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This paper presents a grid impact assessment of a 5 MWp photovoltaic-based distribution unit on a 33kV/23 MVA power
distribution network with high penetration of renewable energy generation. The adapted network has an average load demand
of 23 MVA, with a 3 MWp centralized PV system, and a number of decentralized PV systems of a capacity of 2 MWp. A grid
impact assessment is done to an additional 5MWp of PV generation as a centralized system as well as a number of
decentralized systems. Power flow analysis is conducted to the grid considering different generation loading scenarios in order
to study grid performance including active and reactive power flow, voltage profiles, distribution power transformers loading,
transmission lines ampacity levels, and active and reactive power losses. On the other hand, the distribution of the
decentralized systems is done optimally considering power distribution transformer loading and available area using the
geographical information system. Finally, an economic analysis is done for both cases. Results showed that grid performance is
better considering decentralized PV systems, whereas the active power losses are reduced by 13.43% and the reactive power
losses are reduced by 14.48%. Moreover, the voltage of buses improved as compared to the centralized system. However, the
decentralized PV systems were found to affect the power quality negatively more than the centralized system. As for the
economic analysis, the decentralized PV system option is found slightly less profitable than the centralized system, whereas the
simple payback period is 9 and 7 years, respectively. However, decentralized PV systems are recommended considering the
technical implications of the centralized PV system.

1. Introduction

The technology of distributed generation (DG) is defined as
a small-scale generation unit that is installed at the consumer
side. There are different types of DGs, whereas they could be
from conventional resources such as diesel generators and
combustion turbines or renewable energy resources such as
solar, wind, and biomass energies [1].

The integration of photovoltaic distributed generation
(PVDQG) into a distribution system can be a beneficial so-
lution as it is reliable, reduces peak load, reduces grid losses,
and supports power quality [2]. Meanwhile, with high

penetration levels, the impact of PVDG would be negative,
such as reverse power flow, voltage fluctuations, and system
instability [3]. Thus, power flow, power quality, and short-
circuit analyses are very essential to assess the impact of
PVDG on the grid before its installation.

The main characteristic of solar power is the intermittent
nature and unreliable sources of generating power when
connected to the grid, due to many reasons such as weather
conditions (temperature and irradiance), diurnal variation,
and mismatch. As a result, voltage fluctuation can happen
and cause problems and consequently reduce voltage quality
[4, 5].
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Besides that, when PV output power changes rapidly, the
area control error of two or more interconnected areas may
exceed its prescribed limit. Finally, large uncontrolled PV
penetration may change the dispatch of regulating units in
the utility causing a violation in dispatch regulating margins
[6].

Due to these negative impacts, standards have been
imposed to control these impacts, such as IEEE 1547 that
provides standards of voltage fluctuation range when in-
terconnection between utility electric power systems and
distributed energy resources occurs. In addition to that,
many researchers have investigated the impact of high
penetration levels of renewable energy on the power grid. In
[3], an unacceptable voltage rise is reported and analyzed
with 50% of PV penetration, especially at noontime [3].
Meanwhile, according to [7], with high penetration levels of
renewable energy, losses can be increased [7]. Similarly in
[8], the reverse power problem is discussed, whereas it is
claimed that when the out power does not match the de-
mand, it is a serious challenge for the network since all
power transformers and protection components are
designed for unidirectional power flow [8]. This can make
overloading of the distribution feeders and excessive power
losses. Finally, in [9], the negative impact of high penetration
of renewable energy on harmonics is discussed. Following
that, many authors have discussed the methodology and the
technical impact of grid impact studies. In [10], procedures
of photovoltaic penetration impact on the grid are analyzed
and studied. The authors proposed a model that considers
the uncertainty of solar power generation and stochastic
assessment methods that could accurately estimate the state
of the operation of the network with different levels of
penetration of solar photovoltaics. In [11], the authors es-
timate the impact of rapid PV output fluctuations on the
power quality in an existing LV grid by performing load flow
analyses.

