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Despite the growing use of parametric and computational tools in sustainable architecture,
there remains a significant lack of research on kinetic shading devices integrated with
photovoltaic (PV) systems. This pilot study addresses this gap by exploring the dual potential
of such systems to enhance indoor daylight quality and generate clean energy in the Saharan
climate of Algeria. The research targets two primary objectives, improving indoor daylight
performance and maximizing solar energy production. Using Grasshopper, Honeybee, and
Ladybug tools, three kinetic shading configurations were evaluated across four desert cities
Biskra, El Oued, Ghardaia, and Ouargla. Simulation results indicate that the shading devices
modestly improved indoor daylight conditions, with the most effective configuration achieving
a Useful Daylight Illuminance (UDI100-2000) of approximately 37% at a 0.2 opening ratio.
However, the overall luminous environment remained suboptimal, as over 56% of the space
experienced under-illumination (UDI<100), and Continuous Daylight Autonomy (CDA)
values remained below 40%. Conversely, the integrated PV systems consistently yielded a
strong energy performance, producing approximately 840 kWh/year across all models and
locations. These findings demonstrate that while improvements in visual comfort were limited,
the use of kinetic PV-integrated facades offers significant potential for clean energy generation
in hot arid climates. Further research is recommended to conduct full optimization simulations
across multiple kinetic models and building typologies to enhance the generalizability and

performance of such systems.

1. INTRODUCTION

In recent years, Industry 4.0's role in supporting architecture
and building and construction-related fields has led to further
understanding of how digital processes and projects interact
with sustainability issues [1]. This is through the search for
innovative architectural solutions and projects in line with the
United Nations Sustainable Development Goals. Building
technology advances have led to the design of new types of
dynamic building elements as a way to achieve a higher level
of sustainability and aesthetics [2], by reducing energy
consumption while offering a more comfortable building
environment [3], as well as improving the aesthetics of its
fagade [4]. All this is also due to the paradigm shift in building
component design identified by the Industry 4.0 scenarios,
which can contribute to the achievement of the UN
sustainability goals, through a multidisciplinary look at
parametric architectural design, simulation and optimization
of building performances [5, 6], and fabrication with advanced
materials [7]. For this purpose, it is appropriate to prioritize
building facade performance, by focusing on the parametric
optimization of daylight and solar energy performance of
building environments through kinetic shading devices
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integrated with other active systems, such as the photovoltaic
one, which can meet the sustainability goals.

Accordingly, this study seeks to address the following

research questions:

(1) How can kinetic shading devices integrated with
photovoltaic systems contribute to the improvement of
indoor daylight performance in building environments?

(2) What is the potential of such systems to generate solar
energy, and how does their performance vary across
different design configurations?

1.1 Sustainability and electricity consumption issues

Sustainability is considered the main orientation of
development, where the decision-makers of the European
Union (EU) focus on the sustainability factor in designing
policies, to contribute, on the one hand, to a better condition
for citizens [8], and on the other hand, to reduce greenhouse
gas emissions in 40% [9] to 55% by 2030 [10]. This will limit
climate change, which has been negatively affected by
increasing global energy demand in recent decades, as well as
limited non-renewable energy resources [11], known as
conventional energy resources [12]. However, there is a strong
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political background to these policies, especially since they
coincided with the rapid increase in electrical energy demand
due to population growth and industrial development [13], and
especially since the EU's energy imports depend mainly on oil
and natural gas [14]. However, this is not just a European
problem, but a worldwide issue, as the UN predicts that the
world's population will reach about 9.7 billion people by the
mid-century, and by the end of this century, this number may
exceed 11 billion people [15]. Furthermore, through the
financial crisis caused by the COVID-19 pandemic, it is
proven that financial factors can affect access to energy [16].
Because this pandemic has led to fluctuations in oil prices and
a decrease in conventional energy resources [13]. Also, it has
generated a significant increase in inequalities, making it a
serious challenge for the UN's sustainable development goals.
Hence, following the 2030 Sustainable Development Agenda,
containing 17 SDGs, is crucial for all the world's countries.
This research focuses particularly on the UN's most prominent
SDGs, namely goal n°7 related to clean and affordable energy,
goal n°11 on sustainable cities and communities, and goal n°3
related to health and well-being.

