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ABSTRACT

Productive Facade (PF) is a multi-functional system used in sustainable and productive
cities, it is the integration of farming and Photovoltaics PV cells in fagade design.
Conversely, buildings could play a serious role in energy and food production while
transforming cities from consumers to producers. Therefore, this paper reviews the current
literature to propose a design strategy for PF. Then, the paper introduces a comparative
study between different alternatives of PF in residential buildings in arid desert hot
climate. The study evaluates the performance of facade designs depending on PF. The
alternatives are the base case, which lacked PV or farming, design 1, which has vertical
farming and PV louvers, and design 2, which has a double-skin fagade with inner farming
and PV. Then, a comparison between measurements of the three alternative models is
undertaken to understand how to adjust PF to improve interior daylighting, thermal
comfort, energy generation, and food production. The findings confirm that applying PF
improves the daylighting and solar heating performance inside a residential building.
Especially, design 2 is more efficient than other alternatives and decreases building energy

consumption.
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1 INTRODUCTION

The implementation of eco-sustainable city ideas has
become a necessity in recent years. This involves
generating promising environmental effects to create the
necessary amounts of energy, food, and water [1-3]
Consequently, a fundamental redesign of buildings is
required to transform them from consumers of resources
to producers [3-6]. The building and construction
industry consumes 30 to 40 % of all primary energy
worldwide. Building integrated photovoltaic (BIPV)
systems and green facades are significant advancements
in achieving sustainable building design and energy
efficiency for buildings, and enhance the changed nature
of cities [4, 7-9]

In the energy field, Egypt receives 3450 hours of solar
radiation annually, making photovoltaic (PV) electricity
generation the most practical option [10]. Also, Diverse
designs of BIPV products have become available on the
market in recent years, including silicon-based solar
cells, thin films, dye-sensitized solar cells, and organic

solar cells, which support a wide range of architectural
integration options and can be used on various types of
buildings to produce better technical and aesthetic effects
[11-14]

On the other hand, a green facade is a key strategy to
reduce air and surface temperatures [15], which increases
cooling demands in summer. The improvements in
winter are due to the green layer’s increased insulation
and work as a wind barrier [16][1]. The studies show the
living green envelope's potential, particularly in terms of
energy use, Co? emissions, and food production.[17-19]
The two primary categories of green facades GFs are
living walls (LWSs) and green facades (GFs). In GFs, the
green layer can be directly attached to the vertical wall of
the structure or indirectly removed (indirect or double-
skin GFs) [4, 20]. Formerly, the plant's growth is aided
by a supporting framework, between the wall and the
canopy, an air gap is made. Different solutions can be
adopted as regards plants’ position and typology. Plants
can be rooted in the ground at the base of the facade or in
pots placed at different heights along the fagade. Useable
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plants can be climbing or cascading, evergreen or
deciduous species. [21] .

Productive facades (PFs) concept aims to integrate
Vertical farming (VF) and photovoltaic (PV) panels,
which are intended to operate as sustainable and flexible
building envelope systems. By enabling on-site
electricity generation, PFs technologies can make a
valuable contribution to building performance, adding
aesthetical values, producing fresh vegetables, and
bringing nature closer to humans [22, 23]

2 REVIEW OF THE LITERATURE
ON BIBLIOMETRIC ANALYSIS

The study uses bibliometric analyses to detect trends
in research evolution within the PF field. The Web of
Science collection database was searched for articles
about productive fagcades that had been published
worldwide between 2013 and 2023. The keywords
"green facade,” "integrated PV," and "productive facade"
were used to locate the pertinent papers. The articles'
bibliometric analysis was carried out using VOSviewer.

A total of 1,578 papers on the subject of productive
facade were found. The keywords are divided into three
clusters, which had a high correlation with the terms:
"efficiency"," Temperature”, "window", "BIPV " and
"green facade". These keywords appeared to be the most
popular keywords as illustrated in Figure 1 since they
had the most links.
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Figure 1: Network and density of the appearance of
keywords of PF design using VOS viewer
As a result, the main keywords are BIPV and green
facade, the study searches for related studies of the two
keywords and PF as the subject that applies the two
concepts in facade design. Table 1 illustrated various
related studies in the three mentioned fields.