Therefore, a grid impact study should be done on the
power network before installing any renewable-energy-
based distributed generation. Thus, this study proposes a
framework of grid impact study for PVDG by analyzing the
following: (i) the power flow analysis of the system is done
before and after the installation of the distributed generation
unit to evaluate the impact of PVDG on the power system.
This process assesses voltage levels, system power flow, and
system’s power losses. This analysis should be done con-
sidering different operational scenarios considering gener-
ation and demand. (ii) The short-circuit analysis is done to
check the contribution of the newly added renewable energy
system to the network of any short circuit considering
different voltage contributions to the fault location. (iii) The
harmonics analysis of the system should be done to evaluate
the impact of the newly added system on the power quality of
the system. (iv) The paper discusses impact of centralized
and decentralized PVDG in medium-scale distribution
networks considering grid health conditions. The contri-
bution of this paper is represented by the technical infor-
mation and analysis provided for the network in Palestine in
specific and distribution network in general with high
penetration of renewable energy.
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2. The Adapted Case Study

Palestinian territories suffer from the scarcity of conven-
tional energy sources, high population growth, and rising
prices of energy. Thus, this would lead Palestine to a de-
veloping energy crisis [12]. In 2018, Palestine’s total energy
demand reached around 5,800 GWh, in which Israel Electric
Company (IEC) covered around 92.6% of this demand. The
rest of the energy supplies are from Jordan (1.5%), Egypt
(0.6%), and Gaza Power Plant (4.4%). Meanwhile, renewable
energy sources accounting for 0.9% [13]. The high energy
imports from the IEC had left the Palestinian Authority (PA)
with an estimated debt of 574 million USD [13]. On the other
hand, the cost of energy (CoE) is relatively high in Palestine,
whereas CoE is approximately 0.19 USD/kWh for the resi-
dential sector. On the other hand, the CoE in Israel is ap-
proximately 0.14 USD/kWh [13]. It is expected that seasonal
power shortages will be emerging in the West Bank fol-
lowing a demand growth of 3.5% per year until 2030.

On the other hand, Palestine has some potential for
renewable energy sources that could make a change for the
whole situation. For instance, Palestine has an estimated
annual average daily solar energy in the range of 5.4 kWh/
m?-6 kWh/m? with sunshine hours over 3,000 hours per
year. However, this average daily solar energy goes as low as
2.6 kWh/m” in December and reaches up to 8.4kWh/m” in
June [14-18]. Based on that, the PA, through the Palestinian
Energy and Natural Resources Authority (PENRA), has set
several policies for encouraging investment in PV systems.
Moreover, Palestine Investment Promotion Fund (PIF),
which is a public body connected to the PA, had set PV
systems as Palestine’s major investment opportunities for
local and international investors, with an estimated market
size of $50 million [19]. Following that, many projects have
been implemented in Palestinian cities. In summary, there
are 39 MW installed PV systems, while 93 MWp of PV
systems are still under development. Moreover, there are
about 24 MWp PV systems proposed officially for approval,
with several MWp (s) of PV system in planning.

In Palestine, there is a governorate called Tubas. This
governorate is powered by a 33kV distribution network. The
current penetration level of renewable energy in this network is
21.74%, which is somehow fine. However, recently, there is a
new project of 5 MWp to be installed in the network, whereas a
lot of disputes are around this project. The installation of this
project will increase the penetration level to be 43.47%. This will
put the network in a critical situation such as reverse power flow
and high-power losses. Thus, it is aimed in this research to
determine the impact of such a proposal on the network.
Moreover, as such a proposal is assumed to be not suitable as a
centralized system, an alternative solution is investigated that is
the installation of a group of decentralized systems instead of
one centralized system to mitigate the negative impact of the
system on the grid.

2.1. Modeling of the Adapted Power Network. To produce
precise data on network demand, voltage levels, and losses,
data collection was conducted including a one-line diagram
of Tubas LV and MV power network including loading
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profiles, transmission lines characteristics, power trans-
former characteristics, circuit breaker characteristics, cur-
rent coupling points, sources of power, grid capacity, and
present power factor (PF) levels at LV power transformers.

Tubas power grid is getting electricity supply by 161/
33kV substation called Tayaser power substation with a
power capacity of 23 MVA. Other power substations are
providing the power grid with power such as AlJalameh
power point (8 MVA), Qabatiya power point (2MVA),
Alzawiya power point (5 MVA), and Nassaria power point
(5MVA). These MV connections are with the IEC (Israel
Electricity Corporation) grid. There are some local PV power
systems in the grid that are 2 MWp distributed systems and a
3MWp centralized plant. The loads are mostly domestic,
and few of them are commercial, agricultural, and industrial.

