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ABSTRACT

This study proposes a concept and workflow for solar, context-adaptive and reusable facades. Inte-
grating solar control with parametric facade design, the workflow uses solar radiation to inform
facade modules with variable openness or properties (e.g. frit cover), enabling envelopes to adapt to
urban context changes while promoting circularity. The method was tested through simulations,
assessing daylight, glare, energy and circularity in changing urban scenarios. A Solar Circularity
Indicator (SCI) was introduced to track facade alterations and reuse. In the 100m new obstruction sce-
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nario, 79% of facade modules were maintained, while 29% of altered modules were reused, yielding
an 85% SCI. Sunlight Autonomy metrics aligned well with SCI. Re-design improved Spatial Daylight
Autonomy by up to 4% with minimal energy increase (< 1%). Our solution provided 2% more useful
daylight (100-3000lux) than glazed facades and 11% less glare. The workflow provides a framework
for circular, performance-based designs that preserve aesthetics and adaptability.

1. Introduction

The latest reports by the International Panel on Climate
Change (IPCC) indicate that global warming may reach
1.5°C above pre-industrial levels as early as 2030 (IPCC
2018; IPCC 2022; United Nations 2015a). The built envi-
ronment can significantly contribute to addressing this
challenge, as it accounts for nearly 40% of energy-related
CO, emissions and 50% of extracted raw materials (World
Green Building Council, 2021). In Europe, construction
contributes to 37% of total waste generation (Eurostat
2020). Buildings must also provide high indoor environ-
mental quality, as people spend up to 90% of their time
indoors (Attia, Lioure, and Declaude 2020; Klepeis et al.
2001). As the urgency to reduce environmental impacts
grows, innovative design strategies can help towards
achieving the Sustainable Development Goals and creat-
ing a regenerative built environment that benefits both
people and planet (Dervishaj 2023a, 2023b; Mang and
Reed 2012; Reed 2007; United Nations 2015b).

To meet these goals, research increasingly focuses on
incorporating both passive and active design strategies
into building envelopes (Kuru et al. 2022; Loonen et al.
2013; Norton 2024; Sobek and Teuffel 2001; Tabadkani
et al. 2021; Voigt, Roth, and Kreimeyer 2022). This can be
achieved through climate adaptive building shells (CABS)

(Loonen et al. 2013). We rely on the CABS definition: ‘A
climate adaptive building shell has the ability to repeat-
edly and reversibly change some of its functions, features
or behaviour over time in response to changing perfor-
mance requirements and variable boundary conditions,
and does this with the aim of improving overall building
performance’. CABS can improve daylight, energy, ther-
mal and visual comfort, through various design strate-
gies and innovative technologies (Loonen et al. 2013,
2015). Loonen et al. (2013) identified three key properties
supporting envelope performance. Adaptability ensures
performance meets multiple criteria under varying con-
ditions over time, while multi-ability refers to efficiently
meeting different requirements at specific times, such as
through spatial variability of envelope properties. Evolv-
ability, less explored in literature, addresses the abil-
ity to respond to long-term changes, such as climate
change, a changing urban environment, degradation of
facade elements or functional changes within the build-
ing. In addition, a study identified three main definitions
of building adaptability: (a) accommodating new build-
ing uses, (b) responding to evolving user needs, techno-
logical advancements, or environmental conditions, and
(c) meeting new or changing performance requirements
(Mlote, Budig, and Cheah 2024).
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Another concept of interest, considered a subset of
CABS, is Adaptive Facades (AF). AF are also referred to as
dynamic, responsive, smart, intelligent facades (Attia et al.
2018, 2020; Goncalves et al. 2024; Jamilu, Abdou, and Asif
2024; Lai and Hokoi 2015; Romano et al. 2018; Shafaghat
and Keyvanfar 2022; Taveres-Cachat et al. 2019; Voigt,
Roth, and Kreimeyer 2022). According to Attiaet al. (2018),
‘AFs are building envelopes that are able to adapt to
changing boundary conditions in the form of short-term
weather fluctuations, diurnal cycles or seasonal patterns’.
They describe adaptive systems as prefabricated assem-
blies that integrate various technologies, such as switch-
able glazing, phase change materials and dynamic shad-
ings. Another subset of CABS is Solar Facades, defined
as ‘a type of building facade structure that can be used
to reject, absorb and reutilize solar heat’ (Lai and Hokoi
2015). Solar facades are categorized as opaque, transpar-
ent or semi-transparent, and further classified as active or
passive (Lai and Hokoi 2015; Quesada et al. 20123, 2012b).
While climate-adaptive buildings have been a popular
topic for decades (Guimaraes 2012; Mang and Reed 2012;
Olgyay 1963), a key feature of AFs is their characteriza-
tion as ‘multifunctional building systems’ (Favoino et al.
2014; Taveres-Cachat et al. 2019). For example, building-
integrated photovoltaics (BIPV) can be incorporated into
both transparent and opaque facade components, and
tailored to specific project needs, such as using coloured
or diffusive surfaces to prevent glare (Borja Block et al.
2024; Kuhn et al. 2021, 18; Saretta, Caputo, and Frontini
2019; Yu et al. 2021).

Mohtashami et al. (2022) found that most studies on
adaptive building envelopes focused on individual build-
ings (91%), with few studies covering the effects of the
urban environment (2%, and 7% were unspecified). In
addition, 76% of the reviewed studies did not specify their
applications, while 5% of studies focused on retrofits, 17%
on new construction projects, and only 2% addressed
both. Recent studies have also examined kinetic adaptive
facades, which use movable shading systems based on
sun position, including origami and biomimetic designs
(Engin and Dincer 2024; Hosseini et al. 2020, 2021, 2024;
Hosseini, Mohammadi, and Guerra-Santin 2019a; Hos-
seini et al. 2019b; Meloni et al. 2023; Sommese et al. 2024;
Tabadkani et al. 2019, 2022; Wu and Zhang 2022). Kinetic
facades rely on advanced control systems to balance day-
light and solar gains indoors, and to maintain thermal
comfort while reducing energy consumption. However,
kinetic solutions currently exhibit lower technological
maturity compared to other facade systems, leading to
higher upfront and maintenance costs (Attia, Lioure, and
Declaude 2020; Kuru et al. 2022; Mohtashami et al. 2022;
Tabadkani et al. 2021).

For instance, the kinetic shading system of the Al Bahr
towers in Abu Dhabi is a frequently cited example of
adaptive facades (Hosseini et al. 2019b; Hosseini et al.
2020; Tabadkani et al. 2021; Wu and Zhang 2022). How-
ever, the primary goal of the project was not sustainability
or occupant needs, but rather to design an iconic, visu-
ally striking building (Attia 2016). With a construction cost
of approximately 390 million euros, the towers lacked
controls for occupants (Attia 2016). Moreover, predicting
the performance of adaptive building envelopes remains
a significant challenge (Attia et al. 2018; Loonen et al.
2017). This challenge must be addressed when propos-
ing new facade concepts. Although kinetic facades can
respond to short-term weather fluctuations to manage
solar radiation (Shen and Han 2022), other critical factors
are often overlooked, such as adaptation to the evolv-
ing urban context, driven by urbanization, densification
and changing building regulations (European Commis-
sion n.d.; Gongalves et al. 2024; Jamilu, Abdou, and Asif
2024;Loonenetal. 2013; Samuelson et al. 2016; Shafaghat
and Keyvanfar 2022).

By 2050, urbanization is expected to add 2.5 bil-
lion people to cities, with over two-thirds of the global
population living in urban areas (United Nations 2018).
This growth challenges the provision of healthy indoor
environments and building performance, especially day-
light access in dense cities (Dervishaj and Gudmunds-
son 2024b; Mardaljevic 2021; Volf et al. 2024; Wirz-
Justice, Skene, and Miinch 2021). Addressing these issues
requires adopting a resilient, life cycle perspective in
building envelope design (Borschewski et al. 2023; Duan
etal. 2024; Hartwell, Macmillan, and Overend 2021; Voigt,
Roth, and Binz 2021, 2023). In line with this, interest
in Circular Economy is growing, such as design for dis-
assembly (DfD) indicators and case studies (Attia et al.
2024, Ostapska et al. 2024; Ottenhaus et al. 2023; Uotila,
Saari, and Joensuu 2024), reuse of building components
(Bertin et al. 2022; Densley Tingley, Cooper, and Cullen
2017; Dervishaj, Gudmundsson, and Malmqvist 2024a;
Dervishaj et al. 2024b; Salama 2017; Wibranek and Tess-
mann 2023), adaptive reuse of buildings (Duan et al. 2024;
He et al. 2021; Huuhka et al. 2023; Ibrahim et al. 2024,
Lanz and Pendlebury 2022; Malmgqyvist et al. 2018; Saretta,
Caputo, and Frontini 2019) and the traceability of mate-
rials (A. Dervishaj, Hernandez Vargas, and Gudmundsson
2023Db; Elshani et al. 2024; Giovanardi et al. 2023). Some
studies also highlight circular fagade systems, prefabri-
cated and modular assemblies, and recovery of compo-
nents and materials (Alvarez-Alava et al. 2023; Azcarate-
Aguerre et al. 2022; Bergmans, Bhochhibhoya, and Van
Oorschot 2023; Hartwell and Overend 2020; Hartwell,
Macmillan, and Overend 2021; Morganti et al. 2024).



Among various Circular Economy strategies and
frameworks — such as the 4R framework (reduce, reuse,
recycle, recover), and approaches to narrowing, slowing
and closing loops — reusing building components is seen
as a particularly effective strategy for fostering circu-
larity in the built environment (De Wolf, Hoxha, and
Fivet 2020; A. Dervishaj and Gudmundsson 2024g; Kirch-
herr et al. 2023; Wohler et al. 2024). Circular Economy
strategies represent a relatively new research direction
for building envelopes. A notable concept is the ‘Solar
Exoskeleton’, a building system that combines passive
solar gain control with material efficiency in high-rise
structural systems (Weber, Mueller, and Reinhart 2022).
Their study employed a computational workflow that
incorporated parametric design, structural optimization
and simulations, reducing embodied and operational car-
bon. Another study performing parametric energy simu-
lations found that incorporating the urban context, which
is not common practice, significantly impacted energy
use due to sun shading; however, it did not address day-
light, circularity or changing urban contexts (Samuelson
etal. 2016).