Table 1 Most related studies related to the keywords

Keyword Author Year

Methodology

Findings

Analyzing and
modeling the
effects of shade
and

evapotranspiratio

Green facades
help cities
become  more
environmentally
friendly. It can

Convertino o021 N using an help buildings
et al [4] experimental use less energy
prototype of the when it's hot
building with the outside to cool
green fagade. down.
Comparing the Green  facade
possibilities  of effectively
green  facades rejects heat
with coconut during non-solar
coir insulation to hours, it s
reduce room heat surprisingly just
*é‘;lg}?r[j‘g]d 2023 addition in the 6.15%. But by
warm, humid including a coir
Green weather typical mat, the green
facade of E:oastal South facade_:'s
India. capacity to
reduce heat can
rise to 40.3%.
Examining the The southwest-
thermal facing green
performance and fagades
comfort of recorded
indirect  green temperatures of
fagades in India's 8.1°C lower
composite than the bare
climate, the facade  during
Sharad et 2023 research the day. It is
al [24] technique best to install a
utilizes a real- green facade
time with a distance
experimental of more than
study. 150 mm
between the
greenery system
and the facade
surface.
This study Compared to a
investigates the standard PV
effects of various facade, the
PV fagade tilt naturally-
angles on the PV ventilated PV
cell  efficiency facade was
and surface successful in

BIPV Lietal [7] 2017

temperature  of
the naturally
ventilated PV
facade, the CFD
approach is the
primary
methodology.

lowering the
surface
temperature  of
the PV module
and increasing
its power
generation
efficiency.
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complementary
colors were the
most
aesthetically

appealing type.

The objective of The annual
the comparison energy yield of
study is  to the south
comprehend the modules is more
energy significant
efficiency of then the east and
BIPV ventilated west modules.
Alhammad 2022 facade The second
ietal technologies as best-performing
well as the orientation s
effects of therefore found
orientation and to be the east.
high
temperatures in
Dubai's  harsh
climate.
Building energy The greatest
simulation peak power
(BES) was used generation from
in a comparison 4.3 to 4.8% can
study of two be achieved
BIPV  fagades experimentally
“Curpek (with and with a 10-14 %
without the PCM reduction in PV
and Cekon 2022 .
layer) to panel operating
[26] .
examine how temperature by
sensitive  they using phase
were to change material
temperature in a BIPV

changes and how
much electricity

system.

they produced.
The study The integration
develops and of fagade BIPV
evaluates the for low-rise
viability of an residential
. integrated grid- buildings boosts

Pa;'?;% et 2023 connected system  energy
Rooftop and generation by up
Facade Building to 62.5%.
Integrated

Photovoltaic
(BIPV) system.

and Zhao 2016

when evaluating

Keyword Author Year Methodology Findings Keyword Author Year Methodology Findings
Methodical The findings The With the slab
approach for indicated that integration  of block and
high-rise side  balconies agricultural and contemporary
buildings  with may maximize solar systems on block
balconies in the interior lighting building facades typologies, just
Northern climate and solar energy at urban and one case reaches
to integrate harvesting and facade  scales, the goal of self-

Xiang and photovoltaics that FIPV respectively. sufficiency,
Matusiak 2022 into the facade designs with Three  density while only two
[25] design. partial balcony and  geometry cases do so for
railing regions T characteristics  the point block
. ablada
in were chosen typology.

Hence, plot

(28] 57 examples in ratio and
total, including building height
plot ratio, site are the
coverage, and indicators with
building height.  the most

influence on a
community's
ability to
provide for its
own food and
energy needs.
PE A methodology These systems
used in the can be used at
creation of higher latitudes,
modular PF offering a
prototypes that comparable
provide the best framework for
PF options for optimization to
Tablada et 2018 Singaporean increase energy
al [22] residential and food
structures, by production
using the while also
Grasshopper meeting indoor
parametric  tool thermal and
and VIKOR optical
optimization performance
method. requirements.
The study The survey
examines by a revealed  that
survey if the 58% of
occupants  will respondents
Kosori¢ et 2019 find PV thought PFs
al [5] appearance contributed

acceptable in
high-rise public
housing
complexes.

favorably to the
aesthetics of
HDB residential
buildings.