In this research, all power coupling points with IEC were
considered as slack buses with an X/R value that is equal to
13.2154, while PV power systems were considered as dis-
tributed generation units.

The average load demand of the network is 23 MVA,
based on daily records of consumption. An average daily
load curve is demonstrated in Figure 1. These information
are collected from the stakeholder by the authors of this
paper. The daily load profile corresponds to a typical load
profile for a distribution grid in the region with mostly
domestic clients with peak demand at noon (16 MVA) and
afternoon (20 MVA) with lower consumption during the
night (14-12MVA) and early morning (10 MVA).

From the load profile, it can be seen that during the solar
day and specifically from 10:00 AM to 2:00 PM, the max-
imum power demanded is about 14-16 MV A, which means
that the generating power of any distributed generation
source should not exceed these values. Otherwise, reverse
power will occur.

In this research, the model was developed based on a one-
line diagram. In general, the MV grid is built mainly from
overhead line (OHL) 33kV voltage level and underground
cables. The OHLs are usually FEAL-type conductors of 50, 95,
and 120 mm®. The UGCS is usually TSLE or DKBA type of
3x120 mmz, 3x 150 mm?, or 3 x 240 mm?>. Most of them are
made of copper and some are of aluminum material.

There is a total number of 78 buses at 33kV, mostly
power consumption nodes (57 nodes), including the con-
centrated consumption of Qabatiya, Anza, Zawiya, Zaba-
beda, Wadi Douq, Um Al Toot, Tilfit, Tineen, Raba, Private
project, Mghayer, Merkeh, Jarba, Jalqumous, Dream Land,
Beer Al-Basha, AUU, Al Mtelleh, Wadi Al Faraa, Ras Al
Faraa, Keshda, and Faraa Camp. The loads in Tubas, Aqqaba,
Atoof, Kufeir, and Tammun were modeled in detail. The load
from Qabatiya, Anza, Alzawiya, Zababeda, Wadi Douq, Um
Al Toot, Tilfit, Tineen, Raba, Private project, Mghayer,
Merkeh, Jarba, Jalqumous, Dream Land, Beer Al-Basha,
AUU, and Al Mtelleh were modeled as total load (in node
Qabatiya). The loads associated with Wadi Al Faraa, Ras Al
Faraa, Keshda, and Faraa Camp were also modeled as cu-
mulated loads.

Based on the information mentioned above, the power
flow analysis of the network was performed using New-
ton-Raphson method in ETAP software.

3. Grid Impact Assessment Methodology

When planning for DG size and location, there is no specific
rule for that. Some researchers use the role of thumps, while
others use optimization techniques. Anyway, in simple
words, there is a role of thump for calculating the suitable
size of distributed generation assumes that a DG system that
covers 30% of the energy consumed during the solar day
subject to have a rated power that is lower than the mini-
mum local peak point during the solar day is fine.

By looking at Figure 1, we can say that the local peak
value is 14 MVA, the energy consumption during the solar
day is about 130 MWh (PF is assumed 0.9). Meanwhile, the
yield factor for PV systems in Palestine is about 4.8 kWh/
kWp per day. Assume that we need to cover 30% of the load
demand. The required size of a PV system is about 8 MWp.
Meanwhile, with the proposed system, the capacity of the
total PV system is 10 MWp. Thus, there is a dire need for
careful grid impact assessment.

In this research, the conducted grid impact assessment
has three main assessments that are load flow assessment,
short-circuit assessment, and harmonics quality assessment.

3.1. Load Flow Analysis. In any power system, the power that
is generated from the station is transmitted through
transmission lines to the loads. The flow of active and re-
active power is known as load flow or power flow. Load flow
analysis is an important tool to determine the steady-state
operation of a power system. Load flow analysis provides a
systematic mathematical approach to determine the bus
voltages, phase angles, active, and reactive power flow
through different branches, generators, transformer settings,
and load under steady-state conditions [20].

