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1. Introduction

Due to inexhaustible and non-polluting of Renewable Energy
Sources (RESs) characteristics, the total global renewable power
capacity for the last year 2018 reached up to 1246 GW where
China (404 GW), United States of America (180 GW), and Ger-
many (113 GW) are foregrounded of the top (REN21, 2019). Gen-
erator based on RESs is categorized into dispatchable (e.g. hydro,
geothermal and biomass energies) and non-dispatchable (e.g. so-
lar and wind energy source) generators (Foley and Diaz Lobera,
2013). A non-dispatchable generator is not controlled by the
system operator. It cannot be turned on or off when it is required.
The non-dispatchable generator is based on intermittent sources.
On the other hand, the dispatchable generator is flexible and
under control. Its output can be changed fairly due to the system
demands. From Tromly (2001) and Hoogwijk and Graus (2008),
Fig. 1 shows the all types of RESs and their main usages.

It is noteworthy that, solar PV (data are provided in direct
current), CSP/STE (Concentrated Solar Power/Solar Thermal Elec-
tricity) and solar hot water (only data are for glazed and unglazed
collectors) have significant increase for the last five years as
depicted in Fig. 2 (REN21, 2019, 2018, 2017, 2016, 2015).

As in literature, the investigating optimal allocation (site and
size) of PV-DG (Photovoltage Distributed Generation) is studied
from two viewpoints individually. The first viewpoint is done

within power system. This achieves by using optimization al-
gorithms, desirable objective function (single or multi-objective)
and constraints of power system (Alinejad-Beromi et al., 2007;
Salih et al,, 2016). It is noteworthy that, unsuitable allocation of
PV-DGs may limit the level of penetration by increasing active
power loss (Pjs) and decreasing the voltage profile within the
power system.

The second viewpoint is used to estimate PV resource po-
tentials. Assessment of PV resource potentials have significant
role for network-connected PV system and PV standalone system.
There are mainly four interrelated potentials; (1) theoretical, (2)
geographical, (3) technical and (4) economic potentials (Tucho
et al.,, 2014). Each potential has its own parameters and math-
ematical models. PV potentials are also controlled due to country
regulations and policy.

This work reviews some recent studies of PV-DG in power sys-
tem (transmission and distribution systems) including optimizing
algorithms, constraints, challenges and objective functions. In
addition, it includes the existing work of sustainable PV resource
potential assessments. Such work will help to find the gap among
relative conducted studies and propose a new methodology. Au-
thors strongly believe that power system capability and PV re-
source potential assessments should be considered at same time
optimally.
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Fig. 2. Three different solar power capacity between 2014 and 2018.

2. Overview of PV-DG

First of all, the term DG has synonym names such embedded,
decentralized, dispersed, district and local generation due to the
country or region. As in literature, DG is injected to distribution
system due to the improvement of power system performance
and the flexibility of DG size (Rezaee Jordehi, 2016; Dinakara
et al,, 2016). DGs are classified based on diverse technology and
source. There are mainly four types of DG as in Table 1. In
some articles, reactive power source (type II) is excluded (Mozina,
2008, 2009; El-Fergany, 2016). Up arrowhead (1) means the
DG type supplying power whilst down arrowhead () indicates
to DG type consuming power. The high performance of power
system depends on real and reactive power injections like DG
type (IlI) (Reddy et al., 2017; Kayal and Chanda, 2013).

turbine (DFIG)

2.1. Definition of PV-DG

The definition of DG (same as PV-DG) does not have con-
sensus. DG definition is swigged between site and size (Viral
and Khatod, 2012). Herein, some definitions of DG are presented
while size of DG is depicted in Fig. 3.

1- Electric Power Research Institute (EPRI) define DG as gen-
eration starts from a few kilowatts up to 50 MW (Acker-
mann et al.,, 2001). Herein, DG location is not defined

2- IEEE stands for the Institute of Electrical and Electronics
Engineers defines DG as smaller unit than central gener-
ation so that permits to have interconnection at any close
point in the power system (Pepermans et al., 2005). IEEE
does not define the DG size and the DG location does not
be specified in transmission or distribution systems.

3- DG is based on different technologies either renewable or
fossil fuel resources, that generates electricity and used
where it is needed. DG can serve single structure such
homes or part of microgrid (EPA, 2018). This definition
does not mention DG size or in which system should be
installed.

In term of DG ratings, this depends on power system capacity
and voltage level (El-Khattam and Salama, 2004). Meanwhile, the
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DG size categories

Micro DG Small DG Medium DG Large DG
(1 W<5KW) (5 KW <5 MW) (5 MW <50 MW) (50 MW < 300 MW)
Fig. 3. Four different DG sizes.
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*No use of water in PV pwer generation

*DG mitigates Green-house Gases (GHGs) emissions (SO, and CO,).
*DG helps to avoid having more new transmission construction and result saving lands.

Economic Issue

)|
J

*DG provides flexibility in its site and size. it results minimizing initial investment costs.

«Utilizing verity sources leads DGs to lower the cost by saving world’s fuel, minimizing
transportation, distribution charges and thus reduction on electric tariff.

*Health care cost becomes cheaper because of using clean energy.
*Invesment in this field help to mitigate unemployment.
* DG can increase the liftime of controller and regulator devices when it is optimaly installed.

Technical Issue

controllers.
*Maximizing the power reliability

*Increasing Total Transfer Capability (TTC)

*DG supports voltage profile and then minimizing the need of voltage regulators and

*Reducing total Power loss system and enhance power flow performance

Fig. 4. The block shows the mutual benefit of DG-RES.

location of DG output is not necessary to be consumed in distri-
bution system. As it happened in New Zealand where wind farm
3.5 MW is operated within distributed network. However, during
nights at the low load and high wind speed, the produced power
of wind farm is transferred to transmission system (Ackermann
et al., 2001). This lead us to DG power can be installed in high
and medium voltage systems.

2.2. The benefit of PV-DG utilization

The motivation of using PV-DG comes from three aspects.
The mutual relationship of environment, economic and power
network performance is strongly interrelated. Based on opti-
mal allocation of DG, technical system issues can be very well
handled. The some benefits of PV-DG which are also similar to
DG-RESs are presented as in Fig. 4 (Viral and Khatod, 2012;
Tan et al., 2013; Arya et al, 2012; Adefarati and Bansal, 2017;
Al-Muhaini and Heydt, 2013; El-Khattam et al., 2004; U.S. De-
partment of Energ, 2007; Singh et al., 2017; Rath et al., 2017;
Elnozahy and Salama, 2013; Singh and Mishra, 2018).

2.3. Grid connected PV system

In PV system, solar radiations are trapped and converted into
electric power. PV cells are exposed to sunlight, the interior
construction of PV cells has the ability to absorb photons and then
electrons are released. PV system can be either on-grid or off-
grid (Hersch and Zweibel, 1982; Tan, 2004). The electric current
by PV cells is always Direct Current (DC) in nature. It can be con-
verted to Alternative Current (AC) by electronic device inverter.
There are four different topologies of PV inverter to be connected
to the grid; (1) multi-string topology, (2) centralized topology, (3)

string topology, and AC module topology (Sun et al., 2011). Fig. 5
is illustrated the PV system connection with mesh power system.
In this section, the PV-DG is modeled in power system either PQ
node or PV note. At the same time, it presents the modeling of
output power of PV system based on solar irradiance.

2.3.1. PV-DG operation modes

Depending on the type, electric machine of DG and utility
interface (direct or indirect) used for a connection to the power
system, all DGs have to models either as PQ (power-controlled)
node or PV (voltage-controlled) node power flow studies (Maya
and Jasmin, 2015; Liu and Xu, 2016). PV-DG is installed to the
power system via power electronic interface. Based on the control
mode of electronic device, the PV-DG model is determined. The
case of controlling P and V independently, PV-DG model is set
to PV node. On other hand, the PV-DG model is PQ node when
P and Q are controlled independently (Moghaddas-Tafreshi and
Mashhour, 2009). In the case of the PQ node, the PV-DG behaves
as a negative load which does not make any obstacle to power
flow. Meanwhile, PV-DG can operate as the PV node which re-
quires an iterative procedure to keep specified voltage magnitude
and monitoring DG reactive power limits. Therefore, some means
should be considered as follows Emmanuel and Rayudu (2017),
Tong (2006) and Khushalani et al. (2007):

1- For zero reactive power and at iteration 7, the positive
sequence voltage mismatch for each PV node is given by

Eq. (1):
AV = |V = V| <4 VkeS={1,....n}, (1

where |Vi¢| is specified voltage magnitude at bus k.
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Fig. 5. Schematic diagram of grid-connected PV system.

2- If the positive sequence voltage AV} mismatches exceed-
ing the threshold &(, the reactive current injection for PV
with the help of the positive sequence impedance sensitiv-
ity matrix is calculated by Eq. (2):

Zis ¥ 15y = YV, 2)

where Zys is a positive sequence constant real impedance
matrix (n x n), n is the number of PV nodes, Ij, is the
positive sequence reactive current injection.

3- Due to constraint of reactive power supplied from DG, it is
required to compute this reactive power using the current
injection and the voltage of PV node using Eq. (3). And then
Q¢ is compared to the constraint as in Eq. (4). Out of the
given maximum constraint, the DG reverts to a P-Q node.

Qi = imag (Vialyy) " + (Vialiy) " + (Vaali) " 3)

where Q. is the total three-phase reactive power injected
by the DG unit at node k.

Q" < Q< Q™ (4)

2.3.2. Irradiance models of PV

DG has different mathematical models for PV type production.
The output power of the PV model depends on several parameters
such as fill factor and PV generation efficiency. The solar irradi-
ance is the spine of this type of generation. In this paper, PV-DG
models are listed in Table 2.

2.4. PV-DG location in power system

Generally, transmission and distribution (T&D) are
distinguished based on the voltage level (von Meier, 2006). How-
ever, this classification is poor for worldwide because of the
voltage overlap in T&D and modern system in developed coun-
tries such the highest voltage level in distribution network Italy
150 kV (a L’Abbate et al., 2007). Installing PV-DG can be located
either transmission or distribution system. This study focuses to
locate PV-DG in transmission system.

