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H I G H L I G H T S

• A parametric design methodology for PV shading devices (PVSD) is presented.

• Multi-objective optimization is used to balance competing uses of solar energy through the PVSD.

• Total solar energy exploitation can be enhanced through an optimized PVSD system.
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A B S T R A C T

Solar energy can be exploited efficiently in building façades using building integrated photovoltaics (BIPV). This
study presents a methodology to optimize the design of fixed, parametrically modelled PV integrated shading
devices (PVSDs) based on multi-objective optimization (MOO) coupled with integrated thermal, electric, and
lighting simulations. The goal of this work is to gain insight into the potential benefits of using optimization
algorithms for PVSD design. This task is carried out by evaluating the extent to which competing solar energy
uses can be balanced with regard to thermal, visual and electrical parameters; and investigating whether existing
simulation tools successfully characterize the complexity associated with PVSDs.

The methodology developed is used to design and assess the performance of different optimized configura-
tions of a fixed exterior louvre PVSD installed on the southern face of an office building in a Nordic climate. The
parameters used for the optimization were the number of louvre-blades as well as their individual tilt angle and
position along the vertical axis. This allowed the introduction of a higher degree of eclecticism through the
optimization process compared to standard shading systems. The three objectives of the optimization were the
total net energy demand, the energy converted by the PV material, and the daylighting level in the zone mea-
sured as the continuous daylight autonomy. The results highlighted that configurations with smaller louvres
counts were preferable for the specific case study and that optimization increased the performance of the PVSD
compared to a reference case. The results of the study also demonstrated that the application of the proposed
methodology was able to improve the exploitation of solar energy through a multi-domain façade, and thereby
that advanced simulation tools, in this case, allowed overcoming the limitations of more standardized façade
configurations. Based on these findings, it is assumed that methodologies like the one developed in this article
can be a starting point to stimulate successful discussion and foster fruitful collaboration between researchers,
stakeholders, and façade manufacturers, resulting in the development of innovative technological solar in-
tegrated façade solutions.

1. Introduction

1.1. Context of the research activity

The European Union has pledged to cut CO2 emissions associated
with energy use in buildings by one fifth by 2020, a decision which has

resulted in a set of policies to make all new buildings nearly net-zero
energy and improve the performance of the existing building stock. In
this push for a less carbon-intensive built environment, building in-
tegrated photovoltaics (BIPV) and building integrated photovoltaic/
thermal (BIPVT) systems have emerged as one of the most relevant
technological solutions to mitigate CO2 emissions and support the use
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of renewable energy conversion in new and existing buildings [1–4]. In
fact, the demand for photovoltaics (PV) conversion technologies is ex-
pected to grow in the coming years given that electricity consumption is
globally surging [5], and in the EU 27 alone, BIPV systems are projected
to provide over 20% of the energy needs by 2030 [6].

The first BIPV solutions emerged in the 1980s, but at the time, high
costs and complex technical applications obstructed their market up-
take [7]. It wasn’t until the 1990s when increased monetary and re-
search investments to support BIPV as a key application were made
[8–10], that a renewed interest in the technology spurred rapid growth
in the solar industry. Nowadays, the rising popularity of BIPV appli-
cation can be attributed to their suitability for newly developed zero-
energy and zero-carbon building design [11,12], as well as their ability
to help reach benchmarks defined by building energy labels. Despite the
progress made from a technology point of view, implementing BIPV/
BIPVT in shading systems still remains non-trivial from a technical
standpoint and often requires balancing different uses of solar energy
(i.e. passive solar heating vs. solar gain leading to cooling load, day-
lighting vs. PV-conversion). There is, therefore, a need to establish ro-
bust methodologies to support the design and development of new
BIPVT systems with optimized behaviors and increased cost efficiency.

1.2. Balancing competing roles of solar energy through building integrated
PV

Building integrated photovoltaic and thermal applications such as
Photovoltaic Shading Devices (PVSDs) combine the benefits of shading
systems with renewable solar energy harvesting strategies since the
light that is refrained from entering the space is converted to electricity
(Fig. 1). These advanced fenestrations components make up a complex
boundary between the outside- and the inside space of a building, the
dynamics of which strongly affect the visual and thermal quality of the
indoor environment and the energy converted by the system. For this
reason, implementing PVSDs requires additional design considerations
in order to find the correct balance between the competing roles of solar
energy. For example, the transmission of large amounts of solar ra-
diation through glazed elements has both benefits and drawbacks. Good
daylighting increases productivity in workspaces by improving visual
comfort [13] and solar gains contribute to lowering energy use for
space heating and electric lighting. However, too much direct solar
radiation can also lead to overheating and glare issues for the user
[14–16]. But if too much solar radiation is blocked out, despite the fact
that the photovoltaic material will convert more energy, the heating
and artificial lighting demand will increase as a result and negate some
of the original benefits. Therefore, modulating sunlight using PVSDs is a
complex, yet essential measure to keep thermal and visual conditions
pleasant, and is reported to be particularly useful in perimeter spaces of
office buildings where direct sunlight is undesirable [17].

Existing studies have evaluated the potential of PVSDs and high-
lighted that when the systems are well-designed, they may be more
advantageous than both traditional shading devices and unshaded
windows in terms of energy use [18–21]. Optimal use of PVSDs has also
shown to prevent overheating in summers while allowing the pene-
tration of maximum daylight during winter, which translates into ideal
high-quality indoor environments [22,23]. Previous research efforts

aiming to find optimal balances of solar energy through PV integrated
[24] and non-PV integrated shading devices have focused on specific
topics such as visual comfort [14,25], energy use for space conditioning
[26], artificial lighting loads [27], and energy conversion [28]. The
findings have led to the consensus that the “optimal” shading system
depends on a large number of variables related to the building’s fea-
tures (e.g. building category, efficiency of the building systems, effi-
ciency of the building envelope, etc.) [29]; to its location (i.e. weather,
solar angles, orientation, etc.) [30,31]; to the type of shading device
[20]; and to the configuration of the shading device itself (i.e. size of
blinds, blind angle control strategy, etc.) [32–36]. The complexity as-
sociated with designing optimal PVSDs and the large number of input
parameters required to ensure high performance, are thus too numerous
to use any kind of simplistic approach or “rule of thumb”. Instead, a
promising approach to PVSD design is to use advanced building simu-
lation tools coupled with input-flexible methodologies to design sys-
tems with optimal performance.

1.3. Using advanced simulation tools with multi-objective optimization
(MOO)

Accurate simulation of shading devices requires integrated energy
simulation tools that can efficiently couple the thermal and optical
domains of the models [37,38]. When some of the parameters in the
models are variable, these simulation tools can be coupled with opti-
mization approaches based on single- or multi-objective optimization

Nomenclature

cDA continuous daylight autonomy [%]
EC annual cooling energy demand [kWh/m2]
EH annual heating energy demand [kWh/m2]
EL annual lighting energy demand [kWh/m2]
EPV annual PV-converted energy [kWh/m2]
ETOT annual net energy demand [kWh/m2]

Acronyms

BIPV building integrated photovoltaic
BIPV/T building integrated photovoltaic/thermal
CIGS copper indium gallium selenide
MOO multi-objective optimization
PV photovoltaic
PVSD photovoltaic shading device

Fig. 1. A PVSD product from SOLARLAB at the BIPV demo site of the Danish
Technological Institute in Høje-Taastrup (Denmark).
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(MOO) [39–41], which is particularly useful to balance competing de-
sign parameters in high-performance buildings (e.g. low energy build-
ings) [42]. Of these two methods, single objective optimization is more
frequently used because of its simplicity, but most real-life design
challenges involve several design criteria or antagonistic goals which
makes MOO a more valuable approach to managing tradeoffs [43,44].

Conventional louvre blade shading system geometries (i.e. symme-
trically built, homogenous tilt angles) are not usually originally fully
optimized to balance uses of solar energy and instead offer a “one size
fits all” solution. This makes MOO a potentially interesting method to
explore the extent to which PVSD performance could be improved by
changing some of the parameters of the system such as the shape, or-
ientation, or inclination angle of the louvres (e.g. [39,45–47]); while at
the same time limit performance degradation due to environmental
causes such as self-shading [48,49]. The advantage of using an opti-
mization algorithm versus, for example, conducting a parametric ana-
lysis, is that it allows investigating a larger space of solutions.

