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Abstract

While energy efficiency is increasingly recognised as an integral factor in building design,
form-related considerations in Nigeria remain underexplored. This study explores the
influence of compactness on building energy demand and carbon emissions using
computational simulations tailored for early-stage residential design. Ten distinct building
forms consisting of six one-storey, three two-storey and one three-storey building were
modelled in SketchUp to collect building entity data and systematically transformed for
compactness assessment while maintaining the same volume and floor area. A weather file
for location-based energy requirements was generated using Meteonorm, while dynamic
thermal modelling, energy performance and carbon emissions were evaluated using
EnergyPlus. Python programming was utilised for advanced statistical evaluation, pattern
recognition and data visualisation. Findings revealed that single-storey buildings have
higher surface-to-volume (SV) ratios and are more energy efficient than more compact,
multi-storey counterparts. Principal Component Analysis (PCA) confirmed that building
volume accounts for more than 97% of form factor variability, establishing it as the most
dominant driver of compactness, while regression analysis reinforced its statistical
significance (P-value = 0.038). However, cluster analysis demonstrated that energy
efficiency is not solely a function of form factor but is informed by complex interplays
between building morphology parameters and fagade exposure. Unexpectedly, despite
improvements in SV ratios of the transformed buildings, energy demand intensified by up
to 30.27%, challenging conventional assumptions that compactness universally enhances
energy efficiency. These findings highlight the limitations of compactness as a standalone
metric for evaluating energy performance in tropical climates, stressing the need for
integrating passive design strategies, such as solar-responsive fagades and optimised
building orientation, into form optimisation. This study redefines performance assessments
for early-stage design by advocating for a more context-sensitive approach to building form
in tropical climates.

Keywords: building compactness, building energy efficiency, early-stage design, form
factor, tropical buildings

1. Introduction

Global temperatures have been on the increase due to anthropogenic activities since the
industrial age, posing severe risks to both buildings and their occupants (Driga & Drigas, 2019).
These challenges manifest as thermal discomfort and increased cooling demand, and in extreme
scenarios, heightened mortality rates (Hong et al., 2023). Buildings experience degradation and
facade overheating, resulting in diminished energy efficiency. Addressing these challenges requires
urgent sustainability actions, a central focus of contemporary built environment research (Noah &
Cagnan, 2021). One of the key determinants of a building’s energy performance is its form, as its
geometry directly influences thermal behaviour and heat gain (Algburi & Ferah, 2021). Rapid
urbanisation, especially in hot climates, has intensified the demand for cooling, exacerbating the
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vulnerability of buildings to extreme temperatures, but modern developments often fail to
harmonise with prevailing climatic conditions (Djeddou et al., 2024). Historically, local architectural
styles were largely overshadowed by foreign influences, leading to the neglect of indigenous
materials and climate-responsive designs (Adenaike & Opoko, 2024). In Nigeria, this issue is acute
as architectural designs are frequently replicated without adequate adaptation for climatic
differences. Aesthetic inclinations and societal influences often take precedence over
environmental considerations, leading to inefficient buildings (Folorunso et al., 2017). Additionally,
the persistent adoption of foreign architectural styles has contributed to a huge decline in
indigenous, climate-responsive building techniques (Umar et al., 2019).

Efforts to enhance energy efficiency in the built environment have gained traction globally. For
instance, countries like the UAE have promoted compact urban forms over sprawling developments
to curb energy consumption (Galal Ahmed & Hossein Alipour, 2019). Nevertheless, building energy-
efficiency remains a challenge, especially in developing countries, where economic expansion
correlates with increased energy demand (Mohsenzadeh et al., 2021). Given that buildings
contribute massively to global energy use, reducing their consumption is vital for achieving a
carbon-neutral environment (Lian et al., 2023; Notodipuro & Mandala, 2022). Among the numerous
factors that determine building energy performance, thermal properties, including form, material
composition and microclimatic interactions, are particularly critical (Remon, 2019). Studies suggest
that urban form and building geometric configurations play a significant role in determining energy
demand (Mutani et al., 2020), by influencing heat stress, cooling loads and overall environmental
sustainability (Alshboul & Alatrash, 2024; Freewan, 2022). Despite these known benefits, building
form remains underexplored in sub-Saharan Africa’s energy-efficiency discourse.

Furthermore, research have shown that building orientation exerts a considerable influence on
energy demand in hot climates (Ahmed et al., 2021; Hatem & Karram, 2020), stressing the need for
multi-factor assessment in building performance evaluation. The adoption of climate-responsive
building design has been identified as one of the most effective strategies for reducing energy
consumption (Ochedi & Taki, 2022). However, understanding the physics of buildings is critical for
early-stage design performance evaluation (Kistelegdi et al., 2022), as even minor adjustments can
affect energy efficiency, emissions and thermal comfort (Ahmadian et al., 2021; El-Agami et al.,
2021; Lian et al., 2023; Liang et al., 2023). Optimising various building geometric configurations,
including height and envelope characteristics—to achieve peak energy efficiency remains a
complex task (Kheiri, 2018).

While substantial research has focused on building fabric materials and high-performance
insulation to improve energy efficiency, fewer studies have isolated the explicit role of building form
in shaping energy demand (Oh & Kim, 2019). Existing literature sometimes conflates form factor
variations with changes in occupied floor area or total volumetric capacity, obscuring the actual
thermodynamic leverage of building morphology. Although shape coefficients like surface-to-
volume ratio and heat loss form factor are often employed to estimate building energy demand,
they are insufficient on their own. Additional factors, including building orientation, window-to-
wall ratio and solar radiation, must be considered for a more holistic assessment (Li et al., 2023; Yip
et al., 2021). Moreover, the impact of building form on energy demand varies significantly across
building types, reinforcing the need for context-specific evaluations (Song et al., 2020). Despite the
growing body of knowledge on energy-efficient building design, research on form factor
optimisation in tropical climates remains limited (Gupta & Deb, 2023; Kistelegdi et al., 2022; Li et
al., 2024). This study addresses these gaps by providing a controlled, geometry-based investigation
of form factor variability during early-stage residential building design in Nigeria. Its specific
contributions are, first, the study isolates form factor effects by holding building volume, height and
usable floor area strictly constant during morphological transformation—an approach rarely
implemented in existing literature, where geometric changes are mostly confounded by scale-
reliant variations. Second, the study presents simulated counter-evidence to the widely accepted
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“compactness-efficiency” assumption, where despite reductions in surface-to-volume ratio,
compacted forms exhibited higher cooling energy demand due to increased fagade exposure and
solar heat gains, exposing a tropical performance paradox. The study highlights the need for
integrating orientation, solar envelope design and climate considerations into form optimisation,
offering architects and designers a more reliable basis for performance-driven massing decisions.

