investigates how BIM tools can be applied in the design
phase to analyze the model energy performance at an early stage of residential villas.
The study aims to demonstrate practical methods for architects and designers to enhance
and upgrade the initial design concept stage by introducing energy performance analysis.
The findings aim to provide a structure for integrating BIM-based energy analysis into
early design.

To achieve the study’s aim, a research-by-design methodology was adopted. In this
approach, the architectural design process serves as a means of generating new insights,
knowledge, practices, and outcomes, fostering critical inquiry through the act of designing
itself [13]. Therefore, the outcomes of this approach can guide industry professionals in
implementing BIM for early-stage building energy performance analysis, thereby helping to
overcome key design-stage barriers such as a shortage of skilled and experienced personnel,
limited understanding of BIM, insufficient exposure to BIM concepts, and low awareness
of its benefits [14,15].

The study focuses on supporting the adoption of BIM in early-stage conceptual de-
sign, where building massing is a key task. During this stage, architects explore spatial
and formal configurations while considering constraints such as floor area and regula-
tory requirements [16]. Designer—client collaboration is also a crucial part of this phase,
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involving interaction between the architect, the client, and the evolving design. At this
stage, both parties work together to reach an agreement on specific design models [17]. The
selected case considers the hot-arid climate of the United Arab Emirates, with a focus on
the city of Abu Dhabi. Electricity consumption per capita in Abu Dhabi ranks among the
highest globally, with air conditioning in the residential sector accounting for a significant
portion of this demand [18]. Improving building design is essential for reducing energy
consumption in buildings located in hot-arid climates, where cooling requirements are par-
ticularly high [19]. Hence, the literature has highlighted the potential of simulation-based
analysis for optimizing building design strategies to create energy-efficient and sustainable
buildings in arid and semi-arid regions, including reducing cooling demand and overall
life-cycle energy consumption [20]. This is because parametric simulation offers a highly
adaptable approach for optimizing early-stage building designs in hot-arid climates [21].

Section 2 outlines the materials and methods used to achieve the study aim, which
include the research design and approach, a case study, tools and parameters, scenarios,
data collection, and analysis. Section 3 presents the results of the various scenarios and
provides a comparative analysis. Section 4 provides discussion, interpretations, and future
implications. Finally, the study is concluded in Section 5.

While previous studies have established the general value of BIM-based energy anal-
ysis for sustainable design, the novelty of this study lies in four main aspects. First, the
research provides a direct comparative evaluation of compact, L-shaped, and U-shaped
residential villa massing configurations under the same climatic, material, and operational
conditions within the hot-arid context of Abu Dhabi. Second, the study applies a simplified
BIM-based workflow using Autodesk Revit 2026 and Enscape Impact specifically as an
early-stage comparative decision-support framework rather than as a detailed engineering
simulation environment. Third, the research combines multiple performance indicators
within a single iterative workflow, including Energy Use Intensity (EUI), operational carbon
emissions, daylight distribution, and orientation sensitivity. Finally, the study demonstrates
how iterative architectural refinements involving glazing ratio, shading, spatial organi-
zation, and orientation can be systematically evaluated during conceptual design using
accessible BIM-based tools commonly used in architectural practice.

2. Materials and Methods

To investigate how BIM tools can be applied during the design phase to support early-
stage energy performance assessment, a research-by-design methodology was adopted to
generate insights, knowledge, and practices that support practitioners. Section 2.1 presents
the research approach, while Section 2.2 describes the case study and climatic context.
Sections 2.3 and 2.4 outline tools and parameters, and the scenarios, respectively. Finally,
Section 2.5 describes data collection and analysis.

2.1. Research Design and Approach

This research consists of mixed-methods of design and combines quantitative energy-
simulation analysis with interpretation of the design outcomes to evaluate how BIM-based
modeling supports energy-efficient building design in the UAE context. Moreover, it
follows a design-science framework, as the knowledge or information is generated through
creating a model derived from the Estidama Pearl Building Rating System (PBRS), testing it,
and evaluating it in terms of energy performance. The design process is organized within
a scenario-iteration framework, which is created using Autodesk Revit 2026. Three main
architectural scenarios were defined, each of which corresponds to a different massing
approach for a single-family residential villa in Abu Dhabi. For each scenario, three design
iterations were created through a series of incremental changes to the geometric form,
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facade, and spatial organization of the building, while keeping the gross floor area, material
properties, and building systems constant. This method helps the researcher differentiate
between the impact of architectural design decisions and building energy performance.
Energy analyses were conducted using the built-in analysis tool in Revit and Enscape
Impact, and results such as annual energy use, Energy Use Intensity (EUI), and cooling
load were generated.

2.2. Case Study and Climatic Context

The UAE is characterized by a hot desert climate, where the average annual air
temperature exceeds 27 °C [22], whereas the humidity levels fluctuate from ~50% in winter
to over 70-90% in summer (coastal UAE) [23]. This leads to extensive use of air conditioning,.
For example, the cooling load is responsible for more than 70% of the building’s total
electricity demand [24]. Due to this extensive use, it is important to take into consideration
the design decisions during the design stage.

The case study therefore acts as a digital experiment that represents a locally relevant
building typology under the climate and regulatory conditions of the region. This makes
the sensitivity testing of the design transparent. Moreover, the selection of the UAE climatic
context provides more scientific relevance and supports the goal of this research, which is
to enhance energy-efficient building design through BIM-based modeling.