The construction and building sector represent the second
most energy-intensive in Europe [14]. In most countries of the
world, the situation is similar [17]. For example, this sector
consumes most of Algeria's energy (40%) [18] compared to
the consumption of the transport sector (36%) and industry
(21%) [19]. In addition, in the southern regions of this country,
residential buildings consume about 75 to 83% of the total
electrical energy during the hot season [20]. As a result, the
International Energy Agency is warning that without action,
this sector's energy consumption could increase by 50% by
2050 [21]. Therefore, designers and decision-makers need
today to move towards using renewable energy [22-24] and
energy efficiency as a means to fulfill the goals of sustainable
development [8, 25]. To reach this pursuit, passive [26-29] or
active [30] measures could be applied, especially in the early
design phases. Therefore, it is important to focus on the
building facade performance, e.g., the use of dynamic shading
devices coupled with other systems, especially photovoltaic
ones [31], considering the aesthetic aspect of the buildings [4]
as well as respecting the architectural identity [32], such as that
of Algerian desert and oasis areas. This strategy can be
successful because this country has an energy resource
perfectly suited to the use of renewable energy since the
annual heatstroke in desert areas can reach 3900 hours [11].
This subject has not been studied before in the North African
oasis regions.

1.2 Kinetic shading devices integrated in a PV system

The idea of a kinetic facade means that some parts of the
building envelope are movable to respond to environmental
conditions [33]. The most common and widely used building
elements recently are mobile external shading devices, which
is one of the active shading system classes [34]. The
development of kinetic shading devices was primarily aimed
at amplifying the performance of conventional shading
devices in order to cope with a constantly changing outdoor
environment [35]. Consequently, the installation of shading
devices is nowadays mandatory for public buildings [36] as
well as for residential buildings in desert climates. The reason
for using active shading systems is mainly due to their ability
to optimize the building environment, reduce energy
consumption and, in some cases, produce energy [34].
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Dynamic shading devices, in combination with other systems
such as photovoltaic ones [37, 38], can help meet the
expectations of the parametric environmental design and
analysis, and can also help optimize the indoor atmosphere,
including the performance of daylight [39-41] and electrical
energy [42].

A great deal of research has attempted to explore the
potential of multi-objective optimization of kinetic shading
devices by applying parametric design methods [43-48]. These
attempts have in many cases been successful in controlling
thermal radiation gain, heat loss as well as visual comfort, and
energy consumption. However, few papers have focused on
parametric environmental analysis to design these devices for
buildings located in oasis environments [36], typically
characterized by a desert climate with clear, sunny skies
almost year-round [49-52]. Therefore, it is crucial to seize the
opportunity to understand how these devices affect the interior
environments of these oasis buildings, especially since this is
challenging, given the lack of knowledge in this context in the
scientific literature.
of

1.3 Parametric environmental

performance

optimization

The topic of shading device optimization in buildings is
widely researched [53, 54]. Optimization is a procedure to find
the minimum or maximum value of a function by selecting
specific variables subject to a number of constraints [55]. The
optimization method is often used to find the best alternatives
by exploring a large search area rather than simply finding the
best solution [56]. It is performed by integrating optimization
algorithms into building performance simulations to determine
the optimal solutions within a specified series of variables and
constraints [57]. Several optimization methods are used in the
field of building performance simulation to solve single and
multi-objective problems [4]. These methods are mainly based
on the use of genetic algorithms (GA), which are evolutionary
algorithms [58], widely applied in the field of multi-objective
optimization (MOO) of building performance by integrating
parametric modeling platforms.

All this is due to the rapid development of computer
technology and machine learning, which provides technical
tools that reduce architects' repetitive work, producing
optimization solutions to improve design efficiency, improve
energy efficiency [59] and solve design challenges related to
environmental issues [60]. To achieve these goals, current
tools, such as computer-aided design (CAD) and digital
fabrication, have produced a new generation of complex
geometries that can be designed from regular conventional
shapes [61]. A parametric modeling tool that has been most
widely used in recent times is Grasshopper, which is based on
the Rhinoceros software. The strength of this tool lies in a
large number of plug-ins available for use in various fields.
For example, for parametric environment design and analysis
related to the architectural field, plug-ins such as Honeybee,
Ladybug, or Divia, can be used to simulate everything
concerning the effects of daylight on the interior [62-65].

In an attempt to obtain information to make this
architectural analysis approach more inclusive, this study
considers the design of several kinetic shading devices
integrated with a PV system, while taking into account the
architectural characteristics of the Saharan region, to
maximize the quantity of solar energy on the shading devices
for better performance of the PV systems in electricity



production and optimize the daylight inside the investigated
spaces.