Circularity is an emerging trend for building envelopes
(Attia, Lioure, and Declaude 2020). Building on the
research outlined earlier, prior studies on fagade systems
often tend to focus on specific aspects, such as devel-
oping circular systems for facades, in some cases with
adaptive technologies (e.g. BIPV), or assessing perfor-
mance in terms of daylighting, energy or environmental
impacts. These prior studies often overlook the integra-
tion of facade concepts with the urban context in terms of
(@) how this could influence building performance and (b)
how the urban context could influence both the facade
element and whole envelope design. In such cases, para-
metric design workflows can facilitate a multiscale (ele-
ment/facade/urban) design and analysis process. Addi-
tional aspects of interest for exploration include solar
accessand daylight availability in the floorplan and for the
building, considering the urban context, and in particular
building performance in evolving urban environments,
and possible alignment of fagade concepts with circu-
lar economy strategies. Moreover, while some research
has explored a circular economy for facades, such as
design for disassembly and component reuse of facade
systems and their circularity evaluation, to our knowl-
edge, no prior study has specifically investigated adapt-
ability to changing urban environments with facade ele-
ment reuse, to promote circularity in performance-based
facade design (Azcarate-Aguerre et al. 2022; Hartwell and
Overend 2020; Hartwell, Macmillan, and Overend 2021;
Kragh and Jakica 2022).

This study aims to address this gap by proposing
a novel concept and workflow for the solar design of
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facades that can be reused and adapted to changes in
the urban environment. This approach integrates solar
design/control principles with the parametric design of
facade modules, informed by solar radiation analysis. This
combination generates modules that adjust their geom-
etry (and/or properties) to solar radiation, for envelopes
that adapt to local climate and urban context. This study
explores scenarios where facades are re-designed as the
urban context evolves, potentially retaining, replacing
or reusing modules, thereby integrating solar design
with circularity principles. This approach would also help
maintain the original design aesthetic/concept, such as
when renovating buildings and replacing modules that
no longer fit for purpose in the new urban condition
or reach the end of service life. The potential of the re-
design to promote circularity by reusing modules and
to improve building performance is evaluated. While our
study focuses on the facade concept and workflow, it
does not evaluate specific adaptive technologies — such
as switchable glazing, BIPV, active ventilation systems
and phase change materials — except for the impact of
dynamic shadings. This helps ensure a clear focus on eval-
uating the proposed facade concept. Studies that have
assessed and reviewed some adaptive technologies can
be found inthe literature (Attia et al. 2022; Goncalves etal.
2024; Juaristi et al. 2022). Further, many studies propos-
ing novel facade concepts, or solar design/control strate-
gies, employed parametric design thinking to achieve
their goals (Bertagna, Piccioni,and D’Acunto 2023; Hinkle,
Wang, and Brown 2022; Hosseini et al. 2019b; Kuhn 2017,
Lionar et al. 2024; Tabadkani et al. 2019). However, our
method integrates a distinct solar design/control strat-
egy from examples and methods that can be found in the
literature.

Our proposed approach intends to be valuable from an
early design stage, and of interest to both researchers and
practitioners for further research and building projects.
The workflow automates facade design and facilitates
the performance comparison of design alternatives. The
workflow is applicable to both new and existing build-
ings, supporting a circular built environment, such as
when designing for deconstruction (future reuse of
facade elements) or in the adaptive reuse of buildings
with new facades. Although the development of decon-
structable and disassemblable fagcade systems is beyond
the scope of this work, we assume some feasibility of
such features, acknowledging ongoing research into cir-
cular facades (Alvarez-Alava et al. 2023; Azcarate-Aguerre
et al. 2022; Bergmans, Bhochhibhoya, and Van Oorschot
2023; Bianchi et al. 2024; Hartwell and Overend 2020,
2024; Hartwell, Macmillan, and Overend 2021; Morganti
et al. 2024). The objectives of this study are summarized
as follows:
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< Elaborate on a computational workflow for the design
and evaluation of solar, context-adaptive and reusable
facades.

< Integrate a new solar design/control concept with the
parametric design of fagcade modules, featuring spa-
tially variable geometry or properties, for envelopes
that adapt to climate and urban context.

e Introduce and validate new performance indicators
for assessing solar access and facade circularity in
changing urban contexts, tracking module alterations
induced by solar radiation.

= Evaluate and compare building-level daylight perfor-
mance across the different scenarios, with and with-
out facade re-design in response to urban context
changes.

« Assess daylight, glare and energy performance of our
solution compared to a conventional glazed facade.

We evaluate facade circularity and building performance
under two future urbanization scenarios, involving a new
adjacent high-rise. Exploring more extensive densifica-
tion scenarios and future climates is beyond the scope of
this study. The following section outlines the workflow,
case study, parametric design of facade modules and the
simulation process.

2. Methods

In Section 2.1, we present the computational workflow.
We tested the workflow in a case study, described in
Section 2.2. Section 2.3 details the parametric design of
facade modules and their integration with the envelope,
informed by solar radiation. Section 2.4 details the met-
rics and simulations used to assess facade circularity and
building performance.

2.1. Computational work ow

The computational workflow was developed in Grasshop-
per for Rhino, as it facilitates the integration of urban
context and building models within the early design and
simulation process. As shown in Figure 1, the workflow
comprises the following steps: (a) inputs — 3D model of
the urban context, building massing, weather data and
simulation parameters (detailed in subsequent sections);
(b) concept of facade modules and parametric setup
of its geometry (Section 2.3); (c) population of facades
with modules with varying geometry (and/or proper-
ties) induced by solar radiation and (d) simulations and
comparison of design alternatives. The initial analysis of
the local climate and the site is indicated in Figure 1,
with details in Section 2.2. The workflow is also used

to redesign facades in future scenarios with urban con-
text changes, examining how these changes impact solar
availability and facade circularity. We also evaluate the
benefits of re-designing facades for circularity, determin-
ing whether maintaining, replacing or reusing/relocating
modules affects daylight, glare and energy performance,
as detailed in Section 2.4.

2.2. Case study

The case study for testing the workflow is situated in
Dhaka, Bangladesh. Dhaka has a tropical wet and dry
climate (Aw classification) according to the Koppen cli-
mate classification. As shown in Figure 2(b), the building
is a 30-story, 138 m tower, with the longer side along
the north—south axis to minimize heat gains. Its open-
plan design allows daylighting from all orientations, with
the core area situated on the northwest side to maxi-
mize natural light during occupancy hours. New build-
ings are anticipated to rise east of the plot, so the east
facade of the upper volume is split into two surfaces to
preserve daylight and views. ClimateScout, a tool that
offers climate-specific design strategies, recommends
some passive strategies for hot climates, such as double
glazing and shadings (CallisonRTKL n.d.) These strategies
were integrated into the facade design to inform daylight
and energy simulations. The first solar strategy involved
varying the openness of facade modules, also known
as window-to-wall ratio (WWR), across the envelope to
control solar gains. Additional strategies include varying
module properties spatially, such as fritted glass cover,
and incorporating dynamic shadings into the simulations.

2.3. Facade module

The facade surfaces of the conceptual massing are dis-
cretized into modules using Grasshopper. The parametric
pattern for these modules was generated without the
help of third-party plugins. Each module measures 1.4 m
inwidth and 3.6 min height. Figure 3illustrates the facade
modules and the parametric design setup of their geom-
etry. The starting point was a glazed facade module (see
Figure 3). The height in the interior is 2.7 m. Each mod-
ule consists of (a) clear double-glazing and (b) opaque or
semi-transparent parts. The lengths of the sides, repre-
sented by variables X and Y in Figure 3, were adjusted in
Grasshopper by a factor based on solar radiation.

Solar Radiation (expressed in kWh/m?) was simulated
on the envelope surfaces using Ladybug Tools, an envi-
ronmental design plugin for Grasshopper (Sadeghipour
Roudsari and Pak 2013). The radiation results were then
converted to a dimensionless number and used as con-
trol values for the parametric geometry of panels, i.e. the
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Figure 2. Case study: (a) within the urban context, (b) building shape (massing) and (c) typical floor plan.

length of the sides X and Y. In this setup, panels receiv-
ing less solar radiation, due to orientation or shading from
nearby buildings, will have a larger WWR, while those
exposed to more radiation will have a lower WWR. This
approach helps manage solar gains, resulting in an enve-
lope that responds to both the climate and the urban
context, facilitating a seamless transition between differ-
ent facade orientations. Figure 3 shows four variations
of the parametric setup. Additional variations could be
defined in later design stages, depending on fabrica-
tion processes, costs and construction considerations. In

Figure 3, the WWR is calculated in two ways: (1) as a
ratio of glazing area to module area (WWR = (a + b)/d)
and (2) excluding slab thickness from the glazing area,
as this could be the potential location for spandrel glass
(WWR = a/d).

2.4. Simulations and performance assessment

Simulations involved two steps: (1) designing facades
based on solar radiation analysis and (2) evaluating day-
light, glare and energy performance. Additionally, the
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workflow was extended in the case of fritted glass panels,
by assigning a range of frit cover (from 0% to 100%) and
respective SHGC values (from 27% to 4%) to each mod-
ule, depending on solar radiation. The effect of using a
fixed or variable frit cover was assessed for daylight per-
formance, while SHGC impacts were evaluated for win-
dows in energy simulations, as detailed in the following
sections. The higher the solar radiation, the higher the
frit cover in the workflow, thereby reducing SHGC of the
fritted glass panel, based on EN 410:2011 (European Com-
mittee for Standardization (CEN) 2021b). The following
sub-sections detail facade circularity, daylight, glare and
energy assessments.

2.4.1. Facade circularity and solar availability

Numerous circularity indicators have been proposed,
focusing on material reuse, resource efficiency, embodied
environmental impacts or economic value (Corona et al.
2019; Moraga et al. 2019; Saidani et al. 2019). The Mate-
rial Circularity Indicator (MCI) is the most widely adopted,
measuring material flows in products by accounting
for virgin, reused and recycled materials, unrecoverable
waste and product lifespan (Ellen MacArthur Foundation
& Granta Design 2019). The MCI has also been adapted

for buildings, incorporating design for disassembly (DfD)
criteria (Cottafava and Ritzen 2021; Khadim et al. 2023).
Another metric, the Reclamation Potential, measures the
ability to disassemble and reuse building components
at their end of life (Hartwell and Overend 2024). This
approach can inform recovery routes for new or exist-
ing designs. While these metrics are most suitable when
material choices and facade systems are well-defined,
early design stages often use simpler measures, such as
ratios of new to reused elements, or material-specific
assessments (e.g. concrete, steel, wood), comparing the
weight and environmental impacts of new versus reused
materials (Britting et al. 2019, 2020, 2021).