The information of load flow is essential for analyzing
the effective alternate plan for the system expansion to meet
the increasing load demand. The load flow analysis helps
identify the over-/underloaded lines and transformers as
well as over-/undervoltage buses in the system. It is used to
study the optimum location of capacity and their size to
improve the unacceptable voltage profile [21].

The resulting equations in terms of power, known as the
power flow equations, become nonlinear and must be solved
by iterative techniques using numerical methods [22], such
as Newton-Raphson method. These equations can be
written in the terms of either the bus admittance matrix
(YBUS) or the bus impedance matrix. With the availability
of fast digital computers, all kinds of power system studies,
including load flow, can now be carried out conveniently.

3.1.1. Newton-Raphson Method. There are several methods
of solving the nonlinear system of equations. The most
efficient one is the Newton-Raphson Method. This method
begins with initial guesses of all unknown variables such as
voltage magnitude and angles at load buses and voltage
angles at generator buses. Next, a Taylor series is written, for
each of the power balance equations included in the system
of equations. The result is a linear system of equations that
can be expressed as follows:
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where AP and AQ are called the mismatch equations and J is
a matrix of partial derivatives known as a Jacobian.

The linearized system of equations is solved to determine
the next guess (m + 1) of voltage magnitude and angles based
on

g™ = 6™ + A6,

(2)
V™ = V™ + AV
The process continues until a stopping condition is met.
A common stopping condition is to terminate if the norm of
the mismatch equations is below a specified tolerance.
Outline of the solution of the power flow problem is as
follows:

(1) Make an initial guess of all unknown voltage mag-
nitudes and angles. It is common to use a “flat start”
in which all voltage angles are set to zero and all
voltage magnitudes are set to 1.0 p.u.

(2) Solve the power balance equations using the most
recent voltage angle and magnitude values.

(3) Linearize the system around the most recent voltage
angle and magnitude values.

(4) Solve for the change in voltage angle and magnitude.

(5) Update the voltage magnitude and angles.

Check the stopping conditions; if met, then terminate, or
else go to step 2.

3.2. Short-Circuit Analysis. The key application of short-
circuit calculations is in the design of the protection system.
Short-circuit analysis is mainly needed to determine the
three-phase fault level at one or more nodes (buses) in the
system. The three-phase fault level is used to assess the short-
circuit current interruption potential of the circuit breakers
[23].

A general representation of a balanced three-phase fault
is shown in Figure 2, where F is the fault point with
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n
-P; + Z IVI; IV (Gycos 0 + By sin 6;), [VIiIV1i (G cos 0 — By sin 6y),

(1)

impedances Z; and Z,. Figure 3 shows the sequences
networks interconnection diagram [24].

From Figure 3, it can be noticed that the only one that
has an internal voltage source is the positive-sequence
network. Therefore, the corresponding currents for each of
the sequences can be expressed as follows:

I,,=0,
I,=0,
a2 (3)
1020
a4z + Zf
If the fault impedance Z is zero,
1.0 £0°
I, = 7 (4)

Equation (4) is substituted into the following equation:
Iyl 11 1770
Lyl|=|1d" a||lL,| (5)
Ies 1 aadllo

Solving the above equation,

1.0 20°
I = I ==
oz Z
1.0 £240°
Iyp=al,=—"" (6)
f N Z+ 7
1.0 2120°

Iy=alg = 7t 2,
1

Since the sequence networks are short-circuited over
their own fault impedance,
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FIGURE 1: Characteristic daily load curve for the network.

F

——3
IR

Z Z Z
[ A |
T
Lo+ I+ 10=31
Zg | af TAbf T A af
N

FIGURE 2: General representation of a balanced three-phase fault [20].
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FIGURE 3: Sequence network diagram of a balanced three-phase fault [24].
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Equations (7)-(9) are substituted into the following
equation:

Vs 11 1770
1a allv,| (10)
Vs 1 a a 0

Therefore,
Vap=Va = Zsla,
Vip=a" Vo = ZI1, 4240, (11)
V=aV, = Zf1a14120°-
The line-to-line voltages are
Vap = Vap = Vg = Var(1-607) = V3 Z 1,230,
Vie = Viy = Vey = Ve’ —a) = V32, 1,2 - 90,
V= Vep=Vap =V @@= 1) = V3 Z, 1,1 2150

(12)
If Z is equal to zero,
;Lo 20’
af — Zl 4
1.0 £240°
bf = (13)
f Z,
~1.02120°
=g
The phrase voltages become
Vaf’be’ ch=0. (14)
The line voltages become
Viaor Var, Vap = 0. (15)

3.3. Power Quality Assessment. The aim of the harmonic
analysis is to determine the distribution of harmonic cur-
rents, voltages, and harmonic distortion indices in a power
system. This analysis is then extended to the study of res-
onant conditions and harmonic filter designs and also other
effects of harmonics on the power system, that is, notching
and ringing, neutral currents, saturation of transformers,
and overloading of system components [25].