2. Literature Review
2.1. Vernacular to Modern Architecture: Energy Efficiency Implications

The demand for energy in buildings globally is expected to rise significantly due to urbanisation,
making energy efficiency a critical issue Mahmoud (2022). Modernisation and advances in
technology have shifted architectural focus away from preserving locally responsive buildings,
leading to over-dependence on mechanical cooling (Umaru et al., 2022). Arbabzadeh et al. (2020)
argue that early Modernist movements introduced geometrically abstract designs that created a
disconnect between buildings and environmental adaptation, favouring aesthetic appeal over
energy efficiency. Corroborating this paradigm shift, Lucchi (2023) notes that evolving architectural
movements have systematically displaced the historic role of primary building form in meeting
functional and climatic comfort requirements, creating an operational misalignment between
contemporary modernism and energy efficiency. This trend led to the neglect of vernacular
construction methods, which were inherently suited for their environments, diminishing both
occupant comfort and energy efficiency (Agbete & Frank, 2020; Lodson et al., 2018; Nwalusi et al.,
2022). Vernacular architecture has long demonstrated superior adaptability through the integration
of energy-saving strategies tailored to specific environmental conditions (Noah & Cagnan, 2021).
These buildings, characterised by compact forms and high thermal mass, have been shown to
outperform modern buildings in energy-efficiency (Dada & Alibaba, 2023). In addition, the use of
locally-sourced materials further reduces their environmental impacts by minimising carbon
emissions (Djeddou et al., 2024). From an economic and environmental standpoint, improving
building performance is pivotal, with energy efficiency as the primary objective (Aydin & Koclar
Oral, 2024; Belussi et al., 2019) . In this context, a performance-based design framework is essential
for identifying architectural forms that align with sustainability objectives (Song & Sun, 2021),
noting that regardless of the envelope materials used, the geometric properties of buildings are
influential in energy performance outcome (Premrov et al.,, 2018). Existing building energy-
efficiency assessment frameworks evaluate compactness alongside material properties, cultural
practices or passive cooling strategies, making it difficult to isolate the contribution of building form
alone. This creates a gap in understanding whether compactness itself drives energy efficiency or
whether its benefits are reliant on broader envelope-related factors.

While several studies focus on improving energy efficiency through optimised and passive
design strategies (Kistelegdi et al., 2022), a critical challenge remains. For instance, when designs
fail to account for local climate impacts, they depend on active cooling systems, elevating energy
consumption and emissions (Offor & Emenike, 2019). With the building envelope as the primary
driver of heat transfer, the need for optimised geometric indicators such as floor area, perimeter
and building height to achieve sustainable energy performance must be prioritised (D’Amico et al.,
2021; Gamero-Salinas et al., 2020; Kozniewski et al., 2022; Ragab, 2022). In this regard, Sokar et al.
(2023) emphasise that passive measures that are driven by envelope design and passive cooling
integration serve as the most effective interventions to suppress energy loads before mechanical
systems are integrated. An additional complexity in sustainable design is the challenge of estimating
carbon footprints at the early design stage (Yadav & Kumar, 2022) because, unlike operational
energy that can be measured, embodied carbon and lifecycle energy demand require predictive
modelling. Nonetheless, building form optimisation and analysis emerges as a crucial tool for
architects to evaluate and estimate energy consumption from the outset (Deng et al., 2020;
Keskisalo & Matveinen, 2021).
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2.2. Building Form Factor and Energy Efficiency

A building’s form is the primary determinant of its energy performance, as it regulates heat flow
and thermal efficiency. It encompasses salient parameters, such as height, width and depth (The
Archspace, n.d.; Whole Building Design Guide, n.d.). As opined by Tastemir et al. (2024), optimising
building design forms, particularly during preliminary architectural interventions, is a crucial task
that can enhance design performance at a minimal cost. Several factors influence a building’s form,
including functional, aesthetic and cultural preferences (Archi-Monarch, n.d.). However, its most
crucial role lies in predicting how efficiently its envelope encloses its volume; a quality quantified
by form factor metrics such as surface-to-volume (SV) ratio (Araji, 2019; D’Amico & Pomponi, 2019),
shape factor (Carpio & Carrasco, 2021; Zhao et al., 2023; Zhu et al., 2024), compactness ratio
(Kahraman & Koéymen, 2023; Kozniewski et al., 2022; Vasilenko, 2019) and heat loss form factor
(HLFF) (Burrell, n.d.; Vidmar, 2019). The SV ratio is a widely used compactness indicator,
mathematically expressed as the total envelope area per unit volume (Equation 1). A lower SV ratio
is indicative of a more compact structure with reduced heat exchange through its envelope,
enhancing energy efficiency.

The HLFF provides a more refined measure of building compactness by accounting for the
portion of the building’s actual heated floor area (Equation Il). Unlike the SV ratio, which considers
the volume of buildings, HLFF is based on the heated floor area (HFA), making it more applicable to
energy performance assessments (Vidmar, 2019). Ideally, the HFA is calculated as 75% of the
building’s total floor area (TFA). Areas occupied by partitions, doors, stairs and unusable spaces are
excluded from the TFA (Burrell, n.d.; Vidmar, 2019). Studies suggest that the HLFF usually ranges
from 0.5 to 5, with values below 3 required to meet the Passivhaus standard.

Total Envelope Area (TEA)(m?)

Surface —to — Volume Ratio (SV) = Volume (V)(m3)

... Equation I

Total Envelope Area (TEA)(m?)
Heated Floor Area (HFA)(m?)

Heat Loss Form Factor (HLFF) = .. Equation I1

The compactness of a building plays a significant role in determining its thermal performance
throughout its lifecycle (Alshboul & Alatrash, 2024; Li et al., 2024; Marincu et al., 2024; Zhu et al.,
2024). Increasing surface areas reduces the compactness ratio, particularly for buildings with
smaller floor areas (Kahraman & Kéymen, 2023), but compactness alone does not always ensure
buildings energy efficiency. While a higher SV ratio results in increased solar energy absorption and
heat gains, it also elevates cooling demands, making form optimisation context-specific (Araji,
2019). The SV ratio consists of two components: a scale-dependent size factor and a scale-
independent term shape factor (D’Amico & Pomponi, 2019). While the size factor relates to
absolute building dimensions, the shape factor focuses on the building’s proportionality, allowing
for a standardised measure for comparing different building shapes independent of size. This
distinction is essential for optimising energy performance, as buildings with similar volumes but
different geometric properties can exhibit drastically different thermal characteristics.

The relationship between form factor and energy demand varies across different climates. For
instance, in a hot climate of Egypt, buildings with an SV ratio below 0.38 are found to reduce cooling
energy demand by over 30%, highlighting the efficiency of compact designs (Ragab, 2022).
Moreover, a positive correlation exists between SV ratio and energy demand for cooling, such that
a 0.01 increase in compactness ratio results in a 2.6% increase in energy consumption (Vasilenko,
2019). This aligns with findings from similar studies such as Puri (2021) and Ragab (2022), which
emphasise that optimising the SV ratio yields substantial energy savings. Studies further identify
optimal shape factors for selected climate zones: 0.29 for severe cold climates, 0.30 for cold regions,
0.23 for hot summer & cold winter climates, 0.31 for hot summers with warm winters and 0.33 for
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mild regions (Zhao et al., 2023). In Chile’s cold oceanic climate, an optimal shape factor of < 0.767
was identified as effective in reducing energy demand (Carpio & Carrasco, 2021).

Despite the widespread use of these metrics, most studies offer no control for building volume
and floor areas when comparing forms’ energy performance. As a consequence, compactness is
often conflated with size, limiting the reliability of compactness-based comparisons across different
building typologies. These form factor variabilities indicate that form optimisation must be tailored
to specific contexts rather than universal application.

2.3. Building Form and Energy Performance

The energy performance of a building is influenced by its shape, size and orientation, all of which
are critical factors in energy studies (Akbari & Nezhad, 2020). While square, rectangular, L-shaped
and U-shaped buildings are the most commonly adopted forms, considering alternative geometries
during the early design phase can immensely influence energy efficiency and mitigate the built
environment’s carbon emissions (Khalil, 2023; Li et al., 2024). However, studies show that the
effectiveness of building form often depends on its function and climate conditions. Alshboul and
Alatrash (2024) and Vasilenko (2019) argue that a compact building has the highest energy
efficiency owing to its reduced exposure to external temperature interference. This aligns with
findings from Marincu et al. (2024) and Mutani et al. (2020), who opine that compact buildings are
generally less energy intensive due to a lower surface-to-volume ratio, consequently reducing heat
loss and heat gain. In fact, Remon (2019) reports that compact buildings can reduce energy
consumption by up to 81%; but the extent of savings depends on geographical and climate
dissimilarities. These studies widely evaluate compactness without considering facade orientation,
solar exposure or window distribution in tandem. They widely assume that reduced envelope area
automatically translates to lower cooling demand, overlooking cases where compact forms may
increase solar gains due to fagade arrangement.