2. METHODOLOGY

In this study, the methodology used is based on the
environmental performance parametric evaluation and
optimization approach, as well as the computational design
based on genetic algorithms. For this purpose, the
environmental performance of several designs of dynamic
shading devices integrated with a photovoltaic system has
been considered. Attempting to maximize the solar energy
received on the shading devices to have a better performance
of PV system, as well as to optimize the indoor daylight
performance of the studied room, respecting the oasis context
architectural identity. Figure 1 summarizes the four main steps
that were followed in this research.

Step 1

Step 2 Step 3

+ UDI Simulation
* llluminance Simulation
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« Architectural space
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Figure 1. Methodological framework

@5}’55

The context of this study is limited to the oases of eastern
Algeria. The Sahara Desert of Algeria is one of the largest in
the world. For this research, the four main desert cities of
Eastern Algeria were considered, namely the city of Biskra,
Ghardaia, El Oued, and Ouargla (See, Figure 2a). As a first
step, the geometric design of the model was done through the
use of Grasshopper software [66] connected to Rhinoceros
software. The model is 31.5 m? (7m, 4.5m, 3m) with a glazing
fagade of (4.3m, 2.8m) oriented south, as illustrated in Figure
2b. This model is the result of an analysis of 19 living rooms
of social and promotional dwellings located in the city of
Biskra.

This study considered three kinetic shading device designs.
These three models' design is presented in Figure 3. The
principal design idea of the first shading device model is based
on a triangular model similar to that used in the famous project,
Al Bahr Towers in the UAE, which has inspired several recent
studies. Subsequently, two other models were developed, one
of them with a square base and the other with a hexagonal base.
The PV cells were integrated into the dynamic components of
the shading devices, See Figure 4 (a, b). For the evaluation
procedure, the main variable defined for this study is the
opening ratio of the dynamic part of the shading device (0.2-
0.8), Figure 4c. The climatic data of the city of Biskra, El Oued,
Ghardaia, and Ouargla were integrated by using a .epw file
obtained by the Meteonorm software.

Kinetic shading devices, common in contemporary
architecture, were modeled with discrete configurations
representing different positions throughout the day. The
shading elements were assumed to be made of anodized
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aluminum, a material widely used in such systems for its
durability and environmental responsiveness.

The photovoltaic system was modeled using the PV surface
component available in Ladybug Tools for Grasshopper. Since
the simulations were conducted using default settings, no
specific commercial PV module was selected. A generic
monocrystalline panel configuration was assumed, based on
the typical parameters embedded in the tool at the time of the
study.

Figure 2. (a) Location of the four studied cities of the
Algerian desert region, (b) Building geometric model

Design 1

Design 2

Design 3
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Figure 4. An example of a test room model scenario includes
a window frame, a kinetic front wall, and PV cells

In the second step, the environmental performance
evaluation was conducted. The verification of the effect of
dynamic shading devices on daylight performance was done
through the simulation of Useful Daylight Illuminance (UDI)
[67, 68], Continuous Daylight Autonomy (CDA), and Average
[lluminance (Avg. E) using the Honeybee extension. While the



evaluation of the effect of solar radiation on PV performance
was examined through the simulation of electrical production
[69] of direct current (DC) [70], based on the Ladybug
extension. The third step, the SPSS software was used for the
realization of the statistical analyses of the obtained results.

3. RESULTS
3.1 Daylight performance evaluation of shading devices

Figure 5 presents the annual daylight analysis results of the
model without shading devices. It is seen in Figure 5a that the
luminous environment of the model without shading devices
is characterized by low percentages of UDI100 2000 for the
different cities (Biskra, El Oued, Ghardaia, Ouargla), where it
is 33.80% (£ 11.69%), 3.65% (£ 11.76%), 34.80% (£ 10.83%)
and 34.68% (+ 10.95%) respectively. In addition, the average
annual illuminance values show that the models located in
these cities are varied between 1931.38% in Ghardaia and
1842.03% in Biskra, with standard deviations of 2469.42%
and 2282.28%, respectively (see Figure 5b), showing that the
luminous environment of these spaces is not uniform.
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Figure 5. Daylighting analysis for the model without shading
devices (a) UDI100 2000, (b) Average annual daylight
analysis