2.4.1. Transmission and distribution systems

Specifically, transmission lines in power system have two
functions; (1) to transfer bulk power over long distance from high
voltage to low voltage and (2) to connect power systems with
each other based on economic and technological reasons such
as nation grid in Japan and more complex grid (Europe, 0000;
Kothari and Nagrath, 2003). As result, transmission system forms
mesh network. This Bulk power is received by the distribution
system through the substation and delivers to the loads. Distribu-
tion system has different topologies due to several factors such as

construction cost, design, operation, and desirable area. There are
mainly three different form of network; (1) radial, (2) ring (loop)
and (3) cross-loop (mesh) (Systems, 0000).

2.4.2. Transmission and distribution system with PV-DG differences

1- Distribution system is designed to receive power from

transmission system in one direction like radial system

(Kadir et al., 2014). Injecting DG to distribution system

may require resetting fault protection system due to the

changing in fault current (Dulau and Bica, 2017). Since the

fault current will be supplied from DG and the distribution
system (Borges and Falcdo, 2006; Of et al., 2004).

2- Reverse Power Flow toward the substation can cause dis-
turbance of protection and regulation devices in radial
distribution system (Suh et al., 2017; Al-Sabounchi et al.,
2011).

3- In distribution system, low voltage ends are usually not
linked to the Supervisory Control and Data Acquisition
(SCADA) system. Control system encounters difficulty to
gather required data in particular from DG units. This is
because of independent DGs operate due to the market
needs (Ackermann et al., 2001).

4- Due to the most distribution network configurations either
radial or loop networks, the reliability of such system is low
compared to the transmission system which is mesh net-
work. As result, the advantages of connecting DG directly
to the distributed system are threatened to be lost (Kamal
Kant Sharma, 2012).

5- The concept of Available Transfer Capability (ATC) in trans-
mission system is applied unlike distribution system
(NERC, 1996).

6- Allocation of DG in sub-transmission system has ability
to reduce the total power loss and foster voltage profile
compared to lower voltage in the meshed system IEEE 14
bus. The study proved that the lower total power reduction
is with type (I) of DG where real P, (for 69 kV) is between
50% and 75% compared with real P; (for 13.8 kV) is between
25% and 50% (Ogunjuyigbe et al., 2016).

7- DG based on renewable energy source (RES) is depended on
its geographical potentials. Meanwhile, the high level pene-
tration of DG-RES is restricted to the capability of electrical
system. For example, even though PV-DG with 3000 MW of
total generation in nation grid of Egypt is investigated, the
grid is able to maintain stable (Sultan et al., 2019). This may
not be possible in distribution system.

8- Since the ratio of R/X in transmission system is less than in
distribution system, this causes high effect in latter system
based on power losses and poor voltage support compared
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Table 2
PV-DG models based on solar irradiance.
Ref. Model Parameters

Salameh et al. (1995) P, = /P S).f(S).dS

where P, is the average power output from a PV module, P (S) is the output
power of the module, f (S) is the probability density function. S is value of
irradiance.

Ruiz-Rodriguez et al. Ppy = npyg * Apyg * Gt
(2011)

where 7, is PV generation efficiency, A,,; is PV generator area (m?) and
G, is solar irradiation in module plane (W/m?).

G
Ali et al. (2017a) Ppy = | Prvr X (G) OSGSG']

Ppyy G <G

where G and G, are the solar radiation (W/m?) for the selected location and
the rated radiation at the earth’s surface (1000 W/m?) respectively. Ppy, is the
rated PV output power at solar radiation of (1000 W/mz) and temperature of
25° C.

RZ
Prated—pv X ( ) , R<Rc

Swief et al. (2018) Rsm X Re

Prated—pv X —— Rc <R <Rsmp
Rstp

Prated—pv

R > Rep

where Ppy is the PV output power (MW), Rsrp signifies the solar irradiance in
the standard conditions usually set to 1000 W/m?, R¢ is a certain radiation
point, usually set to 150 W/m?, and Preq_py is the PV rated power (MW)

Ppy = Ns * Np % FF % Voo * I
VNoc (TN)C]
1+ G xln (gA) Ta

e = e e)”

Ry
FF=(1-
VOC/ISC

Voo =

Kayal and Chanda
(2013)

~—

Voc Voc
) e —In (W +0.72

\7
T+ 3

where N; and Np are series and parallel PV modules respectively, V,. and I .
and FF are the open circuit voltage, short circuit current and fill factor of PV
module respectively. Gy and G, are the nominal and actual solar irradiance on
module; Ty and T, are nominal and actual module temperature, respectively.
Vnoe and Iysc are nominal the open circuit voltage and short circuit current of
PV module; R; is the series resistance of module; ¢y, c; and c3 are the three
different constant which are introduced to show non-linear relationship
between solar irradiance, photocurrent and cell temperature. n is density
factor (n = 1.5), T is the PV module temperature, K is Boltzmann constant
(1.38 % 1072%J/K); and q is the charge of electron (1.6 % 107'° C)

Ppy = Ns % Np % FF %V %
I= Sa [’sc + Ki(TC - 25)]
Rawat and Vadhera V=V —K,*T,
(2018)
Vinpp * Impp

Voc * Ioc

FF =

K; is current temperature, T, is cell temperature coefficient, K, is voltage
temperature coefficient, S, is average solar irradiance, I, is current at
maximum power point and V;y,, is voltage at maximum power point.

to transmission system (Moradi and Abedini, 2012a; Keane
and O’'Malley, 2005).

3. Constraints for optimal PV-DG

For the reliable and security transfer power from generation
plant to load center in the interconnected network, the opera-
tional transfer may be restricted to the physical and electrical
characteristics

e Power Flow Balance and Generation: total power loss and
demands should be part form all total power generation
including all DG units in the system. This output and input
of the system is call Power Flow Balance limit (PFBL) (Duong
et al., 2019; Devabalaji and Ravi, 2016).

o Distributed generation: should operate within their lower
and upper limits (Ganguly and Samajpati, 2015).

e Voltage Limits: is also another constraint in power sys-
tem. During injecting DG into the system, voltage level
should maintain within the upper and lower limits accept-
able range as in Eq. (5) (Abdmouleh et al., 2017; Abu-Mouti
and El-Hawary, 2011). Most of electrical utility look to main-
tain +/—5 range for voltage level. Maximum power can be
transferred at minimum voltage limits without causing any
damage to power system or customer facilities (NERC, 1996;
Gomes and Saraiva, 2017).

Vimi"SViSVimax i=1,2,3,...,n (5)

e Stability Limits: interconnected transmission network must
have the ability to survive under disturbances through tran-
sient. System disturbance itself can be categorized into two
(1) small- disturbance or steady state stability which can
be experienced in increment load and (2) large-disturbance

which can be happened in outage of line or generator and
so forth (Chakrabarti, 2010).

o Line Thermal Limits: is defined as the maximum amount of
electrical current that is conducted in transmission line or
electrical unit for particular time before it cause damage by
overheating (Moradi and Abedini, 2012b; Dong et al., 2014).

o Total harmonic Distortion limits: harmonic is usually gen-
erated from equipment with nonlinear voltage and current
characteristics. THD limits were introduced in IEEE 519 stan-
dard. Due to the voltage at Point of Common Coupling (PCC),
THD limits is given (IEEE, 2014; Ravikumar Pandi et al.,
2013).

e Phase angle limit: This includes the maximum and min-
imum angle limits at bus-i as in Eq. (6) (Kumar and Gao,
2010; Alrashidi and Alhajri, 2011).

s <& <M i=1,2,3,...,n (6)

There are other inequality constraints which are not less im-
portant than aforementioned. Substation transformer capacity,
short circuit level, traditional power generation, Number of DG,
Intertie’s delivery power, tap position, power factor and short
circuit ratio should not also exceed the acceptable range (Zubo
et al,, 2017; Luo et al., 2018; Payasi et al., 2011).

4. Impact of PV-DG on power system

Power system based on renewable energy source encounters
non-traditional problems such as voltage issues and more har-
monics (Farhoodnea et al,, 2013). In this section, it reviews the
challenges of inserting PV-DG in power system with and without
optimization based on location and size of PV-DG.
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4.1. PV-DG without optimization

PV generation system is extremely dependent on environmen-
tal conditions, design of inverter systems, and control schemes
in power convertor (Sarhan et al., 2006; Petrone et al., 2008).
In power system, some problems raised with PV-DG connected
system and traditional solutions are presented here.

4.1.1. Voltage rise

Power system is not completely designed to support high
penetration of PV-DG. In transmission or distribution systems, the
voltage problems at high voltage level has a little difference in
nature than the voltage problems at low voltage level (POVLSEN
and A/S, 2002). Therefore, increasing the level of PV-DG pene-
tration associated with natural solar source characteristics can
cause reverse power flow at low load and result to voltage
rise (Eftekharnejad et al., 2013; Kadir et al., 2014). Solar irradi-
ance changes may not have high detrimental impact on network
voltage level. The network voltage observed at 1.08 PM during
the irradiation 1113 W/m? (at clean day) is 243.94 V. Meanwhile,
the network voltage at 5.08 PM during irradiation 161 W/m? is
observed 242.86 V (Ayub et al., 2014). This depends on the per-
centage of PV penetration to the system as outlined next (Karimi
et al., 2016):

1- During low penetration level of PV output around 5%, at
peak load PV inverter does have a little effect on voltage
regulation on power line.

2- At medium penetration level of PV output around 10%,
PV inverter can contribute to help reduction of the con-
ventional voltage support capacitor size by approximately
40%.

3- During high penetration level of PV output around 30%
to 50%, PV inverter might be able to support all voltage
regulation on the power line.

Based on standard IEEE 1547-2003 introduced that, the PV-
DG inverter acts as active power source and should not con-
tribute to voltage regulation at the bus of connection (IEEE, 2002).
This makes the grid responsible for reactive power support and
voltage regulation. During high DG penetration, keeping volt-
age within specified limits can be maintained through several
methods such as step voltage regulators, shunt capacitors, and
transformer on-load tap changers (Shayani and De Oliveira, 2011;
Survey et al.,, 0000; Alquthami et al.,, 2010). During short term
of voltage variation due to insolation behavior, there is an extra
burden on regulator devices and therefore, diminish the lifetime
of equipment (Chidurala, 2016).

Nowadays, IEEE 1547-2018 imposes the inverter of PV-DG
to contribute to reactive power and voltage regulation (Ropp,
2019; IEEE Standard Association, 2018). Localized PV-DG inverter
controls can contribute to regulate voltages at low level, minimize
power system losses and increase PV penetration in network
capacity (Collins and Ward, 2015). Controlling and generating
reactive power by PV inverter is cost-effective because there is
no need to install supplemental device (Han et al., 2017). Another
solution to mitigate the voltage rise caused by high PV-DG output
is energy storage system used. Charging and discharging control
based on an intelligent strategy is discussed to have high effective
use of the storage capacity at low voltage (Alam et al., 2012).