D’Amico and Pomponi (2019) further assert that the minimisation of exposed surface area is
critical in energy-efficient design, highlighting that semi-cube forms, due to their geometric
efficiency, enhance thermal performance. Similarly, Hadjhafsi et al. (2024) identify the square-
shaped building as the most effective for residential energy conservation in the Saharan climate of
Algeria. The benefits of compact shapes extend beyond residential dwellings. Mba et al. (2024), for
context, note that square plans are particularly beneficial for educational buildings as they not only
improve energy efficiency but also enhance natural ventilation. However, the notion that a singular
building shape is universally optimal is misleading since the effectiveness of a given form is climate-
dependent. Notably, in Iran’s hot-dry climate, a rectangular form with an east-west orientation
achieves the best performance compared to squares, hexagons, octagons and circular forms of
identical floor area and height (Akbari & Nezhad, 2020). Conversely, EI-Agami et al. (2021) report
that in Egypt, circular buildings exhibited superior energy efficiency compared to square,
rectangular and elliptical forms in distinctive locations. Mohsenzadeh et al. (2021) further validate
this by concluding that circular buildings, compared to square, rectangular and triangular
structures, are more efficient. Other building forms are found to be widely energy-inefficient; for
instance, triangular buildings are widely associated with poor energy efficiency due to poor
compactness. According to Hatem and Karram (2020), triangular buildings consume up to 20% more
than circular forms and generally underperform when compared to other geometric configurations.
On the contrary, research by Makhloufi and Louafi (2023) in Algeria challenges this notion, showing
the superior performance of a triangular-based building over others in terms of energy efficiency.
These findings imply that the thermal performance of buildings is varied and complex and does not
rely on compactness or geometric properties alone.

For office buildings in the hot climate of Cairo, circular and oval forms showed superior energy
performance over several other forms (Khalil et al., 2023). Similarly, Boronbaev (2023, 2024)
highlight that spherical buildings offer high energy-saving potential due to their intrinsic nominal
thermal bridges. Despite the theoretical advantages of circular buildings, their feasibility in practice
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is uncommon due to ergonomic and orientation challenges (Zankar et al., 2022). As Vasilenko
(2019) admonishes, prioritising compactness alone over other factors may compromise building
usability, since circular and spherical forms often present spatial inefficiencies in practical
applications. Therefore, achieving a balance between geometric compactness, practical
functionality and energy savings is crucial for building sustainability.

2.4. Building Height and Energy Use

Beyond geometric forms, building height and the number of storeys affect energy performance
with mixed findings regarding their influences. Studies suggest that low-rise buildings exhibit the
highest energy-saving potential, making them more ideal for energy-positive solutions (Ahmadian
et al., 2021; Yadav & Kumar, 2022). Conversely, increasing a building’s height, while maintaining
the same floor area and envelope parameters, sometimes raises its compactness ratio and carbon
emissions (Liang et al., 2023; Vasilenko, 2019). These inconsistencies arise because many studies
do not maintain a constant floor area or volume during early-stage design interventions, when
comparing buildings of different heights. Consequently, height-related findings are often
confounded by changes in usable space or envelope area.

According to a study by Barssoum et al. (2020), adding storeys increased energy consumption
by 60%, suggesting a strong correlation between building height and energy demand. This
contradicts findings by Rahmani and Al-Sallal (2019), who observed a 46% reduction in energy
demand when a school building in Abu Dhabi was transformed from single to two storeys, owing to
self-shading and reduced solar exposure. Benkhelifa et al. (2019) support this finding by arguing
that adding building storeys enhances energy efficiency by minimising heat loss per unit volume,
reinforcing the notion that compactness under ideal conditions can be beneficial. Gamero-Salinas
et al. (2020) assert that a high-rise building with a porous design achieves lower energy
consumption compared to a compact, less porous one, further complicating the height-
compactness-efficiency relationship.

From a geometric standpoint, larger buildings tend to have a lower surface-to-volume ratio,
resulting in reduced heat loss per unit of volume (Vidmar, 2019). Several studies that evaluate
building form and energy efficiency acknowledge that size, shape and compactness ratio interact in
complex ways across different climatic conditions (Deng et al., 2020; Hatem & Karram, 2020;
Pathirana et al., 2019), but a critical limitation in these studies is the failure to maintain a constant
floor area and building volume when comparing buildings. A truly rigorous analysis of building forms
must be evaluated with identical usable space to ensure that observed variations in energy
performance differences stem only from its form, rather than differences in functional capacity or
occupancy.

2.5. Thermal Bridges and Building Energy Performance

According to Parry and Strang (2021), thermal bridges are critical spots in a building envelope
where heat flow deviates significantly from adjacent regions. These inefficiencies are particularly
challenging in hot climates, where unwanted heat gains can elevate cooling energy demands.
Alhawari and Mukhopadhyaya (2018) highlight that the presence of thermal bridges is an indicator
of poorly performing buildings, exacerbating energy inefficiencies through unrestrained heat
transfer. Similarly, Burrell (n.d.) describes the thermal envelope as the main interface through
which heat is lost or gained, accentuating the significance of minimising thermal bridges to achieve
energy efficiency.

Thermal bridges can be categorised into two main types: geometric and construction-based.
Geometric thermal bridges occur at areas where there is an abrupt change in a building’s shape,
such as at eaves, junctions or external corners, making them integral in complex architectural
forms. In contrast, construction thermal bridges occur when materials or components penetrate
the building’s insulation layer, as observed in cantilevers, exposed slabs and external porches.
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Among these, exposed balcony slabs are challenging to curb, with reports indicating that they can
account for up to 40% of thermal-bridging-related heat loss (Alhawari & Mukhopadhyaya, 2018;
Pérez-Carramifiana et al., 2024). However, the impact of thermal bridges extends beyond energy
consumption, influencing indoor comfort and material durability due to risks consideration. As
mentioned by Guo et al. (2023), reducing the prevalence of thermal bridges not only improves
energy efficiency in buildings, but also prevents interstitial condensation, which can degrade
structural integrity over time. For early-stage design, where form factor optimisation plays a
significant role in energy efficiency, the presence of thermal bridges on the building envelope can
alter the expected energy performance of buildings. As a result, understanding and addressing
thermal bridges is vital to ensure that form factor optimisation translates to real-world energy
savings. Consequently, adopting simplified, thermally efficient design approaches can effectively
minimise inefficiencies attributed to thermal bridges.

To ensure that the literature review directly informs the modelling strategy, and form
transformation adopted in this research, Table 1 provides a structured synthesis of the key studies
examined. By organising the literature according to research purpose, methodology, findings,
limitations and relevance, the matrix clarifies the specific gaps—particularly in geometric isolation,
compactness evaluation and early-stage predictive modelling—that shaped the methodological
decisions presented in the next section.

Table 1 Critical Synthesis of Key Empirical and Theoretical Studies on Building Geometry and Energy Performance

Research _— s " .
Author(s) & Year Y — Methodology Key Findings Limitations/Critical Gaps Relevance to this Study
To document . Provides cultural context but
. N Vernacular forms Descriptive; no . -
Adenaike and local vernacular Qualitative lacks computational validation

Opoko (2024)

morphology in

historical analysis.

are compact and
climate-responsive.

simulation; no
quantitative testing.

— this study digitises Nigerian

Nigeria. typologies.
To examine Urban scale; not Shows compactness matters
. . Urban-scale Compact urban . -
Ahmadian et al. urban built form . building-level geometry; but lacks building-level
. modelling of form reduces o ) .
(2021) and density . no fagade distribution geometric testing that the
density and form. energy use. .
effects. analysis. study addresses.
To identif Parametric Demonstrates shape
. y . Moderate Geometry and scale . P
. optimal aspect modelling of . . importance but lacks
Akbari and . elongation change simultaneously; - .
ratios and rectangular forms . ) . geometric isolation — the
Nezhad (2020) . . . . . improves solar confounding variables; no X
orientations in with varying aspect methodology of this study
performance. constant-volume control.

hot-dry climates.

ratios.

isolates proportionality.

