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Abstract. The widespread availability and affordability of photovoltaic (PV) systems are driving the future of
demand-side generation towards end-user-based PV plants. Building-integrated PV systems offer an additional
source of electrical energy, but their power output depends on external factors like solar insolation, weather
conditions, geographical location, and earth’s rotation, causing non-constant energy generation, even in ideal
weather conditions. In grid-connected systems, this variability leads to fluctuations in grid demand. Both BIVP
and rooftop PV systems are photovoltaic-based, but their installation differences result in distinct energy
generation characteristics. To address this, we propose an innovative approach to optimally integrate BIPV
and rooftop PV systems by leveraging their contradictory energy generation nature. By employing mathemat-
ical and evolutionary algorithms to design an optimal system and develop a multi-objective optimization model,
we address practical design issues. The outcome of these single and multi-objective systems helps minimize
fluctuations in grid dependency throughout the year. The proposed system is validated on the IEEE-33 bus
radial distribution network using the B&R X20CP1586 PLC, confirming its effectiveness in ensuring a stable

and reliable grid performance while mitigating energy fluctuation impacts.
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1 Introduction

In the years to come, there will be a rise in energy demand
as a result of urbanisation and major growth in the building
infrastructure of both commercial and residential buildings.
The percentage of people living in cities is expected to reach
65 per cent by the year 2050 [1-3], which would result in a
52 per cent rise in the demand for energy worldwide
between 2018 and 2040. Already, 30-40 per cent of the
world’s energy consumption is accounted for by buildings
[4], and this proportion is growing at a pace of 2.7 per cent
annually [5]. The rising demand for energy poses a threat to
energy security, puts strain on the system, and increases
GHG emissions, which in turn risks global warming [6, 7].
As the price of photovoltaic cells falls [8, 9], the installation
of solar panels on rooftops is becoming increasingly fre-
quent. However, the amount of space required for installa-
tion is greater, and this space is typically in short supply
in contemporary cities. By installing BIPV modules on
the exterior of buildings, the disadvantage of putting solar
panels on rooftops can be significantly mitigated [10].
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PV solar panels installed on the building’s fagade are
capable of combining the generation of electricity with
other activities [11]. Solar photovoltaic (PV) applications
in urban areas are advancing at a rapid rate, which has
led an increasing number of nations to prioritise the incor-
poration of PV into the building industry [12]. For instance,
the solar photovoltaic (PV) system can balance peak elec-
tricity output from coal and gas, saving traditional energy
[13]. PV systems with power-saving capabilities are essen-
tial in today’s buildings [14]. PV is now more expensive
than power from the grid by a factor of five; nonetheless,
it is anticipated that PV will play a significant role in the
generation of mainstream electricity during the next
century [15].

The use of photovoltaic, or PV, technology to collect
solar energy is an attractive and effective method [16]. In
the future, applications of solar photovoltaics will place
an emphasis on efficiency, building-integrated photovoltaics
(BIPV), cost reduction, and the development of a storage
system. Using the BIPV product, we may convert our
building into an energy generator.

For optimal performance, the product and the BIPV
technology must be integrated together [17]. BIPV devices
have multiple applications, including usage on roofs,
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facades, and skylights [17]. Additionally, the BIPV product
offers protection against the elements, thermal insulation,
and a reduction in noise.

A normal photovoltaic (PV) system does not offer the
same benefits that a building-integrated photovoltaic
(BIPV) system does in terms of making the most of the
building’s structure. This is one of the primary advantages
of a BIPV system.

When applied to a high-rise building, the installation of
a photovoltaic (PV) system that is built on the building’s
facade will be beneficial since it will solve the issue of deal-
ing with a limited quantity of roof space.

The global market for BIPV products is massive, and
there is a significant opportunity for expansion in this indus-
try. In recent years, there has been an increase in the total
expansion of BIPV, which currently stands at roughly
2000 MW of installations that have been completed [18].