2.3. Simulation Tools and Fixed Parameters

The energy simulations were conducted through Autodesk Revit 2026 software with
the use of Enscape Impact as the primary tool for evaluating building performance at the
conceptual stage. Autodesk Revit was used in the generation of all of the architectural mod-
els in all iterations and the creation of models for conducting simulations. The climate data
for Abu Dhabi was used in all simulations to match the climatic conditions of the project
site. In order to provide a balanced comparison, variables that remain constant throughout
the simulation were established in all iterations. Building envelope thermal properties were
based on the Estidama and ASHRAE benchmark values for hot residential buildings.

This simulation workflow is intended for comparative early-stage design analysis
rather than final engineering prediction. The building system assumptions remain sim-
plified at this stage; therefore, the results are most reliable for evaluating relative design
performance between options, while detailed HVAC sizing and peak-load calculations
would require more advanced simulation tools and a fully developed system design.

A previous comparison study by Aljundi et al. [25] reported differences between
simplified BIM-based simulation workflows and more detailed engines such as EnergyPlus.
For example, the study found that Revit generally overpredicted heating demand by about
five times and cooling demand by about 2.5 times compared with EnergyPlus, which was
linked to simplified treatment of internal heat gains and thermal inertia. Therefore, in
this study, the Revit-based workflow is used mainly as a comparative early-stage design-
support tool rather than as a source of final detailed load prediction [25].

For consistency across all simulations, the gross floor area was maintained at approx-
imately 430 m?, the Solar Heat Gain Coefficient (SHGC) of the glazing was fixed, Abu
Dhabi climate data were used for all models, and the building systems, internal loads, and
occupancy schedules remained under the default assumptions applied by Enscape Impact.
The spatial diagram was also kept consistent across the scenarios so that the differences
in the results could be attributed mainly to changes in massing, glazing ratio, shading,
and orientation.

The simulation assumptions summarized in Table 1 were maintained consistently
across all scenarios to ensure a controlled comparative evaluation of architectural design
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variables. The study intentionally adopted simplified early-stage assumptions provided by
Enscape Impact because the objective was to compare relative design performance during
conceptual design rather than to generate final compliance-level engineering predictions.
Consequently, the workflow is intended as an iterative design-support framework for
evaluating the influence of massing, glazing ratio, shading, spatial organization, and

orientation under fixed operational conditions.

Table 1. Fixed simulation assumptions and design parameters used across all scenarios.

Parameter Category

Description/Value

Software Platform

Autodesk Revit 2026 + Enscape Impact

Climate File

Abu Dhabi, UAE (hot—arid climate)

Building Typology Two-story residential villa

Gross Floor Area (GFA) ~430 m?2 (constant across all scenarios)

HVAC Assumptions Default Enscape Impact system assumptions
Occupancy Schedules Default residential occupancy schedules within

Enscape Impact

Internal Loads

Default Enscape Impact residential assumptions

Cooling Setpoint

Default Enscape Impact residential cooling
assumptions

Envelope Wall U-Value

0.3818 W/m?2-K

Roof U-Value

0.2003 W/m?2-K

Floor U-Value

0.3133 W/m?2-K

Glazing U-Value

1.9873 W/m?-K

SHGC

0.24

Scenario 1 WWR

Iteration 1: 30.61%; Iteration 2: 22.26%; Iteration 3:
9.29%

Scenario 2 WWR

Iteration 1: 25.10%; Iteration 2: 20.56%; Iteration 3:
20.56%

Scenario 3 WWR

Iteration 1: 23.66%; Iteration 2: 21.49%; Iteration 3:
21.49%

Orientation Testing

Scenario 2 mirrored; Scenario 3 rotated 180°

Fixed Parameters Across

Material properties, climate conditions, occupancy

All Models assumptions, HVAC assumptions, and gross floor area

EUI, annual energy use, operational carbon emissions,

Main Evaluated Outputs daylight distribution, and cooling energy share

The performance indicators used in this study were derived from the simulation
outputs generated through the BIM-based workflow. Energy Use Intensity (EUI) was
calculated as: £

EUI — annual
u A

where E,;,,,,, represents the annual building energy consumption (kWh/year) and A
represents the gross floor area (m?).
Operational carbon emissions were estimated based on the annual operational energy
consumption:
COz, op — Eannuar < EF
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where CO,,) is the annual operational carbon emissions (kgCO,/year) and EF is the
electricity emission factor used within the simulation environment.
Window-to-wall ratio (WWR) was defined as:
A
WWR = —=
Af
where Ay is the total glazing area and Ay is the total facade area.
The Solar Heat Gain Coefficient (SHGC) represents the fraction of incident solar
radiation transmitted through the glazing system and was maintained constant across all
scenarios to ensure controlled comparative analysis.

2.4. Scenario Development and Iterative Testing

Three residential forms were chosen for testing, which consisted of compact, L-form,
and U-form designs. The three forms included three iterations each, which constituted
the design progression process that is normally followed by designers at an early stage.
For the first iteration, the design was completed using the base form, while for the second
iteration, the focus was on facade detailing, mainly involving changes in glazing and
shading aspects. The refinement process followed a comparative iterative approach in
which glazing ratios and shading configurations were progressively adjusted based on
the performance outcomes of the previous iteration, particularly targeting reductions in
solar heat gains and cooling demand. At the end of the third iteration, the main trends of
performance were known, and additional iterations would probably have no further effect.