4.1.2. PPV-DG output fluctuation

The output of PV-DG is fluctuated due to the intermittency
nature of the solar source particularly inconstant irradiance and
temperature as shown in Fig. 6. Therefore, PV system uses Maxi-
mum Power Point Tracking (MPPT) algorithm to obtain the max-
imum power point from PV panels (Chidurala, 2016). However,

Table 3
Various mod of storing energy by BSS.

Mode Description

Load leveling mode  During exceeding grid power the required load,
battery bank starts storing the surplus energy. This
stored energy starts supplying into the grid when

load demand becomes high.

Arbitrage mode Battery bank starts storing energy (purchased
off-peak) at cheap price and then the battery bank
starts supplying grid at peak time where grid power

is expensive.

Export curtailment Battery bank located at customer premises can store

mode the excess power from PV-DG. The stored power is
not permitted to export it to the grid. As result.
revers power flow is zero.

the power system still has to deal with two issues; to handle not
only unsteady demand but also has to handle unsteady genera-
tors. This weakness can lead to lose the balance and reduce the
reliability within the power system (Enslin, 2010; Zahedi, 2011).

Hybrid system by combining two or more power generation
along with storage can help to improve power performance.
High coordination, control and proper designing must be consid-
ered (Nehrir et al.,, 2011). The proposed configuration of hybrid
PV-FC is introduced in Sun et al. (2011). PV is used as the main
source, while FC is used to supplement the deficits of PV source
during changes of insolation. Another method, proper Hybrid PV-
DG and energy storage is recognized as a reasonable mitigation
method at both small scale and large scale (Kocer et al.,, 2019).
The results in Teng et al. (2013) presented that if the commitment
between PV-GS and Battery Storage System (BSS) can be defined
effectively, then the advantages of using BSS can be fulfilled. BSS
have different applied modes as in Table 3 (Haque and Wolfs,
2016). Some times it is not practical to store all excess PV-
DG output. Curtailed energy is proposed since PV-DG can be
operated in off mode of maximum power point (MPP) lead to zero
output (Kroposki, 2017).

Another way to mitigate the variability of PV output is to avoid
large PV farm in one location. Even though PV farm is restricted
to the geographical area, deploying smaller PV farms across wide
region will help electrical utility to have smooth control on grid
based on PV-DG (Nwaigwe et al., 2019).

4.1.3. Harmonics

Generally, power system is always affected by harmonics due
to the non-linear equipment connected in the system. therefore,
harmonics should not exceeds the permissible limits due to the
standard (Bergen and Vittal, 2007). Total harmonic distortion
(THD) either current or voltage is used as the common indices
for measuring harmonic in the system. The harmonic detrimental
impacts on the power system can be known by the following
problems (El-Sayed et al.,, 2017; Bergen and Vittal, 2007).

(a) Harmonics cause overheating in equipment which results
to damage or failure of equipment.

(b) Protection system in equipment can cause undesirable op-
eration or failure.

(c) Existing harmonics may lead to process disturbance or
system malfunction of equipment.

(d) In equipment of rotating harmonics causes pulsating and
reduced torque.

(e) In rotating and static of equipment, audible noise is in-
creased.

Change in solar radiation can have a little difference on THD
voltage compared to THD current (Ayub et al, 2014). Low so-
lar irradiance leads to high THD current (Colque et al., 2019).
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Fig. 6. Current-voltage (I-V) and power-voltage (P-V) characteristics of solar cells, (a) at constant 25 °C with various irradiance while (b) at constant the irradiance

of 1000 W/m? with different temperatures (Xiao et al., 2014).
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Fig. 7. The voltage profile before and after the optimal size and location of DG (HassanzadehFard and Jalilian, 2018).

Table 4
Divergence between three different filters.
Filters Notes
L-filter First order filter, attenuation 20 db/decade, required high
value of inductor, non-cost-effective and causing voltage drop,
using in such as high switching frequency converters.
LC-filter Affected by nonlinear load harmonics (Rasul et al.,, 2017),
second order filter, its resonant frequency relied on system
impedance, attenuation 12 db/octave after cut-off frequency,
less cost, large capacitor causing high inrush current and
reactive power
LCL-filter Attenuation 60 db/decade, reducing ripple current,

non-cost-effective and improper design leads to resonance and
instability in system.

Meanwhile, network-connected PV system is always associated
with harmonics due to PV inverter contains semiconductor power
switching devices such as IGBT, GTO, and diodes (Farhoodnea
et al, 2013; Menti et al.,, 2011). The generated harmonics from
PV inverters will be divergent due to three factors; (1) size of PV
systems, (2) the type of control strategy and (3) on the network
voltage harmonics (Chidurala, 2016). Based on the results, it
emphasizes that THD current and THD voltage increase propor-
tionally with the PV systems penetrations (Chidurala et al., 2016).
Mitigating PV system harmonic can be done by different design
of filters as in Table 4 (Gakhar and Gupta, 2019).

Another way of mitigation, converter with high quality and
keeping the MPPT in all cells has been proposed. The distorted
current can be mitigated in the multilevel-cascaded converters
during different levels of solar radiation (Lashab et al., 2019).

4.2. PV-DG with optimization

It is very important to observe the impact of PV-DG connected
system when optimal location and size are considered. Such
PC-DG optimization can mitigate the dependance on the tradi-
tion solutions of using external devices to solve power system
problems or improve the performance of this system.

4.2.1. Voltage profile with optimal PV-DG

Improving or maintaining voltage profile within the limits on
power system is considered one of the most essential factors
of power flow characteristics. An approach to improve voltage
profile is implemented by optimal location and size of DG. In Ali
et al. (2018), optimization algorithm is used to determine optimal
allocation of single and double PV-DG in 69-bus distribution sys-
tem. It is proved from the simulation, a minimum voltage in the
base case 0.91 p.u. is improved up to 0.97 p.u. Similar study em-
phasizes that optimal allocation of DG contributes for improving
voltage profile and the minimizing overloads in normal operation
and under contingencies (Sanchez Mora et al., 2018). As depicted
in Fig. 7, all the voltage values on system buses are improved.

Furthermore, under different type of load models (constant,
industrial and residential loads) based on optimal allocation of
DGs voltage profile keep improving for each model (El-Zonkoly,
2011). It is worthy noted that, even though optimal allocation of
PV-DG based on only minimum active power loss (as objective
function), voltage profile keep improving in the distribution and
transmission power system (Karimyan et al., 2014; Mosbah et al.,
2019). This is due to the mathematical relationship between
voltage and resistance.
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Fig. 8. PV-DG with different PF modes for 69 bus system.

4.2.2. Power factor with optimal PV-DG

Since the real power injection at unity power factor by PV
may cause voltage rise and decreasing power factor (Agalgaonkar
et al,, 2014; Lewis, 2011). Therefore, the PV inviter act as ac-
tive and reactive power source will play crucial role in term of
changing installation point and then result in maximizing size,
higher loss reduction and better voltage profile when optimiza-
tion of location and size of PV is considered (Shahzad et al., 2016;
Murty and Kumar, 2015). The power factor should be in range
0.95 lead/lag at maximum power output supplied at the bus of
connection (Ellis et al., 2012). Table 5 and Fig. 8 is extracted from
the obtained result in Kayal and Chanda (2013) and reformed to
be in comparison form. It represents the different modes of PF
which lead to varies power performance for PV-DG.

4.2.3. Voltage sag with optimal PV-DG

Voltage sag can be defined as a voltage in rms value decreasing
in range 0.1 and 0.9 per unit at the power frequency for a period
of 0.5 cycles to 1 min (Biswas et al., 2012). Optimal location of DG
to enhance both power quality and real power loss within a distri-
bution system is considered. Voltage sag is investigated based on
the reliability index related to sag cost (Nasrolahpour et al., 2012).
From the simulation result in Murthy et al. (2013), voltage sage
index is enhanced from 36.00 to 46.00 when optimal allocation of
DG is taking place in account. Similar work conducted to mitigate
voltage sag using hybrid approach for DG installation. For one DG
or two DGs connection, the voltage sag is mitigated in a short
period of 0.06 s (Chandrashekhar Reddy et al., 2013). The good
location of DG is found in the weak part of the power network.
The results show the voltage sag is mitigated (Jahromi et al.,,
2007).

4.2.4. Fluctuation output of optimal PV-DG

In this work (Agarwal et al., 2015), random behavior of irra-
diance is model by Beta Probability Density Function (BPD). The
collected data for each year is divided into four seasons. The sea-
son is presented by one typical day. Based on optimal allocation
of PV-DG, the obtained results denotes all objective functions
are achieved such minimum annual energy losses. For Prenc
et al. (2013), a developed method is used to find the optimal
location of PV-DG based on daily production and load dynam-
ics in distribution network. the total daily apparent power loss
is reduced from 190.53 kVA without PV-DG up to 133.96 kVA
with PV-DG in 30-bus distributed system. The method takes in
consideration both the time periods of maximum PV-DG output
and peak power values to obtain the optimal location of PV-DG.
Similar study is conducted in Hung et al. (2014). Combination
of analytical expressions of active power loss, reactive power

loss and voltage deviation are used to allocate PV units while
considering the time-varying load models and probabilistic PV
generation. As result, the PV penetration is different between dif-
ferent time-varying load models. Authors in Ahmadi et al. (2018)
used average winter solar radiation (as worse solar radiation)
for Kabul city to analyze daily PV-DG and then to be injected to
the distribution system in 21 optimized locations. This is carried
out by GA based on minimum real power loss. The optimized
allocations of PV-DG outputs are compared to average summer
solar radiation and short-term cloud transient weather. As result
of comparison, all cases overcome the issues like power quality
and dependency on import power.