Intermittence of PV generation is a major issue for its
future [19, 20]. Additional installation of the BIPV system
will further increase the potential generation capacity, but
it will also introduce more issues with the fluctuation in
actual energy generation. Due to intermittency, the power
grid is restricting the maximum injection for its stability
[21, 22]. In some locations, the grid operators restrict the
end user from injecting any power into the main grid. If this
trend is going to continues, even if we are able to install
large PV plants, will not able to harvest the potential of
its generation capacity.

To resolve this issue of the fluctuations in the generation
capacity, in this paper, the authors proposed a novel
approach to utilize the roof-top and BIPV systems’ per-
day energy characteristics. It is observed by the authors
that in a range of geographical locations, the per-day energy
production profile of facade-based BIPV systems and roof-
top PV is contradictory. During the peak energy season of
the rooftop, the BIPVs are generating a minimum energy
and vice-versa.

The highlights of this research are: (1) Mathematical
model development for BIPV and rooftop integration.
(2) Optimal PV plant sizing for a flat energy generation
profile. (3) Optimal sizing via mathematical and evolution-
ary optimization. (4) Multi-objective optimization for a
more practical design approach to provide multiple options
to power system designers for project implementation.
(5) Validation of the proposed mathematical model with
real field data, which confirms the applicability of the pro-
posed approach.

The organization of this paper is as follows: the follow-
ing section starts with mathematical modelling of an earth’s
geometry-dependent generic PV panel’s electrical output.
A solar irradiation model with a PV panel output model
has been developed. In Section 3, problem formulation
is defined with theoretical as well as mathematical model-
based approaches. In the current section, the single-
objective and multi-objective optimization fitness functions
are defined. The following section gives a description of
the test system which is considered in the research paper.
The result and discussion of both the objective functions
for different test systems are given in Section 5. Finally,
the conclusion section ends with the concluding comments
and future prospects of this research work.

2 Mathematical model
2.1 PV panel power generation

In a PV system, the solar panels are the fundamental
building block for the electricity generation system. The
solar panels produce electricity when a photon strikes the
surface of the panels. The kinetic energy of photons is
converted into the flow of electrons in the PV cells. The
PV cells are arranged into mesh form for converting this
small voltage and current level to the required level.

To mathematically model the PV panels’ output, we
need to model the PV panel input dependencies. The input
to the PV panel is solar irradiation, which is a time-
dependent and environment-dependent parameter. The
PV panel output is related to the solar irradiance incident
on it at any moment of time. The solar irradiance model
requires information regarding the earth’s relative position
with respect to the sun, the location where the PV panels
are installed, the inclination of the PV panels, etc.

2.1.1 Global normal irradiance

For formulating the irradiance model [23, 24] on the surface
of the earth, first we need to model the solar irradiance
above the earth’s atmosphere, which is called global normal
irradiance (GNI). The earth revolves around the sun in an
elliptical orbit. Due to the earth’s motion, the amount of
sunlight received on the earth varies with the day of the
year. This variation of the irradiance can be characterised
by equation (1) and Figure 2.

360n
NI = G.(1+0. : 1
G G, ( +0.033 cos 365) (1)

where,
GNI = extra terrestrial global normal radiation (kW /m?).
G, = solar constant (1.367 kW /m?).
n = day of the year (1-365 starting from Jan 1).

2.1.2 Global Horizontal Irradiance (GHI)

The irradiation that is provided by the sun will vary from
one region of the world to another. Because the earth is
spherical, the component of the sun’s irradiance that hits
the surface of the solar panel is the horizontal component
of the GNI. This component is known as the Global Hori-
zontal Irradiance (GHI) [25], and it may be defined as

GHI(¢) = GNIcos (0,), (2)

where,
cos 0, = cos ¢ cos 6 cos @ + sin ¢ sin J.
0, = solar Zenith angle.
¢ = latitude.
0 = sun declination angle.
@ = hour angle,
t = time.