The circularity of the redesign will be evaluated across
three scenarios: (1) the existing context, (2) addinga50 m
obstruction and (3) adding a 100 m obstruction, as illus-
trated in Figure 5(a). Solar radiation on modules will vary
due to these obstructions, affecting the facade redesign
and WWR of certain modules, which may need substitu-
tion. The first step is to identify which modules remain
unchanged and which are replaced. The second step is
to quantify how many of the replaced modules can be
relocated (reused) in the redesigned facades. To quantify
this circular potential of facades, we propose a new metric



called Solar Circularity Indicator (SCI), defined as ‘the ratio
of unaltered and reused fagade modules in the redesigned
scenario to the total number of modules in the previous
scenario’. The SCI (Level 1) tracks only the unchanged
modules and is calculated as:

SCI (Level 1) = (Miotal- Mchange)/Mtotal @)

where Mota IS the total number of facade modules,
Mchange is the number of modules that change between
two scenarios. Within the examined case, if the length
of either the bottom or top edge of the opaque panels
within the module changes by more than 0.2m across
scenarios, the panels are substituted. This threshold is
set higher than 0.175m, which is half of 0.35m (differ-
ence in edge length between variations of modules in
Figure 3), to minimize uncertainties in solar radiation lev-
els and avoid unnecessary replacements. The workflow
categorizes modules within the four variations and deter-
mines how many can be relocated (reused). This SCI (Level
2) can be refined and expressed as:

SCI (Level 2) = (Miota- Mchange + Mreuse)/Miotar  (2)

where Myeyse is the number of panels relocated within the
facade.

A recent method for measuring solar availability on
building facades is the Sunlight Autonomy (SA) (Dervishaj
and Dervishaj 2023; Dervishaj and Gudmundsson 2024b).
The daily SA (dSA) quantifies sunlight exposure on
facades, using a threshold of 1.5, 3 and 4 h as specified
in EN 17037 (European Committee for Standardization
(CEN) 2018). The SA can also be calculated for an entire
year, as a dynamic sunlight metric. There are also a few
more dynamic sunlight metrics in the literature, but these
do not apply to facades (Ayoub 2019). The relationship
between solar metrics like the SA and new facade circular-
ity metrics like the SCI, is analysed in the Results section.
The SA was simulated using a combination of custom
scripts and Ladybug Tools in Grasshopper (Dervishaj and
Gudmundsson 2024b).

2.4.2. Daylight metrics

This study evaluates both static metrics, such as the Day-
light Factor (DF), and climate-based metrics. While the
shortcomings of the DF have been highlighted in prior
studies (Reinhart, Mardaljevic, and Rogers 2006), a thor-
ough analysis is necessary to determine which metrics are
sufficiently reliable for assessing solar, adaptive and circu-
lar facades. For climate-based metrics, we assess Daylight
Autonomy (DA) and Useful Daylight Illluminance (UDI)
(Nabil and Mardaljevic 2006; Reinhart, Mardaljevic, and
Rogers 2006). DA measures the percentage of occupied
hours that illuminance exceeds a certain threshold. UDI
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Table 1. Material properties for daylight simulations.

Building element

Material reflectance or
visible light
transmittance (Tvis) for
glazing and blinds

Recommended range
of reflectance in Annex
B (B3.1)in EN 17037

Ceiling 70% 70%-90%

Interior walls 50% 50%-80%

Exterior 20% 20%—40%
walls/context

Floor 20% 20%—40%

Sill/mullions 50%

External ground
Blinds (fabric

20%
Tvis = 4.8%, openness

20%
5% annual glare

shade) factor 2.9% discomfort, and
OF < 4%and
Tvis < 8% (Chan,
Tzempelikos, and
Konstantzos 2015;
European Committee
for Standardization
(CEN) 2018, 2021a)
IGU without frit Tvis = 48% -
Frit pattern, fixed Tvis = 20%,
properties SHGC = 0.19
(Kalwall 70 mm)
Frit pattern, South, Tvis = 5%,
variable Frit = 90%; East,
properties by Tvis = 12%,
orientation Frit = 70%—-80%;

(Kalwall 70 mm)

West, Tvis = 20%,

Frit = 60%—-70%;,
North, Tvis = 30%,
Frit = 40%-60%

defines a range of useful illuminances, typically between
100 and 3000 lux. Spatial DA (sDA) reflects the percent-
age of the workplane meeting the target illuminance, for
at least half (50%) of the occupied hours (IESNA-Daylight
Metrics Committee 2013). The ‘Daylight Provision’ crite-
ria in EN 17037 evaluate annual illuminance levels based
on 50% of daylight hours, requiring also a minimum illu-
minance for 95% of the workplane (Dervishaj et al. 2022).
Further details on sunlight and daylight metrics can be
found in previous studies (Dervishaj and Gudmundsson
2024b).

Material reflectance values are within the ranges speci-
fied in EN 17037 and are detailed in Table 1. The Insulated
Glazing Unit (IGU) of facade modules is a double-pane
glass, with a visible light transmittance (Tvis) of 48%. The
simulation plane is set 0.85 m above the floor and 0.5m
from vertical surfaces (e.g. walls, columns, facade), with
sensors uniformly distributed in a 0.5 m grid, consistent
with EN 17037, as shown in Figure 2(c) (Mardaljevic and
Christoffersen 2017).

Effective approaches for modelling fritted glass in day-
light simulations include using the visible transmittance
of the frit pattern from manufacturer data or employ-
ing translucent materials (Malekafzali Ardakan, Sok, and
Niemasz 2017; Nezamdoost et al. 2017; Reinhart and
Andersen 2006; Roudsari and Waelkens 2015). A more
recent and tested method involves simulating fritted
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Figure 4. Solar radiation analysis on facades (a), and mapping of SHGC (b), and frit cover (c) for glazing. Solar facade design based on
the computational workflow (d), and colouring of modules based on simulation results (e).

glass as two layers, one translucent and clear glazing,
to approximate the specular and diffuse components
of light passing through the frit (Jakubiec 2023). This
method was applied in our study using Kalwall’s translu-
cent products from Climate Studio’s library. Both fixed
and variable frit cover (informed by results in Figure 4)
were simulated.

2.4.3. Glare metrics

Annual Sunlight Exposure (ASE) complements sDA by
indicating potential glare and thermal discomfort, as
outlined in IES LM-83 (IESNA-Daylight Metrics Commit-
tee 2013). ASE represents the percentage of the work-
plane that receives over 1000 lux of direct sunlight for
more than 250 occupied hours in a year. More recent
glare evaluation methods include the ‘Imageless DGP’,
which is implemented in Ladybug Tools, and the ‘Annual

Glare’ method in Climate Studio (Climate Studio n.d.,
Jones 2019). These methods can assess glare for eight
view directions for each sensor point using the Daylight
Glare Probability (DGP) metric (Wienold and Christof-
fersen 2006).

Based on statistical tests, a prior study found DGP
was the most reliable glare prediction metric for daylit
workplaces (Wienold et al. 2019). EN 17037 recom-
mends that the DGP does not exceed a maximum value
(i.e. 35%, 40% or 45%) for more than 5% of usage
time. Similarly, Jones (2019) introduced the concept of
Glare Autonomy (GA) as a ‘fraction of occupied hours
that a view is free of glare’, using the DGP threshold
of 40% for discomfort/disturbing glare. Jones (2019)
defined spatial Glare Autonomy (sGA) as the percentage
of views within a space meeting this glare-free target.



The Imageless DGP and GA have been implemented in
Ladybug.

On the other hand, Climate Studio uses the spatial
Daylight Glare (sDG) metric, defined as the percentage
of views with Disturbing Glare (DG) for more than 5%
of usage time. In this study, Ladybug was used to cal-
culate GA with a 40% DGP threshold, and these values
were converted to a DG (i.e. 100% — GA) for comparison
with Climate Studio’s sDG, which uses a DGP threshold of
38%. Climate Studio relies on the validation study of glare
metrics with experimental data in office settings, which
found average subjective DGP scales of 0.34 (impercep-
tible glare), 0.38 (disturbing glare) and 0.45 (intolerable
glare) (Wienold et al. 2019).

Modelling and simulating dynamic shadings, such as
movable shades and switchable glazing, are the most
implemented adaptive envelope strategies in BPS tools
(Loonen et al. 2017). Modeling dynamic shadings are also
required for achieving LEED daylight credits. The open-
ness factor (OF), referred to as permeability in Climate
Studio, represents the ratio between openings in the
fabric to its total surface area, as defined in EN 14501
(European Committee for Standardization (CEN) 2021a;
Karmann et al. 2023). The fabric shade properties listed
in Table 1 are classified as level 2 (‘moderate effect’) of
the 5-level scale (0-4) for ‘glare control’ according to EN
14501. A previous study developed a systematic method
for selecting blinds based on their glare protection prop-
erties, validated through experiments and simulations
(Chan, Tzempelikos, and Konstantzos 2015). Their study
recommends blinds with an OF below 4% and Tvis below
8% to keep annual discomfort glare frequency below 5%.

2.4.4. Energy

The objective here was to evaluate the energy perfor-
mance of the solar design during the early design stages,
comparing it to a baseline glazed facade, and to identify
energy performance changes in the evaluated scenar-
ios, with and without a re-designed facade for circularity.
Energy simulations were done using EnergyPlus through
the Climate Studio plugin for Rhino (EnergyPlus Devel-
opment Team 2022). The simulation parameters for the
office zone are detailed in Table 2. In addition to the win-
dow type with a Tvis of 48%, two additional glazing setups
with similar transmittance and lower SHGC were tested
to examine how further energy-saving measures through
fixed, or variable SHGC by facade orientation, could affect
energy performance.

3. Results

Section 3.1 introduces the solar facade solution.
Section 3.2 presents solar availability and circularity
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Table 2. Energy simulation inputs (EnergyPlus/Climate Studio).