To clarify the research algorithm, the scenario—iteration process was structured step by
step across all massing configurations. First, three baseline massing configurations were
developed: compact, L-shaped, and U-shaped. Second, the main control variables were
fixed across all models, including gross floor area, envelope thermal properties, glazing
SHGC, climate data, building systems, occupancy schedules, and internal load assumptions.
Third, Iteration 1 represented the base form for each massing configuration. Fourth,
Iteration 2 introduced fagade refinement through glazing-ratio reduction and shading
adjustment. Fifth, Iteration 3 tested either further planning refinement or orientation
sensitivity: in the compact scenario, spatial layout and shading were refined further, while
in the L-shaped and U-shaped scenarios, the refined forms were mirrored or rotated to
assess orientation sensitivity. Finally, all iterations were simulated using the same BIM-
based workflow, and the results were compared using EUI, annual energy use, operational
carbon emissions, cooling energy share, and daylight distribution.

2.5. Algorithm Description

Figure 1 presents a structured workflow for implementing BIM-based energy per-
formance analysis during the early design stages. The process begins with defining key
project characteristics as inputs for the development of the BIM model. These characteristics
include climate data, building typology, and spatial requirements. Subsequently, a base
BIM model is developed, after which key design scenarios are selected. Iterative design
modifications are then performed, including glazing adjustments, shading integration, and
orientation testing. Energy simulation tools within Revit, along with external plug-ins such
as Enscape Impact, are subsequently used to generate performance indicators, including
EUI, operational carbon impact, and daylight distribution. These outputs provide a ba-
sis for design evaluation and enable architects to refine the model through an iterative
feedback loop.
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Project Inputs
Climate, Building Type, GFA

v

Develop BIM Model (Revit)
Base Massing + Layout

Select Scenario

Apply Iterations
e.g. Glazing, Shading, Orientation

\:

> Run Simulation “~—
(Enscape/ Revit or any other software)

v

Outputs
EUI, Energy, Cooling, Daylight, Carbon

~< Evaluate Performance -

Refine Design
> Adjust Glazing, Shading, Layout £

Figure 1. Algorithmic workflow for evaluating and refining early-stage residential building design
using BIM-based energy simulation tools.

2.6. Data Collection and Analysis

Quantitative data were obtained through simulation for each round of the design
process, specifically on EUI, cooling and heating loads, solar gains, and daylight factor.
These data were exported from the simulation workflow and underwent both descriptive
and comparative analyses. Considering that the floor area and climate remain fixed
variables, any difference in results can be mainly attributed to different decisions made by
architects in their designs. To quantify which scenario outperformed the others and by how
much compared to the energy efficiency goal, quantitative analysis was performed. While
this was underway, an interpretive design analysis was performed in parallel, examining
how modifications in massing, glazing, shading, spatial configuration, and orientation
affected the simulation results.
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3. Results

The results of the energy simulation analysis for the three massing scenarios and their
design iterations are discussed in this section. Furthermore, results are discussed under the
compact (Section 3.1), L-shaped (Section 3.2), and U-shaped (Section 3.3) building massing
configurations, followed by a comparative analysis of all scenarios together (Section 3.4).
They show how early design refinements such as glazing ratio, shading, spatial layout,
and orientation affect the building’s energy performance. Figure 2 shows the massing
development across the three scenarios and their iterations, which forms the basis for the
analysis presented in this section.

Iteration (1) Iteration (2) Iteration (3)

Compact

L-Shape

U-Shape

Figure 2. Massing development across the three scenarios.

3.1. Results of Compact Massing

The first scenario evaluates the energy performance of a compact villa massing through
three successive design iterations. The iterations involved progressive reductions in glaz-
ing ratio, integration of facade shading elements, and spatial layout refinements while
maintaining constant material properties, floor area, occupancy assumptions, and building
system settings. The results show a clear reduction in overall energy consumption and
EUI from the first iteration to the third iteration. This aligns with the findings reported
in [26], Raji 2017 which showed that decisions made during the early design stage can
significantly affect building energy performance. It makes early evaluation essential for
energy-efficient design [26]. Furthermore, these results provide clear evidence that archi-
tectural design alone has the potential to greatly decrease energy use and impact on the
environment, especially when using the same materials and building systems. Figure 3
presents representative simulation outputs for the optimized compact massing scenario
(Iteration 3), including solar exposure analysis, daylight distribution, and Enscape Impact
energy simulation results. The figure illustrates how facade refinement, shading integra-
tion, and spatial iterative refinement influenced solar exposure, daylight penetration, and
overall building energy performance within the BIM-based workflow adopted in this study.
Table 2 shows the comparison between the three iterations.
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Project Location: 24 422314722994734,76.71269289498882
17:30:00 AM

a 7:30:
Sun study end date tme: 1231/2021 5:00.00 PM

a) Solar Analysis Demonstration. —(Scenario 1, Iteration 3) P—

(LUX)

— 6000

—17

Lighting Ix: 9/21 clear sky 9am

b) Lighting Analysis Demonstration. - (Scenario 1, Iteration 3)

\ |
’36k 81

KWh/yr kWh/m?