In this paper, the mathematical model is done in a discrete
time domain thus the continuous time model of equation
(2) needs to be converted into a discrete time interval model.
The time discretisation is considered as At. The conversion
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Figure 2. Global extra terrestrial irradiance.

of equation (2) is taking the average value of the GHI (i.e.
AGHI) over the time interval (i € {0, 1...ipa }), which can
be calculated by equation (3)

GHI(i) = !

tot At
N /z5 GNI x cos (0,)dt. (3)

2.2 Solar irradiation on the surface of earth

The Hay—Davies—Klucher-Reindl (HDKR) [26, 27] model
calculates the global irradiation incident on a PV array
according to the following equation

Gr = (Gy+ CaA)R,

1+ cos(f)
2

p

~ 1-—
[1+ fsind 5} T Gp, Lok

+ Gy(1 - A)

The degree to which the atmosphere is free of cloudiness is
indicated by a number known as the clearness index. It
refers to the amount of solar energy that is able to penetrate
the earth’s atmosphere and reach its surface. It is a number
with no dimensions that range from 0 to 1 and is defined as

the ratio of the radiation from the surface to the extraterres-
trial radiation value. When there is little to no cloud cover,
the clearness index will register a high number, and when
there is a lot of cloud cover, it will register a low value.
The beam radiation on the PV panel is a function of the
global horizontal index and the clearness index (k) [28].

Gy = f(kr, GHI), (5)

where,
A; = anisotropy index.
p = the ground reflection, which is also called as albedo.
_p = the slope of the surface.
G, = beam radiation.
G, = diffused radiation (kW /m?) [29].
R, = ratio of beam radiation of the tilted surface to the
beam radiation on the horizontal surface.

2.3 PV panel electrical power

The photovoltaic solar panel electrical output can be esti-
mated by the following formula [30]
G
Ppy = Yevfov =——, (6)
Grsrc

where,

Ypy = the rated capacity of the PV array at standard

test condition (kW).
fov = PV derating factor (fraction).
G = solar irradiance incidence on the surface of earth.
Grsrc = incident radiation at standard test condition
(1 kW/m?).
STC = standard test conditions.

3 Problem formulation

A building-integrated photovoltaic (BIPV) is basically a
PV system integrated with the building structure. When
compared with roof-top PV systems, the facade-based
BIPVs are installed at a much steeper angle.

Since the BIPV model is the same as normal PV, all the
mathematical models developed in Section 2 are applicable
to BIPV modules. The facade-based BIPV system is
installed on the outer wall of a building at an inclination
that is able to vary from 80° to 90°. The PV power output
model is the same as the rooftop system. The close similar-
ities between these two systems only differ in solar irradia-
tion level. The steep angle of the solar irradiation received
by BIPV mainly constitutes diffused or reflected compo-
nents of the sun’s irradiation on the surface of the earth.
Further, the steep angle of the system makes it very difficult
to direct sunlight.

Based upon the mathematical model developed in
Section 2 equation (4) is used to simulate the variation of
electrical energy production. The PV plant location is taken
at 25.618201° north and 85.183081° east. Electrical energy
production of a PV panel throughout the year varies. The
per-day energy generation profile differs from with PV’s
panel inclination angle. Figure 4 is a mathematical output
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Figure 3. BIPV facade based PV system.

of the PV production. The simulation results confirm the
dramatic variation of per day energy production when the
PV inclination angle is increased from 0° to 90°. From
the plant’s perspective, the lower inclination angle corre-
sponds to the rooftop system, and the higher and steep
inclination angle can be considered as the BIPV system.

The behaviour of the PV and BIPV systems is quite
contradictory. This behaviour is only valid when both
systems are located between 30° north and 30° south of
the equator. From the figure, it can be concluded that the
energy generation capability of the root-top system is not
constant throughout the year. The amount of power that
can be made changes depending on the angle of the PV
panels and how the earth moves around the sun.

The energy output characteristics of BIPV and rooftop
systems are opposite in nature. Based on this behaviour, the
authors propose a novel approach to utilise the BIPV-based
system to compensate for the loss in the generation capabil-
ity of rooftop-based PV systems. Because the loss in the
rooftop system can be compensated for by the addition of
a facade-based PV system, An optimal sizing of the two
types of PV systems, i.e., rooftop and BIPV, has a strong
synergy between them and can be exploited during the
project planning period.