4.2.5. Harmonics with optimal PV-DG

Harmonics in power system can also be mitigated by opti-
mal location and size of PV-DG. Based on PV-DG allocation for
minimum power loss and harmonics, The voltage THD can be
reduced from 6.0331% without PV-DG up to 3.9355% with PV-
DG in 69-bus distribution system (Duong et al., 2019). In actual
51-bus medium distribution system (Hengsritawat et al., 2012),
voltage stability Index (VST) is used to find the proper location of
PV-DG while probabilistic approach is used to obtain an optimal
size of PV-DG. The results indicate that installing multi PV-DGs
in power system have a little effect and does not violate the
harmonic standards. However, considering background harmon-
ics 35% can cause violation to voltage THD constraints exceeding
5%. In another study conducted on 13-bus Tahran distribution
system (Alinejad-Beromi et al., 2008), optimal allocation of DG
(Type III) is performed by PSO based on loss reduction, voltage
profile improvement, THD reduction, and cost reduction. THD
is reduced from 7.681% without DG up to 4.818% with DG. In
Yakoub Yousef et al. (2019), a different location and size of PV-DG
generate various amount of harmonics due to the impedance in
the power system seen by inverter. In this reference, a method-
ology is applied to find the proper solutions such as suitable
bus and the maximum permissible PV penetration level. This
keep THD within standard limits. Similar study is conducted in
Abdul kadir et al. (2013). Sensitivity Analysis (SA) is used to
find the DG locations while Evolutionary Programming (EP) is
used to find optimal DG sizes in 69-bus distribution system to
minimize total real power loss and voltage THD. This algorithm EP
is integrated with harmonics load flow analysis. It is worthy note
that, the average voltage THD drops from 18.097% up to 1.097%
due to optimal allocation of DGs.

4.2.6. Short circuit current with optimal PV-DG

The short-circuit levels (SCL) is increased after the installation
of DGs and become highest with buses connected to DGs (Hos-
seini et al., 2013). PV-DG connected from bus to another in
13-bus distribution system has different SCL with different type
of faults (Afifi and Darwish, 2014). There are many techniques
to mitigate the increasing SCL. For instance, optimal location and
size of solid state (SSFCL) is proposed to decrease the produced
fault current by DG (Shahriari et al., 2009). Apart of using such
device (SSFCL) to achieve single objective, optimal allocation of
DG can be applied to minimize the SCL by considering it as one of
the multi objective function (El-Zonkol, 2010). Increasing number
of optimal allocation of DG units installed in smart distributed
system will help to minimize fault level within the acceptable
limit as in Fig. 9.

Similar study of multi-objective function is used to determine
optimal allocation of multi-DG with different load models (El-
Zonkoly, 2011). Even though SCL is considered as objective func-
tion, SCLs in both 38-bus radial system and an IEEE 30-bus
meshed system has low maximum increase compare to base case.
The maximum difference is 3.92% for 38-bus system and 2.3% for
30-bus system in the case of the industrial load model.
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Table 5
Showing different PF modes of PV-DG for 69 bus system.
Type PF mode Bus number Size Stoss (KVA)
P (kW)  Q(kVar)
PV-DG + 0.95 7 —16 —51 —54 —59 —61 —62 —65 —67 —68 —69 2608 857 96.8
1 6 —8 —12 —26 —52 —53 —59 —61 —62 —65 —68 3062 0 148.6
—0.95 8 —18 —51 —53 —59 —61 —62 —65 —66 —68 -69 2108 —658 269
25
o |s ONoDG | Objective
_ o1DG Dowen functions
g 15 H B2 DGs _ system Algorlthlm
% B3 DGs compleXIty nature
= 10 H
=
<]
51 m Number et Software
of DG efficiency
o LI T Lo coom cmm | comm L  mm.
Busl Bus2 Bus3 Bus4 BusS Bus6 Bus7 Bus8 Bus9

Fig. 9. Fault level at 9-bus smart distribution test system (Buaklee and
Hongesombut, 2013).

4.2.7. Power system reliability with optimal PV-DG

The reliability of any power system always depends on the
ingrained reliability of system components such as power gen-
erations, transmission lines and transformers (Pavani and Singh,
2014). There are many methods to ensure the reliability of power
system performance such as network reconfiguration performed
by switches in optimal manner (Badran et al., 2017; Civanlar
et al,, 1988) and Flexible alternating current transmission system
(FACTS) controllers (Ashokrao et al., 2017; Bawazir and Wazir,
2014). On other hand, optimal placement and size of DG plays
role to improve the power system performance. Cuckoo Search
Algorithm (CSA) is used to determine allocation of optimal re-
closers and DG based on minimizing Energy-Not-Supplied (ENS)
index (Swief et al., 2018). In similar work, authors proposed a
novel comprehensive approach to solve planning problem in a
distribution system and to find the optimal allocation of DGs
based on the reliability. The effectiveness of this method showed
good impact on the system in term of reliability (Hasanvand et al.,
2017). Based on optimal allocation of multi-DGs, distribution
system, reliability and power losses using Differential Evolution
algorithm are studied. The reliability indices; the system average
interruption frequency index (SAIFI), the system average inter-
ruption duration index (SAIDI) and the expected interruption cost
(ECOST) decreased from 0.289, 0.306 and 5,216.0 up to 0.046,
0.049 and 1,119.10 respectively (Chiradeja et al.,, 2017). On an-
other study, the determining optimal DG locations to maximize
the reliability are different due to time-varying loads. During
different loading patterns in the circuits of a system, inserting a
DG may yield the large enhancement for heavy load than light
load (Zhu et al., 2006). The optimal placement of DG to improve
reliability is examined. The factors such as DG based on renew-
able energy source and load curtailment scheme have impact on
the sensitivity of reliability to changing location. However, the
optimal location of DG remain the same (Banerjee and Islam,
2011).

4.2.8. Power system stability with optimal PV-DG

Voltage sensitivity analysis is used to propose the candidate
buses for DG installation. Both probabilistic nature of loads and
renewable DG (PV and wind) are considered. Simulation results

Fig. 10. Influence factors on algorithm performance for DG in power system.

shows that DG allocation can enhance the voltage stability margin
Al Abri et al. (2013). In Aman et al. (2012), Power Stability Index
(PSI) is used to find the most voltage sensitive bus and lowest
power losses to place and size DG in distribution power system. It
is proved that the voltage stability is improved after DG located.
On other hand, DG with and without reactive limits have great
effects on optimal location, size and number of DG. The optimal
objective function based on Voltage stability and system power
loss are performed by proposed method is much less than the
case of no reactive limits (Esmaili et al., 2014). The authors
proposed a new index to obtain the optimal allocation of DG. It is
based on reduction of losses and improvement of voltage stability
taking in account load variations (Poornazaryan et al., 2016). The
obtain result indicates the voltage stability is kept improving
below and above load base case after installed DG. In Roy et al.
(2012), Q-laudability technique proposed to find suitable location
for wind and solar generators. For improvement of voltage sta-
bility, authors recommends to locate the wind generator in the
strong region and solar generator in the weak region in the power
system.

5. Optimization methods for PV-DG allocations

The selecting algorithm is very sensitive task for PV-DG al-
location. There are several factors which can indicate the most
effective algorithm among others as in inspired Fig. 10 (Ayodele
et al., 2015; Kayal and Chanda, 2013; Moradi and Abedini, 2012a).

Herein, algorithms can be divided into three categories. Each
has its own characteristics and efficiency. They are presented as
in Fig. 11.

5.1. Analytical methods

These analytical methods (AMs) are derived based on algebraic
expressions. They are used to find the optimal DG allocation.
Generally, these have ability to perform in fast and direct calcu-
lation (Viral and Khatod, 2012). It can handle a single objective
in power system. Herein, some common analytical methods are
presented.
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Fig. 11. Algorithm categories.

5.1.1. 2/3 rule

The golden rule or 2/3 rule was introduced to find the optimal
DG (in particular capacitor) location within distribution system
with uniformly load. This technique locates approximately the DG
at point of the line that corresponding to 2/3 of the entire length
of the line. The size of DG is equal to 2/3 of the total load demand.
The golden rule is simple and easy to be applied (Abdmouleh
et al., 2017; Willis, 2000). The golden rule is simple and easy to
be applied. However, it cannot be used directly for other types of
loads (Mittal, 2012)

5.1.2. Loss Sensitivity Factor (LSF)

LSF is used either to find optimal allocation of DG or to reduce
search space for sophisticated algorithms in power system. The
technique is used based on the principle of linearization of the
original exact loss formula at initial operating point. The LSF
for a given system can be calculated by Eq. (7). List of buses
with respect to highest LSF value is formed in descending order.
The top ranked buses in the list are considered as the candidate
locations (Hung et al., 2013). Fig. 12 shows the principle work of
LSF.

dP .
L
ap, 2 ,2 1:(011ij - BiQ)

LSF; = (7)

i ; T s I
where n is the number of bus, aj iy €08 (6i—8), By =
i

o Sin (8i — &) and ry+ jx;j = Zj are the ijth element of [Zbus]

matrix with [Zbus] = [Ybus] ™.

Even though LSF does not need long processing time, it is
noticeable, highest LSF value does not guarantee the lowest loss
reduction (Acharya et al., 2006).

5.1.3. Improved Analytical method (IA)

Improved Analytical (IA) technique is used to optimize DG
allocation. It is build based on analytical expressions. IA is mainly
used to determine the optimal size at different buses by using Eq.
(8). Meanwhile, the developed methodology is used to determine
the optimal location of DG based on finding minimum real power
loss (Hung et al., 2013, 2010). For optimal location, it is used
approximate loss where the values « and § of base case based
on Elgerd’s loss formula is used. The flowchart in Fig. 13 shows
the mainly steps for DG allocation:

_l n
Pogi = Ppi + — | BiiQi — Z (aijPj — BijQ)

Ui =
" j=1j#

(8)

where Ppg; and Pp; are the injection and demand of real power at
bus i of the system respectively.

The power flow in this method runs two times; without DG
to calculate the power loss based on base case load and with DG
to calculate the minimum power loss. These make the approach
fast in computational time.

5.2. Meta-heuristic algorithms

As in literature, most of existing researches consider meta-
heuristic algorithms to optimize DG allocations. They are not
restricted to solve one problem. By Multi Objective Optimization
(MOO), meta-heuristic algorithms can handle contradictory ob-
jectives. The challenge in such algorithm, it can be trapped in local
optimum either global optimum.

5.2.1. Genetic Algorithm (GA)

Genetic Algorithm (GA) is introduced by John Holland at 1975.
GA is used in many applications of sciences. It has ability to han-
dle single and multi-objective functions (Alinejad-Beromi et al.,
2007; Pisica et al,, 2009). In GA, set of gens are represented by
chromosome or individual. Each individual represents a solution
of the given problem and then group of different individuals cre-
ate a generation (population). Every individual in the population
gets an evaluation of its adaptation (fitness) to the environment.
By means of evolutionary operators like selection, crossover and
mutation, a new generation (offspring population) is created.
The selection chooses the best gene combinations (individuals),
which through crossover and mutation should drive to better
solutions in the next population. Fig. 14 shows the frame work
of GA (Samajpati, 2014; Popov, 2003).