1.4. Aims and innovative aspects of the paper

This study aims at developing a design methodology based on MOO
with a twofold goal: first, to evaluate the extent to which several it is
possible to balance competing uses of solar energy in PVSDs; second, to
investigate whether existing simulation tools coupled with MOO are
able to address the complexity associated with designing and modelling
systems for optimal use of solar energy.

The methodology developed is novel in that it introduces the pos-
sibility to design PVSDs and by extension BIPV systems by exploring a
larger space of design solutions with a bottom-up approach where the
environmental context and the goal of the system define its geometry.
This process leads to out-of-the box solutions to complex design pro-
blems that require meeting multiple challenges simultaneously (i.e.
balance competing uses of solar energy, responding to facade control
strategies, energy performance targets, material emission thresholds,
etc.). The focus of the study will then not be on the specific final so-
lutions yielded by the optimization, but the process itself as a mean of
improving design methods and gaining insight on possibilities for bal-
ancing solar parameters. In the larger scheme of things, the ambition of
the proposed approach is to have enough impact to create a starting
point for stimulating successful discussion and fostering fruitful colla-
boration between researchers, stakeholders, and façade manufacturers,
resulting in the development of innovative, technological solar in-
tegrated façade solutions.

This remainder of this work is organized as follows: Section 2 pre-
sents the proposed design methodology developed to generate and as-
sess optimal configurations, including the overall research strategy, the
case study used to demonstrate the methodology, and the assumptions
made for the different parameters. This section also provides a detailed
overview of the process of the optimization and the different simulation
and modelling tools used, in addition to presenting the method used to
determine the reference cases used in the analysis. The results and
discussion of the application of the methodology to the case study are
presented in Section 3 and a critical assessment of the study is presented
in Section 4. Finally, Section 5 summarizes the conclusions and im-
plications of this study for future work.

2. Methods and materials

2.1. Overall research strategy

This work is part of a wider research initiative about PVSD appli-
cations lead by the authors. The initial study available in Ref. [50]
focused on design solutions defined by a simple preliminary parametric
analysis of a similar PVSD’s impact on the heating and cooling demand
of a building. The methodology presented in this paper is a step up from
the existing work in that it uses MOO and a fully parametric PVSD
model to evaluate both daylighting and energy-related parameters
while being flexible enough to accommodate any shading device design
for commercial or residential projects.

The overall research goal is to develop a methodology that aspires to
overcome the difficulty of balancing solar energy in building envelopes,
and in particular for PVSDs, as discussed in Section 1.2. The idea is to
break away from the limitations of the more traditional designs with
symmetrical features, and attempt to balance competing uses for solar
energy in PVSDs by letting the system adopt any of the resulting con-
figurations created from the combination of parametrically defined
geometrical inputs.

2.2. Description of the case study

The reference building and the blades system were modelled in the
Rhinoceros environment [51] using Grasshopper [52], a visual pro-
gramming language for parametric modelling; while Ladybug [53], a
Radiance-based plug-in for Grasshopper, was used to conduct grid-based
solar irradiation and daylighting analyses. The energy calculations are
provided by Honeybee [53] which use the EnergyPlus engine [54]. En-
ergyPlus is a whole building energy simulation program based on the
best features and capabilities of BLAST and DOE-2.1, developed under
the auspices of the US Department of Energy and is widely used both in
research and industry.

The geometry of the reference building is given by the Bestest Case
600, which is a 48m2 rectangular room (6m×8m×2.7m) with two
large south facing windows (3m×2m). The PVSD system is based on
the design of an existing non-PV integrated shading system with
105mm wide louvres that can be tilted between 0 and 45° in 15° in-
crements. In the model, both windows are equipped with the PVSD
system, with a center blade to windowpane distance of 16 cm. All of the
parameters in the model can be controlled parametrically to accom-
modate any change in the building geometry, building loads and
schedules or in the PVSD configuration.

The simulations for this study were run over the period of one year
with climate data for the location of Oslo, Norway (EnergyPlus weather
file (.epw), Typical Meteorological Year – TMY). Table 1 shows the
mean monthly dry bulb temperatures, heating degree days for a set
point temperature of 21 °C, and the average monthly global solar ra-
diation for the selected location.

The internal loads and schedules were set according to the
Norwegian Standards NS 3031:2016 and NS3701:2012 using the stan-
dardized values for the office-building category. A proportional re-
sponse artificial lighting control strategy was also implemented to en-
sure a minimum illuminance level of 500 lx on the work plane at a
height of 80 cm above ground. The properties of the building envelope
and the technical systems are listed in Table 2.

Table 1
Average monthly weather data extracted from the .epw file for Oslo, Norway.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Average dry bulb temperature −3.8 −0.9 0.9 4.6 11.9 14.7 17.5 16.5 11.1 6.7 1.8 −1.6
Average monthly global radiation (W/m2) 12 31 77 77 202 207 208 155 92 46 15 6
Heating degree days 676 594 530 416 194 112 44 59 216 351 498 608
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Custom Radiance materials were defined in a Radiance library for
Honeybee to take into account the optical properties of the room’s
surfaces and characteristics of the shading system (Table 3). The values
were set to be conservative and in compliance with the recommenda-
tions from the Illuminating Engineering Society found in standard IES-
LM-83. The window used in the simulation is a triple pane window with
a low-E coating (total U-value= 0.8W/m2 K), with a 16mm gap and
90% Argon gas. The light-transmission was defined as 60% (65%
transmissivity) and the reflectance as 21%, following calculation from
NS-EN 410:2011. A moderate assumption of 65% solar reflection was
made for the frame of the shading device and for all the non-PV-coated
surfaces of the louvre blades. The PV material used, CIGS (copper in-
dium gallium selenide), was assumed to have a reflection of 10%.

2.3. Description of the numerical model's objectives and settings

The proposed methodology was built around integrated whole
building energy (EnergyPlus based plug-ins Honeybee [53]), and daylight
simulations (Ladybug is Radiance based). Fig. 2 provides an overview of
the complexity of the workflow developed and the three main sections
of the model script: Part I) Inputs parameters, climatic reference, oc-
cupancy schedules, energy loads, geometry data of the buildings and
louvres, Part II) Performance simulation in which energy and daylight
simulations are conducted, and Part III) Optimization process using
MOO.

In this study, the input parameters that the optimization algorithm
can modify are the individual tilt angle and the vertical distribution of
the louvre-blades (Table 4). The way the model is scripted, the blades
can freely distribute along the vertical axis z with the only constraint
being that the interspace between the blades must be of at least 5 cm to
avoid the geometry of the blades overlapping. Naturally, as the number
of louvre blades increases, this constraint reduces the number of pos-
sible configurations by diminishing the interval of possible z coordinate
values each blade can adopt.

The three objectives set in the optimization were to minimize the
total annual net energy electricity use (ETOT [kWh/m2 year), maximize
the amount of energy converted into electricity by the PV cells (EPV
[kWh/m2 year), and maximize the daylighting level in the zone mea-
sured as the continuous daylight autonomy (cDA [%]). The annual total
net energy use (ETOT [kWh/m2 year]) is the sum of the electrical energy
use for heating (EH [kWh/m2] year), cooling (EC [kWh/m2year]), and
artificial lighting (EL [kWh/m2]) discounted for the energy converted
by the PV cells (EPV [kWh/m2year]). The PV output was chosen as an
objective despite its influence being partially accounted for in the cal-
culation of the net energy demand. This choice was motivated by the
wish to support maximizing the return on investment associated with
using PV material and because of the high environmental footprint of
PV material [55,56]. To account for self-shading of the PVSD from

blade to blade, the energy converted by the PV material is determined
using a detailed radiation analysis of the light impinging on each blade.
Solar radiation is converted to electricity assuming that 95% of the
blades area is covered with PV material, and 95% of this defined area is
a photovoltaic cell. The PV conversion rate is set to 15% accounting for
all the system losses. The metric used for daylight, the continuous
daylight autonomy (or cDA) calculates the number of working hours a
year a specific surface in a room receives an amount of light over a
given threshold [14]. Hours with illuminance values above the set limit
receive full percentage points, while hours with daylighting levels
below the threshold are awarded a proportional fraction of a percentage
point. The cDA was chosen as the daylight measuring metric as opposed
to the daylight autonomy because of its suitability for office buildings
with regard to larger ranges of user-preferred illuminances, and the
possibility for a softer transition between compliance and non-com-
pliance situations [57].