Dhaka, Bangladesh (23.84°N, 90.40°E)

BGD_DH_Dhaka-Shahjalal.Intl.AP.
419220_TMYx.2004-2018

Tropical Savanna, Dry Winter (Aw)

Extremely Hot (0)

Location
EnergyPlus Weather File (EPW)

Koppen climate zone

ASHRAE climate zone

Zone settings

Zone starting template
Occupancy (or people density)
Occupancy Schedule

O ce (SIA Merkblatt 2024)

0.714 People/m?

Monday—Friday (0~7 0%, 7-8 20%, 8-9
40%, 9-10 60%, 10-12 80%, 12-13
40%; 13-14 60%, 14-16 80%, 16-17
40%, 17-18 20%, 18—24 0%)

Metabolic rate 1.2 Met

Lighting Power Density 8 W/m?

Lighting Schedule Monday-Friday (0-7 0%, 7-18 100%,
18-24 0%)

Equipment Power Density 7W/m?

Dimming Type Continuous

500 lux, based on EN 12464-1:2021
(European Committee for
Standardization (CEN) 2021c)

20°C/26°C (Wang and Gadi 2024)

3 (Natanian, Aleksandrowicz, and Auer

llluminance target

Heating/Cooling setpoints
Coe cient of performance (COP)

2019)
Mechanical Ventilation
Min Fresh Air Person 10 L/s/p
Min Fresh Air Area 1L/s/m?
Heat recovery e ciency 0.7/0.65

sensible/latent
Constructions (thermal transmittance)

Exterior walls/panels 0.2 W/m2K

Roofs 0.2 W/m2K

Exterior Floors 0.2 W/m?K

Air Infiltration 0.5ACH

Floor height 27m

Window 1 (W1) U = 1.44 W/m?K SHGC = 0.415,
Tvis = 48%

Window 2 (W2) U = 1.36 W/m?K, SHGC = 0.3,
Tvis = 47%

Window 3 (W3) U = 1.32W/m?K, SHGC = 0.228,
Tvis = 49.6%

Internal shading system set point 180 W/m?

analysis on facades across three scenarios, and fagade
WWR in Section 3.3. Section 3.4 reports the building-level
daylighting analysis across scenarios. Section 3.5 presents
a detailed comparison of daylighting metrics between
conventional glazed and solar facade designs. Section 3.6
presents energy performance results.

3.1. Solar adaptive facades

Figure 4(a) illustrates the solar radiation on the building
massing, with the south facade having received the high-
est solar energy, up to 1250 kWh/m?. Radiation values
were mapped to a range of SHGC and frit cover, as shown
in Figures 4(b and c). This approach is an optional part
of the workflow (Figure 1) and can be particularly valu-
able for designs favouring a glazed facade, allowing for
the adjustment of frit levels on each panel based on its
envelope position, and helping reduce solar gains and
glare. Figure 4(d) shows the facade design, where the
geometry (openness) of the modules changes according
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to orientation and building levels, due to variations in
solar radiation and context obstructions. The 3D views
in Figure 4(d) highlight the seamless transition of the
design pattern at the envelope corners. In Figure 4(e), the
opague sections of modules are shaded according to the
simulation results, but the process of determining final
facade colours could vary based on design parameters
relevant to the aesthetic concept and incorporated into
the workflow.

3.2. Circular facades and solar availability

Figure 5(a) shows the building massing across the three
Scenarios. The future obstructing tower has a base of 20 m
by 50 m, and a height of 50 m or 100 m, as shown in Sce-
narios 2 and 3, in Figure 5(a). In Figure 5(b), a sensitivity
analysis was done, concerning grid spacing (with a 10-
min timestep), and timestep (with a 0.5m grid), for the
dSA. In this tested case, the SA was not particularly sensi-
tive to grid spacing, with differences of up to 2% between
sunlight exposure levels.

Figures 5(c and e) show the dSA on 21 December and
the annual SA for 75% of the year, respectively. dSA and
annual SA distributions on facades varied to some extent
in Scenario 2 and to a larger extentin Scenario 3. Although
the sun remains relatively high throughout the year at
lower latitudes, the facades assessed in this case resulted
in lower sunlight performance levels in the annual SA,
compared to the dSA. This finding is particularly signif-
icant because standards and regulations typically rely
on winter solstice analysis as the worst-case scenario for
solar access. These results underscore the importance of
annual simulations for a more robust assessment of solar
access.

In Figure 5(f), facade designs for three scenarios are
shown, highlighting the regions where the edge differ-
ence exceeds 0.2 m in Scenarios 2 and 3, relative to Sce-
nario 1. The internal dashed line in Scenario 3 marks the
lower contour of changing modules between Scenarios 2
and 3. To explore the relation between solar availability
and facade circularity, Figure 5(g) reports metric differ-
ences across Scenarios 1-2 and 2-3 for dSA, spatial SA
(sSA) at 50% and 75% of the year, and the SCI (Level 1).
Overall, dSA and sSA metric differences exhibit somewhat
lower results than the SCI (Level 1), as the SCI quanti-
fies only the change due to the additional obstruction
in scenarios 2 and 3. The dSA metrics at 3 and 4h lev-
els show some degree of alignment with the SCI, albeit
with some variations in the spatial distribution on facades
compared to the marked facade regions in Figure 5(f).
The cumulative difference between dSA and SCI (Level 1)
stands at 14% (see Figure 5g). The annual sSA metrics, at
all three sunlight levels, showed good alignment with the

SCI. Specifically, the difference in SCI (Level 1) between
scenarios 1 and 2 is 7.1%, which is within sSA metric dif-
ferences ranging from 4.7% to 10.3%. The SCI (Level 1)
difference between scenarios 2 and 3 stood at 14.3%,
which is within sSA metric differences ranging from 11.7%
to 15.9%. The change in sunlight performance levels, and
in addition the SCI, could suggest the need to design
facades for circularity and reuse for future adaptation to
new urban conditions. It could help mitigate the reduc-
tion of daylight potential in future more dense urban
scenarios. Notably, the sSA, at 25%-50% of daylight hours
(Figure 5d), and 3 and 4 h for 75% of the year (Figure 5e),
showed the highest compatibility with both the SCI and
with the region of the dashed contour in Figure 5(f), in
both Scenarios 2 and 3.

SCI (Level 1) measures the modules that remain unal-
tered when the urban environment changes, indicating
those that still fit for purpose under new urban condi-
tions; depending on the most influential design param-
eters, alternative metrics could be used to track mod-
ule changes, e.g. WWR, SHGC, frit cover. While SCI (Level
1) and solar access metrics both reflect changes in the
surrounding urban environment, the SCI (Level 1) sup-
ports Circular Economy principles, by promoting adaptive
reuse of facades and prioritizing Circular Economy hier-
archy steps like waste prevention/reduction, maintaining
and repurposing of facades (see Circular Economy con-
ceptualizations) (Kirchherr et al. 2023).

The SCI (Level 1) for Scenario 2 is 93% and 79% for
Scenario 3. Since some of the replaced modules can be
reused in the same building, the SCI (Level 2) is expected
to be higher. Table 3 reports the number of panels main-
tained (unchanged), reused (relocated within the facade),
and new panels (replacements) from the re-design and
the respective SCI between evaluated scenarios. Results
are also reported as a ratio to the number of panels that
changes between Scenarios, and as a ratio to the total
number of panels. In all Scenario transitions (1-2, 2-3 and
1-3), the SCI (Level 2) is slightly higher than SCI (Level 1),
highlighting the potential of reusing some panels directly
within the new facade solution and the refinement of the
SCl score.

The combined effects of re-designing the facade twice
(1-2 and 2-3), compared to a single re-design (1-3),
resulted in 5 additional changes of panels, 25 more reuses
of panels, and 20 fewer new replacements/substitutions.
In terms of circular resource flows, multiple facade re-
designs did not lead to increased waste but rather to a
more resource-efficient facade. While this is a theoretical
exercise intended to test the workflow, further studies can
explore additional urbanization scenarios to confirm this
suggestion. Nonetheless, for practical applications, this
part of the workflow is already applicable for comparisons
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Figure 5. Facade design scenarios and their evaluation across solar access and facade circularity metrics (SCI Level 1).

in real projects. Moreover, there is also a great deal of
uncertainty in real-world conditions, such as new projects
may be stalled or delayed, design changes or increases in

building height for maximum densification. Thus the re-
design procedure, involving incremental adaptations at
different stages of a building’s life cycle, can be beneficial
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Table 3. Panels that are reused and replaced, between evaluated scenarios and SCI, within changing fagade regions (see Figure 5).

Panel categorization by edge length

modules (by font

SCl Level 1 and
Level 2 (in

Number of

style): Changing, Ratio to Ratio to total brackets), with
Panels that change Reused/relocated, modules modules (i.e. formulas (1)
between scenarios 0.35m 0.7m 1.05m 14m New/Replaced changed [%] 2686) [%] and (2)
Facade 1 (Scenarios 1-2) 0 191 0 0 191 100% % 93% (95%)
Facade 2 (Scenarios 1-2) 134 57 0 0 57 30% 2%
Scenarios 1-2 di erence —134 134 0 0 134 70% 5%
Facade 2 (Scenarios 2-3) 0 144 244 0 388 100% 14% 86% (91%)
Facade 3 (Scenarios 2-3) 251 137 0 0 137 35% 5%
Scenarios 2-3 di erence —251 7 244 0 251 65% 9%
Facade 1 (Scenarios 1-3) 0 330 244 0 574 100% 21% 79% (85%)
Facade 3 (Scenarios 1-3) 405 169 0 0 169 29% 6%
Scenarios 1-3 di erence —405 161 244 0 405 71 15%

Table 4. Openness of facade design alternatives, WWR (glazed/opaque ratio, see Figure 3).

Conventional
glazed facade

Facade part WWR [%]

Scenario 1
WWR [%]

Scenario 3
WWR [%)]

Scenario 2
WWR [%]

90%
90%

Top floor

Upper part of
tower

Floor (see
Figure 2 and
Section 3.4)

Lower part of
tower

Lowest floor

Whole building

90%

90%

90%
90%

66%
67%

68%

76%

7%
70%

66%
68%

66%
70%

68% 74%

79% 82%

83%
2%

84%
75%

for circular facades. In practice, this type of assessment
should also be complemented with the analysis of energy
savings and life cycle costs of such interventions.