B Low Moderate @ High

B Cooling B HotWater
TkkWh / 31%  17kkWh / 46%

Lighting @ Equipment Lowest Comfort Hours: 98%
2kkWh / 5% Skkwh / 15%

1 Space Heating
1kkwh / 3%

C) Energy Use Intensity (EUI) and Annual thermal comfort percentage. — (Scenario 1, Iteration 3)

Figure 3. Representative simulation outputs for the optimized compact massing scenario (Iteration 3):
(a) solar exposure analysis, (b) daylight distribution, and (c) Enscape Impact energy simulation results.
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Table 2. Comparative summary of annual energy use, EUI, cooling energy share, operational carbon
emissions, and thermal comfort across the three iterations of Scenario 1.

Performance Indicator

Iteration 1 Iteration 2 Iteration3 Change I1 — Best Iteration % Change

Annual Energy Use (kWh/year) 43,000 39,000 36,000 7000 kWh —16%
Energy Use Intensity 5 _ono
(kWhim?-year) 101 91 81 20 kWh/m 20%
Cooling Energy Share (%) 42% 38% 31% 11 points —26%
Operational Carbon Emissions o
(kgCOy/year) 7119 6494 6094 1025 —14%
Thermal Comfort (% of hours)  99% 99% 98% 1% Negligible

3.2. Results of L-Shaped Massing

The L-shaped configuration alters the directional exposure of the fagades by increasing
the number of external surfaces and changing the orientation of glazed openings relative
to solar radiation. For each of the three iterations, the design was progressively refined
through facade adjustments and orientation testing while keeping consistent material
properties, floor area, and building system assumptions. The results herein show that
modifications to glazing ratio, shading strategies, and directional placement of the mass
directly influenced cooling demand, EUI, and operational carbon performance. Overall,
the L-shaped scenario demonstrates that architectural refinement can reduce energy use
and carbon emissions using the same materials and fixed building system assumptions.
Table 3 summarizes the comparison between all Scenario 2 iterations.

Table 3. Comparative summary of annual energy use, EUI, cooling energy share, operational carbon
emissions, and thermal comfort across the three iterations of the L-shaped scenario.

Performance Indicator

Iteration1 Iteration2 Iteration3 Change I1 — BestIteration % Change

Annual Energy Use (kWh/year) 41,000 37,000 39,000 4000 —9.8%
Energy Use Intensity _109°
(kWh/m?-year) 88 79 83 9 10.2%
Cooling Energy Share (%) 40% 40% 38% -0 0%
Operational Carbon Emissions o
(kgCO/year) 6659 6003 6364 —656 —9.9%
Thermal Comfort (% of hours)  99% 99% 98% 0% Negligible

3.3. Results of U-Shaped Massing

The U-shaped villa massing of the third scenario provides a more enclosed courtyard
space compared to the L-shaped and compact scenarios. As discussed, the design process
was refined over the three scenarios through facade changes and orientation tests, with
consistent material properties, gross floor area, and building system. As shown, the results
indicate that the changes to the glazing ratio, shading, and mass orientation impact cooling
demand, energy intensity (EUI), and operational carbon emissions. However, unlike
the previous scenarios, the U-shaped villa demonstrates a greater degree of resistance to
changes, as the EUI changes only moderately across the three scenarios. Table 4 shows the
comparison between the three iterations.
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Table 4. Comparative summary of annual energy use, EUI, cooling energy share, operational carbon
emissions, and thermal comfort across the three iterations of the U-shaped scenario.

Performance Indicator

Iteration1 Iteration2 Iteration3 Change I1 — BestIteration % Change

Annual Energy Use (kWh/year) 39,000 38,000 40,000 1000 2.60%
Energy Use Intensity 0
(kWh/m?-year) 84 82 86 2 2.40%
Cooling Energy Share (%) 43% 42% 41% 1 point —2.30%
Operational Carbon Emissions o
(kgCO/year) 6361 6189 6611 172 2.70%
Thermal Comfort (% of hours)  99% 99% 99% 0% No change

3.4. Comparative Analysis Between All Masses

The comparison shows that all scenarios improved through their iteration refine-
ments. However, they differ in three main aspects: daylight distribution, overall energy
performance after optimization, and sensitivity to orientation.

In terms of daylight and lighting distribution, as indicated by the simulation-based
daylight distribution results, the L-shaped and U-shaped scenarios provided a clearer
daylight spread across the plan compared to the compact massing. For example, the
compact massing model showed a higher internal dark zone in the deeper interior areas
where daylight penetration is limited by the geometry. In contrast, the L-shaped design
had a better daylight distribution, reduced these deep interior zones, and provided more
direct sunlight exposure. The U-shaped massing also improved the daylight distribution
across the plan due to its open courtyard, which allowed daylight to be received directly
from multiple sides. Figure 4 shows the daylight distribution across the best-performing
iteration for all scenarios.

Scenario (1) Scenario(2) Scenario (3)

Ground Floor

First Floor

Figure 4. Comparison of daylight analysis results across the refined scenarios.

For the compact scenario, Iteration 3 represents the best-performing configuration.
In contrast, for the L-shaped and U-shaped scenarios, Iteration 2 represents the best-
performing improved configuration, while Iteration 3 was intentionally developed to
evaluate orientation sensitivity rather than further optimization. All scenarios achieved
moderate EUI levels after their refinements. However, the L-shape had the lowest EUI,
at 79 kWh/m?2. The compact scenario improved to 81 kWh/m? (20% from its original
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base), which is the highest improvement. The U-shaped scenario achieved 82 kWh/m?
and was the most resilient to refinements due to its stable form. Figures 5 and 6 show the
comparison between the EUI and carbon footprint across the best-performing iterations for
all scenarios.