For this case study, the threshold was set to a minimum of 500 lx
received on a work plane modelled as a point located 0.8m above the
floor level and 2m inwards on the center line one of the windows. The
settings used for the Radiance daylighting analysis are given in Table 5.
The main contributor to simulation time (apart from complex geo-
metry) is the number of ambient bounces (ab) which is a numerical
parameter representing the maximum number of diffuse bounces a ray
of light will go through before being considered fully dissipated.

The value of the ab parameters for the daylighting analysis was
selected after conducting a sensitivity analysis of its impact on the cDA
and simulation runtime. The results of this analysis (Table 6) demon-
strated that the differences in the calculated cDA were marginal (at
most 2% of the value) when the number of ambient bounces varied
from 3 to 6 bounces and the quality was kept constant. The additional
computational time required for the daylight analysis, on the other
hand, was significant and judged unacceptable for a preliminary ana-
lysis when the quality setting was set to a higher value. Given the scope
of this methodology, it was deemed acceptable to use a slightly sim-
plified and conservative daylighting calculation with a number of am-
bient bounces set to 3 and the “low quality” Radiance setting in
Grasshopper to reduce computational time. Note that for this study

Table 2
Thermal properties of the building model and building equipment.

Component Value Unit Note

U-value external wall 0.18 W/(m2 K) Under the maximum value from NS3031
U-value roof 0.10 W/(m2 K) Slightly above the recommended value from NS3701
U-value external floor 0.10 W/(m2 K) Slightly above the recommended value from NS3701
U-value window (3 panes) 0.8 W/(m2 K) Maximum value according to NS3701
g Value 0.54 – N/A
Air tightness 0.6 h−1 Maximum value according to NS3701
HVAC system Ideal air load – Honeybee setting with no air economizer
Internal load lighting 9.6 W/m2 During occupation hours, dimming function to maintain 500 lx on work plane at 0.8 m from floor
Maximum Internal load occupants 382 W Variable according to schedules defined in NS3031
Maximum internal load equipment 21 W/m2 Variable according to schedules defined in NS3031
COP heating system 3 – Heat pump
COP cooling system 5 – Heat pump
Set points (heating-cooling) 21–26 °C Set back to 19° for heating outside occupation hours
Occupation hours 7–18 – Weekdays

Table 3
Optical properties of the surfaces used in the case study.

Material name Material type RGB reflectance Transmissivity

Generic Ceiling_70 Plastic, opaque 0.7, 0.7, 0.7 –
Generic Floor_20 Plastic, opaque 0.2, 0.2, 0.2 –
Generic IntWall_50 Plastic, opaque 0.5, 0.5, 0.5 –
Generic Furniture_50 Plastic, opaque 0.5, 0.5, 0.5 –
Triple Pane Argon90 Glass, transparent – 0.65, 0.65, 0.65
Aluminium_65 Opaque 0.65, 0.65,0.65 –
CIGS_10 Opaque 0.1, 0.1, 0.1 –
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relied on a workstation with 11 CPU allocated to the daylight simula-
tion. The computer used has 24 GB RAM and a 3.46 GHz processor. On
average, each complete run of optimization as described in the next
section took 10 days to run with the listed settings.

2.4. Description of the optimization process

The optimization process was carried out using the genetic MOO
algorithm Octopus and the logic flow given in Fig. 3. Genetic algorithms
use principles similar to those displayed in evolutionary processes in
Nature to find one or a set of good solutions to a problem according to
given objectives. In order to do that, the problem must be modelled in a
parametric manner where a number of variable inputs (i.e. in this work
the tilt angles of the louvre blades and their disposition along the z-axis)
are used to generate changes in the measured outputs of the model (i.e.
ETOT, EPV, cDA). The outputs are evaluated by the algorithm according
to a fitness function that allows quantifying the performance of a set of
solutions

The basic procedure a genetic algorithm follows is to start by
building a random initial population of solutions and to assess the fit-
ness of that population. Then, a loop starts where each iteration re-
presents what is called a generation. The loop consists in selecting the
best-fit individuals from the population to use for reproduction, then
breeding new individuals followed by evaluating the fitness of the new
offspring and finally, replacing part of the population with the fittest
offspring. To ensure that the genetic algorithm is assessing a large en-
ough space of solutions (possibilities) and is able to discover new al-
ternatives, the breeding of new individuals is based on genetic operators
such as crossover- and mutation rates, as well as a crossover- and mu-
tation probability. This loop could in theory run endlessly unless a de-
fined end criterion is reached. For this study, the end criterion was

chosen to be 18 generations with 100 individuals each. More in-
formation about genetic algorithms can be found in Refs. [58,59].

The number of solutions generated is chosen as a compromise be-
tween computational time and having a meaningful number of cases for
the algorithm to be able to find Pareto-optimal solutions. These solu-
tions form what is called the Pareto front when plotted- which in our
case is a 3-dimensional plot. All the points on the Pareto front represent
non-dominated solutions meaning that they embody the best compro-
mise (tradeoff) of performance with regard to competing objectives. All
the other points generated in the optimization process are called
dominated solutions as there is always at least one other solution that
outperforms them.

Fig. 2. Visualization of the workflow developed in the Grasshopper environment.

Table 4
Description of the parameters for the optimization process.

Variable Range of values Unit

Angle of louvre blades 0; 15; 30; 45 Degrees from a horizontal plane
Z coordinate of the center point of each individual blade [0.20; 1.20] Meters

Table 5
Radiance setting for the daylighting simulation.

Ambient
bounces

Ambient
divisions

Ambient
sampling

Ambient
accuracy

Ambient
resolution

3 1000 100 0.1 300

Table 6
Sensitivity analysis of the number of ambient bounces and quality setting for
the Radiance daylighting analysis for a set configuration with 16 louvre blades.

Number of ambient
bounces

Low-quality setting
cDA [%]

Medium quality setting cDA
[%]

3 50 50
4 51 52
5 51 53
6 51 53
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2.5. Reference cases for MOO performance verification

While MOO is a tool often used to evaluate how different para-
meters can be tuned to improve the overall performance of a system,

the results of the optimization must be put in context using a reference
configuration in order to be able to quantify the improvement the op-
timization brings about. For this study, the preliminary groundwork
was done using a parametric analysis which allowed characterizing the
performance of more standard PVSD configurations (i.e. with equally
spaced- and homogenously tilted blades). The study was done in the
same software environments with the same assumptions as described
previously, only without the optimization process.

3. Results and discussion

3.1. Selection of reference cases

The results from the parametric analysis are presented below in
Fig. 4. The procedure followed for this preliminary analysis resembles
the logic described for the MOO study, but the system is constrained to
having homogenously tilted louvre-blades with even spacing. This
means that the number of configurations is limited by the possible tilt
angles of the blades and the number of case studies investigated. For
this study, four cases with four tilt angles and one configuration with no
shading system present were investigated, which resulted in 17 con-
figurations in total. The goal of this procedure was to obtain a picture of
the performance of possible reference cases that could serve as a point
of comparison for the results of the optimization.

The results of the preliminary parametric analysis (Fig. 4) were in
line with the anticipated effect of the shading system: the cooling load
was reduced significantly (up to 60%) while the heating and artificial
lighting loads increased compared to a case with an unshaded window.
Interestingly, even as a non-optimized design, implementing the PVSD
system reduced the total net energy use by 1/3 thanks to the conversion
of solar energy. The results also outlined a trend in some cases where
increasing tilt angles provided smaller solar gains, which as mentioned
previously reduced the cooling demand in the zone, but only up until a
certain point where the artificial lighting demand became so large as a
result of the loss of daylight, that it created excess heat and required

Fig. 3. Flowchart summary of the design methodology.

Fig. 4. Results of the preliminary parametric analysis of the PVSD. The best performing configuration for each case is selected and later used as a benchmark to
evaluate the performance of the optimization results.
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additional cooling. The existence of this trend highlights what appears
to be a “sweet spot” in which the parameters were balanced in a way
that the total net energy use was minimized before it increased again.
This finding supported the idea that optimization could be useful to
exploit this “sweet spot” further.