Based on the result in Pisica et al. (2009), the proposed algo-
rithm is effective when the number of DG is increased. It also
achieves the objective functions. However, GA consume more
time during operation.

5.2.2. Artificial Bee Colony (ABC)

Artificial Bee Colony (ABC) is method inspired by Dervis
Karaboga in year 2005 (Karaboga, 2005). This technique is based
on the principle of the activity of swarm of bees to look for
food around their hive. In ABC, three groups of bees are formed:
employee, onlooker and scout (Abu-Mouti and El-Hawary, 2011).
ABC algorithm consists of four phases; (1) initialization phase,
(2) employed phase, (3) onlooker phase and (4) scout phase. ABC
just has two control parameters; (1) size of colony and (2) limit
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Fig. 12. Flowchart of LSF for DG allocation.
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Fig. 13. Flowchart of DG allocation based on IA method.

or iteration number (MOHD NABIL BIN MUHTAZARUDDIN, 2014; The initial location of food source is randomly determined by
Dixit et al., 2016b). scout bees and then Eq. (9) is used to calculate the fitness function
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Fig. 14. Genetic Algorithm scheme.

(FV;) within initial stage. The information of food location will
transfer to employed bees. Latter bees will find another food
source location near to the previous one by using Eq. (10) and
then highest fitness value of new location is evaluated using
greedy selection. The best fitness value will be kept in the mem-
ory and then used in onlooker’ bees stage. Within this stage, the
probability of available nectar is checked by using Eq. (11). Fig. 15
represents all stages of ABC algorithm.

1
"1+ objective function;

i

(9)

XM€Y = x% 4 range (0,1) . (x° — xi) (10)

ij ij y

where x;” and x% are the new and previous value of variable

respectively. x;; is a neighbor value that is selected randomly from
jth dimension and range between (0,1) or [—1,1].

: (1)
?J=1 Fv;
where prob; is probability value and N is the total number of
employed bees.

ABC method is used to determine the optimal DG allocation.
This algorithm is verified by comparing with other. It can perform
the optimization of single and multi DGs in less time (Abu-Mouti
and El-Hawary, 2011; Seker and Hocaoglu, 2013).

prob; =

5.2.3. Backtracking search Optimization Algorithm (BSOA)

BSOA is originally used to find global minimum for a given
problem. The BSOA can be explained by dividing its functions
into five procedures: (i) initialization of the population (P) as in
Eq. (12), (ii) selection-I which is used to find the old population
(oldP) as in Eq. (13), (iii) mutation generates the initial form
of the trial population mutant based on P and (oldP) using Eq.
(14) (iv) crossover produces the final arrangement of the trial
population T, and (v) selection-II, P is updated with individuals
of T having better fitness as shown in Fig. 16 (Sheoran et al,,
2015; El-Fergany, 2015). Unlike many search algorithms, BSOA
has one control parameter that is used to control mutation in the

Initialize ABC parameters (number of food source,
limits, max cycle number, upper and lower bound)

v

Calculate the fitness function values

v

Find the best location by using index[n]

v

Calculate the new function values and find the
highest value by using greed selection

v
Apply prob, equation to check the available nectar
v
No
I the food exhausted?
v

Use scout bees to look for new food
source locations

v

Is it reached max cycle number?

5]

Fig. 15. The scheme of ABC.

No

crossover step and not be over-sensitive to it. BSOA’s problem-
solving performance is not over sensitive to the initial value of
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Fig. 16. The scheme of BSO (Sheoran et al., 2015).

this parameter (Civicioglu, 2013).
Pj=1LBj+rand(...) . (UBj—LB;)) i¥N&jVD (12)

where LB; is lower bound of the optimized parameter j, UB; is
upper bound of the optimized parameter j, rand (. ..) is arandom
number in the range 0 to 1, N is population size and D is problem
dimension.

oldP = permuting(oldP) (13)

mutant =P + F . (oldP — P) (14)

where F = 3. randn, and randn generates a random number in
the range [0,1] with normal distribution.

BSO is employed to determine the optimal location and size
of DG in order to reduce real loss and enhance the voltage
profile and voltage stability. This technique gives good perfor-
mance to find allocation for different types of DG either single
or multi-DG (El-Fergany, 2016, 2015; Gupta et al., 2015).

5.2.4. Krill herd algorithm (KHA)

krill herd (KHA) is optimization bio-technique used for many
applications. KHA is developed by Gandomi and Alavi. The princi-
ple of such algorithm is based on herding behavior of individual
krill due to searching for the food in multi directions as in Fig. 17.
The lowest distances of each individual krill from food and from
highest density of the herd are deemed as the objective function
for the krill motion. The movement of individual krill is mocked
in three steps; (1) Motion Induced, (2) Foraging Motion and (3)
Random Diffusion. Regular KHA may be expressed by Lagrangian
model in an n dimensional decision space, as presented in Eq.
(15) (Gandomi and Alavi, 2012; Mukherjee and Mukherjee, 2016).

dX,'
—=Ni+F+D,

i i=1[0, m]

(15)

where N; is movement induced by other krill individuals (local),
F; is foraging motion (global), D; is random physical diffusion and
n is number of krill individuals.

KHA is used in power system to determine the optimal loca-
tion and capacity of DG in power system. It last less time to solve
the problem (Sultana and Roy, 2016; Ali et al., 2016b).

5.3. Hybrid techniques

Combination of different methods is also used to investigate
the best location and size of DG for different scale systems. Hybrid
methods can be categorized into (1) hybrid analytical methods,
(2) hybrid meta-heuristic algorithms and (3) hybrid analytical and
meta-heuristic algorithms. The hybrid methods can be done from
same or different categories.

5.3.1. Hybrid analytical methods

1- Load Concentration Factor (LCF) and Analytical Expressions
(AE) introduced in Shahzad et al. (2016) and Shahzad et al.
(2017) is used to determine the optimal location, sizing
for multiple DGs. Two approaches have been hybridizing;
LCF is used to determine the locations as Eq. (16) Mean-
while, Derived analytical expression based upon exact loss
formula is used to size the capacity for number of DGs
simultaneously. Regard to number of desirable installing
DGs, the topmost LCF's value of buses is considered for
candidate locations. Fig. 18 represents the procedures of
this method.

LCFi =) Py

Jjec

(16)

where Pp; is the power demand connected at bus *“j”.
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Fig. 17. The flowchart of KHA.

2- Another hybrid analytical method is based on LSF-AE pro-

posed in Elsaiah et al. (2014) and Dong and Shuhui (2014)
to minimize the power loss reduction of distribution sys-
tem. LSF is applied to find the optimal location. Meanwhile,
Analytical Expression (AE) is used to find optimal size and
power factor for DG. LSF-AE is capable to handle medium
distribution system of 69-bus.

5.3.2. Hybrid meta-heuristic algorithms
(a) Hybridizing two meta-heuristics methods Genetic Algo-

rithm (GA) and Particle swarm optimization algorithm
(PSO) for optimal allocation of DG is introduced. GA is
utilized to determine the best location in the system due
to its attractive quality. Meanwhile, PSO is used to find
the maximum size of DG due to its fast convergence abil-
ity. The flowchart at Fig. 19 represents the procedure to
performance (Moradi and Abedini, 2012a).

The results showed that, the proposed combined GA/PSO
method has good performance for voltage profile and volt-
age stability index (Moradi and Abedini, 2012a; Moradi and
Abedinie, 2010).

(b) The hybrid algorithm of artificial Bee Colony (ABC) and

Cuckoo Search Algorithm (CSA) is used find the optimal
location and size of DG (Bhullar and Ghosh, 2018). ABC
was introduced in previous section of meta-heuristic algo-
rithms. Meanwhile, CSA is optimization method introduced

by Yang and Deb in 2009. CSA has two major operators;
direct search based on levy flights (first scenario), random
search based on probability (second scenario) (Yang and
Deb, 2010). A cuckoo egg represents a new solution while
each host bird egg in a nest represents a solution. The aim
is to replace a worst solution in the nests with the new and
possibly better solutions (Tan et al., 2012a).

5.3.3. Hybrid analytical and meta-heuristic algorithms

(I) Another hybrid method is proposed to optimize DG in

term of location and size. It consists of Whale Optimization
Algorithm (WOA) (introduced by Mirjalili and lewis) and
Index Vector method (IV). WOA is inspired by hunting
method of humpback whale kind of whale is fed by hunting
small fishes or krills close to the sea surface. Humpback
whale has unique method to hunt its prey. It is called
bubble net feeding method (Mirjalili and Lewis, 2016).
WOA is proposed to find optimal size of different modes of
power factor for DG while optimal location is determined
by IV as in Eq. (17). Fig. 20 shows the procedure of this
method (Reddy et al,, 2017; Murthy et al.,, 2010).

1 Ig (k) Qeff (n)
v(n)? Ik total Q

I, (k), I (k) are real and imaginary part of current in kth
branch. Qeff (n) and V (n) are effective load and voltage at
nth bus respectively. Total reactive load is taken as total Q.

index [n] =

(17)
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Fig. 18. Flowchart of optimal DG by using LCF-AE (Shahzad et al.,, 2016).
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Fig. 19. The GA-PSO method for optimal location and size of DG.