The daylighting analysis of the models equipped with the
three shading devices in the different cities is presented in
Figure 6. It is observed in Figure 6a that the average values of
UDI100-2000 are somewhat similar among the three models
(M1, M2, and M3) in Biskra, where the maximum comfortable
hours percentages are 36.89% (+4.23%), 36.60 % (£5, 85%),
and 35.63% (£7.76%), respectively, for the opening ratio 0.2.
While the percentages of minimum comfortable hours were
13.20% (£12.96%), 15.94% (£15.11%), and 19, 71%
(£15.28%), respectively, for the 0.8 ratios of the three models.
In addition, it is seen that the average annual values of CDA
show that the percentages of the luminous environment of the
three models M1, M2, and M3 do not exceed the 300 lux
during at least 50% of the time, because all values are lower
than 55%. Where the highest CDA values were 36.40%
(£7.53%), 38.26% (£6.87%), and 39.06% (£6.58%) for the 0.2
ratios for each model M1, M2, and M3, respectively. These
low DCA percentages indicate that the luminous environment
produced through the use of these shading devices is
somewhat dark and that may cause an uncomfortable
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condition for the occupants. This condition was confirmed by
the overly high values of UDIless 100, where the M1, M2,
and M3 models reach, 58.63% (£3.43%), 57.63% (£2.77%),
and 57.14% (+2.80%) for the ratio 0.2, respectively.
Furthermore, the maximum mean values of annual
illuminance were 628.92 lux, 855.36 lux, and 1076.13 lux,
respectively, for the three models with a very high standard
deviation of 642.71 lux, 895.94 lux, and 1275.50 lux. These
results confirm the non-uniformity of illuminance in the
interior space of the three models, and this may cause the
phenomenon of contrast to the occupants of the space.

Figure 6(b, c, d), and Table 1 show that the luminous
environment given by using the shading devices of the models
located in the different cities (E1 Oued, Ghardaia, and Ouargla)
is somewhat similar. Whereas the maximum percentages of
UDI100-2000 were 37.23% (£4.17%), 36.51% (+6.54%), and
37.71% (£3.51%), respectively, for the 0.2 ratio of the M1
model in the different cities. Model M2 in these different cities
shows that the percentages of maximum comfortable hours are
36.54% (£5.80%), 37.77% (£3.60%), and 37.29% (£5.17%),
respectively. Similarly, the M3 models located in different
cities were 35.83% 37.54%, and 36.11%, respectively. As in
the case of the models located in Biskra, those of El Oued,
Ghardajfa and Ouargla also show that the luminous
environment provided by the various shading devices is dark,
because the values of UDIless 100 are higher than 56.74%, in
all the cases studied. In addition, the CDA values are lower
than 39.03%, in all cases, which confirms that the luminous
environment of different models located in these cities does
not exceed 300 lux for at least 50% of the annual time.
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Figure 6. Annual daylighting analysis of the models
equipped with the three shading devices in the different
cities: (a) Biskra, (b) El Oued, (c) Ghardaia, (d) Ouargla



Table 1. Summary of daylight performance metrics for all models and opening percentages across cities

City Model Op.% UDI Less 100 UDI 100-2000 UDI More 2000 CDA Avg.E
M1 0.2 58.60 37.23 4.17 36.40 703.37

0.8 86.31 13.03 0.57 13.74  147.76

0.2 57.57 36.54 5.80 3831  958.54

ElOued M2 0.8 70.34 27.26 2.43 27.60  434.14
M3 0.2 57.09 35.83 7.06 39.03  1125.85

0.8 78.63 19.54 1.77 20.17  304.39

M1 0.2 56.74 36.51 6.54 38.69 1107.40

0.8 79.54 17.83 2.57 19.54  357.32

. 0.2 58.60 37.77 3.60 3577 693.47
Ghardaia M2 0.8 87.06 12.00 0.91 1326 149.91
M3 0.2 57.29 37.54 5.17 37.69  939.02

0.8 83.80 15.37 0.77 15.57  149.30

M1 0.2 58.80 37.71 3.51 3583 670.47

0.8 87.17 12.23 0.54 13.11  124.54

Ouargla M2 0.2 57.49 37.29 5.17 3771 913.03
0.8 83.86 15.37 0.71 1551 150.76

M3 0.2 57.03 36.11 6.77 38.63  1103.93

0.8 79.46 17.69 2.77 19.54  414.08

The low daylight performance is mainly due to the compact
geometry of the shading devices, which block a significant
portion of direct sunlight. Their dense coverage and the use of
fully opaque materials further reduce indoor illuminance,
especially in the models with smaller opening ratios.