For the first step, a frequency scan is obtained, which plots
the variation of the impedance modulus and the phase angle of
the selected bus with frequency variation or generates R-X
impedance plots. This allows the determination of the resonant
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frequencies. Harmonic current flows in the lines are measured,
and the network, which is presumed to be linear at each stage of
the calculations with the added constraints, is solved to obtain
harmonic voltages [25]. The equations shall contain the har-
monic distortion indices.

4. Economic Evaluation Criteria

Different indicators were considered in order to compare
centralized system and decentralized system for economic
analysis as follows; the simple payback period (SPP), the net
present value (NPV), and internal rate return (IRR) that are
significant economic parameters will be used to evaluate the
feasibility for investors to invest into a rooftop PV system.

The simple payback period of investments is defined as
the ratio of the initial investment’s size to the value of the
estimated cash flow as follows:

IC,

SPP = = By (16)
where IC, is the value of the invested capital and CF, is the
cash flow. This value is achieved as the result of the
implementation of energy-saving measures and savings in
operating costs or expected to be achieved at the stage of
project development after the end of the calendar year.

Net present value (NPV) is also used in this research.
NPV is a method that is used to determine the current value
of all future cash flows generated by a project, including the
initial capital investment. The formula of NPV is as follows:

CF e

——— — initial investment, (17)
(1+14)
where 7 is the investment period and i is the discount rate of
return that could be earned in alternative investment.

Finally, the discount rate (IRR) is used as well. IRR is the
discount rate that makes the NPV of a project zero. In other
words, it is the expected compound annual rate of return
that will be earned on a project or investment.

The formula for IRR is as follows:

NPV =

N
CF
0=NPV =y — 1 18
,;) (1+IRR)" (18)

where N is the holding period.

5. Results and Discussion

5.1. Results for Power Flow Analysis of the Adapted Power
Distribution Network. In general, the voltages of the 33kV
distribution points of the Tubas network are facing many
under voltages. Figure 4 shows the thermal contouring map
of the network.

As indicated in Figure 4, the warmer color indicates
lower voltage levels, while the green color means a normal
situation. The network situation is critical. In general, re-
newable energy penetration is about 21.74%, which is very
high for such types of networks under similar conditions.

The results of power flow revealed that ten transformers
were overloaded as demonstrated in Table 1. Also, an enormous
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FIGURE 4: Power flow analysis of Tubas power distribution grid.

TaBLE 1: Loading levels, conditions, and PV connected to the transformers.

Transformers Condition Rating/limit Unit Operating % operating PV connected
Afaq, Dreamland Overload 0.400 MVA 0.61 153.6 0
Aqqaba water treatment Overload 0.100 MVA 0.13 131.3 0
Ashraf Khader Overload 0.160 MVA 0.27 167.8 0
Hawooz Aqqgaba Overload 0.250 MVA 2.4 959 97 kW
Maslamani F.C. Overload 0.400 MVA 0.47 116.6 500 kW
Meselya Water East Stn Overload 0.630 MVA 0.76 120.5 0
Qetaf Co Overload 0.160 MVA 0.52 326.8 0
School Taysaer Overload 0.160 MVA 0.2 122.8 0
Tubas Park Overload 0.100 MVA 0.1 103.7 0
Zoghioul, ZA Overload 0.160 MVA 0.44 272 15kW
101
929
w7
5
[=¥]
< 95
<
2
5.9 93
=
go 91
§
89
87
85
0 50 100 150 200 250
Buses

FIGURE 5: Voltage profile of Tubas network.

number of buses were undervoltage. Moreover, there were a lot
of buses and PV arrays that are in marginal condition con-
sidering voltage level as can be seen in Figure 5.