LSF-ALOA: Loss Sensitivity Factor (LSF) is used to reduce the
search space to present list of the candidate location for DG.
Ant Lion Optimization algorithm (ALOA) is presented by Mirjalili
in 2015 (Mirjalili, 2015). The principle work of this technique
is to mimic between the most of ant lion life cycle (also called
doodlebugs life cycle). It is ant lion larva (predator) and mainly
ant (prey) in natural hunting mechanism. Fig. 21 is inspired
from Dubey et al. (2016) to show the main steps of ALOA. This
algorithm imitates the interaction between the predator and prey.
The interaction model should include that, the requirement of
the ants moves randomly in the search space while ant lion
lava hunts ants and become fitter by using traps. The following
matrices (18) and (19) present the stored sites of ants and ant
lions and use them during optimization procedures:

antm antu ‘e antw
antu antz,z N antz’d
Mant = . . . (18)
antnj antn,z e antn,d
antlion; 1 antlion, ; antliony 4
anty 4 ants , antliony 4
Manttion = . . . (19)
antlion, 1 antlion, , antlion, 4

n is the number of ants or ant lion and d denotes the ant or
ant lion dimension. The objective function is employed during
optimization and the following matrix (20) and (21) saves the
fitness value for each ant and ant lion:

F[ant1q  anty, ants 4]
Fe[antyy antyp ... antyq]
Moy = . (20)
F[ant, ant,; ant,q]
F; [antliony ;y  antlion 5 anty glion
F; [antliony;  antlion; 5 ant; 4]
Moar = . (21)
F; [antlion, ;  antlion,, 5 antliony 4]

In Ali et al. (20174, 2016a), the authors work to develop ALOAA
to optimize the DG allocation. ALOAA is proven to have good per-
formance compared to other meta-heuristic algorithms (Mouassa
et al., 2017; Hadidian-Moghaddam et al., 2017).

5.4. Other optimization algorithms for DG

There are other optimization algorithms which are not in
categorization in Fig. 9. They are also used to find the optimal
allocations associated with objective functions. Some of them are
presented in this section and others are listed in Table 6.

1- ELF is also called Repeated Power Flow (RPF). It is single
objective function used to optimize the allocation for DG.
The principle operation of this technique is to install single
DG at one time on bus. The DG output is increased in steps
till stopped at specific value corresponding with real power
loss (Elsaiah et al., 2014; Shahzad et al., 2016).

2- Revamp Voltage Stability Indicator (RVSI) method is used
to identify the proper location of DG in the power system.
RVSI is derived from quadratic equation of voltage for
sending end of 2-bus system as in Rath et al. (2017). If RVSI
value is approaching one for a given line, this line is consid-
ered as the critical line. Meanwhile, the line corresponding
sending end bus is recognized as the weak bus (Singh et al.,
2018).



R.O. Bawazir and N.S. Cetin / Energy Reports 6 (2020) 173-208

Read data from power system
v
Run powe flow |
v
Find the best location by using index[n]
v

Generate initial population or solution, max iteration and etc

>V

Generate random solutions of DGsizes

v

Calculate the power loss for generated solutions and
giving current best solution

v
Update the positions of whales
v

Run load flow for updated solutions

v
| Is the obtained loss less ?
v

Replace the current best solution

No

v
No CCheck the stop criteriorD

Yes
L[]

Fig. 20. IV-WOA method for optimal sitting and sizing of DG.

3- EA-OPF: Efficient Analytical (EA) method is based on ap-
plied the proposed Real Power Loss Reduction (RPLR) as
an index when DG is installed. EA is used to find optimal
location. Meanwhile, Optimal Power Flow (OPF) is used to
find the optimal DG size for the defined (Mahmoud et al.,
2016).

Differential Evolutionary Algorithm (DEA) is demonstrated
to be one of the most excellent EAs to solve real-valued
optimization problems (Lin et al., 2004). DEA is based on
population of random parallel search evolutionary for op-
timization. It has the ability to handle nonlinear, multi-
objective functions, and non-differentiable (Bulac et al.,
2010).
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5- Sequential Quadratic Programming (SQP) is optimization
method based on numerical iterative. It handles the con-
strained minimization problem by solving a quadratic pro-
gramming (QP) (Alhajri et al., 2010; AlHajri and El-Hawary,
2008). SPQ is used to optimal allocation of DG. It can handle
single and multi-objective functions (Darfoun, 2013).

6. Objectives within power system

Determination of optimal site and size for PV-DG or DG in
general within power system is also influenced by the objectives
functions such minimizing loss and improving voltage profile. In
this section, the impacts and most recent objective are presented.

6.1. The impact of objectives on PV-DG in power system

It is noteworthy that, the location of DG can be also changed
due to the selecting desirable single or multi objectives associ-
ated with weight factors. In Nasrolahpour et al. (2012), the best
location of DG to minimize real power loss is found on bus 36
and the best location for mitigate voltage sag is on bus 24 of 45-
bus distribution network. However, bus 29 is considered as best
location to achieve the double objective functions. Similar study
is also conducted on PV-DG. The below simulation result in Fig. 22
obtained from IEEE-14 bus system illustrates the optimal location
of PV-DG based on three objective functions (Mosbah et al., 2016).
The bus 9 presents the optimal location for stability margin (1)
at (a) and total power loss at (b). However, Critical Clearing Time
(CCT Wang et al., 2016) of removal fault at (c) indicates the bus
7 is the optimal location.

However, considering all three objective functions is affected
the optimal location. In the case where weighted factors are
considered have the same value wl = w2 = w3 = 1/3, optimal
PV-DG location is in bus 9.

6.2. Optimization objectives in power system

This subsection explores enormous of studies to optimize the
PV-DG allocation based on single and multi-objectives. Herein,
all objectives in Radial Distribution System (RDS) or mesh power
system are presented mathematically. Furthermore, Table 6 rep-
resents different several power system objectives for all type of
DGs. This is because of the most objectives are common in power
system for each DG type.

6.2.1. Technical power loss

Basically, power system losses can be classified into technical
losses causes by internal factors and non-technical losses cause
by external factors (Anumaka, 2012). For a transmission line (I)
connected between (i) as sending node and (j) as receiving node,
the real and reactive power loss are Pj,ss and Qs respectively

0
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Fig. 21. The scheme of ALOA.
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and presented mathematically as in Yuvaraj et al. (2017a) and
Adefarati and Bansal (2016):

P} +Q?
Pioss = ( d d Rij (22)
Vi
or

nn
Pioss = erzel,,'jRiﬁ (23)

i=1
where n, is total number of buses in the given system, and

Rjj I, are the resistance line and real current of power line
respectively.

P:+Q;
] )
oss — ( v; Xij (24)
or
np
Qioss = erzecf,ijxij, (25)

i=1
where Xj; and I are the reactance line and reactive current in
that power line respectively. The power loss in a power system

is also represented by an exact loss formula (Hung et al., 2013;
Acharya et al,, 2006; Hung and Mithulananthan, 2014):

Pioss = Y ¥ [a5 (PP + QQ) + B (QP; — PiQ)] (26)
i=1 j=1

Quoss = ) > [ (PP + QQ) + hy (P — PQ)], (27)
i=1 j=1

where aj = g cos (8 —8): By = 7 Sin (i —8). i = 7iv; €08
(8i — &) s hy = o-sin (8 — 6;) and P;, ; are net real and reactive
iVj

power injections in bus i and P;, Q; net real and reactive power
demand in bus j, and V, § are the voltage magnitude and angle at

bus i and j. Furthermore, power loss also can be also expressed
as (Moradi and Abedini, 2012a):

nn

Pioss = Z (Pgm' — Pani — ViniVniYni €05 (dmi — dni + 9111‘)) (28)
i=2
nn

Quoss = Z (ng = Qani — ViniVniYni Sin (dmi — dni + Gni))7 (29)
i=2

where Pg,; is real power output of the generator at bus ni, Py,
is active power demand at bus ni, V,; and V,; are voltage of bus
at mi and ni respectively, and J,; and §,; are phase angles of
voltage at bus mi and ni respectively, Y,; is admittance between
bus ni and bus mi, 8,; is phase angle of Yy;.

6.2.2. Voltage stability (V)

VSI is one of the most indices that are implemented to inves-
tigate the level security in power system. It can be obtain from
such mathematical model as below (Ali et al., 2017a; Tan et al.,,
2012b):

. 2
VSI () = |Vil* — 4(P.Xy — Q.Ry)” — 4 (P.Ry + Q.Xy) .[Vil*  (30)

6.2.3. Voltage profile (Vpy,)

The power system voltages should maintain within specified
limits because of the power quality requirements. Voltage profile
(Vpro) can be expressed mathematically as (Moradi and Abedini,
2012b):

np
Vpro = Z (Vni - Vratd)zv (31)
i=1

where Vg are voltage of bus ni rated voltage in per unit.
6.2.4. Voltage deviation (V)

Due to the nature of radial distribution system, it can lead
to voltage dips in case of heavy load and remote areas. Hence
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minimize the voltage deviation is significant issue in power sys-
tem. Voltage deviation can be mathematically presented as (Tolba
et al., 2018b, 0000; Khoa et al., 2017):

Vi—V .
AVy = max ,Vi=1,2,3,...,n, (32)
1
or
np
Vd = Z [(Vi - Vmax)2 + (Vi - Vmin)z] (33)
i=2
or

np 2
AVy = Z (M) , (34)
i1 Vref,l
where Vs is a reference bus, Vi and Vi, are maximum and
minimum voltage.

6.2.5. Minimization of total operational cost

There are many factors to be considered to minimize the
cost (Kansal et al., 2015; Kefayat et al., 2015a). Herein, minimiza-
tion of total operational Cost is mathematically presented. The
operational cost consists of two components. The first one is the
real power received from the substation of power system. The
second component is the cost of real power received from DG
injected to the same system. The total operating cost (TOC) can
be minimized by the following formula (Tolba et al., 2018b):

TOC = (C1PDG,total Ioss) + (CZPTA,DG) > (35)

where, C; and C, are the cost coefficient of real power supplied by
substation and DGs in $/kW, Pr p¢ is the total real power drawn
from installed DGs.

6.2.6. Emission

Reduction of emissions come from different supplied power
sources in power system, it is another objective to be minimized.
The most important pollutants are such as Carbon Dioxide (CO,),
Nitrogen Oxides (NOy) and Sulfur Dioxide (SO,) and mathemati-
cally modeled as Kefayat et al. (2015a). topically, PV-DG does not
cause any of these emission components.

E = (CO, + NOx + SO,) P, (36)

where E and P are design emissions produced and real power
generation by the (k) energy sources.

6.2.7. Load margin (LM)

At a specific point of operation, the amount of extra added load
that would give rise to a voltage collapse is called as the loading
margin stability (LMS) or loading margin (LM) of the system.
the modal participation factor analysis method is proposed in
Thakur and Jiang (2013). LM is can be also mathematically written
as (Mahdad, 2019):

Prew = LM X Pporm (37)

Qnew = LM X Qnorm, (38)

where Ppe,, and Q, are the new real and reactive power to
be satisfied, Pporm and Quorm are the real and reactive power at
normal condition.