Araji (2019)

To examine how
SV ratio affects
solar heat gain.

Simulation of
various building
geometries under
solar exposure.

Higher SV increases
solar heat gain.

Assumes a monotonic
relationship; no
constant-volume testing;
no tropical climate
validation.

Shows SV matters but does not
evaluate compactness
behaviour under tropical
cooling conditions — this study
fills this gap.

Benkhelifa et al.

To evaluate
height effects on

Simulation of
Saharan buildings

Height reduces
footprint and

Multi-storey forms
treated as unglazed

Shows verticality matters but
lacks WWR constraints that

(2019) . . with varying improves blocks; fenestration this study includes (fixed
heating/cooling. . .
heights. compactness. ignored. WWR).
Decouples
To defi . le-d dent . . .
o define a Analytical ss:a -dependen . . Provides geometric foundation
compactness . size factors from No thermal simulation; no . .
P decomposition of . . but lacks climatic and thermal
D’Amico and measure . scale-independent tropical context; does not . .
. N SV ratio and shape validation — this study
Pomponi (2019) separating size shape factors, test how shape factor . ..
factor; no energy L . includes the missing
and shape . ) establishing a affects cooling loads. .
simulation. . . performance evidence.
effects. geometric basis for
compactness.
To compare Simulation of Form changes alter Highlights geometric sensitivity
El-Agami et al. circular, square high-rise forms Circular forms envelope area, height and but lacks controlled
(2021) and rectangular under Egyptian outperform others. | floor area; results are transformations that this study
massing forms. climate. confounded. evaluates.
To use . High parameter . "
L Regression en p . . Supports statistical modelling
multivariate . . endogeneity: Requires L
. modelling using Geometry can . . but limits transparency — the
Hygh et al. regression for h . extensive operational and . I
geometric and predict energy . data analysis workflow in this
(2012) early-stage . mechanical boundary R
mechanical performance. . . study seeks to improve
energy . inputs rarely available ) "
- variables. . ) . interpretability.
prediction. during schematic massing.
T luat . .
o eva u.a € . . . . Geometry, WWR and Supports orientation relevance
proportions and Simulation of Orientation . . . .
Mahmoud orientation in multinle buildin stronaly affects orientation vary together; but lacks geometric isolation
(2022) P J ey no isolation of form — this study decouples

hot-arid
climates.

proportions.

cooling demand.

factor.

orientation from form.
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To develop a Parametric Demonstrates that

geometry-based modelling of geometric variables | Uses parametric forms; no | Strengthens the
Tastemir et al decomposition residential building can be constant-volume control; methodological foundation
(2324) ’ method for geometries using decomposed to no tropical context; does workflow by validating

early-stage decomposition-bas predict energy not test compactness geometry-driven early-stage

energy ed predictive behaviour in early paradox. prediction.

prediction. algorithms. design stages.

To devel Sensitivit lysi

o cevelopan ensitivity analysis . Non-linear interactions Shows form matters but lacks
) early-stage of form and Form influences . . . f

Yip et al. (2021) ) not fully explained; no tropical compactness testing

net-zero design envelope energy demand. . . . R

tropical context. — this study fills this gap.
methodology. parameters.
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3. Methodology

This study uses an integrated empirical and simulation-based approach to evaluate the impact
of building form variability on energy efficiency at the early design stage. The methodology is
structured into four key phases as shown in Figure 1 below.

o

Multivariate Statistical
Analyses

Thermal Simulation & Form
Transformation

Standardisation of Boundary

Data Collection &
Climate Sourcing

ions

¢ Dynamic thermal processing of baseline * Sensitivity and dominance mapping
forms in EnergyPlus using DesignBuilder
interface

* Algorithmic compaction of building
forms into regular rectangular blocks (L

=1.5B layout)

¢ Implementation of static constraints,
such as fixed zone heights, uniform
window-to-wall ratio, orientation and
material thermal properties

* |dentification of 10residential building
typologies

o Interpolation of high-resolution weather
files using Meteonorm EPW file
generator

¢ Typological mapping and trend

technique

Figure 1 Methodological flowchart
3.1. Data Collection

Ten residential building drawings were collected from the archives of three architectural firms
in Edo State, Nigeria, representing projects designed between 2015 and 2025. The study collected
a mix of residential buildings with single to three storeys. No on-site measurements were
conducted; instead, digitised architectural drawings were analysed to extract building parameters
such as volume, envelope and floor areas. Additionally, contemporary climate data for the study
location were generated using Meteonorm, widely used for its capability to interpolate high-
resolution historical and future climate datasets (Vigano et al., 2024). This dataset serves as a key
input in DesignBuilder simulations, ensuring that the models reflect actual climatic conditions. To
ensure internal consistency, all extracted geometric parameters were cross-checked against the
original CAD drawings and validated using SketchUp entity data before simulation. By doing so,
envelope areas and volumetric values used in subsequent analyses were accurate and comparable
across all building forms.

3.2. Standardisation of Assumptions

To isolate the effect of form factor on energy efficiency, the following assumptions were applied
across all models:

l. Fixed Building Height: Each of the models within a group is assigned a constant height. For
instance, single-storey and two-storey buildings are allotted a height of 3 meters and 6
meters, respectively. This is to ensure that changes in energy performance arise from
changes in form rather than height differences.

Il. Absence of Internal Partitions: No internal partitions from the building drawing were
assigned, aligning with recommendations that early-stage design studies should focus on
overall building form (Orgun & Onur, 2022).

M. Window-to-Wall Ratio (WWR): A uniform 30% WWR was applied to the building facades
in DesignBuilder to align with design recommendations by El-Agami et al. (2021) and

Pathirana et al. (2019).

using PCA and OLS elasticity regression

categorization using K-Means Clustering
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V. Consistent Location and Orientation: The buildings were simulated at the same
geographical coordinates and reoriented west-east to minimise discrepancies due to site-
specific variations.

V. Uniform Material Properties: Insulation, glazing and construction material properties were
kept uniform across the models to ensure variations in performance are solely from
geometric differences. These properties are key determinants of energy demands,
particularly in tropical climates (Gupta & Gregg, 2018; Zhao et al., 2023).

VI. Roof Height Exclusion: The roof profile was excluded from form factor calculations to
maintain a standardised volumetric form and reduce geometric thermal bridges during
assessment.

VII. Minimum Width Constraint: A minimum width constraint (> 6 meters) was maintained in

the transformed buildings to ensure architectural planning feasibility while adopting an
elongated plan form (L = 1.5B) and to minimise east-west solar gains, a strategy proven to
reduce cooling loads and enhance energy efficiency in hot climates (Fereidani et al., 2021).

VIII. Geometric Simplification and Thermal Bridge Considerations: Complex architectural
forms, such as those with recesses, projections, articulated corners or irregular massing,
introduce geometric thermal bridges that create discontinuities in heat flow. These changes
distort energy anomalies unrelated to geometric proportionality. Because the objective of
this study is to isolate the influence of form-factor, facade distribution, and solar exposure
under constant conditions, geometric transformations were restricted to simple
rectangular massing. This approach ensures that observed differences in cooling demand
arise from geometric changes rather than construction-based thermal anomalies.

Other simulation constraints, including their parameters and operational specifications, are
presented in Table 2 below.