3.1 Optimization model

The above-mentioned problem of finding the optimal size of
PV and BIPV modules such that the energy production of
the solar system installed in a home is least affected
throughout the year can be modelled as an optimization
problem. The power output of each rooftop (RT) and BIPV
varies with the day-by-day scenario, so the energy output
will vary. A single objective optimization to compensate
for the PV output loss is modelled as the minimization of
the peak-to-average ratio of the energy output of the total
solar installed capacity.

In this paper, the authors have considered multiple test
cases to validate the proposed application of the BIPV sys-
tem. Case 1 is modelled as a single objective minimization
problem of variation in energy production of RT and BIPV.
This problem can be represented by the objective function
defined in equation (7).

Energy Production(kWh/Day)
& o o
o o 3 o o
T
|

I I I I I I
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Day of a Year (n=0,1...366)

Figure 4. Energy production at different inclination angle.

max (f;)

Minimize F(k, 1, n) = mean(f;) ’
1

(7)

where,

h= (ZkVKZ?ilRT"J + ZlVLZ?ilBIPV"J)‘

n = day in a year.

1 = hour in a day.

K and L are the maximum number of RT and BIPV
modules that can be installed.

The primary goal of a PV installation is to provide the most
power possible from the available infrastructure resources.
The optimal value of equation (7) may not be necessary
to the point of maximum PV plant size which leads to
under-utilisation of building infrastructure. Thus, a second
case study is considered to study these effects on the instal-
lation capacity. The maximum PV power output depends
upon the maximization of installed capacity, which combi-
nes both the rooftop and BIPV installations. This prob-
lem of maximum PV output from the available resources
can be modelled as the maximization problem, as given in
equation (8).

K L
Maximize Fo(k, 1) = Z Pio+ Z Plioys (8)
=1 =

where,
Pf,v = maximum power output of kth installed rooftop
panel.
Pl = maximum power output of lth installed BIPV
panel.

In a PV plant, it is generally observed that only one type
and size of PV panels are used to avoid any compatibility
issues. Mixing of different sizes of PV panels will lead to
an imbalance in string voltage, which may lead to stress
on the different PV strings if multiple strings are connected
in parallel. If the ratings of all the PV panels are equal, then
equation (8) can be rewritten as equation (9).

Maximize Fo(k, ) =k + 1, (9)

where,
k< K.
[ < L.
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3.2 Optimization algorithm

In this paper, the optimization problem is of two types,
which are single-objective and multi-objective optimization.
The single objective problem is solved using mathematical
non-linear programming and the single objective genetic
algorithm. On the other hand, the multi-objective optimiza-
tion is solved using the non-dominated genetic algorithm
(NSGA-II).

3.2.1 Single objective optimization algorithm

Non-linear programming (NLP) is a method of solving an
optimization problem when some constraints or objective
functions are non-linear.

Minimize f(z) (10)

Such that,
g,(x) <0 Vie{l..m}, (11)
hi(z) =0 Vje{l..p}. (12)

The optimization of the objective function f(z) in NLP
entails calculating the extrema (maxima, minima, or
stationary points) of over a set of unknown real variables
(z) and is dependent on the satisfaction of a system of
inequalities (g,(x)) and equalities (h;(z)).

On the other hand, the genetic algorithm is a method
for solving optimization problems that is based on natural
selection, the process that causes biological evolution. This
method can be used to solve optimization problems that
have constraints as well as those that do not have
constraints.

An existing population of individual problems is sub-
jected to the genetic algorithm’s iterative editing process.
At each stage of the process, the genetic algorithm chooses
members of the existing population to serve as parents, and
then employs those individuals to produce the offspring
that will comprise the following /next generation.