6.2.8. Other objective functions

There are some other different objective function which are
not covered in Table 6. They are presented mathematically as
below:

1- Voltage sag mitigation and voltage quality improvement
Voltage quality has become a very important aspect of
power delivery especially in the second half of the 1990s
(Bollen, 2013). Voltage sag or dip is one of the severe
forms of voltage quality problems in distribution network.
In order to improve voltage quality, voltage sag should be
mitigated as soon as possible for preventing the load from
getting damaged. Voltage sag can be mitigated by several
indices as in (Nasrolahpour et al., 2012):

S Yo LSCi
N

where SCI is loss cost of sag events index; LCS is loss cost

caused by sag events for a customer, N is the number of

customers affected by sag events, SET is sag event times

per year of a customer. Another voltage sag index (VSI) is
also mathematically presented as (Murthy et al., 2013):

SCl = , (39)

NPCC n

vsi = >0 v, (40)
=1 j=1

where ijag = Zsi”;;izt, NPCC is number of Point of Com-

mon Coupling, V;* is the sagged voltage at PCC during the
fault at node j, Z; "is the source impedance at PCC, Zj is the
impedance between PCC and fault location j and Z; is the
fault impedance

2- Frequency quality improvement
Power frequency characteristic is very important issue in
power system. During severe disturbances happen on the
power system, the frequency can be deviated from nor-
mal steady state performance temporarily. The deviation
in frequency are caused by either severe blackouts and
massive generation/load imbalances (Institute of Electrical
and Electronics Engineers, 2011). Frequency should remain
within standard limits (Reliability Panel Australian Energy
Market Commission, 2017).

3- Harmonics
Typically, current distortions is caused by loads while volt-
age distortions is caused by generators. For generators such
DG, two major issues of harmonic distortions include volt-
age Total Harmonic Distortion (THDy) and Individual Har-
monic Distortion (IHDy). Such harmonics must be main-
tained within standard limits (Duong et al., 2019; Sasiraja
et al., 2017; Sadeghi and Ghaffarzadeh, 2016). The total
voltage harmonic distortion at each bus i is as follows:

Vb v

THDV,!'(%) = }V]|
1

x 100 < THDy™ (41)
h

V|

Vi

where h is the harmonic order, THD* is the maximum al-

lowable total voltage harmonic distortion limit, and IHD{}*

is the maximum permissible voltage harmonic distortion
level at harmonic order.

IHD}, ; (%) =

x 100 < IHD)™, (42)

7. PV solar energy source

The clean energies are considered as promising solutions to
tackle and mitigate tremendous of local and international out-
standing. PV system is the method to convert solar energy to
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Table 6

Summary of objective functions associated with their algorithms.
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Ref. Algorithm Ploss Quoss Vst Voro Vyg Cost Emission LM Power systems

Salih et al. (2016) SA v X x X X X X X IEEE 30 bus test system

Dinakara et al. (2016) IV-FPA v X X X X X X X IEEE 15, 34 and 69-bus RDSs

Ali et al. (2017a) LSE-ALOA v X v v X X X X IEEE 33 and 69-bus radial RDSs

Kayal and Chanda PSO v X 4 X X X X X IEEE 12, 15, 33 and 69-bus RDSs

(2013)

Shahzad et al. (2016) Proposed approach v X X X X X X X IEEE 37 and 119- bus RDSs

Hassan et al. (2017) ALGA v X X X X X X X IEEE 33, 69 and 119-bus RDSs

Kefayat et al. (2015b)  ACO-ABC v X v X X v v X IEEE 33 and 69- bus RDSs

Reddy et al. (2017) IV-WOA v X X X X X X X IEEE 15, 33, 69 and 85- bus RDSs

Acharya et al. (2006) Proposed approach v X X X X X X X IEEE 30, 33 and 69-bus RDSs

Hung et al. (2013) Improved analytical v X X X X X X X IEEE 16, 33 and 69-bus RDSs

Yuvaraj et al. (2017b) LSF-CSA v X X X X X X X IEEE 12, 34, and 69- bus RDSs

Sudabattula and CSA v X X X X X X X IEEE 69 bus RDS

Kowsalya (2016)

Tan et al. (2012a) CSA v X 4 X X X X X IEEE 69 bus RDS

Moradi and Abedini GA-PSO v X 4 v X X X X IEEE 33 and 69-bus RDS

(2012a)

Moradi and Abedinie GA-PSO v X X v X X X X IEEE 33-bus RDS

(2010)

Rath et al. (2017) RVSI X X 4 X X X X X IEEE 14 bus system

Ayodele et al. (2015) GA v X x x X X x X IEEE 14 bus system

Ghosh et al. (2010) Proposed method v X X X X 4 X X IEEE 6, 14 and 30- bus systems

Mohan N and Kulkarni ~ WMOVI v X X v X X X Standard Civanlar16-bus and 12 bus

(2015) Practical RDS

Pisica et al. (2009) NOA and GA v X X X X v X X IEEE 69 bus RDS

Seker and Hocaoglu ABC v X X X X X X X IEEE 33, 69, 229 bus RDSs

(2013)

Ali et al. (2016b) KHA v v X X X X X X IEEE 33 bus RDS

Devi and Geethanjali MBFOA v X X X X X X X IEEE 12, 34, and 69-bus RDSs

(2014)

Kayal et al. (2017) DGSI v X 4 x X x X X IEEE 12, 33, and 69-bus RDSs

Shahzad et al. (2014) Proposed method v X X X X X X X IEEE 14 and 30 bus systems

Mohamed et al. (2017)  HPSO v X X X 4 v X X IEEE 33, and 69-bus RDSs

Mohamed and LSE-BFOA v X X X v 4 X X IEEE 33, and 69-bus RDSs

Kowsalya (2014)

Rathod and Adeshara CPF X X v X X X X X IEEE 14 bus system

(2014)

Manafi et al. (2013) PSOs and DEs v X X X X X X X IEEE 33, and 69-bus RDSs

Abu-Mouti and ABC v X X X X X X X IEEE 33, and 69-bus RDSs

El-Hawary (2011)

Makhloufi et al. (2017)  CSA v v 4 X X X X X IEEE 9-bus RDS

Vadhera and Mahajan Proposed method v v X v X X X X Modified IEEE 5, 14 and 30-bus

(2016) systems

Al Ameri et al. (2015) GA v X X X X X X X IEEE14, 30 and 57-bus system

Thakur and Jiang Proposed method v v X X X X X v IEEE 14 bus system

(2013)

Nabavi et al. (2011) PSO X X X v X v X X Modified IEEE 14 bus system

Singh and Parida MINLP v X X X X v X v Standard 5 and IEEE 24-bus power

(0000) system

Dulau et al. (2016) N-R v X X X X X X X IEEE 14 bus system

Tolba et al. (2018b 15-bus of MEDN, 111-bus of Moscow

Tolba et al. E2018a)) MFO v X x X v v X X region, IEEE 33, and 69-bus RDSs

Yuvaraj et al. (2018) BA v X X X X X X X IEEE 33-bus RDS

Ben Hamida et al. Pareto v X X X X 4 v X IEEE 33-bus RDS

(2018) optimality-based

SPEA2

Biswas et al. (2017) MOEA/D v X X X X X X X IEEE 33, 69, 119 and a practical
83-bus distribution networks

Mohsen et al. (2017) GWO v X X X X X X X [EEE 33, and 69-bus RDSs

Khoa et al. (2017) ORCSA v X 4 X 4 X X X IEEE 69-bus RDS

El-Fergany (2015) BSOA v X x v X x X X 94- bus and IEEE 33-bus RDS

Dinakara Prasad Reddy  PLI/WOA v X X X X X X X IEEE 15, 33, 69, 85 and 118-bus RDSs

et al. (2017)

Nawaz and Singh PVSC v X X X X X X X IEEE 33 and real 130-bus RDSs

(2017)

Ali et al. (2017b) HGA v X x v X X X X IEEE 34-bus RDS

Kansal et al. (2015) PSO X X X X X v X X IEEE 33, and 69-bus RDSs

Mahesh et al. (2017) MOPSO v X 4 X v X X X IEEE 33-bus RDS

Injeti (2017) MOIDSA v X x v X v X X IEEE 33, and 69-bus RDSs

Peesapati et al. (2018)  FPA v X X X 4 v X v IEEE 30, and 118-bus systems

Prakash and WOA v X X X X 4 X X IEEE-34 and 85 bus RDSs

Lakshminarayana
(2017)
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Fig. 23. Solar radiation on horizontal surface.

electric current directly. The global radiation is received by hor-
izontal PV panels (Hy), consists of; (1) Beam or direct radiation
(Hp), and (2) Diffuse irradiation (Hy) as in Eq. (43) and Fig. 23.
In the case of tilted PV panel (H;), reflected radiation (H; ) is
presented as in Eq. (44) (Bawazir et al., 2016).

Hp, = H, + Hy (43)

Hi =Hip+Ha+He, (44)

7.1. PV potentials

The second approach that can contribute to investigate the
suitable location and proper size of grid connected PV system is
based on PV potentials. Fig. 24 depicts the potentials in sequent
manner (Tucho et al., 2014; Hoogwijk, 2004; Hermann et al.,
2014). There are several parameters for each PV potentials either
on-grid or off-grid. The flowchart in Fig. 25 shows the consid-
ered parameters that should be taken in account for potential
assessments.

7.2. PV potential mathematical models

The theoretical potential model is usually integrated with
the geographical potential in mathematical model. The potential
models for PV are presented in Table 7. The Solar Home System
(SHS) is not part of this work.

8. Relative studies of PV potentials

This section explores the recent researches to estimate the
different potentials of PV solar energy. Most of the methodologies
have common steps to evaluate the PV resource potentials.

In Hermann et al. (2014), The report introduce methodology to
assess PV solar and other energy resource potentials in Africa. The
analysis study is conducted on available GIS database. In Table 8,
zones are excluded in geographical potential assessment. It shows
the eliminated areas from the total geographical area. Fig. 26
depicts the framework for this report

In Bangladesh (Alam Hossain Mondal and Sadrul Islam, 2011),
the authors estimated the potential of grid connected PV system.
The estimation of potentials is done by using NASA SSE, GIS-based
Geospatial Toolkit solar radiation data, HOMER and RETScreen
simulation software. Several economic and financial indicators
were calculated, such as the Internal Rate of Return (IRR), Net

Present Value (NPV), Benefit-Cost (B-C), Cost of Energy (COE) pro-
duction and Simple Payback (SP). It is also studied the reduction
potential of Greenhouse Gas (GHG) emission. Fig. 27 illustrates
the process of this work methodology.