Based on the results of the parametric analysis, it was chosen to use
a reference configuration with a tilt angle of 15° for the configurations
with 10 and 13 louvre blades, and 0° for configurations with 16 and 19
louvres. For 10 and 13 louvres, this choice is based on the fact that an
angle of 15° provides more energy conversion than a 0° tilt angle,
smaller values of net energy use and only reduces daylighting levels by
a small amount. For the cases with 16 and 19 louvres, a 0° tilt angle
provides significantly more daylight and a very similar value for the net
energy use as a 15° tilt angle despite the PV conversion being less
meaningful.

3.2. Results of the multi-objective optimization

3.2.1. Global results of the optimization
The 2D Pareto fronts for each combination of 2 objectives are shown

in Figs. 5–7. While the Pareto front was clearly defined for the tradeoff
between the cDA value and the PV conversion (Fig. 5) and for the cDA
vs net energy use (Fig. 6), there is no clear relationship for the tradeoffs
between energy use and PV conversion (Fig. 7). This finding supported
the idea that the optimization problem is non-trivial and the relation-
ship between the objectives is complex. An important observation from
these plots is that for each case study (10, 13, 16 and 19 louvres) there
are Pareto points from the optimizations that performed better than the
references with regard to at least two objectives simultaneously. This
indicates that the optimization was consistently able to improve the
performance of the systems and validates the assumption behind the
study, which is that optimization can be used to improve the design of
PVSDs. However, it is also worth noting that some of the results from
the parametric analysis, and thus the references used, are very close to
the Pareto points meaning that there is little room for improvement
especially with regard to daylight levels. The implications of this ob-
servation are discussed later in this section.

For the rest of this section, the references from Section 3.1 were
used as a benchmark to evaluate the performance of five selected Pareto
points for each case study. The Pareto points used from here on in the
analysis were picked as according to two criteria: (i) solutions that best
balanced the cDA value and the net energy use (ii) solutions within that
first selection with highest energy conversion including solutions that
improved all three objectives when they existed.

3.2.2. Case specific results
In this section, 5 Pareto points in each case study were chosen to be

investigated more in depth and selected on the basis of prioritizing the
cDA and the net energy use. This choice followed the reasoning that
these parameters represent direct costs and user comfort variables,
whereas the PV conversion is seen as secondary in addition to being
partially accounted for in the net energy use. Fig. 8 shows the perfor-
mance in terms of daylight availability and energy use for the five
Pareto points from each case study along with the reference used for
comparison. From this graph, one can identify early on the range of the
effect the optimization had on different cases. For example, for a case
with 10 or 13 louvres, both daylight and total energy demand para-
meters were possible to improve. However, for a case with 16 or 19
louvres, only one of the two objectives was possible to improve with the
given number of generations in the optimization. Note that in this
section, all of the percentages described are relative changes in the
value of the parameters.

The performance of each Pareto point was then analyzed in more
detail to understand how the optimization changed the balance of the
different parameters measured. These results are presented in
Figs. 9–12. The analysis of the optimization for the 10 louvres case

showed that the algorithm was able to create PVSD configurations that
could outperform the reference case with regard to all three objectives
simultaneously while maintaining cDA values above 50%. The cDA
was, however, only possible to improve by 3% while ETOT could be
reduced by almost 6% and EPV could be improved by up to 10%. This
last finding is interesting given that this value was achieved for con-
figurations that were not predominantly selected to perform well with
regard to PV conversion alone, yet still provided a significant im-
provement compared to the reference. Overall, the cDA was the para-
meter with the least potential for improvement, this is likely because
the values were relatively high and possibly close to the upper
threshold of what can be achieved in a Nordic climate.

In the case of a PVSD with 13 louvres, the simultaneous improve-
ment for all three objectives was also possible, but only for one of the
Pareto points (Pareto point 5). The four other Pareto points are only
able to improve two of the three objectives at a time. Because of the
point selection being focused on daylighting levels and net energy use,
the Pareto points shown in the analysis are solutions that mainly im-
proved these objectives, and this was done at the expense of a reduced
EPV value compared to the reference. Despite the fact that only one
solution could improve the performance on all fronts, the results show
the optimization of the 13 louvres configuration provided the most
potential for increasing the cDA compared to the reference configura-
tion. Pareto point 1–4 all improved the cDA, with Pareto point 2
achieving a 7% increase in the cDA. In terms of ETOT, the case with 13
louvres only showed moderate possibilities to reduce net energy use
through the optimization, the maximum reduction being 3% in Pareto
point 5. Other Pareto points, which were not selected for this analysis,
showed cDA levels similar to the 13 louvres 0° tilt case but performed
no better in comparison to the latter in terms of ETOT despite showing
increased EPV values.

For the 16 louvres case, there were no optimized configurations that
could improve all three parameters simultaneously and no configura-
tion with a cDA above 50% and improved the reference case. This was
assumed to be in part because the reference case used was already high
performing in terms of the daylighting level in the zone. However, the
performance of both the net energy use and the energy converted by the
PV were possible to improve through the optimization. The optimiza-
tion of the 16 louvres cases was the study that yielded the most po-
tential for reducing the net energy use compared to the reference and
the highest increase in PV conversion. Pareto points 1–3 all maintained
a cDA at 49% while reducing energy use by up to nearly 7% and in-
creased the amount of energy converted by PV by almost 20% for
Pareto point 3. Pareto point 1 represented the solutions that showed the
smallest relative loss in daylight (−1.8%) in comparison to the re-
ference, while still reducing the net energy use by almost 3% and in-
creasing the amount of energy converted by the PV by more than 14%.

Fig. 5. Visualization of the Pareto points from the optimization study with
regard to PV conversion and cDA.
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Pareto points 4 and 5 provided the largest reductions in net energy use
(7–10% relative reduction) which goes in hand with the fact that they
also had the largest increase in PV conversion (relatively 22–23% more
energy converted) but the lowest cDA values (48% and 47%). Finally, it
is interesting to note that there was very little difference in the net
energy use between 13 and 16 louvres, which seems to indicate that 13
louvres was a better option as since it provided better cDA with fewer
louvres and the same ETOT.

For the case with 19 louvres, it was not possible to improve the cDA
through optimization compared to the reference with a 0° tilt angle, and
the smallest loss in cDA (6%) was found for Pareto point 5. The

variation in ETOT was limited with at most a 6% reduction in net energy
use (Pareto point 1). Naturally, the EPV was the parameter, which had
the highest potential for improvement and could be increased up to
23% for Pareto point 1. These results were in line with what could be
expected of a system with a high number of louvres blades when
compared to a reference that prioritized daylighting over energy con-
version. A large number of blades provides a higher amount of area
with PV material and thus, higher ratios of energy converted. However,
the high density of the blades also reduced the daylighting levels
drastically, especially when tilted as they obstruct the windows to a
large extent. Furthermore, due to the non-overlapping condition, the
range of movement of the blades was highly constrained and reduced
the possibility to space out the blades even more in key sections of the
window. Globally, the detailed energy profile shows that the use of
energy was similar for all of the Pareto points, the main difference
compared to the reference case being an increased EL compensated for
with a higher EPV.

For all of the Pareto configurations, the analysis of the cDA grid
showed that daylighting levels were very similar to the reference cases,
with only slight improvements for all of the cases, especially towards
the back of the room (Figs. 13–16). In terms of the distribution of the
louvre blades, the optimized configurations showed a common trend
where the louvres were more spaced in the upper half of the window
than in the lower half. The blade angles also tended to gradually in-
crease towards 45° in the lower half of the window, and in particular for
the louvres below the plan of the daylighting grid (located 80 cm above
the floor level). This maximized conversion in the area where the
louvres had the least impact on daylight penetration. On the other
hand, as can be seen by the different sun angles, from a visual comfort
point of view, these optimized cases may present risks of glare during
the winter if no additional protection is provided to users and de-
pending on the layout of the furniture in the room.