The total losses in the network are 7.03% of the fully
active power generation, while the reactive power losses are
14.34% of the fully reactive power generation.

5.2. Results for Centralized and Decentralized PVDG System
Impact on the Grid. In this section, two scenarios are studies:
first, installing the proposed 5 MWp system as a centralized
system at the proposed location by the operator at 33kV
level and, second, proposing a group of small-scale PV
systems to be at the 0.4kV network.
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FIGURE 6: Tubas with suggested PVDG on rooftops.
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FiGURE 8: Thermal contouring map for the decentralized case.
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FIGURE 9: Voltage profile of Tubas network in the three cases.
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FIGURE 10: Active and reactive power losses.
TaBLE 2: Point of common coupling loading.
P (MW) Q (MVar) S (MVA) % PF % loading
Current situation 8.57 2.90 9.05 94.72 39.34
Centralized 4.19 2.91 5.10 82.13 22.15
Decentralized 7.73 2.81 8.23 93.98 35.77
TaBLE 3: Description of Tubas network in the three cases.

Critical situation Current situation Centralized case Decentralized case
Undervoltage buses 176 124 36
Overvoltage buses 0 0 0
Overloaded transformers 10 12 11

TaBLE 4: Highest short-circuit current in the three cases.

Highest short-circuit current (kA)

% increase in short-circuit current

Current situation 64.85
Centralized case 67.51
Decentralized case 68.93

4.11
6.30

To implement the decentralized approach of the
system, the results obtained from power flow are used to
have the voltage of transforms as well as its capacity. After
that, it is suggested to install PVDG on these transformers
by considering 25% of transformer capacity. Here, any
other PV system installed previously is considered within
the 25% assumption. Available areas around each

transformer are also considered. Here, all the small PV
systems are considered rooftop PV systems. However, the
area of the suggested PVDG was not enough to mount
5MWp in the actual houses, so it was reduced to
4.2348 MWp to be compatible with the real situation.
Here, another power flow is performed after installing
the decentralized system on the overloaded transformers as
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FIGURE 11: Spectrum view of harmonics order and harmonic waveform at different buses: (a, d) harmonic spectrum and waveform for the
current situation, respectively; (b, e) harmonic spectrum and waveform for the centralized case, respectively; (c, f) harmonic spectrum and

waveform for the decentralized case.

TaBLE 5: Cost and system assumptions.

Variable Quantity Unit
Electricity selling price (both cases) 0.10 $/kWh
Operation and maintenance (O & M; both cases) 25 $/kW /year
Civil works (centralized PV system) $76,412.64 $
Maintenance engineers (both cases) 1,000 $/month
Inflation rate (both cases) 3% —
Minimum attractive rate of return (both cases) 12% —
Tax rate (both cases) 10% —
Price of PV system (rooftop) 700 $/kW
Price of PV system (land) 850 $/kwW
Plant power substation (centralized PV system) $45,847.58 $
Yield factor of PV system 1750 kWh/kW/year
Roof rent 6 $/m?/year
Land $42,313.65 $/dunam
Degradation 0.8 %/year
Salvage value 0 $
Operational period 20 Year

can be seen in Figure 6. The symbols of the photovoltaic
panel are the proposed rooftop PV systems.

On the other hand, the centralized system case is rep-
resented by a new 5 MW project, Figures 7 and 8 show the
thermal contouring map of the centralized and decentralized
cases, respectively.

The voltage profile of the network is indicated in
Figure 9. In many buses, the voltage levels are under the
IEEE power networks voltage standard (+5% p.u.). Al-
though in the decentralized case, it is much better than
other arguments, as it supports the voltage of buses and
overloaded transformers.

The active power loss in the base case is reduced by 4.43%
when the centralized case is used, whereas it is reduced by

13.43% when the decentralized case is used. Furthermore,
the reactive power loss in the base case is reduced by 2.6%
when the centralized case is used, whereas it is reduced by
14.49% when the decentralized case is used. Figure 10
represents the values of losses.

From Table 2, it is very clear that the centralized PV
system reduced the loading of the point of common
coupling and drew more reactive power. Such a case will
make this point more underloaded and may increase the
frequency level there that may negatively affect the fre-
quency level of the network.