EUI (kWh/m?-year)

120

100

0 III III III

Scenario 1 - Compact Scenario 2 - L-Shape Scenario 3 - U-Shape

8

o

D
o

pit

o

N
o

MW lteration 1 M Iteration2 M Iteration3

Figure 5. Comparison of EUI results across the best-performing iterations of the three refined
massing scenarios.
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Figure 6. Comparison of operational carbon footprint results across the best-performing iterations of
the three refined massing scenarios.

According to the Emirates Green Building Council, an EUI below 90 kWh/m?-year is
considered within the high-efficiency benchmark range in the UAE context. Based on this
benchmark, the refined scenarios in this study can be understood as achieving competitive
energy performance under hot-arid climate conditions [27].

The impact of the glazing ratios on each design iteration is very clear. In Scenario 1, the
window-to-wall ratio (WWR) was reduced significantly from 30.61% in the first iteration
to 22.26% in the second iteration, and to 9.29% in the third. In Scenario 2, the reduction
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was more moderate. It went from 25.10% to 20.56%. Scenario 3 showed a similar pattern as
well. It decreased from 23.66% to 21.49%. This shows that each massing type responded
differently to facade refinement. In particular, the compact massing needed the largest
reduction in glazing to reach its best energy performance, and that is why it showed the
greatest improvement in EUI This finding shows that similar EUI levels were achieved
across the different massing types, but with different window-to-wall ratios depending on
the shape.

In the second and third scenarios, mirroring the refined L-shaped configuration in-
creased the EUI from 79 to 83 kWh/m?, while rotating the optimized U-form resulted
in an increase in the EUI from 82 to 86 kWh/m?. This is a clear indication that both
form and orientation work together. Figure 7 compares the orientation effect between the
two scenarios.

Scenario (2): Optimized Scenario(2): Mirrored Scenario (3):Optimized Scenario (3): Rotated

—3
=1

Front

Back

-]
Figure 7. Comparison of orientation effects between the L-shaped and U-shaped scenarios Surface

colors represent annual incident solar radiation (kWh/m?/year), where yellow—green indicates
higher solar exposure and purple-brown indicates lower solar exposure.

The increase in EUI observed after mirroring the L-shaped scenario and rotating the U-
shaped scenario can be explained by changes in facade solar exposure and the distribution
of glazed openings relative to solar orientation. In the improved configurations, the main
glazed facades and shaded openings were positioned to reduce direct solar gains during
peak afternoon periods. However, after mirroring or rotating the massing, larger glazed
surfaces became more exposed to west and southwest solar radiation, which is particularly
critical under Abu Dhabi’s hot-arid climate conditions. This increased the cooling demand
due to higher solar heat gains through the facade openings. In addition, the redistribution
of openings altered daylight penetration and internal heat accumulation patterns across
the building plan, contributing to the observed increase in EUI values.

Based on the comparison, the results show that the performance of the L-shape
massing is better than that of the other massing in terms of daylight distribution and energy
consumption. Table 5 shows a comparative analysis of energy performance, iterations, and
key design effects across all scenarios.

Table 5. Comparative analysis of energy performance, iterations, and key design effects across all
scenarios.

Indicator Scenario 1 Scenario 2 Scenario 3 Key Observation

Iteration 1 EUI 101 88 84 Compact shows highest initial
(kWh/m?-year) energy demand

Iteration 2 EUI 91 79 8 All scenarios improve with

(kWh/m?-year)

glazing reduction + shading

https://doi.org/10.3390 /buildings16122329


https://doi.org/10.3390/buildings16122329

Buildings 2026, 16, 2329

14 of 18

Table 5. Cont.

Indicator Scenario 1 Scenario 2 Scenario 3 Key Observation
Iteration 3 EUI 81 83 86 Orientation increases EUlin L
(kWh/m?-year) and U scenarios
Best EUI 81 79 8 L-shape achieved the lowest
(kWh/m?-year) optimized EUI
EUI Reduction (I1 — ~20% ~10% ~2-3% Compact shows larggst
Best) improvement potential
Operational Carbon Carbon follows same pattern
(kgCO,/year) 7119 — 6094 6659 — 6003 6361 — 6189 as EUI
Coolm% Energy High — reduced Moderate — reduced Moderate — slightly Cooling remains dominant in
Trend (%) reduced all scenarios
Daylight Deep interior dark ~ Even daylight, fewer Good arour.ld L and U improve daylight

SO courtyard, inner zones .
Distribution zones dark zones penetration

moderate

Effect of Glazing + . . S Effect reduces as form becomes
Shading Strong impact Moderate impact Limited impact more enclosed

Orientation Impact

Not critical

79 — 83 (+5%)

82 — 86 (+5%)

L and U more sensitive to
orientation

Overall Performance
Behavior

Highly responsive

Balanced and
optimized

Stable but less
responsive

Each form reacts differently to
same design changes

4. Discussion

This section discusses the study findings, including their interpretation (Section 4.1),
the influence of key design parameters on energy performance (Section 4.2), and the
practical implementation of BIM-based energy analysis (Section 4.3).

4.1. Interpretation of Findings

The results of this study show that architectural design changes can clearly affect
building performance, even when floor area, envelope U-values, and building systems
remain fixed. This is consistent with BIM-based energy analysis literature, which explains
that energy performance depends strongly on building architecture, interior planning,
thermal properties, and orientation/weather data [3,28].

