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Resource optimization is a major factor in the assessment of the effectiveness of renewable energy
systems. Various methods have been utilized by different researchers in planning and sizing the grid-
connected PV systems. This paper analyzes the optimal photovoltaic (PV) array and inverter sizes for a
grid-connected PV system. Unmet load, excess electricity, fraction of renewable electricity, net present
cost (NPC) and carbon dioxide (CO,) emissions percentage are considered in order to obtain optimal
sizing of the grid-connected PV system. An optimum result, with unmet load and excess electricity of 0%,
for serving electricity in Makkah, Saudi Arabia is achieved with the PV inverter size ratio of R = 1 with
minimized CO, emissions. However, inverter size can be downsized to 68% of the PV nominal power to
reduce the inverter cost, and hence decrease the total NPC of the system.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In Saudi Arabia, almost all electricity is generated using diesel
except some generated from renewable energy. The price of diesel
in this country is about USD 0.096 per liter, which is one of the
cheapest in the world. It makes diesel power generation less
expensive than photovoltaic (PV) systems, although the Kingdom
has high solar radiation of up to 2200 kWh/m?/yr and the prices of
PV panels are decreasing on the world scale.

The use of renewable energy, which is part of Saudi Arabia's
energy conservation policy, provides great benefits to the Kingdom.
With abundant solar resources, the Kingdom has an option to
reduce domestic diesel consumption and increase its oil exports, a
practice which ought to come with social and economic benefits of
reduced CO; pollution and increased revenue from oil respectively.
Since renewable energy use offers environmental benefits in form
of reduced CO; pollution, combining several renewable energy
sources to form hybrid systems, whether off-grid or grid-connected
systems as suggested in Refs. [1—6] can provide more benefits by
reducing CO, emissions and providing a reliable supply of elec-
tricity in all load conditions. However, this cannot be achieved if
only diesel power generation systems are utilized. CO; capture and
storage (CCS) technology can also be considered to mitigate CO,
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emissions from power generation systems [7], though this type of
technology is not yet expected to be realized in the near future [8].
Mahmoud and Ibrik in Ref. [9] have studied a PV system applied to
Palestine with the conclusion that the PV system is more economic
and environmentally friendly than either diesel power generation
or electric grid systems.

In many countries, serious efforts have been made to supple-
ment conventional power generation with the grid-connected PV
systems. The systems do not only offer electric utility and envi-
ronmental benefits, but also customer benefits [10]. Customer
benefits are obtained by selling excess PV electricity to the grid.
This can be done by customers who are located close to the grid
[11]. Eltawil and Zhao [12] have shown that the growth-rate trend
for grid-connected electricity is increasing annually and has
become the dominant market for PV-generated electricity.

Optimizing the PV array and inverter sizing are necessary design
aspects for grid-connected PV systems. In Ref. [13], Mellit et al. have
reviewed various techniques for sizing PV systems, i.e. stand-alone,
hybrid off-grid and grid-connected systems. They concluded that
when the all required data is available, the conventional sizing
methods (empirical, analytical, and numerical) present good
solutions.

In the design and installation of grid-connected PV systems, the
inverter ratings are recommended to be smaller than those of PV
arrays [14—18]. One of the reasons for this recommendation is
because it is usually rare for the PV arrays to produce DC output
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power equivalent to, but in most cases less than their ratings.
However, Chen et al. [19] have shown that the optimum inverter
size can either be lower than or the same as the PV array rated size,
basically due to meteorological factors, economic factors and
inverter intrinsic parameters.

In some cases, grid-connected PV systems do not usually have
battery storage. In such scenarios, excess energy after supplying the
primary load from the PV array can be sent to the utility grid. On the
other hand, energy can be drawn from the grid when energy
generated from PV is insufficient for the primary load. Therefore,
the difference between price of buying electricity from the grid and
that of selling to the grid from the PV system is a substantial factor
in determining the optimal size of grid-connected PV systems
[20—22].

Real-time electricity pricing of PV generation systems inte-
grated to the utility grid is possible by using appropriate distrib-
uted control frameworks such as the supervisory predictive
controllers to operate the integrated systems to achieve short and
long term optimal management and operation control [23].
Moreover, the supervisory predictive control methods applied to
hybrid solar/wind systems ensure high computational efficiency
of the control problem, thereby guaranteeing their effective
applicability to the supervisory control system designs [24]. The
supervisory predictive control method [24,25] can also be
implemented to schedule operation and maintenance (O&M) time
of inverters and PVs and have been proved to be part of the
framework for the smart grid.

In other research works [26,27], various PV module technologies
have been studied. Notton et al. in Ref. [28] have concluded that the
PV module technology does not significantly influence the opti-
mum size of grid-connected PV systems.