A population “evolves” toward a problem that can be
solved most effectively as time passes and new generations
are born. We can use the genetic algorithm to solve a vari-
ety of optimization problems that are not well-suited for
standard optimization algorithms. These problems include
problems in which the objective function is discontinuous,
non-differentiable, stochastic, or highly non-linear. These
problems can all be solved by applying the genetic algo-
rithm. The evolutionary algorithm can be used to solve
problems that arise in mixed integer programming, which
is a type of programming in which certain components
are required to have integer values.

3.2.2 Multi-objective genetic algorithm

In multi-objective optimization problems, resolving com
peting objectives is one of the primary focuses. This means
that while one objective improves, another must become
less important. There is not one one answer that can be
used everywhere; rather, there is a collection of answers.
In addition to this, the problem is constrained by a num-
ber of different inequality and equality considerations.

A
Feasible Points
o~
g =
2
O
2,
a
o
[ ]
Pareto optimal
Objective 1 o
Figure 5. Pareto optimal curve in a multi-objective
optimization.

Furthermore, an upper and/or lower bound is linked with
each variable, depending on the context. The term “feasible
points” refers to a solution that satisfies all of the require-
ments placed on it as well as the limits placed on the vari-
ables involved. The non-dominated sorting genetic
algorithm IT (NSGA-IT) program is an example of an evolu-
tionary algorithm. The traditional direct and gradient-
based methods have the following issues when working with
non-linearities and complicated interactions; therefore, evo-
lutionary algorithms were developed as a solution to these
issues.

The initial solution that is selected has a direct bearing
on whether or not the system will converge on the best
possible solution. The vast majority of algorithms have a
strong propensity to become mired in a solution that is less
than ideal. The NSGA-II is an example of an evolutionary
algorithm, and it possesses all three of the following
characteristics:

It operates on the basis of an elitist principle, which
states that the most successful members of a population
should be given the opportunity to pass on their traits to
subsequent generations. It does this by employing a mech-
anism for explicitly preserving diversity known as crowding
distance, and it places an emphasis on solutions that are not
dominated. The two different objectives are considered in
this paper for multi-objective optimization. The fitness
functions are; minimization of electrical energy variation
equation (7) and maximum utilisation of PV installation
area equation (9).

4 Test system

This research work is concentrated on the feasibility of PV
system installation in urban buildings. Thus, considering
the different sizes of buildings is very important to validate
the proposed application. A developing country locality is
mainly targeted where the house sizes vary from small to
big. The different sizes of the houses will determine the
rooftop area and the facade area for BIPV installation. In
other words, the building structure and size will be the
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Table 1. Roof-top area.

Areal || test cases— 1 2 3 4

) 6 7 8 9 10

Roof top area (sqf) 250 500 750 1000

1250 1500 1750 2000 2250 2500

Maximum Number of PV Panels

1 2 3

5 6 7 8 9 10
Test Cases for Different Installation Area

Figure 6. The maximum number of PV that can be installed on
roof-top and facade.
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Figure 7. Modified IEEE-33 bus radial distribution network.

19 20 21 22

determining criterion of the PV system installation
capabilities.

Therefore, ten types of test cases are considered, which
are based on house sizes. The house’s size determines the
maximum rooftop area as given Table 1, which will ulti-
mately define the PV plant installation size. The floor area
requirement for PV panels is taken from (needed citation).
For different test cases, the maximum PV plant size is
calculated, which also determines the number of PV panels
that can be installed in any given test case.

The maximum number of PV panels will determine the
variable bonds of the optimization model. The optimizer
will search for the optimal solution that corresponds to
the integer number of the PV panels that can be installed.
Here, in this research work, each PV panel considered is
rated as 330 Watts of mono-crystalline passivated emitter
and rear cell (mono-perc) panels.

The optimization results are validated on the IEEE-33
bus system Figure 7. The PV system is installed in a radial
distribution network node. The PV installation node is not
considered fixed as given in the figure. In the test system,
the PV installation point is optimally selected to improve
the voltage profile and minimise the distribution network
power loss.