In Scenario 1, less glazing and more shading reduced the cooling load, and that also
reduced the carbon footprint. This shows that simple facade changes can make a clear
difference in performance.

On the other hand, Scenario 2 (L-shaped massing) showed a different performance
behavior. The daylight analysis of the L-shaped scenario showed fewer deep internal zones
and more lit spaces than the compact model. All iterations were kept within a moderate
EUI range. The refined iteration achieved the best performance at 79 kWh/m?. However,
the mirrored iteration increased the EUI from 79 to 83 kWh/m?2, which confirms that
orientation affects facade exposure and cooling demand.

The orientation sensitivity observed in the L-shaped and U-shaped scenarios also
highlights the interaction between massing geometry and facade opening distribution.
Although glazing reduction and shading improved performance in the improved configura-
tions, changing the orientation altered the exposure of the primary glazed fagades to direct
solar radiation. In hot-arid climates such as Abu Dhabi, west-facing and southwest-facing
fagades are particularly sensitive due to high afternoon solar gains, which directly increase
indoor heat accumulation and cooling demand. This explains why the mirrored and ro-
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tated configurations produced higher EUI values despite maintaining the same material
properties and glazing ratios.

Lastly, Scenario 3 (U-shaped massing) showed a relatively stable performance. The
refined iteration achieved its best performance at 82 kWh/m?, but rotating the optimized
form increased the EUI from 82 to 86 kWh/m?. The main energy improvements were
mainly due to glazing and shading. However, their effectiveness was influenced by the
building’s massing and layout.

This study therefore contributes a practical UAE-based example showing that, under fixed
floor area, envelope assumptions, and building systems, early architectural decisions alone can
still generate measurable differences in EUI, operational carbon, and daylight performance.

4.2. Influence of Key Design Parameters on Energy Performance

The results of this study show that not all design parameters have the same level of
impact on energy performance. The glazing ratio and external shading showed the most
significant impact on reducing the EUL In contrast, the massing form influenced the overall
performance and how each scenario reacted to changes.

First, glazing ratio had the most direct and measurable impact on energy use. In all
scenarios, it was found that increasing the glazing area resulted in an increase in solar
heat gain, which in turn increased the cooling demand. This was mainly the case with the
compact building scenario. Furthermore, it was found that the glazing ratio and fagade
iterative refinement resulted in a reduction in EUI from 101 to 81 kWh/m? (20%) in the
compact scenario. In the L-shaped scenario, it resulted in a reduction in EUI from 88
to 79 kWh/m? (10% reduction), and in the U-shaped scenario, a reduction from 84 to
82 kWh/m? (2%).

Moreover, the external shading worked together with glazing reduction to improve
performance by blocking the direct solar radiation before it entered the building.

Second, massing form influenced how effective these strategies were. For instance, the
compact form showed the greatest improvement. The L-shape achieved the best final per-
formance at 79 kWh/m?, whereas the U-shape showed smaller variation across iterations.

This relationship becomes clearer when the glazing ratios are compared directly. In
Scenario 1, the WWR was reduced from 30.61% in Iteration 1 to 9.29% in Iteration 3, and
the EUI was reduced from 101 to 81 kWh/m?2. In Scenario 2, the WWR was reduced from
25.10% to 20.56%, and it reached its best EUI at 79 kWh/m?. In Scenario 3, the WWR was
reduced from 23.66% to 21.49%. The EUI improved slightly from 84 to 82 kWh/m?. This
shows that similar energy performance was reached through different levels of glazing
reduction and that each massing type responded differently.

4.3. Practical Implementation of BIM-Based Energy Analysis

To support the practical application of BIM-based energy analysis during early concep-
tual design stages, this section provides guidance for industry professionals by synthesizing
lessons learned from design-based research. Such guidance can help address key design-
stage barriers, such as a shortage of skilled and experienced personnel, while also providing
a framework for applying the same methodology in other contexts.

The proposed workflow enables rapid testing of multiple architectural options within
a single BIM environment through the use of appropriate tools. This approach is partic-
ularly suitable for the early conceptual design stage, as it facilitates direct comparison of
alternatives while supporting informed decision-making. However, it is important to note
that the workflow relies on simplified assumptions and should therefore be regarded as
a design-support approach rather than a substitute for detailed energy simulation. This
limitation is particularly relevant when evaluating peak loads, determining detailed HVAC
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system sizing, and predicting utility-scale performance. Therefore, the following points
highlight key considerations:

e  Simulations should be initiated at an early stage to enable the evaluation of massing
and facade design decisions before the design is finalized.

e  Depending on the building type and local conditions, glazing and shading can signif-
icantly influence performance; therefore, architects and designers should prioritize
these elements early in the design process.

e At the conceptual stage, BIM tools should primarily be used for comparative analysis
rather than for producing precise final energy estimates. They are effective in indi-
cating relative performance between design options; however, more detailed energy
simulation tools should be integrated as the design process progresses.

e  Energy analysis should be conducted iteratively throughout the design process rather
than as a one-time exercise. This involves testing the design, implementing modifica-
tions, and re-evaluating performance until improved outcomes are achieved.