Other than these pilot studies, no other research has

examined the impact of BIPV and building-integrated
agriculture (BIA) on the performance of daylighting and
heat gain, especially in Egypt. The objective of this study
is to design and simulate potential solutions for food and
energy production on vertical facades of residential
buildings using PF systems, to reduce dependence on
food and energy imports, and take into account the
social, economic, and environmental advantages of BIPV
and urban farming.
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3 METHODOLOGY

The general framework of the formation, evaluation,
and improvement of PF prototypes is shown in Figure 1.

e Phase 1 involved defining the scope, design concept,
and critical implementation techniques for PFs using
the reference materials that were accessible and
conversations with regional experts on both BIPV
panels and BIA systems.

e Phase 2 examined the different variables in PF design
like orientation, facade design, farming layer, and PV
cells.

e Phase 3 begins with the definition of criteria
functions, which are the quantitative and qualitative
assessment criteria after the design alternatives had
been presented. The acceptable performance ranges
taken into account were also established by Egyptian
building codes and performance benchmarks
suggested in the literature about the criteria functions:
potential for indoor daylight and potential for solar
exposure.

e Phase 4 presents a simulation of the PF prototypes'
designs via simulation software and evaluates the
performance of prototypes.

e Phase 5 is related to defining the most effective and
suitable system and defining any needed editing in
the design to determine execution techniques.

Define implementation
techniques for PFs

Variables for different

types of PFs
Orientation Fagade design Farming layer PV cells
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E e £ | g H g ]
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= & 2 =
Definition of criteria
functions
Daylighting Thermal Energy Food
and glare Performance production production

(04 Phase4d

Selecting
simulation
software

Simulation and evaluation

Define case study
dimensions and
materials

Simulation Comparing ‘

results

Defining the most
effective design

Figure 2: Proposed design strategy of PF

4 RESULTS AND DISCUSSION

The used materials in the base case and the proposed
designs are illustrated in Table 2. Also, Figure 3 shows
the dimensions of the simulated room. The tilt angle of
the PV cell in design 1 is 45 degrees and the distance

between the facade double layer in design 2 is 1 meter.
The used climate file is Port said, Egypt which has an
arid desert hot climate according to the Koppin climate
zone. Finally, the tested facade is oriented into south
direction.

Table 2. Used materials

layer Material R.vis T.vis
Window Clear glass 8.4% 87.7%
Ceiling White ceiling 85.7% 0%
PV Film P\_/ on white 5.6% 0%
exterior louver
Plants grass 13.2% 0%
Floor White ceramic tiles 89.1% 0%
walls White painted wall 87.4% 0%
External Clear glass 149%  77.4%
glass

Figure 3: Dimensions of the simulated room

The daylighting and solar exposure simulation was
achieved by using Climate Studio (CS) as a plugin for
Rhinoceros 3D software. It is validated in various studies
like [25, 29-31] The models were established in Rhino
and simulation was performed by CS, as shown in Figure
4. This innovative plugin is used as a quick and
environmental performance measurement tool as it is
built on Energy Plus and a novel Radiance-based path
tracing technology. Every simulation was built using
data from the local weather (.epw file).

i

a) Base case

b) Design 1

c) Design 2

Figure 4: Simulated designs
In daylighting simulation, the simulation plane is 0.8
meters above the floor level, in the work plane level. On
the other hand, the grid is located at ground level in solar
simulation. In all cases, the sensors are placed every 0.50
meters.
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1.1. Daylight factor

Table 3 shows Daylight factor in different cases.
As expected, daylight factor has been decreases by
adding PV louver and double skin. The medium DF has
decreased by 1.08 and 0.9 respectively in design 1 and
design 2 receptivity.

Table 3. Daylight factor in different cases

Min | Mean | Median . .
Uniformity
DF DF DF
Base
case 3.14% | 5.93% | 4.35% 52.87%
Designl | 2.31% | 4.28% | 3.27% 53.93%
Design2 | 2.47% | 4.43% | 3.45% 55.78%
Likewise, Figure 5 shows the distribution of

daylighting factor in the room based on sensors places.
In general, the base case has higher values of daylight
factor, but that doesn’t reflect better daylighting
performance as the glare probability is not analyzed yet.
Until now, the results conclude that design 2 has a better
daylighting performance than design 1.

a) Base case

20%
15%
10%

5

u||||||||||||||uuullllllhhuuhll

X

b) Design 1

c) Design 2

Figure 5: Daylight factor map in different cases
Finally, Figure 5 validates a comparison between the
Base design the and two proposed designs. The chart
illustrates that the DF in base case is extremely high
which can cause glare. While, the two proposed designs
achieved satisfied value more than 2.5%, which is
operative in residential buildings [32].