3.3. Facade openness under scenarios

Table 4 reports the WWR for various scenarios. In Scenario
1, the overall WWR (glazed/opaque ratio) of the initial
solar facade design stands at 70%. This ratio experiences
aslight increase to 72% in Scenario 2 and further rises to
75% in Scenario 3. As expected, the lower part of the tower
exhibits a higher WWR compared to the upper part, with
differences between the two standing at 9%, 11% and
12% in Scenarios 1, 2 and 3, respectively. The top and last
floor of the tower had a WWR difference of 11%, 17% and
18% in Scenarios 1, 2 and 3, respectively. The WWR of the
top floor remains unchanged at 66%; while on the lowest
floor, it rises by 6% in Scenario 2, and by 7% in Scenario 3,
relative to its WWR (77%) in Scenario 1.

3.4. Building-level daylight analysis in changing
urban environments

In Figure 6, daylight simulation results are presented for
the massing with the facade design. For clarity of rep-
resentation, sDA results are illustrated separately for the
upper and lower volumes, showing the last, intermediate
and top floor of each volume in the model view.

Figure 6(a) presents results for upper levels, which
are characterized by the same typical floor plan, for Sce-
nario 1. sDA results were consistent between 80.6% and
81.8%. Additionally, UDI results were consistent across
floors, with an average UDI-autonomous between 67.1%
and 68.6%. Thus it can be argued that the computa-
tional workflow not only generates dynamism in the
facade design due to the varying openness but also
guarantees a uniform distribution of daylight on the
floorplan and comparable performance across building
levels.

The existing obstructions, and the new obstruction
in Scenarios 2 and 3, would have a higher impact on
daylight on the lower part of the tower. To investigate
this, Figure 6(b) presents daylight results for the lower
volume of the tower for the three scenarios, using box
plots for sDA and UDI autonomous (300-3000 lux). In
addition, Scenarios 2 and 3 are evaluated against Facade
1 from Scenario 1, and re-designed facades in Scenar-
ios 2 and 3. In Scenario 1, sDA varies between 80% and
85%. In Scenario 2, the 50 m obstruction had a signifi-
cant impact on sDA results, which ranged from 58% for
the lowest floor up to 82% for the higher floor (Facade 1)
and from 61% to 82% in the case of re-designed Facade
2. The facade re-design proved most beneficial for raising
daylight performance for the lowest levels, specifically by
up to 3% points (a 5-6% relative change). In Scenario 3,
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a) sDA and UDI for floor levels of the upper volume of the tower, scenario 1
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b) sDA and UDI for floor levels of the lower volume of the tower, for the three scenarios
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Figure 6. Daylight analysis for upper and lower parts of the building for the three scenarios. The simulation plane in the model view is
shown coloured in green for DA results above 50%, and grey for DA results below 50%.

sDA results ranged more consistently from 58% to 64%
(Facade 1) and from 62% to 67% (Facade 3). The 100 m
obstruction had a significant impact in further reducing
sDA results for some of the upper floors of this lower vol-
ume (by more than 10%), compared to Scenario 2. In line
with the Scenario 2 findings, the Scenario 3 (Facade 3)
re-design raised sDA results by up to 4% for individual
floors.

For the lower part of the tower, UDI results in Sce-
nario 1 were between 64% and 66%. While Scenario 2
results exhibited a larger variation, between 50%—-64%
(Facade 1) and 52%-65% (Facade 2). In Scenario 3,
UDI ranged between 50%-53% (Facade 1) and 53-55%
(Facade 3). Similarly to the sDA assessment, the new
obstructions reduced daylight results, but the re-design
helped to slightly raise the average UDI, by up to 2% in
Scenario 2, and up to 3% in Scenario 3.

The facade re-design in both Scenario 2 (Facade 2) and
Scenario 3 (Facade 3) proved effective at improving the
overall daylight performance. These results demonstrate
the potential of integrating the solar adaptive design
with circular strategies, where the substitution and re-
arrangement of facade modules in response to future
urban changes could help improve daylight performance.

3.5. Daylight performance of solar facade design
compared to a glazed facade

Table 5 presents the daylight and glare results for a
typical floor plan, comparing the conventional glazed
facade to the solar facade (Scenario 1). Figure 7
illustrates these results in the floor plan across the two
facade designs.
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Table 5. Daylight performance and visual comfort results.
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Conventional Solar facade Target in standard (or

Metric glazed facade (Scenario 1) Di erence tested threshold)

mean DF [%] 37% 2.70% —1% 2.3% (BREEAM Int v6, lat. < 40°)

median DF [%)] 2.25% 1.66% —0.59% 1.7% (EN 17037, 300 lux, Nicosia 34.88°N)

Minimum DF [%] 0.66% 0.43% —0.23% -

DF Uniformity (Min. DF/Mean 0.18 0.16 —0.02% 0.3 (BREAM Int v6)
DF) [%]

BREEAM uniformity (Min. 0.29 0.19 —0.10% 0.3 (BREAM Int v6)
DF/Target DF) [%]

BREEAM average illuminance 3815h 3608h —207h =300 lux, > 2000 h
in space [h]

BREAM min. illuminance at 2501 h 2555h 54h =90 lux, >2000 h
worst lit point [h]

SDA (> 300 lux, 50%) [%] 100% 95.80% —4.2% -

sDA (incl. blinds) [%] 92.10% 81.40% —10.70% 40%, 55%, 75% (LEED v4.1 BD + C)

sDA (incl. blinds) [%] with fixed 85.6% (84.8%) —6.5% (—7.3%) The result with variable frit cover by
frit cover orientation is in brackets

ASE (direct sun > 1000 lux, 20% 13.60% —6.40% < 10% (or explain how space addresses glare)
250 h) [%]

sDA (incl. blinds) — ASE 72.10% 67.80% —4.3% -

Blinds open (i.e. not using 83.70% 87.20% 3.50% -
shades during occupied
hours) [%]

UDI <100 lux [%] 8.22% 9.71% 1.49% -

UDI < 100 lux [%] with fixed - 5.6% (5.9%) Result with variable frit cover by orientation is
frit cover reported in brackets

UDI 100-300 lux [%] 14.08% 18.83% 4.75% -

UDI 100300 lux [%] with fixed - 17.1% (17.7%) Result with variable frit cover by orientation is
frit cover reported in brackets

UDI 300-3000 lux [%] 70.14% 67.45% —2.69% -

UDI 300-3000 lux [%] with - 72.7% (72.1%) Result with variable frit cover by orientation is
fixed frit cover reported in brackets

UDI > 3000 lux [%] 7.56% 4.02% —3.54% -

UDI > 3000 lux [%)] with fixed - 4.6% (4.3%) Result with variable frit cover by orientation is
frit cover reported in brackets

UDI 100-3000 lux [%] 84.22% 86.28% 2.06% -

UDI 100-3000 lux [%] with - 89.8% (89.8%) Result with variable frit cover by orientation is
fixed frit cover reported in brackets

spatial Daylight Glare (sDG) [%] 37.00% 27.00% —10.00% Imageless DGP with Ladybug

(DGP > 40%, > 5% of time)

sDG (% views with Disturbing 32.32% 21.24% —11.08% Annual Daylight Glare with Climate Studio
Glare > 5% of time) [%] (DGP > 38%, > 5% of time)

sDG [%)] with fixed frit cover - 25.4% (24.4%) Result with variable frit cover by orientation is

reported in brackets

sDA (incl. blinds) with frit —sDG - 60.2% (60.4%) Result with variable frit cover by orientation is
with frit reported in brackets.

Average Annual llluminance 2009 1434 —575 lux -
[lux]

Average Annual llluminance 1119 900 —219 lux -
(incl. blinds) [lux]

EN 17037 sDA 300 lux [%] 74.93% 59.52% —15.41% 50% sDA

EN 17037 sDA 100 lux [%] 100% 100% 0.00% 95% sDA

sSA % of daylight hours [%] 60%, 21%, 13%,

7%, 1%, 0.2%
59%, 40%, 26%
20%, 11%, 3%

26%, 4%, 0.3%

40%, 10%, 5%,
1%, 0.1%, 0%

38%, 24%, 13%
10%, 3%, 0,5%
3.5%, 0.3%, 0%

sSA > 1.5h, days/year [%]
sSA > 3 h, days/year [%)]
SSA > 4 h, days/year [%)]

Tested threshold of SA metric: 10%, 20%, 25%,
30%, 40%, 50%
25%, 50%, 75%
25%, 50%, 75%
25%, 50%, 75%

20%, 11%, 8%,
6%, 0.9%, 0.2%
21%, 16%, 13%
10%, 8%, 2.5%
22.5%, 3.7%, 0.3%

Static metrics such as DF (mean, median, minimum)
were slightly higher for the glazed facade compared
to the solar facade by 1%, 0.59% and 0.23%, respec-
tively, suggesting better performance for the conven-
tional glazed facade. Both designs met the BREEAM
and EN 17037 targets, which are for the lowest lati-
tudes reported in these standards but fell short on DF
uniformity. llluminance values, an alternative to DF in
BREEAM, were better performance indicators, with both
facades meeting targets. Interestingly, the glazed facade

performed better in the average llluminance target, while
the solar design performed slightly better in the mini-
mum llluminance target.

Regarding climate-based metrics, sDA decreased by
4.2% with the solar facade compared to the glazed facade
(no blinds in the simulation), and by 10.7% when blinds
were included. This result underscores the significant
impact of dynamic shading controls on daylight perfor-
mance. Nevertheless, in both cases the sDA exceeded the
75% LEED target for offices, demonstrating the potential



176 e A. DERVISHAJ AND K. GUDMUNDSSON

of the solar facade in achieving LEED daylight credits.
ASE decreased from 20% (glazed facade) to 13.6% (solar
facade), reducing glare in the floor plan. When consider-
ing both sDA and ASE, the net reduction in daylight avail-
ability (sDA-ASE) was minimal at 4.3%. Another metric of
interest was the percentage of time that blinds remain
open, and therefore do not block views to the outside.
This metric slightly increased from 83.7% (glazed facade)
to 87.2% (solar facade), highlighting the benefit of the
variable WWR of the solar design.

Overall, the UDI metric in the useful range (100-3000
lux) increased by 2.06% with the solar design. There was
a slight rise of 1.49% in the failing range (<100 lux) and
a 2.69% reduction in the autonomous range (300-3000
lux). The improvement in the useful range was driven by
a 4.75% increase in supplemental UDI (100-300 lux) and
a 3.54% reduction in the exceeding range (= 3000 lux).