5. Conclusions

The study demonstrates that the performance of villas in a hot-arid climate is influ-
enced by building form, internal spatial arrangements, and orientation. It also shows that
design decisions made by architects at the conceptual design stage can significantly reduce
energy consumption and carbon emissions. Moreover, the results highlight the importance
of early-stage design decisions, as modifications to building form, orientation, and fagade
configuration were found to substantially influence long-term energy performance and
sustainability outcomes.

However, the topic requires further exploration to address remaining gaps and un-
cover new research areas. One potential avenue is to expand the scope of the study by
investigating additional massing typologies and variations. In the present study, emphasis
is placed on three primary building forms: compact, L-shaped, and U-shaped. Future
research could examine other typologies, such as bar-shaped forms, fully enclosed court-
yards, or split masses, in order to better understand how different geometric approaches
perform in hot-arid climates.

The contribution of this study is not limited to confirming the usefulness of BIM-based
energy analysis, which has already been widely discussed in the literature, but rather to
demonstrating a structured comparative workflow tailored to residential villas in a UAE
hot-arid climate context. The study integrates massing comparison, fagade refinement,
daylight interpretation, operational carbon assessment, and orientation testing within a
unified early-stage BIM workflow using industry-accessible tools.

For professional practice, these findings suggest that BIM-based energy analysis is most
effective when applied early in the design process as a comparative and iterative decision-
support method, rather than as a substitute for detailed final engineering simulations.

Finally, as this study focuses on the use of BIM for energy performance analysis and
comparative evaluation during the conceptual and early design stages, future research
should investigate the following directions:

e The extension of the proposed approach to later design phases, where multi-
stakeholder coordination becomes increasingly critical for ensuring efficient construc-
tion processes. Particular emphasis should be placed on mechanisms that enable
effective stakeholder collaboration.

e  The examination of relevant business models that can support broader adoption of the
proposed approach, as well as strategies for enhancing knowledge dissemination and
facilitating the practical implementation of BIM within industry practice.
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e  The integration of circular economy principles and life-cycle assessment within the
design and delivery workflow, to ensure the efficient use of materials and resources.
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ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
BIM Building Information Modeling
CO, Carbon Dioxide
EUI Energy Use Intensity
HVAC Heating, Ventilation, and Air Conditioning
PBRS Pearl Building Rating System
UAE United Arab Emirates
WWR Window-to-Wall Ratio
References
1. United Nations Environment Programme. 2020 Global Status Report for Buildings and Construction: Towards a Zero-Emission,

Efficient and Resilient Buildings and Construction Sector. 2020. Available online: http://www.un.org/Depts/ (accessed on 9
February 2026).

International Energy Agency. Buildings—Tracking Clean Energy Progress. Available online: https://www.iea.org/energy-
system /buildings (accessed on 4 September 2025).

Pereira, V.; Santos, J.; Leite, F.; Escércio, P. Using BIM to improve building energy efficiency—A scientometric and systematic
review. Energy Build. 2021, 250, 111292. [CrossRef]

AlJadaa, D.; Raed, A.A,; Taleb, H. Assessing the thermal effectiveness of implementing green roofs in the urban neighborhood.
Jordan ]. Mech. Ind. Eng. 2019, 13, 161-174.

Sawén, T.; Sasic Kalagasidis, A.; Hollberg, A. Critical perspectives on life cycle building performance assessment tool reviews.
Renew. Sustain. Energy Rev. 2024, 197, 114407. [CrossRef]

Agostinelli, S.; Cumo, F; Marzo, R.; Muzi, F. Digital Construction Strategy for Project Management Optimization in a Building
Renovation Site: Machine Learning and Big Data Analysis. In Trends on Construction in the Digital Era; Gomes Correia, A., Azenha,
M., Cruz, P].S., Novais, P, Pereira, P.,, Eds.; Lecture Notes in Civil Engineering; Springer: Cham, Switzerland, 2023; Volume 306,
pp. 19-32. [CrossRef]

https:/ /doi.org/10.3390/buildings16122329


http://www.un.org/Depts/
https://www.iea.org/energy-system/buildings
https://www.iea.org/energy-system/buildings
https://doi.org/10.1016/j.enbuild.2021.111292
https://doi.org/10.1016/j.rser.2024.114407
https://doi.org/10.1007/978-3-031-20241-4_2
https://doi.org/10.3390/buildings16122329

Buildings 2026, 16, 2329 18 of 18

10.

11.

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Sofronievska, L.D.; Cvetkovska, M.; Gavriloska, A.T.; Mihajlovska, T. BIM for Enhancing the Energy Efficiency and Sustainability
of Existing Buildings. In Creating a Roadmap Towards Circularity in the Built Environment; Lecture Notes in Civil Engineering;
Springer: Cham, Switzerland, 2023; pp. 321-332. [CrossRef]

Kamel, E.; Memari, A.M. Review of BIM’s application in energy simulation: Tools, issues, and solutions. Autom. Constr. 2019, 97,
164-180. [CrossRef]

Raed, A.A.; Ahmed, A.; Abdelhamid, A. Biomimicry approach design of petrol stations with integrating renewable energy in the
UAE. In Proceedings of the 9th International Conference on Harmonisation Between Architecture and Nature (ARC 2022); WIT Press:
Billerica, MA, USA, 2022; pp. 41-47.