The main objective of this paper is to investigate the optimal PV,
inverter and PV/inverter sizes for a grid-connected PV system in
Makkah, Saudi Arabia. Net present cost, renewable electricity
fraction, excess electricity, and CO, emissions are factors that are
being analyzed using HOMER simulation [29].

2. HOMER software

The Hybrid Optimization Model for Electric Renewables
(HOMER) software tool, developed by the National Renewable
Energy Laboratory (NREL) is being utilized in the current study
[29,30]. The HOMER simulation software performs the analysis of
the grid-connected PV systems by simulating the system operation
and cost evaluation for the project's lifetime. This simulation re-
quires data on initial capital, O&M, as well as replacement costs.
Several researches have been conducted using this software for
optimal design, planning, and sizing of renewable energy resources
such as solar, wind, hydro etc. for both off-grid and grid-connected
systems as well as their capability in reducing dependence on fossil
based electricity generation [31—-33].

Table 1
Primary load baseline.
Baseline Scaled
Average (kWh/day) 32,962,422 32,962,332
Average (kW) 1,373,434 1,373,431
Peak (kW) 2,213,000 2,212,999
Load factor 0.621 0.621

3. Input parameters used for the simulation
3.1. Load profile

The electricity demand in Makkah varies monthly dependent on
various factors. The reasons for the variations in the electricity
consumption in Makkah are due to: 1) Special occasions (Eid al-Fitr,
Kingdom National Day); 2) Religious occasions (Hajj, Ramadan,
Umrah); and 3) Climatic changes. The maximum peak load con-
sumption occurs in the summer season. Sometimes there is an
overlap between the summer months and the Hajj or Ramadan
month resulting in high energy consumption in that period of time.
The monthly load profile of Makkah is presented in Fig. 1. From the
load profile, it is shown that the peak load in Makkah is about
2200 MW with energy consumption of 33,000 MWh/day observed
in the month of November in Fig. 1. The primary load baseline
generated by HOMER is presented in Table 1.

3.2. Solar radiation

In HOMER, the solar resource input can be represented by either
the solar radiation data or the clearness index. Based on data
accessed from Ref. [34], the solar radiation in Makkah
(latitude = 21°26’ North and longitude = 39°49’ East) is between
415 kWh/(m? day) and 7.17 kWh/(m? day). The average solar ra-
diation over the year is 5.94 kWh/(m? day). Solar irradiance is high
(above the average) from March to September, with a peak in the
month of June, while solar irradiance is low in January, February,
October, November and December. Fig. 2 shows the solar radiation
data used in the simulations. The left side axis represents the solar
radiation while the right one represents the clearness index.

3.3. Energy price

Mondol et al. in Ref. [21] limit the excess PV electricity fed to the
grid when the electricity buying price is higher than the selling
price. However, this limit increases the surplus electricity that in
turn must be dumped because it can neither be used to serve a load
nor charge the batteries. In this study, all excess electricity from PV
is sold to the grid to suppress unused electricity. The selling price is
always made higher than the buying price as shown in Fig. 3, so that
the profitability can be realized by selling the electricity to the grid.
The selling and buying prices of excess electricity from PV is a part
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Fig. 1. Monthly load profile of Makkah.
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Fig. 2. Solar radiation data.

of the energy conservation policy. With this policy, the Kingdom of
Saudi Arabia encourages and supports the reduction of domestic
diesel consumption and therefore subsidies can be offered to
reduce the selling price of electricity from PV to consumers.

The buying prices for renewable energy are assumed to be
$0.016/kWh during off peak hours, $0.027/kWh during shoulder
hours, and $0.040/kWh during peak hours. The period schedules
(off-peak, shoulder and peak hours) are not changed in the simu-
lation for simplicity of the analysis.

4. Design specification

In this design, the system consists of a PV panel, inverter, grid
and the load as shown in Fig. 4. When the battery back-up capacity
is excluded, the cost of the whole system decreases by around
40—50% depending on the type of batteries used and the capacity
required. Therefore, since the system is connected to the grid, a
condition that improves the reliability of supply to the load, the
battery storage has been excluded from the system for economic
benefits of reduced system cost.

4.1. PV arrays

The size of PV arrays is dependent on the solar radiation avail-
able, the load profile and the renewable fraction required. The
energy derived from renewable resources and used as part of
supply to the load is defined as the renewable fraction, and in this
case the renewable fraction is related to the PV production. The PV
size can either be increased or decreased, according to the amount
of unmet electric load and renewable fraction set in the design. PV

Rate schedule

Step 1: Define and select a rate
Rate | Price | Sellback| Demand
(8/&Wh)| ($/kWh)| ($/kW.mo)|
Off-PEAK 0032 0016 0.000
SHOULDER 0053 0027 4.000
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Add I Removel Edi... I

Step 2: Select a time period

All Week  Weekdays | Weekends I
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2,213 MW peak

Converter

AL DC

Fig. 4. Grid connected PV system.

size adjustment ensures that the variation in load demand in a year
is well catered for. In the present study, generation of power is done
by PV only from 6 a.m. to 6 p.m. The PV cost data is provided in
Table 2.