Table 2 Fixed Simulation Control Parameters in DesignBuilder

(o] tional Val
Category Parameter per.a. |on.a alue/ Reference Standard Basis
Specification
Microclimate Weather Profile Source Edo State, Nigeria (Meteonorm Tropical Savanna (Aw)—(Beck et al., 2023)
File Data)
225 dcrete blocks with 35 t | and
External Wall U-Value 1.109 W/m?K 225 MM Sandcrete blocks wi mm externa’and
Opaque internal plaster layers—Local construction specifications
Envelope imi is; ini
p Roof System 1,893 W/m?K Flat roof, box form for preliminary analysis; Aluminium
roofing sheets with wooden frames
Fenestration Glass Single clear 3 mm sheet glass— Regional baseline
Glazing Specification 1.960 W/m?2K g
A bl i
ssembly -(I;Zfeaflﬁsc?;; I(-|Se:(t3((:3)a|n 0.691 EnergyPlus regional glazing standard
Internal Occupancy Density 0.02 (people/m?) Fixed residential operational profiles
Loads Lighting Power Density 5.0 W/m? DesignBuilder default value
HVAC Cooling system CoP 2.5 with grid electricity supply Local supply
Scheduling Infiltration Rate 3.0ac/h Mixed-mode DesignBuilder ventilation setup

3.3. Simulation and Form Transformation

Using DesignBuilder, digital models of the forms were developed, incorporating the
standardised assumptions and Meteonorm-generated climate data. The simulation process

involved two key stages:

l. Baseline Energy Performance Assessment: Each of the models was simulated to extract
performance metrics such as energy consumption and cooling loads.

Il. Form Transformation: The original building configurations were modified to assess how
form transformation impacts performance metrics. The transformed buildings followed a
more elongated form that minimised solar exposure, reducing direct solar gains, while
maintaining the same volume, height and floor areas as the original buildings inan L = 1.5B
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configuration. The transformation is particularly justified in tropical climates where solar
exposure contributes immensely to cooling loads (Gupta & Deb, 2023).

The decision to adopt an L = 1.5B proportional constraint in the geometric transformation is
grounded in established architectural design principles, climate-sensitive building design, and
habitable space functional requirements. Studies show that moderate elongation reduces solar
gains compared to highly stretched forms and that rectangular forms with controlled elongation
outperform excessively stretched building shapes in hot climates. Moreover, early-stage
architectural interventions consider ergonomics during space planning. Other constraints may
collapse the width of the buildings below feasible planning limits, where WWR distribution would
become unrealistic. Hence, the adopted transformation constraint ensures that the minimum
breadth of the transformed buildings can meet basic architectural design requirements for
occupied spaces.

3.4. Data Analysis Procedures

A multi-tiered analytical approach was applied to derive insights from the collected data. The
analysis was conducted using descriptive statistics, Principal Component Analysis (PCA), and
Ordinary Least Squares (OLS) regression and K-Means clustering in Python’s Jupyter Notebook,
utilising libraries such as Pandas, NumPy, Seaborn and Matplotlib. Although the dataset consists of
ten building cases, PCA and clustering were applied not to infer population generalisations but to
identify dominant geometric trends and classify form-based performance patterns. This aligns with
early-stage architectural workflows where datasets are inherently limited.

3.4.1. Descriptive and Statistical Analysis

Descriptive statistics were used to characterise form factor variability between the original and
transformed buildings. Metrics such as mean, standard deviation and ranges were derived to assess
energy demand variance and compactness. Multivariate linear regression modelling operates as an
effective screening tool during preliminary stages, demonstrating that high explanatory power can
be achieved when inputs such as orientation and building shape parameters are evaluated (Hygh
et al., 2012). This study builds directly upon this statistical screening philosophy, integrating
ordinary least squares (OLS) sensitivity and principal component analysis (PCA) dimensionality
mapping to extract geometric rules tailored for the study climate.

3.4.2. Principal Component Analysis (PCA) and Regression Analysis

Principal Component Analysis (PCA) was employed to identify the most influential variables
affecting form factor and energy demand by reducing dimensionality and retaining key patterns in
the dataset. Regression analysis, on the other hand, was conducted to quantify the statistical
relationship between building volume, envelope area and surface-to-volume ratio. SV ratio was
included as a dependent variable despite being derived from envelope area and volume because
the regression was used to evaluate the strength of multicollinearity and to quantify the relative
influence of each geometric parameter. This ensured that observed trends are statistically
significant rather than occurring by random chance.

3.4.3. Comparative and Cluster Analyses

To substantiate results, boxplots were used to elucidate variations in heat loss form factor and
surface-to-volume ratio across the building configurations. Additionally, a comparative analysis of
the original and transformed building forms was performed to quantify energy savings, indoor
comfort improvements and embodied carbon differences. Lastly, cluster analysis was used to group
buildings based on their form factor characteristics, verifying that similar building typologies
exhibited comparable performance metrics. By integrating multiple analytical approaches, findings
from the study ensure robustness, reliability and statistical confidence, reinforcing the significance
of form factor consideration in building performance.
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3.5. Embodied Carbon Estimation and Operative Temperature Derivation

Preliminary carbon accounting was compiled using the carbon calculation screening matrix
embedded within DesignBuilder (DesignBuilder, V7.0). Material carbon intensities are drawn from
the University of Bath Inventory of Carbon and Energy (ICE) database (Circular Ecology, 2025), a
globally recognised and validated lifecycle inventory reference for embodied carbon of materials.
The lifecycle system boundary adopted the EN 15978 modules (British Standards Institution, 2012)
and covers only the material (A1-A3) and operational emission (B6) lifecycle stages. The carbon
tallies accumulate footprints arising exclusively from the raw materials extraction and processing,
while operational emissions were derived from annual consumption.

Thermal indoor environment parameters for the buildings were captured continuously using
deterministic physics-based calculation nodes executed within EnergyPlus. EnergyPlus establishes
the hourly zone Operative Temperature (T,) by evaluating internal radiative and convective fields
under standardised airflow conditions using the formula:

T, = 0.5 X T,; + 0.5 X MRT .. Equation 111
Where :
T,;r = calculated indoor mean air temperature (°C) at the central thermal zone node

MRT= calculated mean radiant temperature (°C) integrating the surface temperature vectors of
all enclosing envelopes

4. Results

Table 3 summarises the geometric parameters and performance of ten distinct building forms.
The first six cases represent single-storey buildings that exhibit more expansive ground floor cover
but with smaller volumes, while Cases 7 — 10 represent multi-storey buildings with larger envelope
areas and volumes. Table 4, on the other hand, represents the corresponding features and
performance of the transformed buildings. Noticeably, a clear trend exists where the surface-to-
volume (SV) ratio and the heat loss form factor (HLFF) consistently decrease as building volume and
the number of floors increase. Specifically, the transformation process reduced the heat loss form
factor by up to 7.6%, aligning with studies such as Hajtmanek et al. (2023) and Camporeale and
Mercader-Moyano (2019) that infer that optimised buildings are characterised by better heat loss
form factors, leading to improved energy efficiency.