A side-by-side rendering of a configuration with 10 louvres is shown
in Fig. 17 as a way to observe the impact of the shading system on the
view of the outdoors. Based on this rendering, it is expected that a
configuration with few louvres does not significantly obstruct the view,
even in its Pareto optimized form. This is because the louvres with the
highest angle (and therefore which obstruct the view the most) are
mostly located below seated eye level, and still allow a partial view of
the outdoors. This rendering provides a promising preliminary response
to concerns of user acceptance and esthetics of an optimized fixed
PVSD, although these should be evaluated more in depth.

4. Critical assessment of the methodology

4.1. Limitation of the model

The results of the study support the assumption that it is possible to
improve the performance of PVSDs by using optimization. The meth-
odology developed in this study is subject to the same issues most op-
timization problems have, that is the necessity to include enough
parameter flexibility to make sure an optimum is not disregarded but
without over or under constraining the problem. For this study, the
desire to include daylight simulations in the optimization provided a
limitation in terms of speed of the process. The algorithms used in
Radiance require large amounts of computational power, thus if the
optimization runtimes are too long, the methodology will be un-
attractive to a consultant or an architect. It is therefore important to
find a certain equilibrium between the accuracy and effort required.
When this is reached, the optimization can provide a different set of
solutions and may improve the overall performance of the building with
possibly only small additional costs. For this study, the simulation took
an average of 10 days to run but this time could be decreased sub-
stantially if cloud computing was used for example.

Overall the results of the optimization only provided a small in-
crease in performance. This is suspected to be due to a combination of

Fig. 6. Visualization of the Pareto points from the optimization study with
regard to energy use and the cDA.

Fig. 7. Visualization of the Pareto points from the optimization study with
regard to energy use and PV conversion.
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Fig. 8. Visualization of the performance of the selected Pareto points for each
case study in terms of cDA and net energy use compared to the references de-
termined in the parametric analysis.

E. Taveres-Cachat, et al. Applied Energy 247 (2019) 731–744

738



the following points. First, the limitations inherent to the model to
avoid configurations with overlapping louvres (i.e. non-physically
possible configurations) reduce the possibility to fully optimize the
system. Second, if the objectives had been weighted with a hierarchy of
importance, the range of improvement could be very different and one

could potentially improve the performance of the PVSD with regard to
one dominating parameter. In this case study, the optimized solutions
chosen from the Pareto front were picked with the equal priority of
improving both the daylight levels in the room and the total net energy
demand. This means that a large number of Pareto points which

Pareto 1 Pareto 2 Pareto 3 Pareto 4 Pareto 5 

Improvement cDA 1.4 % 0.2 % 3.5 % 2.7 % 2.9 % 

Improvement ETOT 4.2 % 5.7 % 3.6 % 5.7 % 2.7 % 

Improvement EPV 6.3 % 10.8 % 0.8 % 5.9 % 0.9 % 
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Fig. 9. Performance of the 5 selected Pareto points for the 10 louvres case with a comparison to the reference configuration in terms of cDA and ETOT.

Pareto 1 Pareto 2 Pareto 3 Pareto 4 Pareto 5 

Improvement cDA 4.8 % 7.1 % 6.2 % 8.8 % 2.0 % 

Improvement ETOT 1.2 % 0.3 % 1.7 % -7.2 % 3.2 % 

Improvement EPV 1.4 % -5.4 % -7.0 % -7.8 % 3.2 % 
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Fig. 10. Performance of the 5 selected Pareto points for the 13 louvres case with a comparison to the reference configuration in terms of cDA and ETOT.
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substantially improved a single parameter were not selected in the
evaluation. Third, it is reasonable to assume that the results obtained
were influenced by the climatic context in which the building was set
(heating dominated climate) and the technical assumptions about the
building properties and operation. As pointed out earlier, the building
had a low energy demand by nature and was operated with ideal
building systems with high COPs, while the PV conversion efficiency

was relatively low. In a building with a poorer thermal envelope, the
PVSD could have a more significant impact on the net energy demand.
One can also wonder if in a non-heating dominated climate or in lo-
cations closer to the equator, which receive more sunlight, the results of
the optimization would lead to very different configurations, as the
dynamics of the balance in the objectives will be changed and the
cooling demand becomes more important. Additionally, the

Pareto 1 Pareto 2 Pareto 3 Pareto 4 Pareto 5 

Improvement cDA -2.7 % -1.8 % -4.2 % -5.8 % -2.5 % 

Improvement ETOT 6.7 % 2.7 % 7.2 % 9.7 % 3.1 % 

Improvement EPV 19.8 % 14.2 % 21.9 % 23.0 % 17.2 % 
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Fig. 11. Performance of the 5 selected Pareto points for the 16 louvres case with a comparison to the reference configuration in terms of cDA and ETOT.

Pareto 1 Pareto 2 Pareto 3 Pareto 4 Pareto 5 
Improvement cDA -9.6 % -8.8 % -6.2 % -8.7 % -17.9 % 

Improvement ETOT 6.0 % 1.5 % 1.4 % 0.8 % 4.5 % 

Improvement EPV 22.7 % 18.8 % 17.7 % 19.7 % 25.4 % 
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Fig. 12. Performance of the 5 selected Pareto points for the 19 louvres case with a comparison to the reference configuration in terms of cDA and ETOT.
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characteristics of the building in terms of internal loads, also affect the
outcome of the optimization since different loads would change the
energy use profile of the building It is also worth noting that some of
the results from the parametric analysis, and thus the references used
were very close to the Pareto points and might be Pareto configurations
themselves with regard to daylight levels, which makes the task of
improving these parameters more difficult. Finally, it’s possible that the
results of the simulation were somewhat linked to the choice of metrics
used, the minimums set for the daylighting standard, and the choice of
the reference configuration. For this study, the cDA was judged as the
most appropriate metric, but a metric with a harder cutoff, such as the
Daylight Autonomy, may have yielded different results. It is also
questionable whether a threshold of 300 lx should have been used in-
stead of 500 lx.

4.2. Evaluation of the robustness of the optimized solutions

In this study, the approach of using optimization to help design a
shading system was investigated, but this approach is incomplete
without a critical assessment of the outputs of the algorithm. Despite
their indisputable ability to process larger amounts of data than any
human brain could, optimization algorithms are not aimed at replacing
designers or provide a human-centered architectural assessment of the
solutions they identify as high performing. For this reason and due to
the fact that the simulation could in theory run endlessly if no end
criterion was provided, the final step of the approach in the proposed
methodology is to evaluate the best performing solutions from a de-
signer point of view. This requires assessing the performance according
to the objectives of the study and additionally, to consider whether
these solutions are (i) obviously possible to improve with small

Fig. 13. Louvre system with 10 blades. Visual distribution of the cDA (perspective and top view) for the reference configuration and for selected best solution from
the Pareto front, together with the cross section of the louvre system of the optimized solution.

Fig. 14. Louvre system with 13 blades. Visual distribution of the cDA (perspective and top view) for the reference configuration and for selected best solution from
the Pareto front, together with the cross section of the louvre system of the optimized solution.
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changes, (ii) possible to manufacture as a real shading system, and (iii)
architecturally pleasing. For this final step, the two final configurations
selected with 10 and 13 louvres were assessed and modified slightly to
fit these requirements. In the configuration with 10 louvres, the mod-
ifications made were to shift 1 and then 2 louvres in the upper part of
the window from a 15 to a 0° tilt to improve the daylight penetration as
well as increase the aesthetics of the system. This resulted in no de-
tectable change in the cDA but increased ETOT, signifying that the
configuration yielded by the optimization was indeed a non-trivial re-
sult of a complex balancing of the parameters. The same test was run on
a configuration with 13 louvres with the same results, i.e. the cDA could
only be slightly improved but not without increasing ETOT. These
findings indicate that the results of the optimization are sufficiently
advanced and likely to outperform any “manual” optimization. If this
had not been the case, it would be an indication that the optimization

had not run long enough and a larger number of generations would be
necessary.

5. Conclusion

In this article, a design methodology aiming to improve the per-
formance of a PVSD using multi-objective optimization was developed
and demonstrated with the case study of an office building located in a
Nordic climate. The findings of the analysis were compared to defined
reference cases and demonstrated that the application of the proposed
methodology could improve the exploitation of solar energy through a
multi-domain façade. The results also supported the assumption that
advanced simulation tools can be used in some cases to overcome the
limitations of more standardized façade configurations. In particular, it
was found that the increase in performance of the system was more

Fig. 15. Louvre system with 16 blades. Visual distribution of the cDA (perspective and top view) for the reference configuration and for selected best solution from
the Pareto front, together with the cross section of the louvre system of the optimized solution.