1234567 8 910111213141516171819202122232425262728293031323334353637383940414243444546474849505152535455565758596061626364

W Base case

Design 1

W Design 2

Figure 6: Comparison of Daylight factor values in all sensors in all cases
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1.2. Glare

The probability of every type of glare is demonstrated
in Table 4. As shown the two proposed designs 1 and 2
have increased the percentage of imperceptible glare, by
14%, and 12 % respectively. Similarly, design 2
decreased the probability of intolerable glare by 12%,
and by 8% in the case of design 1. Finally, the proposed
designs have slightly decreased the percentages of
perceptible and distribution by 1% and 2%. Inclusive,
design 1 performance is best in decreasing glare inside
the room.

Table 4. Glare percentage in different cases

§ ) W) =
B 2 g
5 | 3 g | 8
! =2 = =
=2 o) S o)
D

Base case 55% 9% 11% 25%

Design 1 69% 8% 10 % 14%

Design 2 67% 7% 9% 17%

Similarly, Figure 7 illustrates the annual Daylighting
Glare Probability DGP in the base case and the two
proposed designs. The annual DGP has smaller values in
the proposed design compared to the base case.

% Imzmempe 0% derenstide W 10% Des g W 120 ik

b) Design 1

T mperacpsbic 10 7% Percpri e 3% Dowing B 07 % imtoicrssic

c) Design 2

Figure 7:Annual daylight glare probability DGP in the base
case and proposed designs
After a detailed judgment, design 2 exhibits superior
glare performance with respectable daylight factor
values.

1.3. Thermal Analysis

Figure 8 illustrates the temperature in the base case
and two designs, the charts are exported from climate
studio plugin. The chart illustrates the temperature and
humidity inside the room on the first of august (a
summer month) and the temperature and humidity
around the year. The values in the case of design 1 and
design 2 are lower than the base case Finally, Figure
9Figure 9 proves design 2 decreased the average
radiation temperature by 0.4° ¢ degrees and the minimum
and maximum radiance temperature by 0.3 and 0.7. In
conclusion, PF doesn’t affect the radiance temperature
inside the space.

o
W Ty Wl Mg Sep 04 Mew  De

a) Base case
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Figure 8: Annual temperature of base case and proposed

designs
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Figure 9: Mean Radiation Temperature of base case and
proposed design

1.4. Energy generation and food production

The next step is the energy generation prediction of
PV in the case of the two proposed designs. As
demonstrated in Figure 10, the total solar exposure of the
PV cell of design 1 is 2302 kwh/m?-year. In design 2, it
is projected as 1971 kwh/m?-year as shown in Figure 11.

In conclusion, design 1 has a better ability for energy
production, as the tilt angle help in gaining more solar
exposure.

RadMap 2: All Surfaces: 1971 kWhim?
200

175
150

125

Jan  Feb  Mar  Apr  May Jun  Jd A Sep Ot Nov  Dec

Solar Exposure

Figure 10 total solar exposure on PV cell in design 1

RadMap 5: Al Surfaces: 2302 kWhirm?

Jan Fed  Mar  Apr  May Jun Jd Aug  Sep Ot Nov  Dec
Solar Exposure

Figure 11 total solar exposure on PV cell in design 1

Consequently, the real power generation can be
calculated as by next equation [33]:

PRG = P, x (E/sn) x PR 1)

Where:

P, the nominal power which the module can pro- duce
under standard test conditions

E effective solar irradiance w/m?

S, solar irradiance for standard test condition

PR performance ratio

Real power generation is related to the area of PV,
therefore, despite the total solar exposure in design 1
being more than in design 2, the real power generation of
design 1 is expected to be greater.

In food production, horizontal planting enables more
types of plants with different soil depths. So, Design 2
allows more opportunities, but it needs an additional
supported structure. [34, 35]

5 CONCLUSION

This study presents a systematic method to design PF
for residential buildings in a hot arid climate. It starts
with facade geometry design, daylight simulation,
continues with thermal simulation, and finally a
comparison between a room base case and two different
proposed designs. It shows that interior daylighting, solar
heat gain, and energy productivity performance can be
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enhanced through this integrative approach and applying
productive facade in residential buildings.

The study proposed two designs, the second design
(design 2) has achieved better daylighting and glare
performance. The two designs didn’t achieve a large
enhancement in thermal performance. But, design 1
results are better in total temperature inside the space,
since the vertical planting layer works as a heat insulator.
In energy generation, design 2 has a greater potential as
it allows a wider area covered with PV cells, and its
power generation can be enhanced by changing the tilt
angle, avoiding shade areas. Generally, design 2
achieved better performance as a productive fagade.

Finally, applying PF allows great potential in
enhancing daylighting, and thermal performance, besides
energy and food production. However, it required a
supported structure, and regarding athletically values of
the facade.
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