Slightly lower sDG results were observed using Cli-
mate Studio’s Annual Glare compared to the Imageless
DGP, due to differing DGP thresholds. The solar facade
achieved a 10% reduction in sDG with Climate Studio’s
method and an 11% reduction with the Imageless DGP,
demonstrating a beneficial effect with both glare assess-
ment methods.

The solar design complied with the EN 17037 crite-
ria, with a 59% EN17037-sDA, a 15.41% reduction com-
pared to the glazed facade. The EN 17037-sDA, which uses
daylight hours, showed a larger decrease compared to
the sDA from IES LM 83, which uses occupancy hours.
In contrast, the UDI in the useful range showed an over-
all improvement in daylight performance. In summary,
despite a 20% reduction in WWR, the solar facade showed
only a marginal decline of less than 5% in SDA-ASE, and a
2% improvement in UDI (100-3000 lux). This highlights
the solar facade’s ability to deliver comparable daylight
performance to fully glazed facades, while reducing spa-
tial glare.

3.5.1. Daylight analysis with fritted glass

The DA, UDI and sDG metrics were simulated also with
fritted glass and are reported alongside the results for
opague panels in Table 5. For sDA, fritted glass improved
the solar design’s performance, narrowing the daylight
gap with the glazed facade, by less than 8%. Variable frit
cover by facade orientation improved sDA by 3.5% com-
pared to opaque panels. Failing and supplemental UDI
decreased by less than 4% and 2%, compared to the solar
facade with opaque panels. The autonomous UDI was
raised by around 5% and the excessive UDI by less than
1%. Notably, the UDI in the 100-3000 lux range was the
same for both fixed and variable frit cover (i.e. 3.5% higher
than opaque panels).

Fritted glass raised the sDG of the solar design by
approximately 3% (variable frit) and 4% (fixed frit). The
net daylight performance (sSDA-sDG) was similar for both
fixed and variable frit (60.2—-60.4%). When incorporating
dynamic shadings, the sDG was 16.2% for opaque pan-
els, 18.5% for fixed frit, and 17.7% for variable frit, help-
ing further reduce the fraction of space and views with
disturbing glare.

3.5.2. Sunlight autonomy in the interior

The SA metrics were evaluated for the floor plan. The
ASE contour aligned to some extent with the annual
SA contour for 75% of the year at the 1.5h target, as
marked in Figure 7. Both the glazed and solar facades
showed a larger floor area receiving sunlight compared
to ASE. Specifically, the annual SA (at 25% and 50% of
the year, and 10-20% of daylight hours) showed mostly
a larger floor area compared to ASE results. However,
there is no clear correspondence between the 1.5, 3
and 4h levels with the ASE contour. Instead, there is
a general alignment along the east, south and west
facades.

3.6. Energy performance

Figure 8 presents energy results for the glazed baseline
and the solar facade design (Scenario 1). Scenario 3 is
included to evaluate the impact on energy use, of the
unchanged solar design, and when re-designing facades
for circularity and daylight. The solar facade (Scenario 1)
performs better in terms of energy use intensity (EUI)
compared to the glazed facade, across the two Scenarios,
without and with re-designed facades, and when chang-
ing window designs, such as with a single type of window
design, and with variable SHGC across facades (see win-
dow options in Table 2). In the latter, the Window option
with a lower SHGC was assigned to the South facade, fol-
lowed by the East and West facades, and the higher SHGC
window to the North facade.

When comparing Scenarios 1 and 3, the EUI was
reduced by 2.7% for the solar design, due to the obstruct-
ing tower, having a positive effect in reducing cooling
loads and slightly increasing lighting loads. The facade
re-design in Scenario 3 had a very small effect on raising
energy use by 0.9% (slightly raising cooling and lower-
ing lighting loads). The window selection with varying
SHGC by facade orientation proved effective in signif-
icantly reducing energy use by a further 7.4% (due to
reduced cooling needs). As expected, the window design
with the fixed and lower SHGC (0.228) further reduced
cooling loads to some extent, by 4% (or by 22% if com-
pared to the initial glazed facade).
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4. Discussion

Different authors have explored the environmental per-
formance of parametrically designed urban masses
(Chokhachian et al. 2020; Natanian, Aleksandrowicz, and
Auer 2019; Sprah and Kosir 2020). However, such sce-
narios are relatively rare in real-world contexts, where
retrofits and extensions of existing structures or new
buildings are often inserted into the existing urban fabric.
In this study, the starting point was a conceptual massing
of a case study, which is typically designed by an architect,
and was not necessarily designed through computational
methods. This approach is arguably the most common
in real-world applications. The versatility of the computa-
tional framework presented includes its ability to support
facade design, regardless of whether the massing had
been previously predetermined by the designer or out-
lined in amaster plan, as well asits applicability to existing
buildings.

Previous studies have often used Solar Radiation as a
metric for devising solar control strategies, assessing the
renewable energy potential, or designing solar envelopes
(De Luca and Sepulveda 2023; Lionar et al. 2024; Mau-
ree et al. 2019; Naboni et al. 2019). In this study, solar
radiation was used to control heat gains and natural
light, depending on facade orientation and urban con-
ditions, resulting in a variable WWR for facade modules
across the envelope. Our method can be used to design
various facade patterns, with variable WWR or shading
devices for solar facades. Future research could utilize
parametric approaches, as demonstrated in the literature,
to evaluate urban forms, density and environmental per-
formance (Chokhachian et al. 2020; Liu et al. 2023; Nata-
nian, Aleksandrowicz, and Auer 2019). Additionally, future

work may explore different climate zones and scenarios
with future weather conditions from projected climate
change scenarios (Dervishaj 2023; Doutreloup et al. 2022;
Rodrigues, Fernandes, and Carvalho 2023).

4.1. Facade circularity

The solar, context-adaptive and reusable facade concept
involved both the initial design process and re-design
iterations for adapting to urban context changes. Unlike
numerous studies that assess reuse potential based on
existing conditions or propose algorithmic design work-
flows with new and reused building elements, our work-
flow promotes the design of circular fagcade modules, as
these could be reusable facade elements (Britting, Sena-
tore, and Fivet 2021; A. Dervishaj et al. 2024b). The emerg-
ing concept of circular facades includes the adaptive
facade reuse, and reuse of the facade system/elements,
and its component reuse due to the degradation of some
components in the system (Hartwell, Macmillan, and
Overend 2021). Additionally, IGUs constitute around 50%
of all architectural glazing used and have an expected
lifetime of 25-30 years (Hartwell, Coult, and Overend
2023). In another study, the frequency of expected life-
time for curtain-wall systems was 30 years for the mode
and 42 years for the median (Hartwell and Overend
2020). As such, design and analysis workflows that sup-
port facade circularity while improving building perfor-
mance can be instrumental in future-proofing sustainable
and circular buildings. This approach helps anticipate sig-
nificant urban context changes, such as new surround-
ing buildings, which may take years or even decades,
and aligns with building/facade renovation cycles when
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modules might need repairs/replacements. Thus present-
ing an opportunity for the combination of solar, adap-
tive and circular facade concepts. Additionally, tracking
and tracing tags for facade components would help pro-
vide long-term information needed for repair and reuse
(Dervishaj et al. 2023a; Dervishaj, Hernandez Vargas, and
Gudmundsson 2023b).

The SCI metric yielded a relatively high score because
the facade was designed from the outset with a solar
adaptation concept. It would otherwise yield a low score
if there was no retainment or reuse of previous facade ele-
ments. Thus the SCI favours strategies that maintain (e.g.
repair and refurbish) existing facades (SCI Level 1), and
incorporate reusable fagade elements (SCI Level 2 refine-
ment). In adaptive reuse scenarios, such as retrofitting a
historic building, the WWR (with a module-based approx-
imation of the existing fagade) can be used to draw
comparisons with re-designed facades. A high SCI score
would be beneficial for the retrofit of existing facades, and
for tracking additions from vertical or horizontal expan-
sions of buildings. Although the SCI metric captures some
aspects of facade circularity (maintain, reuse/relocate,
new/replace), it does not assess recycling or disassembly
potential of facade systems. Nor does it account for other
building components or internal structures. For example,
reusing a building’s load-bearing structure while replac-
ing its facades would result in a SCI score of 0. In these
cases, Building Circularity Indicators (BCI) can be used for
evaluating the circularity of the entire project (Cottafava
and Ritzen 2021; Khadim et al. 2023).

In cases where a small building is added to the sur-
roundings, the changes in solar access, as well as the
reuse potential in the facade, may be little; however, re-
designing facades for adaptation may be mostly bene-
ficial in scenarios where urban conditions change suffi-
ciently to prompt another fagade solution, with improved
building performance and circularity. Re-designs could
also be influenced by other boundary conditions like
climate change, or combined effects of climate change
and urban context; however, this aspect remains to be
explored in future work.

Including a low probability of early failure of build-
ing elements would somewhat reduce the SCI score of
the facade. However, substituted modules from facade
changes could in turn be used to replace modules that
failed earlier and reached the end of their service life.
Further, instead of becoming waste, the remaining stock
of these removed and unused modules could be recov-
ered for component reuse and used in the repair of
modules during building refurbishment. Another recov-
ery pathway for modules could be to reuse them in other
projects. For example, if they have comparable dimen-
sions, compatible facade systems or through customized

reuse matching, modules could be incorporated into
another building. Lastly, the component reuse of facade-
subsystems, and recycling of materials, are additional
pathways that could help increase the overall circularity
of facades. However, these aspects are not measurable
with early-stage design workflows, but quantifiable when
making such assessments for an existing facade, through-
out its life cycle or with extensive data from multiple
sources. Such evaluations could rely on circularity met-
rics like the MCI or Reclamation potential, as well as be
used to further refine the SCI calculation (Cottafava and
Ritzen 2021; Hartwell and Overend 2024). Explorations of
these uncertainties can be examined in future studies,
such as through long-term evaluation and tracking of real
projects.

Beyond SCI, the approaches presented in Table 3 and
Figure 5 can aid in comparing design scenarios, by track-
ing the number and type of panels (maintained, reused,
replaced), alongside simple indicators like ‘ratio to mod-
ules changed’ and ‘ratio to total modules’, in response to
urban context changes. Another aspect that could affect
results and decisions when evaluating circularity and life
cycle environmental impacts are the system boundaries
of the assessment (Andersen et al. 2024; Moncaster et al.
2019; Rasmussen et al. 2018). Expanding this analysis in
future work could help to refine reuse potential met-
rics like SCI and critically examine circularity indicators
when assessing the environmental impacts and savings
of reused elements and circular building solutions.