Fig. 16. Louvre system with 19 blades. Visual distribution of the cDA (perspective and top view) for the reference configuration and for selected best solution from
the Pareto front, together with the cross section of the louvre system of the optimized solution.
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significant for configurations with fewer louvres as it allowed the
louvres to move vertically in a larger space than when the louvres were
more numerous. This finding was also confirmed by the observation
that optimized configurations with fewer louvres were most likely to
yield results which improved all three of the objectives simultaneously,
something the configurations with higher counts of louvres could not
achieve. In fact, above a given number of louvres, it appeared that one
could only improve two parameters at a time with clear tradeoffs.

Overall, in this study, only a relatively small increase in the global
performance of the PVSD could be achieved with the use of optimiza-
tion. This is believed to be a consequence of the limitations in the
structure of the script used to build the methodological framework and
the boundary conditions chosen for the study. The analysis of the de-
tailed energy profile of the Pareto configurations resulting from the
optimization showed that the total net energy demand was similar for
all of the Pareto configurations regardless of the number of louvres
(about 19 kWh/m2). The main difference in the energy demand profiles
between the final configurations was that as the number of louvres
grew, so did the amount of energy required for artificial lighting, but
this was in turn compensated for with a larger amount of energy con-
verted by the PV. As one would expect, in terms of daylight, the con-
figurations with 10 louvres provided the highest cDA and hence, the
optimization could only improve it by another relative 3% compared to
the reference case, approaching the upper limit of what is achievable in
the chosen climate. The total energy demand ETOT could be reduced by
nearly 6% and the energy converted by the PV EPV could be improved
by up to 10% for the same 10 louvres case. For cases with 13 louvres,
the simultaneous improvement for all three objectives was also possible
but in a relatively smaller range of values than for 10 louvres. However,
when focusing on only two objectives, the cDA could be improved by
7% relatively to the reference case, which made 13 louvres the case
with the most potential for improving daylighting via optimization. The
case with 16 louvres was not able to provide configurations with a cDA
above 50%, but the net energy demand and the PV conversion could be
improved by almost 7% and 20% respectively compared to the re-
ference configuration. The configuration with 19 louvres also proved
difficult to improve the cDA without sacrificing the net energy demand,
and the configuration with the best tradeoffs reduced the cDA by 6%
but improved the net energy use by about 1.5% and provided close to
18% more converted energy.

Future work on the optimization methodology presented in this
paper could consist of removing some of the constraints in the model,
which were put in place to avoid overlapping configurations. A system
which would allow the louvre blades to freely distribute but avoid
collisions through a different control is likely to provide better results.
However, this would require a longer optimization or a larger amount
of computational power than what was used in this study. Additionally,
the degree of flexibility in the system could be further increased by
introducing the possibility to let the optimization algorithm pick the
number of louvre-blades in the PVSD, their size, and whether to have
PV material on each blade individually or to have a reflective coating

instead. Further, the study would be enriched by a multi-climate ana-
lysis, under the assumption that the current study is bound by the
limited amount of solar energy available during a large portion of the
year. The methodology could also be improved with cross-validation of
its outputs with data from experimental setups of the system in full-
scale laboratories. This future part of the work would allow verifying
the in-situ performance of the shading system in different locations, and
it would help to determine real system losses due to self-shading of the
blades and the effect of temperature on the PV cells. Additionally, these
setups could be used to better understand user acceptance of such
systems and risk of glare or visual discomfort because of the irregular
obstruction of the glazed surface.

Acknowledgements

This paper is part of research activities developed in the SkinTech
project funded by the Research Council of Norway under grant No.
255252/E20 and the industrial partners in the project. The authors
would like to acknowledge previous work in the project carried out by
Kristian Bøe and Martin Fischer in their respective Master’s thesis,
which contributed to the development of preliminary versions of the
proposed methodology. The authors would also like to thank the IEA
Task 56 for creating a platform for rich scientific exchange as well as
discussion about current and future research prospects in the field of
solar building envelopes.

References

[1] Assouline D, Mohajeri N, Scartezzini JL. Quantifying rooftop photovoltaic solar
energy potential: a machine learning approach. Sol Energy 2017;141:278–96.
https://doi.org/10.1016/j.solener.2016.11.045.

[2] Buonomano A, Calise F, Palombo A, Vicidomini M. BIPVT systems for residential
applications: an energy and economic analysis for European climates. Appl Energy
2016;184:1411–31. https://doi.org/10.1016/j.apenergy.2016.02.145.

[3] Strzalka A, Alam N, Duminil E, Coors V, Eicker U. Large scale integration of pho-
tovoltaics in cities. Appl Energy 2012;93:413–21. https://doi.org/10.1016/j.
apenergy.2011.12.033.

[4] Shafiei S, Salim RA. Non-renewable and renewable energy consumption and CO2
emissions in OECD countries: a comparative analysis. Energy Policy
2014;66:547–56. https://doi.org/10.1016/j.enpol.2013.10.064.

[5] Allouhi A, El Fouih Y, Kousksou T, Jamil A, Zeraouli Y, Mourad Y. Energy con-
sumption and efficiency in buildings: current status and future trends. J Clean Prod
2015;109:118–30. https://doi.org/10.1016/j.jclepro.2015.05.139.

[6] Defaix PR, van Sark WGJHM, Worrell E, de Visser E. Technical potential for pho-
tovoltaics on buildings in the EU-27. Sol Energy 2012;86:2644–53. https://doi.org/
10.1016/j.solener.2012.06.007.

[7] Ekoe A, Akata AM, Njomo D, Agrawal B. Assessment of Building Integrated
Photovoltaic (BIPV) for sustainable energy performance in tropical regions of
Cameroon. Renew Sustain Energy Rev 2017;80:1138–52. https://doi.org/10.1016/
j.rser.2017.05.155.

[8] James PAB, Jentsch MF, Bahaj AS. Quantifying the added value of BiPV as a shading
solution in atria. Sol Energy 2009;83:220–31. https://doi.org/10.1016/j.solener.
2008.07.016.

[9] Biyik E, Araz M, Hepbasli A, Shahrestani M, Yao R, Shao L, et al. A key review of
building integrated photovoltaic (BIPV) systems. Eng Sci Technol an Int J
2017;20:833–58. https://doi.org/10.1016/j.jestch.2017.01.009.

[10] Yang T, Athienitis AK. A review of research and developments of building-in-
tegrated photovoltaic/thermal (BIPV/T) systems. Renew Sustain Energy Rev

Fig. 17. Side-by-side rendering of the reference case (a) with 10 louvres and the Pareto optimized configuration (b).

E. Taveres-Cachat, et al. Applied Energy 247 (2019) 731–744

743

https://doi.org/10.1016/j.solener.2016.11.045
https://doi.org/10.1016/j.apenergy.2016.02.145
https://doi.org/10.1016/j.apenergy.2011.12.033
https://doi.org/10.1016/j.apenergy.2011.12.033
https://doi.org/10.1016/j.enpol.2013.10.064
https://doi.org/10.1016/j.jclepro.2015.05.139
https://doi.org/10.1016/j.solener.2012.06.007
https://doi.org/10.1016/j.solener.2012.06.007
https://doi.org/10.1016/j.rser.2017.05.155
https://doi.org/10.1016/j.rser.2017.05.155
https://doi.org/10.1016/j.solener.2008.07.016
https://doi.org/10.1016/j.solener.2008.07.016
https://doi.org/10.1016/j.jestch.2017.01.009


2016;66:886–912. https://doi.org/10.1016/j.rser.2016.07.011.
[11] Jakica N. State-of-the-art review of solar design tools and methods for assessing

daylighting and solar potential for building-integrated photovoltaics. Renew
Sustain Energy Rev 2018;81:1296–328. https://doi.org/10.1016/j.rser.2017.05.
080.

[12] Maturi L, Adami J. Building Integrated Photovoltaic (BIPV) in Trentino Alto Adige.
Springer; 2018.