3.2 Electricity produced by the PV system

Figure 7 presents the average annual power production (DC
energy per hour) of the PV system. The annual average DC
power production of the PV system integrated with the kinetic
shading device of model M1 located in Biskra, El Oued,
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Ghardaia, and Ouargla is 840.608 kWh (£0.071 kWh),
840.618 kWh (£0.072 kWh), 840.654 kWh (£0.076 kWh), and
840.645 kWh (+0.073 kWh) respectively. While the annual
average DC production of the M2 model is 840.402 kWh,
840.412 kWh, 840.434 kWh, and 840.428 kWh for the
different cities, with a very low standard deviation that varies
between (0.047 and 0.56 kWh). While the M3 model of the
annual average value of DC production is similar to that of M1
and M2, where it produces 840,448 kWh, 840,468 kWh,
840,448 kWh, and 840,486 kWh for the cities of Biskra, El
Oued, Ghardaia, and Ouargla, respectively.
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Figure 7. Annual daylighting analysis of the models equipped with the three shading devices in the different cities: (a) Biskra, (b)
El Oued, (¢) Ghardaia, (d) Ouargla

4. DISCUSSIONS AND CONCLUSIONS

Findings from this research suggest, on the one hand, that
the indoor luminous environment produced by the model
without shading devices is characterized by low UDI100-2000
percentages for the four studied cities, which explains why
these spaces can create uncomfortable condition for occupants.
On the other hand, they show that the indoor luminous
environments in the various models are not uniform. In such
cases, where daylight is not adequately controlled, the building

environment may be affected by negative effects [71].
Interestingly, the results indicate that different shading devices
produce relatively similar luminous environments, with the
0.2 opening ratio consistently providing the highest UDI100—
2000 values across all cities. This is mainly due to its ability
to balance solar protection with daylight entry, while
maintaining a larger PV surface area for energy generation. In
contrast, wider openings reduced PV output and allowed
higher daylight fluctuation, resulting in lower visual comfort.
In general, the luminous environments created by the tested
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shading devices remained dark. This is largely attributed to the
depth and density of the kinetic systems, combined with the
use of opaque aluminum panels, which limit light penetration.
As highlighted in the literature, insufficient daylight can affect
occupants' physiological and psychological well-being [72].

However, the integration of PV systems in these devices
yielded annual energy production of up to 840 kWh, which,
while not sufficient for cooling demands, can partially cover
lighting needs in small spaces. This demonstrates the potential
of such systems to contribute to building energy autonomy.
While static shading devices operate with fixed configurations,
kinetic shading devices offer dynamic adaptability, which can
be beneficial in modulating both daylight and energy
performance. However, this adaptability introduces trade-offs,
configurations with higher PV yield often result in reduced
daylighting performance, and vice versa.

The strength of this study is mainly due to its approach
which is based on the parametric optimization and daylighting
performance of buildings equipped by a kinetic shading device
integrated with a photovoltaic system in an oasis context,
including the city of Biskra, Ghardaia, El Oued and Ouargla.
It is important to study the performance of daylighting because
it can positively affect the quality of life, visual comfort,
psychological comfort, health and productivity of occupants
[73], something that falls within the scope of our work.
Furthermore, the annual calculation represents more
accurately the energy losses of partially shaded PV systems,
which has been considered in this study through the pursuit of
maximizing the PV contribution along the year [74].

This study is considered a complementary step to the work
performed by Skandalos and Karamanis [75] who presented
an optimization approach for the integration of photovoltaic
buildings into low energy buildings in different climates zones.
It is also seen as a supplementary study to the work of Khelil
et al. [36] who evaluated the effect of building skin
adaptability on energy consumption in hot and arid regions.

Our results are limited to the evaluation of the impact of the
opening ratio of kinetic shading devices on the performance of
indoor daylighting and the electrical production of the PV
system. Moreover, there is an additional limitation, where this
study is based on the analysis of the parametric optimization
of a single model M1 which is located in the city of Biskra.
Besides, it should be noted that the east and west facades
equipped with a kinetic shading device integrated with a PV
system require further research because dynamic external
shades have the potential to optimize the interior illuminance,
and solar radiation on the building facade depending on the
sun position [68]. Given the conceptual nature of the study, the
simulation results were not validated against real-world
measurements. Future research is encouraged to include
validation through field experiments or monitored case studies.

While this study focused on the performance analysis of
selected kinetic shading devices integrated with PV systems in
oasis environments, it did not include a full parametric
optimization across multiple design alternatives. Therefore,
further research is recommended to expand this investigation
through multi-objective optimization simulations of several
kinetic facade models applied to diverse architectural
typologies and climatic targets. Such studies could further
explore trade-offs between energy efficiency, daylight quality,
material adaptability, and cultural integration, thereby refining
the applicability of parametric solutions in hot arid and other
climate-sensitive regions.
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