4.2. Window view quality of the solar facade
concept

A view of the outside is essential for occupant health
and well-being, as noted by several studies (Dervishaj
et al. 2022; Ko et al. 2022a; Ko et al. 2022b). Accord-
ing to the window view quality framework, a higher WWR
corresponds to a higher view quality index (VQI), since
it provides greater access to the view (Ko et al. 2022a).
While there is not yet a wide consensus on a computa-
tional approach for computing the VQI, a recent paper
evaluated the effect of geometrical variables on view sat-
isfaction with human subjects (Ko et al. 2023). Their study
found that a minimum WWR of 25% is necessary for a
slightly satisfactory view, and that WWRs above 65% pro-
vided only a marginal improvement to an already very
satisfactory view.

Facade modules in Figure 3 ranged from a minimum
WWR of 38% (lowest openness of the design solution)
to a maximum WWR of 71%. Furthermore, the com-
putational workflow, which measures solely the glazed-
to-opaque ratio of the module, resulted in an overall
70% WWR for scenario 1. This figure is 20% lower than



that of a conventional glazed facade. While there isn't
a standardized WWR measurement practice, accounting
for the slab/spandrel thickness, which is typically defined
in later design stages, would probably result in a some-
what lower WWR figure, and effectively remain within
the 25% to 65% recommended range (Ko et al. 2023).
The solar facade concept, beyond its performance ben-
efits, could also provide higher occupant satisfaction and
visual interest than a fixed WWR along the perimeter of a
floor plan. While this suggestion goes beyond the scope
of this study, future research could explore it using Virtual
Reality (VR) or studies in real occupied spaces.

4.3. Solar availability on facades

Dervishajand Gudmundsson (2024b) demonstrated some
shortcomings of the ‘Exposure to Sunlight’ criteria in
EN 17037, where the chosen day of analysis can signifi-
cantly impact results, afinding substantially significant for
Nordic latitudes. The analysis conducted in Dhaka’s lati-
tude further underscores the importance of annual sun-
light simulations. These findings hold relevance beyond
specific regions and latitudes worldwide. Differences
between dSA and sSA were observed for each sunlight
level, ranging up to 6% in Scenario 1 (specifically for the
3 h target), up to 7% in Scenario 2 (1.5 and 3 h targets)
and up to 16% in Scenario 3 (1.5 h target). The escalation
in differences suggests that the choice of annual metrics
provides a more objective assessment than daily sun-
light assessments, mandated in current standards like EN
17037. Further, annual sunlight metrics may be valuable
for use in contexts expecting densification.

4.4. Building-level daylight performance

Daylight performance was evaluated across scenarios,
demonstrating improvements with re-designed alterna-
tives for circularity. The analysis focused solely on varying
the openness of facade modules, while preserving the
original design aesthetics, and without changing glaz-
ing properties. Additional strategies, such as glazing that
permits more visible light, daylight-redirecting systems
and more reflective surfaces, could further enhance day-
light performance and help reduce the performance gap
between lower and higher levels in the lower volume of
the case study.

Results suggest that the SA metrics applied to facades
can be effective early-design indicators of natural light
in buildings, before interior simulations. Specifically, dSA
on east facades was mostly above 1.5 h in the three sce-
narios, aligning well with sDA and UDI results. While the
annual SA (for 75% of the year) in scenarios 2 and 3 for the
lower volume fellin some regions below the 1.5, 3and 4-h
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thresholds, it related to some degree with interior day-
light metrics. For example, mean sDA dropped by around
20% in scenarios 2 and 3 (from 83.6% to 61.6%—66.5%),
while UDI decreased by at least 10% compared to Sce-
nario 1, but remained above 50%. The sDA/UDI results
(over 60%/50%) can also be attributed to the lesser
impact of obstructions on north and south facades, and
the contribution of diffused and reflected light.

Additionally, an SA below 1.5 h could suggest the need
for passive and active solar strategies to address day-
lighting concerns. At the urban scale, potential strategies
can include further adjusting building shape and WWR
(Manni et al. 2023). At the building scale, strategies can
include advanced fenestration systems and (cool) facade
surfaces with higher reflectivity (Fernandes and Regnier
2023; Konis and Selkowitz 2017). Active systems could
include heliostats, sun-tracking reflectors and BIPV sys-
tems, towards multi-functional facade modules (Jakica
2018; Manni et al. 2023; Yu et al. 2021). Moreover, the
annual SA based on daylight hours showed a strong cor-
respondence with solar radiation analysis, as a proxy for
solar energy potential.

4.4.1. Influence of daylight metrics

Daylight is a key factor in the design of sustainable build-
ings, alongside considerations for views, glare control and
energy loads (Reinhart and Wienold 2011; Tabadkani et al.
2021). There has been a growing adoption of climate-
based daylight modeling (CBDM) in standards such as EN
17037, green building certifications like LEED and WELL
(International WELL Building Institute (IWBI) 2022; U.S.
Green Building Council 2021), and regulations in coun-
tries like Denmark (Mathiasen, Frandsen, and Grgnlund
2022). Despite this trend, Mardaljevic and Christoffersen
(2013) argued that the use of the Daylight Factor remains
widespread in daylight evaluations. For example, the DF is
still used in international standards like BREEAM (Building
Research Establishment (BRE) 2021). In our evaluation, the
llluminance criteria in BREEAM were a good alternative to
the DF.

Previous studies highlighted the importance of con-
ducting daylighting analysis using real-world test cases,
instead of idealized ‘shoebox’ models (Brembilla et al.
2019; Brembilla and Mardaljevic 2019). Simplified mod-
els have been commonly used in research on new facade
concepts (Hosseini et al. 2019b; Hosseini et al. 2020, 2024;
Sommese et al. 2024; Tabadkani et al. 2019; Valitabar et al.
2022). Additionally, most of these studies on new facade
concepts relied on a limited set of metrics, often neglect-
ing the wide range of daylight metrics employed in stan-
dards, green building certification schemes and digital
tools, which are commonly used in practice (Gongalves
et al. 2024). Moreover, we showed that differences in
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the formulation of the metrics and performance thresh-
olds can lead to differing decisions on building perfor-
mance and impact efforts to comply with standards (see
Section 3.4).

4.4.2. Annual glare methods

In the proposal of the imageless DGP, its accuracy was
found to be comparable to that of other prediction meth-
ods (Jones 2019). However, since the imageless DGP con-
siders only the sun and sky as glare sources, it is suitable
for evaluating clear glazing in the evaluated cases but
not for scenarios involving light-redirecting fenestration
systems or electrochromic glazing (Jones 2019).

Additional methods have been proposed in the lit-
erature for efficiently calculating annual glare condi-
tions, including raytraverse and adaptive glare coeffi-
cients (AGC), which would offer broader applicability and
increased accuracy (Wasilewski et al. 2022a; Wasilewski,
Wienold, and Andersen 2022b). However, these methods
have not yet been integrated into widely used tools in
research and practice, such as Ladybug or Climate Stu-
dio. The integration of these methods into these tools
would facilitate the simulation and comparison of adap-
tive facade technologies, such as switchable glazing and
fenestration systems. Further research could examine
daylight improvements and the energy-saving potential
of these technologies in buildings. Currently, there are no
established guidelines for acceptable sDG or sGA values.
However, dynamic daylight assessments can be effec-
tively used for comparing alternatives in the design of
daylit buildings (Reinhart and Wienold 2011; Reinhart,
Mardaljevic, and Rogers 2006), as demonstrated also in
our study.

Laboratory experiments with human subjects have
shown that fabrics with an OF less than 3% can offer effec-
tive glare protection, even when the sun is at the center
of the field of view, which aligned with our selection of
blinds for dynamic shading simulations (Karmann et al.
2023). It should be noted that these recommendations
are based on specific experimental and simulation setups.
More recent studies developing further simulation tech-
niques look to address the potential errors and limita-
tions of earlier glare research (Lu, Wang, and Tzempelikos
2024; Villalba, Yamin, and Pattini 2024). These complexi-
ties were beyond the scope of this study, as the focus was
on leveraging these recommendations for selecting blind
properties and evaluating glare metrics in the examined
facade concept.

4.4.3. Sunlightin the interior

Most standards on solar access measure sunlight at
a point on the window (Dervishaj and Gudmundsson
2024b). An ordinance used in Australia, the SEPP 65,

requires measuring sunlight in the interior, for at least
15 min for 1 m? of space (NSW Government 2015). In this
study, the SA evaluation went beyond the SEPP require-
ment and measured the entire area in the interior receiv-
ing sunlight. In addition, the SA contours resulted in a
larger fraction of space than ASE.

Reinhart criticized the ASE limit of 10% as overly restric-
tive, potentially resulting in uninteresting spaces (Rein-
hart 2015). He suggested that the ASE criteria should only
be applied to areas requiring stringent control of sun-
light. A recent systematic literature review supports this
view, highlighting that the presence of sunlight — with-
out causing visual discomfort — was the most influential
factor in daylight-induced restorative effects (Karaman
Madan et al. 2024); brighter and sunnier environments
were found to enhance the restorative effects.

In addition, a previous study introduced the concept
of an ‘adaptive zone’, where occupants can adjust their
positions to mitigate daylight glare (Jakubiec and Rein-
hart 2012). The SA identified areas beyond the sDG and
ASE, suggesting sun-lit desk placements. This approach
can help relate areas with exterior views or sunlitinteriors,
potentially supporting circadian rhythms. The Sunlight
Autonomy, which is also easily understandable for stake-
holders, can facilitate this process. While current findings
are based on simulations, further research is needed to
validate integrating the SA with the adaptive zone con-
cept, and to explore the potential for circadian lighting
design, through simulations, human subjective evalua-
tions in field studies, or including VR.

4.5. Energy use

The facade re-design had less than 1% (relative change)
impact on energy use, while the daylight improvement
was up to 4% points (6% relative change). Thus, opting
for circular facade systems, that can be replaced, repaired
and refurbished, would be beneficial forimproving build-
ing performance.