[13] Leslie RP. Capturing the daylight dividend in buildings: why and how? Build
Environ 2003;38:381–5. https://doi.org/10.1016/S0360-1323(02)00118-X.

[14] Jakubiec JA, Reinhart CF. The ’adaptive zone’-a concept for assessing discomfort
glare throughout daylit spaces. Light Res Technol 2012;44:149–70. https://doi.org/
10.1177/1477153511420097.

[15] Matusiak BS. Glare from a translucent façade, evaluation with an experimental
method. Sol Energy 2013;97:230–7. https://doi.org/10.1016/j.solener.2013.08.
009.

[16] Gratia E, De Herde A. Design of low energy office buildings. Energy Build
2003;35:473–91. https://doi.org/10.1016/S0378-7788(02)00160-3.

[17] Tzempelikos A, Athienitis AK. The impact of shading design and control on building
cooling and lighting demand. Sol Energy 2007;81:369–82. https://doi.org/10.
1016/j.solener.2006.06.015.

[18] Zhang X. Building performance evaluation of integrated transparent photovoltaic
blind system by a virtual testbed; 2014.

[19] Alzoubi HH, Al-Zoubi AH. Assessment of building facade performance in terms of
daylighting and the associated energy consumption in architectural spaces: Vertical
and horizontal shading devices for southern exposure facades. Energy Convers
Manag 2010;51:1592–9. https://doi.org/10.1016/j.enconman.2009.08.039.

[20] Mandalaki M, Zervas K, Tsoutsos T, Vazakas A. Assessment of fixed shading devices
with integrated PV for efficient energy use. Sol Energy 2012;86:2561–75. https://
doi.org/10.1016/j.solener.2012.05.026.

[21] Palmero-Marrero AI, Oliveira AC. Effect of louver shading devices on building en-
ergy requirements. Appl Energy 2010;87:2040–9. https://doi.org/10.1016/j.
apenergy.2009.11.020.

[22] Kim JJ, Jung SK, Choi YS, Kim JT. Optimization of photovoltaic integrated shading
devices. Indoor Built Environ 2010;19:114–22. https://doi.org/10.1177/
1420326X09358139.

[23] Oh MH, Lee KH, Yoon JH. Automated control strategies of inside slat-type blind
considering visual comfort and building energy performance. Energy Build
2012;55:728–37. https://doi.org/10.1016/j.enbuild.2012.09.019.

[24] Zhang X, Lau SK, Lau SSY, Zhao Y. Photovoltaic integrated shading devices
(PVSDs): a review. Sol Energy 2018;170:947–68. https://doi.org/10.1016/j.
solener.2018.05.067.

[25] Lee ES, Selkowitz SE, Dibartolomeo DL, Klems JH, Clear RD, Konis K, et al. High
performance building façade solutions PIER final project report. Berkeley, CA
(United States): Lawrence Berkeley National Lab. (LBNL); 2009.

[26] Jayathissa P, Zarb J, Luzzatto M, Hofer J, Schlueter A. Sensitivity of building
properties and use types for the application of adaptive photovoltaic shading sys-
tems. Energy Procedia 2017;122:139–44. https://doi.org/10.1016/j.egypro.2017.
07.319.

[27] Goia F, Haase M, Perino M. Optimizing the configuration of a façade module for
office buildings by means of integrated thermal and lighting simulations in a total
energy perspective. Appl Energy 2013;108:515–27. https://doi.org/10.1016/j.
apenergy.2013.02.063.

[28] Yoo S-H, Lee E-T. Efficiency characteristic of building integrated photovoltaics as a
shading device. Build Environ 2002;37:615–23. https://doi.org/10.1016/S0360-
1323(01)00071-3.

[29] Yoo SH, Manz H. Available remodeling simulation for a BIPV as a shading device.
Sol Energy Mater Sol Cells 2011;95:394–7. https://doi.org/10.1016/j.solmat.2010.
02.015.

[30] Ibraheem Y, Piroozfar P, Farr ERP. Integrated façade system for office buildings in
hot and arid climates: a comparative analysis. In: Dastbaz M, Gorse C, Moncaster A,
editors. Build inf model build performance, des smart constr. 1st ed.Springer; 2017.
p. 273–88https://doi.org/10.1007/978-3-319-50346-2_19.

[31] Bahr W. Optimal design parameters of the blinds integrated photovoltaic modules
based on energy efficiency and visual comfort. Cent Eur towar sustain build,
Prague, Czech Republic. 2013. p. 1–10.

[32] Mandalaki M, Tsoutsos T, Papamanolis N. Integrated PV in shading systems for
Mediterranean countries: balance between energy production and visual comfort.
Energy Build 2014;77:445–56. https://doi.org/10.1016/j.enbuild.2014.03.046.

[33] Datta G. Effect of fixed horizontal louver shading devices on thermal performance
of building by TRNSYS simulation. Renew Energy 2001;23:497–507. https://doi.
org/10.1016/S0960-1481(00)00131-2.

[34] Grynning S, Lolli N, Wågø S, Risholt B. Solar shading in low energy office buildings
– design strategy and user perception. J Daylight 2017;4:1–14. https://doi.org/10.
15627/jd.2017.1.

[35] Hoffmann S, Lee ES, McNeil A, Fernandes L, Vidanovic D, Thanachareonkit A.

Balancing daylight, glare, and energy-efficiency goals: an evaluation of exterior
coplanar shading systems using complex fenestration modeling tools. Energy Build
2016;112:279–98. https://doi.org/10.1016/j.enbuild.2015.12.009.

[36] Hwang T, Kang S, Kim JT. Optimization of the building integrated photovoltaic
system in office buildings – focus on the orientation, inclined angle and installed
area. Energy Build 2012;46:92–104. https://doi.org/10.1016/j.enbuild.2011.10.
041.

[37] Loonen RCGM, Favoino F, Hensen JLM, Overend M. Review of current status, re-
quirements and opportunities for building performance simulation of adaptive fa-
cades. J Build Perform Simul 2017;2:205–23.

[38] Bustamante W, Uribe D, Vera S, Molina G. An integrated thermal and lighting si-
mulation tool to support the design process of complex fenestration systems for
office buildings. Appl Energy 2017;198:36–48. https://doi.org/10.1016/j.
apenergy.2017.04.046.

[39] Khoroshiltseva M, Slanzi D, Poli I. A Pareto-based multi-objective optimization
algorithm to design energy-efficient shading devices. Appl Energy
2016;184:1400–10. https://doi.org/10.1016/j.apenergy.2016.05.015.

[40] Manzan M, Clarich A. FAST energy and daylight optimization of an office with fixed
and movable shading devices. Build Environ 2017;113:175–84. https://doi.org/10.
1016/j.buildenv.2016.09.035.

[41] Manzan M. Genetic optimization of external fixed shading devices. Energy Build
2014;72:431–40. https://doi.org/10.1016/j.enbuild.2014.01.007.

[42] Hamdy M, Nguyen A-T, Hensen JLM. A performance comparison of multi-objective
optimization algorithms for solving nearly-zero-energy-building design problems.
Energy Build 2016;121:57–71. https://doi.org/10.1016/j.enbuild.2016.03.035.

[43] Zhang A, Bokel R, van den Dobbelsteen A, Sun Y, Huang Q, Zhang Q. Optimization
of thermal and daylight performance of school buildings based on a multi-objective
genetic algorithm in the cold climate of China. Energy Build 2017;139:371–84.
https://doi.org/10.1016/j.enbuild.2017.01.048.

[44] Lu Y, Wang S, Yan C, Huang Z. Robust optimal design of renewable energy system
in nearly/net zero energy buildings under uncertainties. Appl Energy
2017;187:62–71. https://doi.org/10.1016/j.apenergy.2016.11.042.

[45] Sun L, Lu L, Yang H. Optimum design of shading-type building-integrated photo-
voltaic claddings with different surface azimuth angles. Appl Energy
2012;90:233–40. https://doi.org/10.1016/j.apenergy.2011.01.062.

[46] Méndez Echenagucia T, Capozzoli A, Cascone Y, Sassone M. The early design stage
of a building envelope: multi-objective search through heating, cooling and lighting
energy performance analysis. Appl Energy 2015;154:577–91. https://doi.org/10.
1016/j.apenergy.2015.04.090.

