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Abstract- Grid Connected Photovoltaic (GCPV) systems have gained more interest due to their modularity and
environmental compatibility. This paper proposes an GCPV system to meet the demand for load on Captive's
main campus. The economic and technical feasibility and system cost, safety and reliability of the proposed
system are examined thoroughly. As a restricted optimisation problem the sizing of the system is implemented.
The optimal quantity of proposed GCPV modules is used for Particle Swarm Optimization (PSO), with a view to
extending the captive plant until 2025. Robust and reasonably accurate load forecasting models are developed
and examined, including medium-term and long-term, to identify the monthly/annual load peaks from 2019 to
2025. PSO results are validated by comparison with Software like PVsyst and PVgs for the measurement
procedure. The results showed the economic feasibility of the proposed GCPV system, and PSQO's capability,
given the well informed objective function, to produce better sizes than the software.
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I Introduction

Global motives such as reducing greenhouse gases, continuous depletion of fossil fuels, and increasing
prices of fossil-based power stations have led to the worldwide movement toward renewable energy sources.
India is not an exception to this fact. As a result, the planned share of renewables in India is 20 % by the end of
2022 and 42 % by 2035 [1].

Among renewable sources, Photovoltaic (PV) systems have gained considerable interest in industrial,
commercial, institutional, and residential applications due to their numerous advantages such as variability of
size/power, long lifetime, simplicity of implementation, and high environmental compatibility. For instance, in
building's-based applications, they can be installed on either facade, ground, or more commonly, on Grid
Connecteds [2-10].

A successful pilot PV system installed at the Grid Connected was reported thirty years ago [11]. The
work presented in [11] focused on analysing and evaluating three projects of interconnected residential
applications in the United States [11]. That was a promising start, and several PV Grid Connected
configurations have since been implemented [7-16].

Indian universities contribute to renewable energy sharing via Photovoltaic (PV) projects such as the
100-kW PV system at IIT Kanpur [17]. In addition, the research work in [18] has strongly recommended
installing PV systems in the universities and research centres because they have suitable and available areas.
Thus, Captive plant in India has decided to establish an GCPV system to reduce its load reduction and offer
practical training in PV systems.

Grid Connected PV (GCPV) installations offer a number of benefits, including cost savings and
investment security. This is because the price of energy generated by a GCPV system over its average lifetime
can be easily calculated [5-16].

Albeit their mentioned advantages, GCPV systems have some limitations that are either site-specific or
generic. The two main shortcomings are their output power quality and capital cost [5-16]. Also, the capital cost
of PV systems, in general, is being reduced as their technologies and used materials become more mature [6-
16]. Therefore, less impact is reported for the site-specific limitations on the development of Grid Connected PV
systems [19-22].

To begin sizing the GCPV system, a large amount of data and information is required. The available
area, load pattern, and climatological data are among them. The site may impose a strict constraint, such as a
crowded building within the city. It is not always a constraint, as in institutions with ample space, such as
universities. In either case, the load pattern will be critical for the best PV design, dictating load prediction
techniques (LF).
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In the short, medium and long term, LF techniques are classified according to the period considered
[22-29]. A load prediction from a day to a week is identified as short-term forecasting, while from a month to an
entire year is a medium-term category. If the forecasting period is about 10 to 20 years, the long-term is applied
to predict the power demand [22-29]. In both long-term and medium-term LF cases, the power system's growth
plan to meet the load requirements is developed. The studied system identifies not just that, but also the
economic and social developments.

Different applied LF systems include statistical, mathematical, artificial and smart methods, as well as
regression analysis[22-29]. Furthermore, the LF has recently made use of heuristic optimization techniques.
These methods are probabilistic, which means they can correctly identify the best global solution with the
fewest demands.

PSO is a meta-heuristic approach that is widely used in which the particles adapt their journey
according to their experiences and experience. PSO has some merits, such as simplicity of implementation,
quick convergence, and relatively low computational requirements [30-33].