A recent review of energy conservation measures in
buildings, under climate change, highlighted the impact
of reducing WWR on energy savings (Duan et al. 2024).
Their study also identified that the SHGC was the most
influential parameter in window design, particularly rel-
evant for enhancing energy efficiency and resilience
to global warming. In cooling-dominated climates like
Dhaka’s, lowering the SHGC can be especially effective
in reducing cooling loads (Duan et al. 2024). Aligned
with these findings, our workflow introduced a vari-
able WWR and applied SHGC values spatially on the
envelope. This reduced the EUI by 7.4%, and by 4%
with the fixed lower SHGC (see Figure 8). Thus design
strategies such as focusing on the thermal properties of



glazing exerted a more significant influence on energy
in this climate than the changes in WWR from the re-
design. While a marginal increase in EUl may be antic-
ipated when increasing the WWR, it can be expected
that future building components (e.g. next 15-30 years),
will likely have to some extent better performance due
to technological advances and requirements in regula-
tions, across thermal and visual comfort. This could help
offset additional cooling energy needs and even reduce
energy use.

Further, a recent study in similar warm climates,
showed that adjusting the cooling setpoint from 26°C
to 27°C or 28°C, reduced the annual energy usage for
cooling by 5 or up to 10 kWh/m?, respectively (Wang
and Gadi 2024). When considering future climates, these
setpoints helped significantly reduce energy usage but
at the cost of decreased comfortable days, recommend-
ing a set point of 26.5% in future weather condi-
tions for 2050. In cases of raising the cooling setpoint,
increased air speed through fans was found to offset
the effect of increased air temperature on occupant’s
comfort (Schiavon and Melikov 2008). Additionally, a
more efficient cooling system with a higher COP would
further reduce the required electrical energy (Schiavon
and Melikov 2008). These simulation-based findings were
confirmed by a field study in the hot and humid cli-
mate of Singapore, with a 26.5°C setpoint, and increased
air movement with fans, resulting in a 32% energy
reduction, without affecting thermal satisfaction (Kent
etal. 2023).

A study found that the global median EUI of electric-
powered buildings (mostly from studies in the USA,
Europe and Asia) was 185 kWh/m?2, and slightly lower for
offices at 174 kWh/m? (interquartile of 97-278 kWh/m?)
(Melo, Carrilho da Graca, and Oliveira Pando 2023). Com-
pared to their median for offices, our building concept
had between 36% and 45% lower energy use (see EUIs
in Figure 8). Studies of adaptive facade technologies had
an average of 25% energy improvement (Gongalves et al.
2024), while our concept delivered a comparable 22%
energy reduction (versus the glazed facade).

4.6. Limitations and future work

Further daylight and energy improvements are poten-
tially achievable based on the previously discussed strate-
gies in the literature. Our study did not include adaptive
facade technologies in the evaluation of the proposed
building concept, such as kinetic systems, smart materi-
als and switchable glazing, except for dynamic shadings
in the simulation. This was done to keep focus and test
the application potential of solar, context-adaptive and
reusable facades.
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Our building concept can help to achieve circular
facades, adaptability and long-term evolvability, build-
ing on the definition of climate adaptive building shells
(CABS). We referred to adaptation in terms of climate and
urban context, including the applicability of the workflow
to new or existing buildings, or within selected facade
regions. While adaptive facades respond to short-term
weather conditions, our concept can help towards long-
term adaptation, and their potential combination can
lead to future-proofing of building envelopes.

Building photovoltaics could be incorporated into the
facade modules. As facade modules with higher radiation
had alower WWR, thereby reducing solar gains in the inte-
rior, the opaque surfaces become available for the inte-
gration of renewable energy systems in facade modules.
Other approaches for solar control, that could be com-
bined with our workflow, include self-shading facades
(inclined facades or modules) and self-shaded surfaces
and materials, such as brickwork facades, additive manu-
facturing for concrete facade panels, and 3D-printed clay-
based facades (Bertagna, Piccioni, and D'Acunto 2023;
EL-Mahdy and Ali 2024, Fleckenstein et al. 2022, 2023;
Lionar et al. 2024).

In future work, the workflow can be tested in cold
climates, such as for the renovation and re-design of
facades in existing buildings. Depending on the exist-
ing facade modules and material, modules may be cut
and changed following a new pattern. For instance, the
workflow could be tested in prefabricated concrete build-
ings in Sweden from the 1960s. Some of these buildings
have a load-bearing structure made of walls and slabs,
and facade modules of less durable materials. Our work-
flow could be used in this case to design new facades,
incorporating workflows for self-shaded modules. Fur-
ther, some precast concrete elements will be reclaimed
from demolished buildings and reused in new projects as
structural elements (Dervishaj et al. 2023a). In this case,
our facade concept and workflow expansion could facil-
itate determining the most appropriate design pattern
with minimal waste when cutting apertures in precast
panels (for upcycling into facade modules). These mod-
ules should integrate insulation to meet current energy
requirements and could improve daylight performance
through solar-adaptive WWRs, considering ongoing den-
sification in Sweden (Bournas 2021; Pantazatou et al.
2023). While retrofitting facades with adaptive technolo-
gies may be challenging due to additional facade weight
(Alvarez-Alava et al. 2023), prefabricated concrete build-
ings may be suitable for such retrofits, where the capacity
of panels may be sufficient. Moreover, the facade module
layers would help protect the concrete from carbona-
tion and moisture, extending its lifespan (Dervishaj et al.
2024b).
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Another aspect of interest is the reuse and avail-
ability of digital building models in future urbaniza-
tion and densification scenarios throughout a build-
ing’s life cycle. For this purpose, Building Information
Modelling (BIM) and digital twins can provide a frame-
work for managing building data and facilitating model
uses across design, construction and operation phases
(Dervishaj 2023a; Dervishaj and Gudmundsson 2024a). A
prior survey on non-technical barriers to design-phase
model sharing and reuse (for calibrating and improv-
ing a building’s operational energy performance) found
that 75% of respondents were open to sharing their
energy models for commissioning and operational pur-
poses (Samuelson, Lantz, and Reinhart 2012). Concerning
technical challenges, open BIM workflows and standards
would facilitate interoperability between digital tools
and support the long-term storage of models and back-
ward compatibility (Kuzminykh et al. 2024; Turk 2016,
2020). An updated survey study would be valuable, cov-
ering additional aspects, like BIM, daylight simulation
models, circularity data and embodied carbon data, to
reflect advances in model and data sharing over the past
decade.

5. Conclusion

This study presented a parametric design workflow for
the solar design of facades that can be reused and
adapted to changes in the urban environment. First, a
solar design and control strategy was proposed to adapt
facades to solar radiation in the urban context. By bridg-
ing the parametric design of facade modules with a fixed
building massing, the workflow supports performance-
driven designs, via spatially varying facade modules or
properties (e.9. WWR, fritted glass, SHGC). This approach
is versatile, accommodating a pre-defined massing from
a master plan or resulting from an optimization pro-
cess, aligning with real-world building practices. Unlike
prior studies assessing facade concepts through simpli-
fied approaches with shoebox models, our workflow inte-
grates the urban context and its changes, and build-
ing performance simulations (daylighting, visual com-
fort and energy use). When the urban context changes,
facades are re-designed and adapted to the new condi-
tion, potentially anticipating future needs, such as repair,
reuse and replacement of facade elements. Our method
also helps preserve the initial solar design aesthetic dur-
ing future redesigns while promoting facade circular-
ity. Additionally, the concept aligns with the definitions
of CABS and building adaptability, making it applicable
to new or existing buildings, and evolving performance
requirements. Key highlights from the case study results
include:

< Asolar circularity indicator (SCI) was proposed to track
alterations during re-design, including maintaining,
reusing/relocating and replacing modules within the
facade. The final SCI score was 85% in the 100 m
obstruction scenario. The SCI can be further refined
with more data when evaluating specific facade sys-
tems, or complemented by other metrics, such as
MCI, Reclamation Potential, Disassembly Potential
(Bergmans, Bhochhibhoya, and Van Oorschot 2023;
Hartwell and Overend 2024).

« Solar availability metrics, the Sunlight Autonomy (SA),
aligned well with SCI, highlighting facade regions
where modules would change from re-design in the
new urban condition. The differences across scenar-
ios 1-3 were: 21.4% for SCI (Level 1), 16.7-23.2% for
annual SA and 7.1-16.2% for daily SA.

* Annual SA results were lower than daily SA (on win-

ter solstice). Significant differences between dSA and

sSA were observed with new obstructions, at each per-
formance target. For the 1.5h target, the difference

(dSA-sSA) was 3% in Scenario 1, 7% in Scenario 2 and

17% in Scenario 3. These findings highlight the impor-

tance of annual sunlight analysis across latitudes, and

the need to rely on a robust method for solar access
when anticipating urbanization and densification.

The facade re-design led to a 3% increase in the build-

ing’s average sDA and UDI, with improvements of up

to 4 percentage points on specific floors.

UDI in the useful range (100-3000 lux) favoured the

solar design over the conventional glazed facade (with

90% WWR). BREEAM'’s llluminance criteria and ‘sDA-

ASE' showed comparable performance between solar

and glazed facades (< 5% difference). However, sDA

based on EN 17037 (with dynamic shadings) revealed
greater differences between the two facades (15% or

9% if subtracting ASE).

Simulated frit cover, fixed or varied spatially across

facades, increased daylight availability (SDA, UDI, up to

5%), but also glare (sDG, up to 4%). However, dynamic

shadings helped alleviate this effect and reduce sDG

by 7%.

Facade re-design had a minimal impact on energy

use (mainly cooling energy), less than a 1% change in

EUI.

Within this computational framework, instead of rely-
ing on a singular parametric design space and classi-
cal optimization, multiple facade patterns can be com-
pared. This enables the exploration of a broader design
space. The study assessed dynamic shadings but did not
explore other adaptive facade technologies. The integra-
tion of adaptive technologies with our method presents a
promising direction for future research, addressing both



short-term weather changes (adaptive facades) and long-
term adaptation (urban context and climate changes),
across several domains (thermal, visual, energy and air-
flow), toward enhanced resilience to climate change
effects, urbanization and densification. The solar design
and workflow helped improve building performance and
can contribute to more sustainable, resource-efficient
buildings. As circularity in the built environment gains
importance, it could help in achieving regenerative build-
ings that adapt to climate change and evolving urban
conditions.
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