Zhang, T.; Yang, X.; Wu, Z.; Zhai, G.; Doan, D.T.; Sun, Q.; Gao, H. Application of Building Information Modeling for Energy
Efficiency: A Systematic Review. Buildings 2025, 15, 3722. [CrossRef]

Semijén, AA; Szép, J. Integrating generative and parametric design with BIM: A literature review of challenges and re-search
gaps in construction design. Appl. Eng. Sci. 2025, 23, 100253. [CrossRef]

de Paula, L.M.; Oloufa, A.; Tatari, O. BIM-Based Machine Learning Framework for Early-Stage Building Energy Performance
Prediction. Appl. Sci. 2026, 16, 320. [CrossRef]

Roggema, R. Research by Design: Proposition for a Methodological Approach. Urban Sci. 2017, 1, 2. [CrossRef]

Gamil, Y,; Rahman, I.A.R. Awareness and challenges of building information modelling (BIM) implementation in the Yemen
construction industry. J. Eng. Des. Technol. 2019, 17, 1077-1084. [CrossRef]

Alshibani, A.; Aldossary, M.S.; Hassanain, M.A.; Hamida, H.; Aldabbagh, H.; Ouis, D. Investigation of the driving power of the
barriers affecting BIM adoption in construction management through ISM. Results Eng. 2024, 24, 102987. [CrossRef]

Huang, Y.-S.; Chang, W.-S.; Shih, S.-G. Building Massing Optimization in the Conceptual Design Phase. Comput.-Aided Des. Appl.
2015, 12, 344-354. [CrossRef]

Idi, D.B.; Khaidzir, K.A.M. Critical Perspective of Design Collaboration: A Review. Front. Archit. Res. 2018, 7, 544-560. [CrossRef]
Giusti, L.; Almoosawi, M. Impact of building characteristics and occupants’ behaviour on the electricity consumption of
households in Abu Dhabi (UAE). Energy Build. 2017, 151, 534-547. [CrossRef]

Elnabawi, M.H.; Saber, E.; Bande, L. Passive Building Energy Saving: Building Envelope Retrofitting Measures to Reduce Cooling
Requirements for a Residential Building in an Arid Climate. Sustainability 2024, 16, 626. [CrossRef]

Ayoobi, A.W.; Inceoglu, M. Developing an Optimized Energy-Efficient Sustainable Building Design Model in an Arid and
Semi-Arid Region: A Genetic Algorithm Approach. Energies 2024, 17, 6095. [CrossRef]

Shi, G; Yao, S.; Song, J.; Bi, W.; Qin, G.; Ni, P. Multi-Performance Collaborative Optimization of Existing Residential Building
Retrofitting in Extremely Arid and Hot Climate Zone: A Case Study in Turpan, China. J. Build. Eng. 2024, 89, 109304. [CrossRef]
Kim, B.K; Jeong, Y.H. High Cooling Water Temperature Effects on Design and Operational Safety of NPPS in the Gulf Region.
Nucl. Eng. Technol. 2013, 45, 961-968. [CrossRef]

El Samanoudy, G.; Mahmoud, N.S.A.; Jung, C. Analyzing the effectiveness of building integrated Photovoltaics (BIPV) to reduce
the energy consumption in Dubai. Ain Shams Eng. ]. 2024, 15, 102682. [CrossRef]

Mistarihi, M.Z.; Kharseh, M.; Abo-Zahhad, E.M.; Alamara, K.; Elasy, M.; Aldhuhoori, K. Energy-efficient strategies for net-zero
buildings in the UAE: A climate-resilient blueprint. Energy Convers. Manag. X 2025, 28, 101215. [CrossRef]

Aljundi, K; Pinto, A.; Rodrigues, F. Energy Analysis Using Cooperation Between BIM Tools (Revit and Green Building Studio)
and Energy Plus. In Proceedings of the 1° Congresso Portugués de Building Information Modelling, Guimaraes, Portugal, 24-25
November 2016.

Raji, B.; Tenpierik, M.].; Van den Dobbelsteen, A. Early-Stage Design Considerations for the Energy-Efficiency of High-Rise Office
Buildings. Sustainability 2017, 9, 623. [CrossRef]

Emirates Green Building Council. Defining Nearly Zero Energy Buildings in the UAE; Emirates Green Building Council: Dubai,
United Arab Emirates, 2017.

Nguyen, T.; Reiter, S.; Rigo, P. A review on simulation-based optimization methods applied to building performance analysis.
Appl. Energy 2014, 113, 1043-1058. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/buildings16122329


https://doi.org/10.1007/978-3-031-45980-1_34
https://doi.org/10.1016/j.autcon.2018.11.008
https://doi.org/10.3390/buildings15203722
https://doi.org/10.1016/j.apples.2025.100253
https://doi.org/10.3390/app16010320
https://doi.org/10.3390/urbansci1010002
https://doi.org/10.1108/JEDT-03-2019-0063
https://doi.org/10.1016/j.rineng.2024.102987
https://doi.org/10.1080/16864360.2014.981465
https://doi.org/10.1016/j.foar.2018.10.002
https://doi.org/10.1016/j.enbuild.2017.07.019
https://doi.org/10.3390/su16020626
https://doi.org/10.3390/en17236095
https://doi.org/10.1016/j.jobe.2024.109304
https://doi.org/10.5516/NET.03.2012.079
https://doi.org/10.1016/j.asej.2024.102682
https://doi.org/10.1016/j.ecmx.2025.101215
https://doi.org/10.3390/su9040623
https://doi.org/10.1016/j.apenergy.2013.08.061
https://doi.org/10.3390/buildings16122329