Here, the core contributions of this paper are claimed as:

> Developing both medium- and long-term LF models characterized by simplicity, reliability, and
robustness. Such models are an essential tool for the optimal sizing of the proposed GCPV system.
> Development of an optimal design approach of the GCPV system considering the constraints, such as

available area and power flow to and from the power grid and achieving the problem objectives such as cost
minimization and fulfilment of load requirements.
> Providing a systematic approach to examine the economic feasibility of the proposed GCPV system.

1. Brief Description of PSO Technique
The PSO technique is applied in two stages in the presented work: load forecasting and optimal sizing.
Therefore, a brief description of the PSO technique is shown here [30-33].

. A swarm is formed as a uniform distribution.

) Every particle represents a possible solution related to the individuals' best performing and the whole
group.

. The formed objective function is exploited to transfer from a place to another in the created search
space.

. Several iterations are required for the particle to converge toward an optimal solution. Of course, such

iterations vary from one problem to another according to the solution requirements.

The above procedure is formulated mathematically and is given here through equations from (1) to (4). After
identifying the number of swarms and iterations, the particles are distributed randomly through the search space.
The velocity of a particle in the swarm is expressed in (1) at the iteration number k+1 as:

w v ¢ rand ( pbest! -sf )+
vt o &)
c,rand (gbest -s{ )

Sik+l — Sik +V ik +1 (2)
At each iteration, the value of the objective function is estimated and then compared to pbest¥. Also, pbest¥is
compared to gbest. This procedure is done to develop the performance of particles. If any particle attains a better
position than gbest, then the number of such particles and their better positions are stored. Consequently, gbest
is updated. This procedure lasts until the global best solution is obtained or the programmed extreme of iteration
numbers is reached.
J; is specified by [28] as,

‘]i max_—_ ‘]i min

—lmax 1M T 3

T i ®)

Where Ji min and J;i max represent the minimum and maximum weights, T; and T; s« are the current and maximum
iterative times, respectively. w; is usually assigned within the range from 0.40 to 0.90 [31]. Thus, the maximum
velocity of particle i, Vinay, iS Obtained via (4) as:

Ji = Jimax —

k +1 k+1
Vi rvi p v max
k +1 k +1
Vi = Vmax Vi vaax (4)
k +1
-V max Vi -V max
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The described PSO algorithm is applied in the load predicting and sizing phases of the proposed GCPV
installation. Finally, in Section I11, a brief description of the load forecasting models is presented.

1. Models of Load Forecasting (LF)
It is critical to plan the power system for future load growth. In this context, reliable LF models for detecting the
proposed system's maximum monthly and annual loads up to 2025 should be developed. Both medium- and
long-term models are adapted in this study.
Albeit its stochastic nature, the load demand can be determined generally by (5) as:
W(t) = Ge () + Hy (1) 5)
Ge(t) and W(t) are the estimated and actual load in a definite period, respectively. The term Hy (t) represents a
noise component that signifies the deviation between the estimated and actual values.
2.1 Long-term Forecasting
In Section I, it was pointed out that various strategies are employed for load forecasting. This research applies
the time series. Briefly, a time series is a string of numerical data points in chronological order. The authors of
[30] present a model based on linear regression whose parameters are identified via a constrained PSO
algorithm. So does the proposed work.
The predicted load Yg(k) for a definite period, k, is given by:

YE(k)zgaiY (k i) ©

The constants a; (i from 1 to 4) are provided in Table A1(in the appendix) during the interval from 2019 to 2025.

2.2.  Suggested Objective Function for Long-Term LF
The LF parameters are obtained by solving the PSO problem. As suggested by (7) at which Least Square
method is applied [15,28]:

min(>"[E (K)])
f = . )

min(Y[ (K)-Y ¢ (k)]

The parameters described by equations (5), (6), and (7) are included in a constrained optimization problem,
where their upper and lower limits are considered constraints, as in eq. (8):

f SUbj&C'[ to I—Iower < Aparamters < Lupper (8)

Where f is regarded as the objective function, Lgper @and Liower are the upper and the lower bounds of the
parameters, respectively. In equation (8), the aparameters represent the optimized parameters. The Table 11 presents
the load data of the campus.