The test setup is implemented as control hardware in
loop (CHIL) on a PLC. In the current test system, the
ABB-B&R X20CP1586 is used as controller hardware to

implement in real time. To validate the results, the system
needs to be run for the project’s lifetime. To accelerate this
process, a time quantization of 1000 ms is considered 1 h in
real time. Thus, the whole controller can emulate the
project in accelerated mode.

5 Results and discussion
5.1 Mathematical model validation

The mathematical model to simulate the PV electrical out-
put was developed in Section 2. To confirm the validity of
the model, the simulated output is compared with the field
data recorded. A 1 kW rooftop system Figure 8 installed at
25.618201° north and 85.183081° east. The system has
mono-crystalline panels and a dedicated micro-inverter
with an aggregated data logger. Monitoring data is securely
stored locally and in the cloud for redundancy. The inclina-
tion angle of the PV system is 10°. The installed PV has a
fixed inclination and is without any tracking system. This
setup is similar to the generally available rooftop system,
which we can expect in a normal house.

Figure 9 shows the maximum, minimum, and an aver-
age of PV generation data logged. It is observed that the
minimum generation is zero, which represents load
shedding of the locality and the PV system installed is a
grid-connected system. By getting rid of the load-shedding
samples from the observations, the effect of load-shedding
on the generation data is taken away.

The PV system is equipped with a data logger system
which can record the PV generation data every 15 min.
The recorded power data is post-processed to convert it into
per day energy production data. In Figure 10, daily energy
production data is compared to a mathematical simulation.

Figure 10 shows recorded data in red colour and the
green solid line shows the simulated PV energy production
variation per-day basis. The blue dashed line in the figure
represents the average energy production throughout the
day. The mean value of the generated sample is
3.1561 kWh and the mean value of the measured data is
3.1422 kWh. The box plot of the two data sets is shown in
Figure 11. The close spread of the field data and the gener-
ated samples confirms the validity of the mathematical
model.

5.2 Test study

From Figure 4 it is observed that the PV production is at
its peak in the middle of the year when the inclination angle
is low. When the inclination angle is increased, the peak PV
energy output starts to decrease. At a steep inclination
angle, the PV output attains a minimum value in the time
period when the lower inclination PV panels reach their
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maximum value. This counters the behaviour of the PV
panel, which shows the rooftop PV panels, which are at a
lower inclination angle, and the BIPV system, which are
at a higher inclination angle. With the current model of
PV production, the optimization models equations (7)
and (8) are tested to validate the proposed model.

5.2.1 Single objective study

The proposed research is based upon the utilisation of
BIPV system to minimise the variation of the per-day
energy production of the PV system. To validate the effec-
tiveness and optimal size of the rooftop system and BIPV
for proper integration, the objective function developed in
7 is tested for different rooftop areas. Various test cases

1.068 - -

Peak to Average of Perday Energy Production

@
o
5

0 5 6 7
Test Cases for Different Installation Area

Figure 12. Single objective convergence.

which are considered in the research work are given in
Section 4.

The objective function defined in equation (7) is solved
using two optimization methods. One method is the
evolutionary genetic algorithm and another is mathemati-
cal non-linear programming. The solution of the genetic
algorithm fails to converge to a better solution for test
cases 1-3 and 7. The test cases 1-3 consists of small rooftop
areas. The mathematical optimization method produces
better results as compared to the evolutionary method. A
comparison between the two optimization methods is given
in Figure 12.

Thus, the mathematical method is used for solving the
single objective problem of minimization of the peak-to-
average ratio of the energy production for different test
cases. The per-day energy production shown in Figure 10
which varies greatly. The stochastic behaviour creates a
large fluctuation, and the optimization function may not
converge. The optimal number of PV panels will be decided
in the design phase. Therefore, the decision problem is based
on the expected value of the energy produced. A sample of
mean energy production at any hour is generated while con-
sidering the average clarity index at the given PV plant loca-
tion. In the current test case, the plant location is given in
Section 3. The optimal point is validated with the stochastic
variation in the clarity index.

The optimization results of the test cases 1-10 are given
in Table 1 and Figure 13.