PV lifetime is set at 20 years. PV panels typically have their best
performance within 20 years and subsequently their output
continuously degrades after 20 years.

The average price of a PV panel, including the installation cost,
was set at $ 2500/kW in the simulation. During operation, normal
maintenance is required, though there is no operation cost.
Compared to the capital and installation cost, the operation and
maintenance (O&M) cost is fairly small. For each kW of PV array, the
0&M cost was estimated to be $ 10/year. The O&M cost includes the
cost to remove dirt and dust on the PV panel and the PV panel
direction adjustment.

4.2. Inverter

The PV arrays produce direct current (DC) at a voltage, which
depends on the specific design and the solar radiation. The DC
power then runs to an inverter, which converts it into standard AC
voltage. Inverters commonly used in large scale applications are
central inverters that offer easy installation and high efficiency. The
average price of PV inverter (central inverter) used in this project is
set at $400/kW. Inverter O&M cost is estimated to be 5% of the total
investment per year.

The inverter size depends on maximum DC input power (i.e. size
of the PV array in peak watt) as well as the maximum specified
output power (i.e. the AC power provided to the grid). The
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Fig. 3. Electricity buying and selling prices.
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Table 2

PV data.
PV panel
Lifetime 20 yr
Derating factor 90%
Capital cost per kW $ 2500
Replacement cost per kKW $ 2000
O & M cost per kW per year $10

Table 3

Inverter data.
Inverter
Lifetime 10 yr
Efficiency 90%
Capital cost per kW $ 400
Replacement cost per kW $375
O & M cost per KW per year $20

appropriate inverter size is able to maximize the quantity of energy
harvested from the PV arrays in addition to minimizing inverter
cost. However, the overall system performance will not be affected
or reduced.

The inverter data is summarized in Table 3.

4.3. Grid

When the PV system is connected to the grid and inter-
connected with other power generating devices, the grid capital
cost is equal to the interconnection charge. Otherwise, the grid
capital cost is maintained at zero. In HOMER, the replacement cost
of the grid is always zero. The grid O&M cost is equal to the annual
cost of buying electricity from the grid (i.e. cost of energy plus
demand cost) minus any income from the electricity sold to the
grid. The grid O&M cost for the grid-connected PV systems also
includes the standby charge.

5. Simulation results
5.1. Optimal sizing of PV

In the simulation, the system performance is set at an unmet
load of 0%. However, excess electricity may occur when there is a

surplus of generated power after serving the primary load. The
excess electricity could have been dumped because it is not used by
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the load. However, as indicated earlier, in this analysis the excess
electricity is sold to the grid at the rates already indicated above.
Fig. 5 presents the percentage of excess electricity with PV size
variations. There is no excess electricity for the PV size from zero up
to 2200 MW.

The NPC of the system can be seen in Fig. 6. The system NPC
increases with increasing PV size though it is observed to increase
significantly when the PV size is higher than 2200 MW.

Electricity supply comes from PV arrays and grid purchases. The
percentages of electricity produced by PV and the grid supply are
shown in Fig. 7. There is an inverse relationship between the
electricity produced from the PV and that supplied by the grid;
electricity supplied from PV and the grid increases and decreases
respectively with increasing PV size. The intersection point is at a
PV size of 3900 MW where the PV arrays and the grid each provide
50% of the total electricity production. For PV size of 2200 MW, 33%
of electricity is produced by PV arrays while the grid supplies the
remaining 67% of the total electricity production.

Utilizing a bigger size of PV that is connected to the grid will
reduce CO;, emissions as shown in Fig. 8. This is the reason behind
using relatively expensive solar PV system when compared to the
cheap fossil generated electricity. Therefore, the bigger the PV size,

00—

Electricity Production (%)

0 500 1000 1500 2000 2500 3000
PV Size (MW)

3500 4000

Fig. 7. Electricity production vs. PV size.
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the higher the renewable energy fraction and the lower the CO,
emissions. For grid emission factor of 990 g/kWh, the CO, emission
is 8,066,000 tonnes/yr for the PV size of 2200 MW.

5.2. Optimal sizing of inverter

Fig. 9 presents the excess electricity vs. inverter size variations
for a fixed PV size of 2200 MW. An inverse relationship between the
excess electricity and the inverter size can be observed in Fig. 9
with zero excess electricity for the inverter size above 2200 MW.
Low inverter sizes reduce the energy harvested from the PV arrays
and increase the grid purchases. Hence, this condition results in
high excess electricity.