2.3.  Medium-term LF

The viability of the proposed GCPV system necessitates the monthly values of the estimated load. The work
presented in [34] has developed a medium-term LF model, and this research suggests a modification to such a
model.

The model presented in [34] was a bit unclear and got some bugs. Most importantly, it is limited to a particular
system. Consequently, the suggested medium-term model in this research aims to remedy these imperfections. A
block diagram of the proposed model is depicted in Fig. 1. First, Yg; and Y; are estimated, and actual load values
at the i™ time interval. Then, the proposed model is briefly described in the subsequent steps.

1. The yearly estimated Y grori real load and Yo total load are calculated by:

N

Y ETotali — ZY Ei (k ) 9)
k=L
N

Yo = ZY i (k ) (10)
k=1

N denotes the number of years. The random component Ry is computed by (5), and its aggregate value, Rioi IS
calculated for N points, as the case with Yrqi.
2. Then, the squares of load's data for a year, Yo, is found as:

N
_ 2
Y rotasi = ZY i (k ) (11)
k=1
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Hence, Yrousi+1 1S estimated from Yropsi USing extrapolation.
3. The component Ry, of the next period is estimated by (12):

fR :
RNi a= F;otalm +1 RNi (12)
Totalsi

Where Ryqisi+1 IS calculated in terms of Yrgisi+1 and Signal to Distortion Ratio (SDR) as in eq. (13):

_ —-SDR /10
RTotalsi +1 =Y Totalsi +1 Xlo and
SDR _ 10| YTotalsi (13)
=1010g,,
Totali
4. Lastly, the predicted amount of load for the next period is obtained via eq. (14):
YT tali
Yea= = (YEi +RNi+1) (14)
ETotali
YTo'(alsi
b X > Z | Extrapolate]
4
- YTotali
v 4o & [ra -
R, otalsi w Totalsi
T
t >R i Z | F\;olalsw +1RN‘
g \ 4
Yoo Hros v, 4R,y
ETotali Y eroui Ei+1
Yei " Z I
)

Figure 1. Logic diagram of suggested LF model.

2.4, Outcomes of LF models
Fig.2 displays the findings obtained by using the developed LF models. A substantial correlation between the
informed and predicted loads is observed by comparing the data presented in Table A2 and displayed results in
Fig. 2.
Hence, the proposed LF models can predict the maximum load accurately. The model's accuracy has been
examined through the percentage of the absolute value of the normalized error, ¢, [31] given in eg. (15):

Y. —Y
s el - |10 )

Due to the limited available data, calculations of the error ¢ were limited to a year. The results are displayed in
Fig.3. The error does not exceed 9.5%, which is satisfactory for forecasting models [22-29].

V. Structural and Technical Boundaries of the Suggested GCPV Configuration
The plan of the main campus of Captive plant is depicted in the appendix in Fig. Al. Also, the solar map of
India is displayed in Fig. A2 [45], and an example of the weather forecast for India is shown in Fig. A3 [46].
The campus has approximately an area of 1.5 km® The curves of daily- and the monthly- load requirements are
displayed in Figures 4 and 5, respectively [44.].
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Fig. 4. Variation of daily load of Captive plant (main campus) on June 3 2018.
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Fig.5. Peak values of the monthly load of Captive plant main campus for the year 2018.

Figures 4 and 5 reveal that the peak loads occur from 11.00 am to 2.00 pm in summer. Fig. 4 indicates that the
campus's load decreases to about 25% of the peak value from 2.00 to 6.00 pm. At that time, the proposed GCPV
would be operational and generating a considerable amount of power.