Based on Table 2, the installation of large PV system in a
single location is not recommended, because of reverse
power flow, significant losses of power, and overloading of
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TaBLE 6: Economic analysis of the centralized system.
EOY M © & Savings Net Depreciation Total Taxable Tax ATCF A.T CF .Wlth Balance
+ engineers savings income inflation

0 ($4,837,710) ($4,837,710) ($4,837,710) ($4,837,710)
1 ($137,000)  $875,000.00 $738,000 ($241,886) $496,114 $49,611 $787,611 $764,671  ($4,073,039)
2 ($137,000)  $868,000.00 $731,000 ($241,886) $489,114 $48,911  $779,911 $735,141  ($3,337,898)
3 ($137,000)  $861,056.00 $724,056 ($241,886) $482,170 $48,217  $772,273 $706,739  ($2,631,158)
4 ($137,000)  $854,167.55 $717,168 ($241,886) $475,282 $47,528  $764,696 $679,422  ($1,951,736)
5 ($137,000)  $847,334.21 $710,334 ($241,886) $468,449 $46,845 $757,179 $653,149  ($1,298,587)
6 ($137,000)  $840,555.54 $703,556  ($241,886) $461,670 $46,167  $749,723 $627,881 ($670,706)
7 ($137,000)  $833,831.09 $696,831  ($241,886) $454,946 $45495 $742,326  $603,579  ($67,127)
8 ($137,000)  $827,160.44 $690,160 ($241,886) $448,275 $44,827  $734,988 $580,206 $513,079
9 ($137,000)  $820,543.16 $683,543  ($241,886) $441,658 $44,166  $727,709 $557,728 $1,070,807
10 ($137,000)  $813,978.82 $676,979 ($241,886) $435,093 $43,509  $720,488 $536,111 $1,606,918
11 ($137,000)  $807,466.99 $670,467 ($241,886) $428,581 $42,858  $713,325 $515,321 $2,122,239
12 ($137,000)  $801,007.25 $664,007 ($241,886) $422,122 $42,212  $706,219 $495,328 $2,617,567
13 ($137,000)  $794,599.19 $657,599  ($241,886) $415,714 $41,571  $699,171 $476,101 $3,093,669
14 ($137,000)  $788,242.40 $651,242  ($241,886) $409,357 $40,936  $692,178 $457,611 $3,551,280
15 ($137,000)  $781,936.46 $644,936 ($241,886) $403,051 $40,305  $685,242 $439,830 $3,991,110
16 ($137,000) $775,680.97 $638,681  ($241,886) $396,795 $39,680  $678,361 $422,732 $4,413,842
17 ($137,000)  $769,475.52 $632,476  ($241,886) $390,590 $39,059  $671,535 $406,289 $4,820,132
18 ($137,000)  $763,319.72 $626,320 ($241,886) $384,434 $38,443  $664,763 $390,478 $5,210,610
19 ($137,000)  $757,213.16 $620,213  ($241,886) $378,328 $37,833  $658,046 $375,274 $5,585,884
20 ($137,000)  $751,155.45 $614,155 ($241,886) $372,270 $37,227  $651,382 $360,655 $5,946,539

the network due to the low local demand at the suggested
bus.

On the other hand, the suggested decentralized systems
improve the voltage and reduce the losses. Table 3 illustrates
the number of under-/overvoltage buses and overloaded
transformers in the three cases (in the critical situation).

5.3. Results of Short-Circuit Analysis. The results of the three-
phase short-circuit simulations performed for the grid in the
current situation, centralized cases, and decentralized cases
are presented in Table 4.

For the initial situation, the highest short-circuit current
is 64.85kA on the supply point. The implementation of the
centralized case will lead to an increase of the short-circuit
values within the analyzed network by 4.11%, while in the
decentralized case, the increase in short-circuit current is
6.3%. However, the short-circuit security margin for the
network will be at least 20% from the rated short-circuit
current of the equipment after the implementation of the PV
plant within the area. Therefore, there are no problems
associated to short-circuit levels caused by the imple-
mentation of the PV plant.