The approximately parabolic relationship between the NPC and
the inverter size of the system is shown in Fig. 10. It is clearly shown
that the total NPC of the system decreases for increasing inverter
size up to 1500 MW, a point at which the minimum NPC is ach-
ieved. This is due to the fact that more energy can be sold to the grid
if the inverter has more capacity to harvest energy from the PV
arrays. However, the NPC increases significantly when the inverter
size is higher than 1500 MW. Total electricity production required
to meet the load at 1500 MW inverter size (at the minimum value of
NPC) is 13,000,000 MWh/yr. This amount of electricity is produced
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by both PV arrays and grid purchases as presented in Fig. 11. In the
situation where a 1500 MW inverter is used in combination with a
2200 MW PV array, unmet load is not found from the simulation
and the excess electricity of 1.65% is produced. There is no excess
electricity produced for the inverter size of more than 1500 MW
and the cost of the inverter will only increase the NPC resulting into
the rising portion of the NPC against inverter size curve. Therefore,
the inverter size should be kept at an optimum point.

Utilizing a bigger inverter size can reduce CO, emissions, as
shown in Fig. 12. However, there is no increase in CO, emissions for
an inverter size of more than 2200 MW. This is because increasing
inverter size beyond PV size of 2200 MW neither affects the power
harvested from PV nor the electricity purchase from the grid as
shown in Fig. 11 but only increases the NPC as observed in Fig. 10
above, a situation that will keep the CO, emission production
constant.

5.3. Economic analysis

Based on the results above, two different configurations are
taken into consideration for the grid-connected PV system in
Makkah, i.e. R = 147 and R = 1.00. R is the ratio between the
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Fig. 11. Electricity production vs. inverter size.
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x 10 capacity of the PV array and the rated inverter [15]. Table 4 shows
1.2 the optimization results for the two configurations.

\ Total NPC for R = 1.00 (PV and inverter size are each 2200 MW)
= 1151y is higher than R = 1.47 (PV is 2200 MW while inverter size is
o '\ 1500 MW) and this can easily be noticed in Fig 10. Inverter costs
ﬁ 1.1 ‘\ (capital, replacement and O&M) are the main contribution for this
2 A high NPC, as illustrated in Fig. 13. However, the configuration of
E 1.05 s, R = 1.00 gives no unmet load (unmet load = 0%) and no excess
= 1 \ electricity (excess electricity = 0%). Moreover CO, emissions for
= \ R =1 are lower than those for R = 1.47 configuration because for
2 0.95 \‘ R = 1.47, more electricity is purchased from the grid that contrib-
é ' \ utes some emissions.

H 09 " Fig. 14 shows the electricity produced by a 2200 MW PV and
S KN 2200 MW inverter for R = 1.00. The PV arrays contribute 33% to the
* . . .
O 0.85 N total electricity production.
~ '~ With these real observations in mind, the optimization config-
08 SSme mme mme m—— mm p uration of R = 1.00 is better to be applied to the grid-connected PV
0 500 1000 1590 2000 2500 3000 system in Makkah because of its effectiveness in serving the entire
Inverter Size (MW) load though with relatively higher NPC.
Fig. 12. CO, emissions vs. inverter size.
6. Conclusion
Table 4
HOMER optimization results. Resource optimization is a major factor in the assessment of the
R—147 R—1.00 effectiveness of renewable energy systems. Various methods are
- being utilized by different researchers in planning and sizing the
F&:‘;:;IS\?X)(MW) ﬁgg g;gg grid-connected PV systems. In this paper, optimal PV, inverter and
Grid (MW) 2200 2200 PV/inverter sizes for a grid-connected PV system in Makkah, Saudi
Initial capital (in $ million) 5000 5280 Arabia have been investigated by using HOMER as a software tool.
Replacement (in $ million) 1884 2144 Net present cost, renewable electricity fraction, excess electricity,
O&M (in $ million) 15414 15,373 and CO, emissions are the major key performance parameters that
Total NPC (in $ million) 21,435 21,896 h b idered in det inine th timal t fi
€O, emission (in tonnes) 8256781 8,066,126 ave been considered in determining the optimal system configu-
ration. The optimum PV array and inverter sizes for a grid-
connected PV system have been obtained with the unmet load
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and excess electricity percentages as the main constraints. An op-
timum system configuration, with unmet load and excess elec-
tricity of 0% for serving electricity in Makkah city with a peak load
of 2200 MW, is obtained for 2200 MW PV size and 2200 MW
inverter size, i.e. for the ratio of R = 1.00. However, the inverter size
can be lower than 2200 MW if the NPC is the main factor to be
taken into account when selecting the system for implementation.
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