V. Sizing of the GCPV system
5.1 Available Areas
Here, the GCPV system'’s sizing is realized via the formulation of a constrained optimization problem using the
PSO. The PSO algorithm outcomes are compared with the sizing procedure used using the available online
Software such as PVsyst and PVGIS [31-34].

Table I. Available Areas for the RTPV

Name Area available for GCPV connection, m?
Engineering 14345
Education 1200
Arts 1931
Faculties Science 3861
Commerce & Lows 2500
Agriculture 1512
Athletic Education 3360
University Farm 74511
Supplementary buildings Seleman _Hc_)zien Hall 638
Other buildings 37523
Sum of available area 150,000 m?

5.2 Obijective Function for Optimal Sizing
The function f,},, is selected to minimize the total cost of the GCPV system whilst satisfying the load
requirements fully or partially [47]:

fob =Cep + Com +Crp —Cry (16)

Where Ccap, Com, Crp and Cr¢ are the cost of capital, running and maintenance, and recovery. The capital cost of
the GCPV installation is estimated using (17):

Ccap = Gmax ><C:PVW x I\IPV x gcon +Ccon x Ncon X Pcon (17)
Where: Cpyw and C,,, are assigned for the prices of 1Watt peak of PVs, P,,, is the converter power, Gy is the

solar irradiance, and &, is the efficiency of PVs.
The annual operation and maintenance fee is expressed in eq. (18).

Com = GPVi +CPVm x RfPV +Cconm X Rfcon +Cconi (18)
Where:Cpy; is the initial cost of PV modules, C,,,, is the maintenance cost of PV modules, C¢,,; is the initial
cost of converters, Conm is the maintenance cost of a converter, R, is the PV reduction factor, and Ryen iS @
reduction factor of converters.

As the PV technologies are rapidly advancing, there is a continuous decline in PV components' prices.
Generally, the reduction factor is calculated using eq. (19):

1
Uy =——— 19
RSk o
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In eq. (19), y represents the interest rate. The exponent k = 1/D where D is the time of the project. The interest
rate r is specified by:

U-b

b+1
In eq. (20), U represents the interest rate, and b designates the annual inflation rate.
The replacement fee, Cyy, is only valid if the project lifetime is longer than its components [36]. The replacement
cost is calculated using (21)
CRp = NPV ><CPV—Rp + Ncon XCcon—Rp (21)

Where Cp,y_gp and Ccon—gp are the replacement fees for a PV unit and a converter, respectively.

(20)

y:

VI. Feasibility of the GCPV structure

As stated earlier, the objectives of the optimal sizing of the GCPV system are to determine the lowest
cost to fulfil the load requirement entirely (Figures 4 and 5) and confine it with the accessible areas in Table I.
Nevertheless, such objectives with these limitations could be challenging to fulfil. So, two scenarios are
considered for the optimization problem. Case 1 aims to have an optimal PV arrangement that confines available
areas in Table | and does not wholly fulfil the full load requirements. Case 2 targets an optimal PV layout and
ensures the complete contentment to the connected loads until 2025.

The GCPV system proposed is a PV type grid-connected system. Hence, the excess of generated energy
will be injected into India's power grid. Conversely, the grid feeds the campus loads during low- or non-
irradiance.

VIL. Results and Discussions
Each scenario requires the solution of the sizing process (17). But the solution of (17) necessitates identifying
the values of &, Which widely vary according to the technology of the selected PV modules. Therefore, the
research work comprised four different types of PV systems. Tables Il and 11l show the results. Three of the
adapted four types are Mono-Crystalline (MC) types, while the fourth belongs to the Poly-Crystalline (PC) type.
In addition, literature such as [38-41] has reported the data of these selected modules.

7.1 optimal PV layout subjected to area limitation

The PSO algorithm in this case minimises fob function and limits it to the area accessible (Table 1). The
optimised design of each pv type maximises the output power of the GCPV system. [38-41]. Table Il illustrates
the results obtained in scenario 1.