As the installation size increases, it is discovered that
the optimal choice of roof-top PV and BIPV is not in exact
proportion. An increase in the rooftop and facade area leads
to a non-linear variation in energy production. A polyno-
mial data fitting is done on the PV panels data set given
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Table 2. Optimal number of PV panels for BIPV and roof-top system.

Installation type| || test cases— 1 2 3 4 5 6 7 8 9 10
BIPV panels 2 10 13 19 23 28 30 38 42 48
Roof-top panels 1 6 9 13 15 19 20 26 28 32

i the designer for PV installation. The two different objec-

&

w w8
8 & 8

Optimal Number of PV Panels
~

1 2 3 8 9 10

5 6 7
Test Cases for Different Installation Area

Figure 13. Optimal roof top panels for different test cases.

in Table 2. It is observed that the root mean square error
(RMSE) is 0.5682 at first order and the error decreases to
0.5654 when polynomial order increases to 2. Further, an
increase in polynomial order also increases the RMSE to
0.6005. Thus, the relation between the number of roof top
vs BIPV can be approximated with second-order polyno-
mial (az® + bx + ¢) where, a = 0.002145, b = 1.401 and
¢ = 0.8097.

The per-day energy production for different test cases is
given in Figure 14. The result confirms that with the opti-
mal choice of the BIPVs and the roof-top modules, a flat
energy production profile is achieved. The peak and the val-
ley in the result correspond to the only roof-top system and
the only BIPV system installation, respectively. These are
the two extremes, unoptimized cases of system installation.
Thus, the optimal choice of the module number leads to
optimal generation throughout the year. This optimum
choice provides a reliable energy production capacity on a
daily basis.

In the real world, the flat energy production result of an
ideal PV installation might not be ideal. PV production is
stochastic, which can lead to dynamic variation in the pro-
duction of electrical energy. Thus, to validate the applica-
bility of the proposed simplified method for PV system
installation, the authors tested the result with a stochastic
variation. The cleanness index’s stochastic variation reflects
pollution, cloudy or rainy days, and so on. These variations
are not in the control of human beings, and they will affect
the PV generation. The result of the optimal choice for dif-
ferent installation areas under stochastic conditions is
shown in Figure 15.

5.2.2 Multi-objective study

In the single objective decision, the best choice of roof-
mounted PV and BIPV was much less than the installation
capability of the building infrastructure. In the real world,
the decision on PV installation size cannot be determined,
only by equation (7). To mitigate the issues of a single
objective approach, a multi-objective decision criterion is
considered, which can provide multiple optimal choices to

tives are; the minimization of electrical energy variation
and maximum utilization of PV installation area. Pareto-
optimal results for different test cases are given in Figure 16.
The yaxis represents increased rooftop utilisation, while
the z-axis represents the minimisation of peak-to-average
ratio (Fig. 16). From the result, it can be confirmed that
any improvement in any of the two objective values leads
to a decrease in the other fitness values. This confirms the
non-domination of the solution to equation (8).

From the observed result, it can be confirmed that with
an increase in the rooftop installation area, the optimum set
of the non-dominated solution shrinks. Furthermore, the
peak-to-average ratio range begins to narrow, resulting in
fewer options for installation size. Overall, it can be safely
stated that with an increase in the size of PV plants leads
to poor performance of objective 1, i.e., the variation in
per-day energy production will increase.

This non-dominated behaviour can provide guidelines
to designers if the project installation is in different phases.
The system operation can still operate in an optimal region.
The benefit of this approach is that a large plant installa-
tion project can be split into multiple phases. Each phase
size can be selected from the Pareto-optimal curve. In this
way, the project of PV installation can operate in an opti-
mal region even if the system requirements do not need to
be fulfilled on an urgent basis.

5.2.3 Radial distribution network test

After validating the PV generation model in the previous
section, the proposed solution must be validated in a test
distribution network. This test aims to verify the applicabil-
ity and proposed benefit of the BIPV and rooftop system in
a real-life scenario. To validate this, a plant and controller
model is implemented on a programmable logic controller
(PLC).