However, despite these geometric modifications, the energy demand of the transformed
buildings increased by up to 30.27% (Case 8), supporting studies that suggest that compactness
alone, without energy-efficient measures, does not lead to energy efficiency (Galal Ahmed &
Hossein Alipour, 2019; Marincu et al., 2024). These findings challenge the conventional notion that
improving building compactness leads to reduced energy demand, particularly in tropical climates
where orientation and facade exposure massively influence cooling demand.
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variability on building

Table 3 Case Buildings Parameters

Case Buildings

e Building Number | TotalWall | Roof Total Totsl FIssF Heated Building Buildmg Surface-to- Heat Loss | Energy ‘ Cooling Operative Embodied
SN S [ of Floors | Area (m?) | Area (m? Envelop: Areas (m?) anorArea Vo\!ume Height Vol‘ume Form Consumghon Energy " Tpem perature Carbon
Area (m?) {m?) (m?) (m) Ratio Factor (kWh/m?) (kWh/m?) (*c) (kgC02)
Case 1 1 218710 238.050 457.760 235.050 179.288 717.150 3 0.638 2553 315.49 108.9 27.4 795426
Case 2 1 139.200 114.590 253.790 114.590 85.943 343.770 3 0.738 2.953 323.73 118.14 27.61 40004.6
Case 3 1 190.800 197.960 388.760 197.960 148.470 593.880 3 0.655 2618 318.38 112.8 27.49 66367
Case 4 1 200.490 207.900 408.390 207.900 155.925 623.700 3 0.655 2.619 315.79 110.21 27.41 69800.7
Case 5 1 273.600 326.590 600.190 326.590 244,943 979.770 3 0.613 2.450 311.56 105.98 27.28 107414.7
Case 6 1 192,590 189.640 382.230 189.640 142,230 568.920 3 0.672 2.687 3181 112.51 27.45 64098.8
Case 7 2 472500 265.090 737.590 530.180 397.835 1,590.54 6 0.464 1.855 332.78 127.19 28.86 105092.6
Case 8 2 374.400 167.730 542.130 335.460 251.595 1,006.38 6 0.539 2155 340.65 135.06 28.96 707947
Case9 2 432.000 212.240 644.240 424.480 318.360 1,273.44 6 0.506 2024 335.46 129.88 28.85 87699.4
Case 10 3 572.400 170.350 742.750 511.050 383.288 1,533.15 9 0.484 1.938 360.55 154.97 2971 84816.9
Table 4 Transformed Buildings Parameters
Transformed Buildings
—— Total Total Heated Building | Building | Surface-to- i Energy Cooling Operative Embodied
Case Building Number Raof Tatal Floor 3 Lass
- | [pow— Wall/:rea Area (m?) Envelnpf AFsE Flnnr2 VaLque Height Volume ot Ccnsump:z\a Emargyz Temperature Carbon
(m%) Area (m°) Area (m”) (m?) (m) Ratio Eactar n (kWh/m®) (kWh/m®) (°c) (kgC0O2)
Case 1 1 189.36 239.05 428.41 239.05 179.29 717.15 3 0.597 2.390 407.85 128.85 27.85 77858.1
Case 2 1 131.10 114.59 245.69 114.59 85.94 343.77 3 0.715 2.858 420.54 141.81 28.12 395276
Case 3 1 172.32 197.96 370.28 197.96 148.47 593.88 3 0.623 2.494 409.7 130.97 279 65370
Case 4 1 176.60 207.90 384.50 207.90 165.93 623.70 3 0.616 2.466 408.95 130.21 27.88 68416.4
Cases 1 221.34 326.69 547.93 326.59 244.94 979.77 3 0.559 2.237 402.48 12374 27.73 104471.3
Caset 1 168.66 189.64 358.30 189.64 142.23 568.92 3 0.630 2.519 410.45 131.72 27.82 62815.1
Case?7 2 398.82 265.09 663.91 530.18 397.64 1,590.84 ] 0.417 1.670 431.63 152.9 29.51 100910.6
Case 8 2 317.22 167.73 484.95 335.46 251.60 1,006.38 [ 0.482 1.928 443.76 165.03 29.68 67333.8
Cased 2 356.86 212.24 569.10 424.48 318.36 1,273.44 6 0.447 1.788 436.59 157.85 29.58 82807.2
Case 10 3 479.54 170.35 649.89 511.05 383.29 1,633.15 9 0.424 1.696 468.49 189.76 30.56 79632.9

5. Discussion

5.1. Building Form Transformation and Compactness

Descriptive statistics of the datasets in Tables 3 and 4 were first examined to provide a basic
understanding of key parameters influencing building form variability. The analyses focused on
building envelope characteristics, energy performance, operative temperature variance, building
initial cost and preliminary embodied carbon assessment. The analyses reveal substantial changes
in the building attributes following the transformation of the original forms. Single-storey buildings
(Cases 1-6), with a building height of 3 meters, generally have higher surface-to-volume ratios and
heat loss form factors. This is due to the heat loss tendencies of the exposed surface areas
compared to the buildings’ volumes. A larger external surface area compared to enclosed volume
exposes more pathways for heat to escape or enter (Li et al., 2024).
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Conversely, multi-storey buildings (Cases 7-10), with height above 3 meters, show lower SV
ratios because increasing the building height and enclosed volume typically leads to a smaller ratio
of envelope area per unit of heated floor area. In this study, the Global Form Factor was considered
for the multi-storey simulation, where internal separating floors are not factored, but considered
as a single thermal envelope. One of the improvements is the reduction in the mean SV ratio of the
buildings, which decreased from 0.596 to 0.551. This reduction suggests that all the transformed
buildings become more compact, simply by assuming a rectangular shape. A similar trend is
observed where a comparison of Heat Loss Form Factor (HLFF) and SV ratios highlights the overall
shift towards lower values in the transformed buildings (Figure 2). The reduction in the mean HLFF,
which declined by 7.6%, aligns with expectations, as compact buildings tend to exhibit lower heat
loss due to reduced envelope area and geometric thermal bridges. Building shape or footprint
matters, as among single-storey or multi-storey cases, a more spread-out or irregular shape tends
to have a higher form factor than a regular or consolidated footprint.
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[ [
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Figure 2 Boxplot comparing HLFF (A) and SV ratio (B) of buildings

The Total Envelope Area, one of the contributing factors to a building’s compactness, also
experienced approximately a 9% reduction, decreasing from an average of 515.78 m? in the original
buildings to 470.30 m? in the transformed buildings (Figure 3). The transformed buildings
maintained the same building floor area, floor numbers and building volume as the original
counterpart. A large building, if designed with a compact geometry, can have a lower SV ratio and
heat loss form factor. For example, Case 7, with the largest volume and envelope area, exhibits the
smallest SV ratio in both configurations, suggesting a strong relationship between building
compactness and exposed surface area and volume. Generally, transforming the buildings to a
more compact form while maintaining the usable floor area and volume yielded lower SV ratios.
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Figure 3 Total envelope area comparison
5.2. Energy Performance Implication of Compact Building Forms

Emerging studies show that increasing the compactness of buildings improves their thermal
performance but, in this regard, the mean cooling energy demand of the transformed buildings
with lower SV ratios exhibited an unexpected increase of approximately 19.4% (Figure 4). One
possible explanation is that changes in fagcade exposure, which did not account for energy-efficient
measures, might have offset the expected energy savings.

180

160

kWh/m?

120

Original Transformed

Figure 4 Cooling energy comparison-original vs. transformed buildings

It was observed that the transformed building’s reduced energy efficiency is due to increased
solar exposure, mainly via the south-facing fagades. Since the modelling set-up assigned a fixed 30%
window-to-wall ratio, the transformed buildings, with their longer fagades, resulted in significantly
more exposed areas to direct solar radiation. This prolonged exposure of the buildings could have
led to high indoor heat gain, consequently increasing cooling load. In contrast, the case buildings
with irregular forms and geometric thermal bridges, varied orientations and complex geometries
may have inadvertently provided self-shading on large surfaces. This finding provides insights into
form optimisation for early-stage design, noting that without shading or strategic adjustments to
window placements, excessive heat buildup could occur, leading to increased energy demand
(Kabanshi et al., 2023; Ran et al., 2022).