5.4. Results of Power Quality Assessment. The impact of the
proposed PV system on the harmonic content at the point of
common coupling is investigated by harmonics load flow
analysis. The harmonic voltages inside the PV system and at
the point of common coupling are judged based on the IEC
61000-3-6 Standard by measuring the total harmonic dis-
tortions (THD). In practical considerations, the THD limit
in MV and high-voltage networks is usually lowered to 5%
and 2.5%, respectively, as required in the IEEE 519 Standard.
In case the above limits are violating the IEEE standard, a
harmonics violation case is reported in this study. The
network currently faces a hard situation of harmonics,

whereas at some points and cases, it reaches 17% at the fifth
and the seventh components as THD. Based on that, IEEE 18
plus CT harmonic model is implemented for all grid
components to describe approximately the harmonics sit-
uation in the grid.

The PV inverters are modeled as current injection sources.
The considered spectrum is taken from typical manufacturer
data, multiplied by a scaling factor to obtain the current THD of
3%, which is a usual value for such equipment. The simulation
results are presented in Figure 11.

According to the results, many buses exceed the limits of the
allowed harmonics in the grid. The main reason for that is the
current situation of the harmonics in the grid due to the presence
of nonlinear loads such as saws. It is extremely so high and needs
mitigation. The centralized case does not contribute that much
to this critical situation. However, it is found that the decen-
tralized case may contribute negatively to the grid as the number
of inverters increase as can be seen in Figures 11(c) and 11(f).

6. Brief Economic Analysis of the
Proposed Systems

To illustrate how the economic analysis was carried out, the
houses and transformers were given from the Tubas network
on GIS. Then rooftops for the suggested capacities of PVDG
were chosen based on 10 m*/kWp.

The cost and system assumptions are presented in Ta-
ble 5. Meanwhile, the economic analyses of both options are
illustrated in Tables 6 and 7.

Capital cost includes the initial cost of installing a PV
system. The operating cost includes the cost associated with
maintaining and operating the PV system over its useful life.
The analysis was carried out with consideration of taxes and
depreciation.
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TABLE 8: Results of economic assessment.

Decentralized Centralized
NPV -$768,212.88 -$246,021.02
RoR 7% 11%
SPP 9.434 7.116

The capital cost of the system was calculated based on PV
system costs in addition to costs of plant substation, civil
works, and land costs. Meanwhile, in case of the installation of
a decentralized PV system, the cost of PV system is assumed
to be equal to PV capital cost only. The O & M and salary of
maintenance engineers were also considered together. The
savings indicated in Tables 6 and 7 are the amount of elec-
tricity generation from the system, which is sold to the Tubas
network by considering the degradation rate for each year.
The net savings are the savings minus O & M and the salary of
the engineers. The depreciation was calculated based on the
straight-line method, taking the initial cost minus the salvage
value divided by the operational period, which is 20 years.

After that, taxable income was calculated as net savings
minus depreciation to know how much taxes would be paid.
After-tax cash flow is net savings minus taxes. For SPP, a
balance for the cash flow considering the inflation rate was
carried out to have accurate results. The NPV, RoR, and SPP
are presented in Table 8.

In general, although the decentralized system exceeds the
centralized system technically, the centralized system seems to
be slightly more profitable than the decentralized system.
However, the decentralized system is still acceptable consid-
ering the technical flows that the centralized system may cause.

7. Conclusion

In this paper, a grid impact assessment of a photovoltaic-based
distributed generation unit is proposed for a medium voltage
distribution network. The paper also proposes a comparison
based on grid assessment results between centralized and
decentralized photovoltaic-based distributed generation. The
comparison considered the power flow analysis, short-circuit
analysis, and harmonic contribution of both cases. In addition
to that financial analysis was also done for both cases for better
comparison. The adapted case in this research was a real case
that implies the real power flow performance of a medium
voltage distribution network. Results showed that the decen-
tralized PV distributed generation systems exceeds the cen-
tralized PV systems considering power flow analysis.
Meanwhile, both cases were almost equal considering short-
circuit contribution. Finally, the centralized PV system con-
tributed fewer in terms of harmonic to the grid as compared to
decentralized PV systems. On the other hand, the decentralized
PV systems option was less profitable as compared to the
centralized system. However, considering the technical im-
plications of the centralized system, the decentralized PV
systems were recommended.
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