A human-machine interface (HMI), as shown in
Figure 17 is developed to monitor the roof-top and BIPV
performance during the operation period. The PIC’s ana-
logue measurement block is used to measure and log the
power output, energy import, voltage, and angle of the local
node of the BIPV and rooftop systems. The HMI provides a
very simple and intuitive visual interface for the end user to
interact with the PV plant. The load profile of the distribu-
tion network is considered a mixture of 30% industrial and
70% domestic load. A 24-hour load profile with an hourly
variation of 10% and 10% day-to-day variation is consid-
ered. Seasonal effects are also taken into account during
the winter and summer seasons.

The installation types of PV i.e. roof-top-only (RTO),
BIPV-only (BIO), and optimal BIPV+roof-top (OBIRT)
are tested on the IEEE-33 bus. Figure 18 depicts the
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Figure 14. Test cases 1-10 for fixed cleanness index.

per-day electrical energy import from the grid to the local  installation began increasing in the middle of the year,
load. It is observed that when the PV installation type is ~ while the grid import for the RTO installation began
roof-top only, then the grid dependency for the end user  decreasing. This result is in agreement with the results
is minimal. The grid dependency is the same for all RTOs  shown in Figure 15. The nodal voltage fluctuates with the
(BIO and OBIRT) at the start of the year. Due to the PV generation. The minimum and maximum nodal volt-
angular inclination orientation of the sun with respect  ages are 0.9-1.0, which is within an acceptable range of
to the installation location, the grid import for the BIO  nodal voltage deviation.
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where the power output of the PV is adjusted to satisfy

the local load demand. The PV power injection is not
In this situation, the OBIRT is performing as a trade-off

tion mode restricts the PV installation’s capacity reduction.
between PV utilisation and grid dependency.

acceptable for grid stability reasons. Thus, zero power injec-

Day of a Year (n:

The energy import from the main grid is minimal for an

RTO type of installation, but the system installation size is
very large to achieve grid independence. The utilization of
installed capacity is not done properly. Most PV generation
is either injected into the grid or curtailed. In the current
situation, the PV is operating in load-following mode,

Figure 15. Test cases 1-10 for variable cleanness index.
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Figure 18. Grid dependency.

Figure 19 depicts the PV power curtailment in zero grid
injection mode. The BIO installation will have maximum
utilisation since the generation capability of the system is
less than local demand. It can be observed that the BIO’s
power is curtailed at the beginning and end of the year,
when its power output is at its maximum. The RTO system
will be reduced for the majority of the year. The fluctuation
in the curtailment is due to load demand variation and PV
generation uncertainties. Overall, it can be easily concluded
that the RTO type of installation is beneficial to the end-
user when the gird-import is acceptable, but uncertainty
in the PV production will create a stability issue for the

H
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E
£
S
z

Time(hours)

Figure 19. PV power curtailment.

gird. The optimal combination of BIPV and a roof-top
system, on the other hand, will produce a trade-off solution
that minimises grid dependency while increasing installa-
tion costs throughout the year due to less curtailment.

6 Conclusion

PV is becoming an increasingly important component of the
electric energy requirements. The movement of the earth
around the sun has an impact on PV energy production. This
motion of the earth leads to a variation in electrical energy
throughout the year. The roof-top PV plant and facade-
based BIPV system are not free from this inherent issue.

In this paper, the authors investigated this issue of
energy production over a year and proposed a solution to
minimise this effect. The proposed solution is tested on
the TEEE-33 bus radial distribution system. An optimal
integration of BIPV and roof-top PV systems minimizes
the issue of energy production variation. A smooth energy
production profile is obtained, which minimises the grid
dependency of the end user and maximizes the PV
installation.

In this paper, the PV installation is targeted based on
the rooftop area of the end user. The grid injection from
the end user into the grid is not considered. Further work
can be done to include the grid injection by the end user,
which can further add benefit to the user. The flat energy
profile will help the user store energy in small spaces and
could save them money.
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