The relationship between form factor and energy demand in the early design phase is further
depicted in Figure 5 using Seaborn’s scatter plots. The plots reveal a moderate to strong correlation
between SV ratio and energy demand, with 6 out of the 10 data points placed within the regression
threshold and clustered next to the regression line. The downward-sloping regression lines indicate
that for the building collection, those with high SV ratios tend to have reduced energy demand.
However, Case 10 (three floors) and Case 2 (one floor) are outside the confidence interval (above
the regression line), suggesting the model may have underestimated energy demand for these
buildings. While the latter has the highest SV ratio with a moderate energy demand, the former has
a small SV ratio but with an elevated energy demand, possibly owing to the energy loadings of the
multiple floors of the building. Conversely, Case 5 (one floor) falls below the regression threshold
due to its complex geometry and large floor area but emerged as the most energy-efficient building,
implying that specific forms, due to their geometric configurations, may exhibit better thermal
performance. Although a comparatively lower SV ratio is typically associated with improved energy
performance (Rahmani & Al-Sallal, 2019), the transformed buildings’ increased energy demand
suggests that for operational buildings, energy-efficiency strategies need to be featured.
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Original: Surface-to-Volume Ratio vs. Energy Demand Transformed: Surface-to-Volume Ratio vs. Energy Demand
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Figure 5 Scatter plot showing the relationship between buildings' SV ratios and energy demand
5.3. Impact of Form Factor on Thermal Comfort and Embodied Carbon

As reflected in the mean annual operative temperatures’ columns (Tables 3 and 4), thermal
comfort exhibited a slight increase of 2%. This increase is mainly attributed to excessive heat gains
due to exposed window openings and walls. However, the narrow standard deviation of £1.04 °C
across the dataset suggests that these temperature variations are relatively small, which can be
improved using passive design strategies. Notwithstanding, even minor temperature increases can
translate into higher cooling loads, further explaining the observed energy demand increase
highlighted in Section 5.2. Conversely, the overall mean embodied carbon emissions of the buildings
reduced by 3.4% from 77,563 kgCO,e to 74,914 kgCO,e, which can be attributed to the changes in
envelope area between the original and building forms. This variance in embodied carbon across
building forms is depicted in Figure 6 below.
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Figure 6 Embodied carbon comparison of building forms

While compactness may reduce envelope material use, other factors such as size and building
use influence embodied carbon levels (He et al., 2024; Kern et al., 2021). As depicted in Figure 7,
improving building compactness does not reduce embodied carbon, since the least compact
buildings account for the smallest embodied carbon, while more compact buildings tend to have
high embodied carbon. Specifically, Case 5 (one floor) and Case 7 (two floors), far above the best-
fit regression line and with the largest floor areas, account for the most embodied carbon, yet with
varied SV ratios. Also, Case 2 (one floor) and Case 8 (two floors), with the smallest floor areas and
below the confidence interval, also have diverse SV ratios and embodied carbon. Most of the
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buildings with high SV ratios have low to moderate embodied carbon, while the majority with low
SV ratios have high embodied carbon. Predicting embodied carbon using early design form

optimisation is a complex task requiring other building elements for accurate estimates and
reliability.

Original: Surface-to-Volume Ratio vs. Embodied Carbon Transformed: Surface-to-Volume Ratio vs. Embodied Carbon
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Figure 7 Scatter plot showing the relationship between buildings' SV ratio and embodied carbon

5.4. Factors Influencing Form Factor Variability
5.4.1. Principal Component Analysis (PCA) of Energy Performance Metrics

A Principal Component Analysis (PCA) biplot (Figure 8) is a visual representation of the
interconnection between Volume, Total Envelope Area, Surface-to-Volume (SV) Ratio and Energy
per Total Building Area. The PCA analysis was conducted using data from the original building forms
as presented in Table 3. It shows how these variables interact along the first two principal
components (PC1 and PC2), which together explains much of the variability in the dataset.

Understanding these patterns is essential for optimising building forms for energy efficiency and
sustainability.

PCA Biplot (Focusing on Selected Variables)
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Figure 8 Biplot of principal component loadings
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The principal component (PC) loadings clarify this interconnectedness by measuring the
contributions of these variables to PC1 and PC2. In PC1, Volume (0.53) and Total Envelope Area
(0.51) have strong positive loadings (see vectors in Figure 8), implying that this component is
primarily driven by building size. The SV ratio, on the other hand, has a negative loading of -0.52,
reinforcing its inverse relationship with Volume and Envelope Area. As corroborated by D’Amico
and Pomponi (2019), the negative influence of SV ratio suggests that buildings with lower SV ratios
are typically associated with larger volumes. Energy per Total Area also contributes to PC1 with a
moderate loading of 0.43, implying that while size-related factors do influence energy use, they are
not the sole determinants.

In contrast, PC2 is overwhelmingly influenced by Energy per Total Area, with the highest loading
of 0.89. This confirms that energy performance varies independently of size-related parameters
and is largely responsible for the differentiation captured along this axis. The vector position of
Energy loading, perpendicular to other variables, implies little or no direct influence by other
variables. Furthermore, the negative loading of Total Envelope Area (-0.37) on PC2 suggests that
buildings with large envelope areas are weakly associated with low energy use. A clear example is
a comparison between Case 8 and 9. Despite Case 8 having a lower total surface area (542.130 m?)
and a lower SV ratio (0.539), its energy use is higher at 340.65 kwh/m?. In contrast, Case 9, with a
larger total surface area (644.240 m?) and a slightly lower SV ratio (0.506), records a lower energy
consumption of 335.46 kwh/m2. The strength of energy use on PC2 indicates that other factors
likely dominate energy performance, making it crucial to look beyond building form when
evaluating energy efficiency.

5.4.2. Regression Analysis of Form Factor Variance

A regression analysis was further conducted on the dataset to determine the degree to which
building volume and envelope area influence the surface-to-volume (SV) ratio of buildings. The
objective is to ascertain the primary determinant driving variations in the SV ratio, which is crucial
for understanding compactness. The regression models for the building configurations exhibit high
explanatory power, with R-squared values above 94%, indicating that building volume and total
envelope area together explain nearly all variations in the SV ratio. However, despite the inclusion
of both independent variables, the results show that building volume plays a far more significant
role in determining the SV ratios than the envelope area. For the original form, the model has an R-
squared value of 0.955, meaning that 95.5% of the variability in the form factor is explained by the
predictors, while the transformed buildings model has an R-squared value of 0.947. The high
adjusted R-squared values (0.942 for the original and 0.932 for the transformed buildings) reinforce
the reliability of these models. The statistical significance of the models is further supported by F-
statistics of 73.71 (p = 1.98e-05) for the case buildings and 62.45 (p = 3.44e-05) for the transformed
buildings, confirming that at least one of the independent variables plays a crucial role.

5.4.2.1. Impact of Building Volume on Surface-to-Volume Ratio

Across both building configurations, the regression analysis shows that building volume is the
dominant factor driving SV ratio variations. For instance, in the original forms, the regression
coefficient for building volume is -0.0003, with a p-value of 0.038, making it statistically significant.
Likewise, in the transformed buildings, the coefficient remains negative (-0.0002) but with a p-value
of 0.051 (slightly above the significance threshold). There is a strong tendency for voluminous
buildings to have small SV ratios, leading to more compact forms. In Figure 9 below, Cases 7, 8, 9
(two floors) and 10 (three floors) have the largest volumes and lower SV ratios, while Case 2 (one
floor), with the least volume, possesses the highest SV ratio. The reason for this is straightforward:
SV ratio is expressed as the ratio of the total envelope area by building volume (Equation 1). For
buildings with larger volumes than their envelope area, the SV ratio would be small, while buildings
with more surface area than their volumes will have large SV ratios. Since volume remains fixed for
each of the buildings, the only way to achieve a lower SV ratio is by reducing the total envelope
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area. This is the reason all the transformed buildings achieved lower SV ratios compared to their
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Figure 9 Comparison of surface-to-volume ratios for different building forms
5.4.2.2. Impact of Envelope Area on Surface-to-Volume Ratio

Despite its presence in the regression model, the building’s total envelope area does not
significantly influence the SV ratio. In the original form, the coefficient for total envelope area is
0.0001, but its p-value of 0.662 shows that its effect is not statistically significant. Likewise, in the
transformed buildings, the coefficient is even smaller (4.047e-05), and the p-value is extremely high
(0.905), confirming no meaningful impact. This result suggests that merely adjusting a building’s
envelope area does not independently dictate its SV ratio unless it is accompanied by changes in its
volume. The reduction in envelope area during transformation directly lowered the SV ratio, but
the analysis from the previous section reveals that this relationship is primarily driven by volume
rather than the envelope area.