Table 11 shows that the estimated power for the campus available area ranges from 22 to 28.6 MW. Moreover,
the Type | module [38] achieves the minimum cost compared to the other three PV module types.

Type Il module costs approximately 10.5% greater than that of Type | in the cost per LkWp. However, the Type
[11 module [39] offers the maximum power density (kW/m?). As a result, it harvests 30% (approximately) higher
power than the Type | PV module. Such a high-power density of Type 11l module may, of course, overwhelm its
comparatively high cost.

Since the planned GCPV system is networked, the grid power would flow bidirectionally in accordance with the
discrepancy between demand for load and possible power from the PV system. The PV and grid power amounts
are depicted in Fig. 6 for a month and in Fig.7 for a whole year when using the Type 111 PV module.

Table I1. Quantities of Inverters and PV Modules in scenario 1.

Module type MC-Type I [38] MC —Type 11 [39] MC —Type 111 [40] PC-Type IV [41]
Efficiency (%) 18.3 21.1 18.55 17.2

No. of PV Modules 77305 86845 91984 75604

No. of inverters 20 24 26 20

Max. Power (MW) 22.0 26.4 28.6 22.0

Total cost (M USD) 12.82 21.07 19.7 13.97

Cost (USD/kWp) 0.583 0.798 0.688 0.6348
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It should not be overlooked that from Figures 6 and 7 solar irradiance data were obtained [40]. Fig.6
illustrates that the planned GCPV system completely satisfies the load demand from 6.00 am to 2.30 pm. The
country electrical grid has to share the load with the PV system from 2.30 to 5.00 pm. Naturally, the load is only
fed by the power grid at night. Fig.7 shows that the recommended GCPV system is economically possible
despite limited space available, as it almost satisfies the demand for load.

VIIL. Conclusions

The GCPV system was designed to meet the load demand of the Captive Plant's main campus. The
sizing process, on the other hand, necessitates determining the load demand in the coming years. As a result,
two load forecasting models have been developed and tested: medium-term and long-term. The procedures for
load forecasting and sizing are both formulated as constrained optimization problems.The formed optimization
problems were solved using the PSO algorithm. The solution to the load forecasting problem implies the
estimation of load demand till the year 2025. The solution to the sizing optimization problem, on the other hand,
yields the most cost-effective and power-dense PV configuration. The obtained results demonstrated the
proposed GCPV's economic viability.
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Appendixes

TABLE Al. Parameters of Load Forecasting Models from 2019 to 2025

Years | 2019 2020 2021 2022 2023 2025

a 0.7378 | 0.45982 | 0.7075 | 0.9639 | 0.6806 | 0.8400

a, 0.3200 | 0.4508 | 0.4533 | 0.8838 | 0.3470 | 0.8514

as 0.4685 | 0.1240 | 0.4109 | 0.2617 | 0.3199 | 0.4198

ay 0.6580 | 0.650 0.5087 | 0.4450 | 0.5800 | 0.4573

Table A2. Maximum load (MW) for THE MAIN Campus of Captive plant
ear
Month 2014 | 2015 | 2016 2017 | 2018
Janaury 8.90 | 9.10 | 8.60 11.21 | 11.32
Febraury | 7.30 | 11.10 | 10.10 | 12.40 | 9.60
March 8.50 11.90 | 11.85 11.55 | 12.82
April 14.47 | 12.13 | 20.10 11.50 | 17.30
May 13.30 | 13.90 | 17.08 | 20.50 | 20.18
June 16.60 | 17.37 | 20.08 | 17.42 | 21.33
July 16.10 | 16.13 | 11.238 | 18.18 | 21.02
August 16.30 | 16.35 | 18.27 | 18.08 | 20.13
September | 17.47 | 16.44 | 18.23 | 20.65 | 20.86
October 16.89 | 17.97 | 21.65 | 19.66 | 20.37
November | 14.32 | 14.42 | 13.78 | 12.36 | 13.99
December | 11.25 | 9.650 | 10.92 | 9.10 | 16.83
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