[47] Jayathissa P, Luzzatto M, Schmidli J, Hofer J, Nagy Z, Schlueter A. Optimising
building net energy demand with dynamic BIPV shading. Appl Energy
2017;202:726–35. https://doi.org/10.1016/j.apenergy.2017.05.083.

[48] Mulcué-Nieto LF, Mora-López L. Methodology to establish the permitted maximum
losses due to shading and orientation in photovoltaic applications in buildings. Appl
Energy 2015;137:37–45. https://doi.org/10.1016/j.apenergy.2014.09.088.

[49] Lee JB, Park JW, Yoon JH, Baek NC, Kim DK, Shin UC. An empirical study of
performance characteristics of BIPV (Building Integrated Photovoltaic) system for
the realization of zero energy building. Energy 2014;66:25–34. https://doi.org/10.
1016/j.energy.2013.08.012.

[50] Taveres-Cachat E, Bøe K, Lobaccaro G, Goia F, Grynning S. Balancing competing
parameters in search of optimal configurations for a fix louvre blade system with
integrated PV. Energy Procedia 2017;122. https://doi.org/10.1016/j.egypro.2017.
07.357.

[51] McNeel Robert and Associates. Rhinoceros version 5.0; 2015. https://www.
rhino3d.com/.

[52] Rutten D. Grasshopper – algorithmic modeling for Rhino version 0.9.0076; 2017.
http://www.grasshopper3d.com/ [accessed October 9, 2017].

[53] Ladybug tools; n.d. https://www.ladybug.tools/ [accessed May 30, 2018].
[54] Crawley DB, Lawrie LK, Winkelmann FC, Buhl WF, Huang YJ, Pedersen CO, et al.

EnergyPlus: creating a new-generation building energy simulation program. Energy
Build 2001;33:319–31. https://doi.org/10.1016/S0378-7788(00)00114-6.

[55] Kim HC, Fthenakis V, Choi J, Turney DE. Life cycle greenhouse gas emissions of
thin-film photovoltaic electricity systematic. Rev Harmoniz 2012;16. https://doi.
org/10.1111/j.1530-9290.2011.00423.x.

[56] Marwede M, Reller A. Estimation of life cycle material costs of cadmium telluride –
and copper indium gallium diselenide – photovoltaic absorber materials based on
life cycle material flows. J. Ind. Ecol. 2014;18:254–67. https://doi.org/10.1111/
jiec.12108.

[57] Reinhart CF, Mardaljevic J, Rogers Z, Reinhart CF, Mardaljevic J, Dynamic ZR, et al.
Dynamic daylight performance metrics for sustainable building design. LEUKOS – J
Illum Eng Soc North Am 2006;3:7–31. https://doi.org/10.1582/LEUKOS.2006.03.
01.001.

[58] Davis L. Handbook of genetic algorithms. New York: Van Nostrand Reinhold; 1991.
[59] Vierlinger R. Multi objective design interface. TU Wien; 2013https://doi.org/10.

13140/RG.2.1.3401.0324.

E. Taveres-Cachat, et al. Applied Energy 247 (2019) 731–744

744

https://doi.org/10.1016/j.rser.2016.07.011
https://doi.org/10.1016/j.rser.2017.05.080
https://doi.org/10.1016/j.rser.2017.05.080
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0060
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0060
https://doi.org/10.1016/S0360-1323(02)00118-X
https://doi.org/10.1177/1477153511420097
https://doi.org/10.1177/1477153511420097
https://doi.org/10.1016/j.solener.2013.08.009
https://doi.org/10.1016/j.solener.2013.08.009
https://doi.org/10.1016/S0378-7788(02)00160-3
https://doi.org/10.1016/j.solener.2006.06.015
https://doi.org/10.1016/j.solener.2006.06.015
https://doi.org/10.1016/j.enconman.2009.08.039
https://doi.org/10.1016/j.solener.2012.05.026
https://doi.org/10.1016/j.solener.2012.05.026
https://doi.org/10.1016/j.apenergy.2009.11.020
https://doi.org/10.1016/j.apenergy.2009.11.020
https://doi.org/10.1177/1420326X09358139
https://doi.org/10.1177/1420326X09358139
https://doi.org/10.1016/j.enbuild.2012.09.019
https://doi.org/10.1016/j.solener.2018.05.067
https://doi.org/10.1016/j.solener.2018.05.067
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0125
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0125
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0125
https://doi.org/10.1016/j.egypro.2017.07.319
https://doi.org/10.1016/j.egypro.2017.07.319
https://doi.org/10.1016/j.apenergy.2013.02.063
https://doi.org/10.1016/j.apenergy.2013.02.063
https://doi.org/10.1016/S0360-1323(01)00071-3
https://doi.org/10.1016/S0360-1323(01)00071-3
https://doi.org/10.1016/j.solmat.2010.02.015
https://doi.org/10.1016/j.solmat.2010.02.015
http://dx.doi.org/10.1007/978-3-319-50346-2_19
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0155
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0155
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0155
https://doi.org/10.1016/j.enbuild.2014.03.046
https://doi.org/10.1016/S0960-1481(00)00131-2
https://doi.org/10.1016/S0960-1481(00)00131-2
https://doi.org/10.15627/jd.2017.1
https://doi.org/10.15627/jd.2017.1
https://doi.org/10.1016/j.enbuild.2015.12.009
https://doi.org/10.1016/j.enbuild.2011.10.041
https://doi.org/10.1016/j.enbuild.2011.10.041
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0185
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0185
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0185
https://doi.org/10.1016/j.apenergy.2017.04.046
https://doi.org/10.1016/j.apenergy.2017.04.046
https://doi.org/10.1016/j.apenergy.2016.05.015
https://doi.org/10.1016/j.buildenv.2016.09.035
https://doi.org/10.1016/j.buildenv.2016.09.035
https://doi.org/10.1016/j.enbuild.2014.01.007
https://doi.org/10.1016/j.enbuild.2016.03.035
https://doi.org/10.1016/j.enbuild.2017.01.048
https://doi.org/10.1016/j.apenergy.2016.11.042
https://doi.org/10.1016/j.apenergy.2011.01.062
https://doi.org/10.1016/j.apenergy.2015.04.090
https://doi.org/10.1016/j.apenergy.2015.04.090
https://doi.org/10.1016/j.apenergy.2017.05.083
https://doi.org/10.1016/j.apenergy.2014.09.088
https://doi.org/10.1016/j.energy.2013.08.012
https://doi.org/10.1016/j.energy.2013.08.012
https://doi.org/10.1016/j.egypro.2017.07.357
https://doi.org/10.1016/j.egypro.2017.07.357
https://www.rhino3d.com/
https://www.rhino3d.com/
http://www.grasshopper3d.com/
https://www.ladybug.tools/
https://doi.org/10.1016/S0378-7788(00)00114-6
https://doi.org/10.1111/j.1530-9290.2011.00423.x
https://doi.org/10.1111/j.1530-9290.2011.00423.x
https://doi.org/10.1111/jiec.12108
https://doi.org/10.1111/jiec.12108
https://doi.org/10.1582/LEUKOS.2006.03.01.001
https://doi.org/10.1582/LEUKOS.2006.03.01.001
http://refhub.elsevier.com/S0306-2619(19)30665-8/h0290
http://dx.doi.org/10.13140/RG.2.1.3401.0324
http://dx.doi.org/10.13140/RG.2.1.3401.0324

	A methodology to improve the performance of PV integrated shading devices using multi-objective optimization
	Introduction
	Context of the research activity
	Balancing competing roles of solar energy through building integrated PV
	Using advanced simulation tools with multi-objective optimization (MOO)
	Aims and innovative aspects of the paper

	Methods and materials
	Overall research strategy
	Description of the case study
	Description of the numerical model's objectives and settings
	Description of the optimization process
	Reference cases for MOO performance verification

	Results and discussion
	Selection of reference cases
	Results of the multi-objective optimization
	Global results of the optimization
	Case specific results


	Critical assessment of the methodology
	Limitation of the model
	Evaluation of the robustness of the optimized solutions

	Conclusion
	Acknowledgements
	References