A Pearson correlation heatmap (Figure 10) shows the connection between SV ratio and key
building parameters and performance metrics. Broadly, a correlation coefficient value ranges from
-1 to 1, with values of 1 or close to 1 suggesting a perfect or strong positive relationship, while
values of -1 or close to -1 indicate a perfect or strong negative correlation. A positive correlation
suggests that as one variable increases, the other also increases linearly, while a negative
correlation indicates that as one variable increases, the other decreases proportionately. A
correlation value of 0 indicates that there is no linear relationship between the variables. In this
regard, a strong negative correlation exists between envelope area and surface-to-volume ratio in
both building forms, -0.96 for the original form and -0.95 for the transformed building. This implies
that as the building envelope area increases, the SV ratio tends to decrease proportionately.
However, as discussed earlier, this relationship is mainly influenced by building volume, the
principal determinant of SV, with a correlation coefficient of -0.98 and -0.97 in the original and
transformed buildings, respectively.
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Figure 10 Pearson correlation matrix of building forms
5.5. Building Form Clusters and Overall Implications

K-Means clustering algorithm was used to cluster the buildings based on surface-to-volume ratio
and their energy efficiency (Figure 11), uncovering patterns that would have otherwise remained
obscured. The analyses highlight three distinct clusters, each representing different relationships
between form and energy efficiency. From Figure 11A, the first cluster (0) encompasses building
Cases 1, 3, 4, 5 and 6 (one floor). These buildings, with moderate SV ratios, all share a single-storey
configuration in both configurations, indicating their volumetric efficiency remained relatively
stable despite morphological adjustments. On the other hand, the second cluster (1) comprises
building Cases 7-10, all two-storey buildings except for Case 10 (three storeys). This cluster contains
buildings with the largest volumes, yet the lowest SV ratios, corroborating the significance of large-
volume buildings in reducing SV ratio, as highlighted in section 5.4.2.1. Since buildings in cluster 0
are single-storey, and cluster 1 are multi-storeys, building levels positively correlate with
compactness, indicating the likelihood for taller buildings to be more compact (Vasilenko, 2019).
Nonetheless, a single-storey building (Case 2) appears as an outlier in cluster 2, mainly due to its
comparatively lower volume (343.77 m3) and significantly high SV ratios: 0.74 and 0.72 for the
original and transformed buildings, respectively. The isolated position of this case suggests that not
all single-storey buildings behave similarly when transformed, as some may still experience
significant SV ratio reductions depending on their initial complexity.
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Figure 11 Buildings cluster based on SV ratios (A), and buildings energy efficiency (B)

The cluster result, as illustrated in Figure 11B, reveals intriguing insights into the relationship
between surface-to-volume (SV) ratio and building energy performance. The building forms are
classified into Clusters A, B and C, highlighting unexpected patterns that challenge conventional
assumptions about form factor and energy efficiency. Cluster A consists of building Cases 1 to 6
(single storey), with high SV ratios. Ideally, a high SV ratio is expected to lead to greater heat loss
and higher energy demand, but these buildings in the cluster exhibit the best energy performance,
with values ranging between 310 kWh/m? and 325 kWh/m?2. This counterintuitive finding suggests
that factors beyond compactness, such as internal heat gain tendencies, may be compensating for
their inherently inefficient form. Some of these buildings have complex geometries (see Table 3)
that offer self-shading of the envelope, possibly reducing heat gains.

Furthermore, Cluster B includes Cases 7, 8 and 9 (two storeys) with moderate SV ratio, with Case
7 having the lowest ratio (0.464). This cluster is more compact compared to Cluster A; however,
their small SV ratio did not automatically translate to better energy efficiency, as they exhibit higher
energy demand. The implication of this finding is that while compactness reduces heat loss, other
factors such as increased thermal loads and heated floor areas may contribute to their poor energy
efficiency. Cluster C, on the other hand, is a three-storey building with an incredibly low SV ratio
(0.484), but its energy demand is the highest, owing to its treated floor areas and volumetric
properties, which demand increased cooling requirements, overriding the benefits of its compact
form. Findings from these analyses insinuate that compactness alone does not guarantee energy
efficiency in buildings, as those with exceptionally low SV ratios can still have high energy demands
compared to other forms with higher SV ratios. This study emphasises the importance of early
design decisions which must transcend simple form optimisation. Building energy performance is
influenced by a complex interplay of form, internal loads and passive design strategies that may not
be accounted for in the early phases of building design; hence, making energy demand trajectory
vis-a-vis form factor optimisation unpredictable (Li et al., 2014; Yao et al., 2021; Zhuravchak et al.,
2022).
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6. Conclusion and Recommendations
6.1. Conclusion

This study examined the impact of form factor variance on early-stage design performance in
Nigeria using computational and empirical analyses. Findings from the study challenge conventional
assumptions that compact buildings are energy efficient. Out of ten buildings evaluated in their
original and transformed cases, single-storey buildings with higher surface-to-volume (SV) ratios
exhibited better energy efficiency compared to the most compact building (three storeys). Principal
component analysis (PCA) further revealed that building volume and envelope area explained more
than 97% of observed form factor differences, while regression analysis confirmed building volume
as the key player in form factor variability (p = 0.038). With a p-value of 0.662, it was concluded
that building envelope area had no statistical significance on form factor changes. By implication,
building form optimisation should prioritise volume over envelope area reduction.

Cluster analysis, however, highlighted that building energy efficiency is informed by the interplay
between SV ratio, volume and building fagade exposure to solar radiation. Case 2, a single-storey
building, emerged as an outlier among the buildings with a disproportionately high heat loss form
factor (2.95) and SV ratio (0.74), owing to its lesser floor area and volume. Despite SV ratio
reductions of 3.19% to 12.50% following form transformation (L = 1.5B), energy demand
unexpectedly increased by 28.68% to 30.27%, suggesting that compactness alone does not ensure
energy efficiency. These findings emphasise the importance of shading and passive cooling
considerations in form optimisation for representative estimates of operational energy and
embodied carbon during early design development.

6.2. Recommendations

Based on the study findings, the following recommendations have been outlined to inform
building designers, policymakers and researchers on building form optimisation for energy
efficiency in tropical climates.

1. Optimisation of Compactness and Facade Exposure

Compact buildings should be designed with solar exposure mitigation in mind, especially for
multi-storey buildings. Passive strategies such as dynamic shading, glazing optimisation and low-
albedo material use should be incorporated for enhanced energy efficiency.

2. Prioritisation of Volumetric Efficiency

Since building volume is the primary driver of form factor, energy-efficient designs should focus
on optimising volume without compromising functional architectural requirements and passive
cooling strategies.

3. Development of Hybrid Form Factor Indices

Future research should consider integrated metrics that combine form factor, facade exposure,
material performance and cooling strategies to provide more reliable energy efficiency predictions
for early-stage design.

4. Empirical Validation Through Longitudinal Studies

While this study provides valuable insights, longitudinal studies incorporating real-world
occupancy patterns are needed to validate the effectiveness of form optimisation in the long-term
in tropical climates.

5. Exploration of Morphological Adaptations in High-Rise Buildings

Given the high energy demand of the three-storey building, despite its low SV ratio, future
studies should explore alternative high-rise morphologies such as stepped massing, double-skin
facades and natural ventilation corridors to mitigate heat stress in compact multi-storey tropical
buildings.
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