In Hoogwijk (2004), the global potentials are estimated for
PV system by using grid cell approach as in Fig. 28. The yearly-
averaged irradiance I (W m™2) of cell (i) on the surface grid
(0.5° x 0.5°) is estimated to get theoretical potential. The mea-
sured database is in the period from 1961-1990 which is obtained
from 4040 stations available in Climate Research Unit distributed
over the world.

In this Ph.D. dissertation, geographical, technical and economic
PV solar potentials are also estimated. The author divides the
surfaces into two categories based on the capacity of PV gen-
eration and type of topology. Firstly, Centralized grid-connected
PV system (> 10 kW,) consists of land surface where the PV
system installation either tilted PV arrays (this was eliminated)
or horizontal PV arrays. For centralized grid-connected PV system,
the proposed values of suitability factors (f;) by Sorensen are used
as in Table 9 (Sorensen, 1999). Secondly, decentralized grid con-
nected PV system (< 10 kW),) is considered representing top-roof
(Hoogwijk, 2004). Technical potential is estimated. The efficiency
of PV model influenced by temperature is neglected while the
performance ratio is assumed by 0.75. Lastly the estimation of
geographical potential is limited by considering the cost supply
curve of PV which is combination of technical potential of grid
connected PV electricity and Production cost of PV electricity.

Similar methodologies are also conducted in the Pakistan (Har-
ijjan et al, 2015) and Romania (Sebestyén, 2017). Theoretical,
geographical and technical potentials are estimated for central-
ized, decentralized and standalone PV systems. The suitable factor
(fi) for centralized Solar PV is based on Sorensen (1999).

The study in Ayompe and Duffy (2014) is conducted for 33
locations in different regions of Cameroon. The focus of the study
is to evaluate the energy production potential of PV system with
respect to different PV modules. It is conducted in Solar GIS
software. The long period satellite — derived data available in
Solar GIS software is used. By using monthly average daily global
horizontal, the energy output, PR and CF are calculated based on
optimal tilted and horizontal surface of PV. The economic aspect
is also undertaken where each of Simple Payback (SP) period and
LCoE are evaluated. Fig. 29 presents the flowchart of this work.

Another study evaluates solar potentials including economic
analysis based on solar energy conducting in Fujian Province,
China. It developed a framework of solar potential analysis based
on GIS-based approach as depicted in Fig. 30 (wei Sun et al,,
2013). The solar radiation for mentioned area is assessed by
using the solar radiation analyst module of ArcGIS 9.3 (Clifton
and Boruff, 2010; wei Sun et al., 2013). The major considered
parameters to the model is spatial resolution of 90 m x 90 m
DEM derived from the Shuttle Radar Topography Mission (SRTM).
The atmospheric transmissivity coefficient is also taken into ac-
count which define as a ratio between measured incoming solar
radiation the extraterrestrial incoming solar radiation (Baigorria
et al.,, 2004; wei Sun et al.,, 2013). The cost of PV generation
is calculated based on the geographical distribution of technical
potential. Moreover, geospatial supply curve (GSC) is employed to
portray the evolution of available potential of photovoltaic (PV)
generation with the increase of the generation cost.

In Adaramola (2014), the feasibility study of PV-DG on grid is
conducted in Jos of Plateau state of Nigeria. Both technical and
economic performance is examined with 80 kW. The PV grid-
connected system is designed and analyzed by using HOMER opti-
mization software (Al-karaghouli and Kazmerski, 2010). The eco-
nomic analysis of the solar PV-grid connected system is assessed
by the following indicators: LCOE and NPC of the system.
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*The total amount of solar energy hits the particular surface yearly. The
. potential can be assessed for entire global scale; region or specific location. It
Theoretical | 4155 covers off-shore and on-shore.
potential
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«It considers the minimum amount of physical area that gives the possibility
. for employment of solar energy by considering geographic and environmental
Geographical constraints.
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«It consider the conversion efficiencies of the particular energy rource at
Technical specific area.
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*The technical potential can be treated economically by providing a projected
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Fig. 24. The PV solar energy potentials.
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Fig. 25. The PV potential parameters.
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Table 7
PV-solar potential models.

195

Potential

Model

Note

Hoogwijk (2004)
Harijan et al. (2015)
Sebestyén (2017)

Geographical potential

=li. Asi.hAs;i=A.fi

(W m™2) is the time-averaged irradiance in cell i;
A, i(km?) is the available suitable area in cell i. A; is
the available area while f; is suitability factor;

h =8760 (h y~') is the number of hours in a year;

Technical potential

Hermann et al. (2014) =Hg .y SF . A Hg solar resource availability in kWh y~', n,, is the
PV module’s conversation efficiency, SF is spacing
factor.

Hoogwijk (2004) . . . .

Harijan et al. (2015) — Gyy . PR Gp,i is the geographical potential and PR is the

Sebestyén (2017)

Performance Ratio of the PV system.

wei Sun et al. (2013)
Sari et al. (2007)

= p;G; PR/(1000 (W/m?))

pi is the peak power of PV system installed in
grid cell i, G; is the annual total amount of global
radiation on the horizon in grid cell i.

Lopez et al. (2012)

= As;. Pp . CF . 8760

Pp is power density (MW/km?), CF is capacity factor.

wei Sun et al. (2013)

_ L+ Cosm

PC;
E;

o)
TN -1

PC; is the cost of 1 kWh of electricity generated in a
grid cell i, I is the initial investment cost depending
on the PV system size, E; is the energy yield in grid
cells i, r is the nominal discount rate, N is the life
time of the system. Cogy is the operation and
maintenance costs, L is the annual loan payment.

Economic potential Hoogwijk (2004)

C,':
a(M + B) Cogm (M +B) +1L
€
r

a= —————= and
1—-(r+1)
Cost supply curve of PV

The production cost of PV electricity C; ($ kWh™!) in
grid cell i, a (y~') is the annuity factor, L is the
annual land rental price ($ m~2 y~!), M is the
investment cost of the PV modules ($ m~2), B cost ($
m~2) is the Balance of System (BOS), The term and
Cognm is the annual O&M cost as percentage of the
total investment costs ($ m~2 y~!). Finally, e; is the
specific annual electricity output (kWh m=2 y~!) of
cell i, r is the interest rate, and LT the economic
lifetime of the product.

Kebede (2015)

T
G
NPV = —C, +;m

NPV is Net Present Value, C, is initial investment, C
is cash flow, r is discount rate, T is time.

Ayompe and Duffy
(2014)

LCoE =

CAPEX 4+ Y_N_, OPEX,(1+d)™"

SN G(1+d)"

LCoE is Levelized cost of electricity CAPEX is capital
investment cost, OPEX is operation and maintenance
cost, N is operating system life, n is operating year,
G, is net generation in operating year (kWh), d is
annual discount rate.

Defining the exclusion and inclusion zones for applying horizontal PV-solar

technology using GIS format.

Combining the inclusion zones (areas where PV-solar technology is
technically applicable) with maps. This extract sound geographic potential

values for the target area.

Introducing efficiency and other parameters for PV solar technologies to
show the technical potential.

Fig. 26. General methodology for assessment PV-solar potential.

9. Interaction between PV-DG and grid

Table 8

Exclusion zones.

Fig. 31 depicts the proposed framework to determine the Exclusion of areas

best sites and sizes of solar panels for long-term installations Urban Protected ~Water bodies slope > 45°  Agricultural land ~ Forest
in selected areas using GIS, optimization, and simulation mod-
ules (Kucuksari et al., 2014). Given the suitable rooftops obtained
from the GIS module, the optimization module then determines
the optimal locations and the number of the PV systems to max-
imize the net profit of PV installations for the next two decades in General Algebraic Modeling System (GAMS (GAMS)).

using mixed-integer-linear programming approach implemented
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Fig. 27. Overview of the approach used to assess the potentials.
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Fig. 28. Overview of the approach used to assess the global and regional potentials (Hoogwijk, 2004).
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Fig. 29. Overview of the approach used to assess the potentials.

In the case of voltage limit violations and by the addition of
intermittent PV generations or load fluctuations, two strategies;
(1) reallocation of the PV system and (2) installation of local stor-
age units are proposed. The first strategy is presented to find new
locations for PV systems and power flow study is then performed
again to verify voltage profiles. The second proposed strategy is
the addition of storage units next to the PV generations. It does
not cause voltage violations. It used to reduce power injection
into the grid (Kucuksari et al., 2014).

10. Analysis and comparison for PV-DG allocation

Determination of optimal site and size for PV-DG within power
system is influenced by optimization algorithm with desirable
system objectives and other factors as depicted in Fig. 32. Power
Factor (PF), configuration system, constraints and DG type can
play role for optimal allocation of PV-DG or any other DG types.
These factors are for both transmission and distribution systems.
In this section, authors will focus on algorithms and objective
function of the system based on analysis and comparison among
the others in relative studies. Since the most of the reviewed
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Fig. 30. Framework of the methodology for evaluating the feasibility of investments for solar energy (wei Sun et al., 2013).
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Fig. 31. Overview of the proposed modeling and analysis framework (Kucuksari et al., 2014).

Table 9
Suitability factors (f;) for centralized solar PV.
fi 0.05 0.05 0.01 0.01 0.01 0.01 0.01 0.00 0.00  0.00

Area Extensive grassland Desert Agriculture Shrub land Savannah Tundra Grassland Urban area Forest Bio-reserve

papers in this work are applied on distribution system, they are
taken as place for these comparisons. In addition, methodologies
of PV potentials are presented.

10.1. Optimization algorithms

The comparison among different algorithms has sensitive in-
dicator to find the optimal allocation of DG. In this comparison,
reduction of P, (kW) is considered as prevalent objective in
almost all studies. Herein, CPU time is neglected. Even though
time is important dynamic system, each algorithm was performed
in different CPU capability. From Table 10, Figs. 33 and 34 based
on 33-bus distribution system, LSF-ALOA have the minimum Py
(kW) compared with others.

From Table 11, Figs. 35 and 36 based on 69-bus RDS; analytical
methods have the minimum P, (kW) compared with others

while KHA comes next. Even though they have minimum loss re-
duction, the base case Py is lower than 225 (kW). By considering
the difference in base case value, LSF-ALOAA is foregrounded.

In Fig. 37, analytical method and LCF-MM are presented. It is
clear that, ELF is proved to be the best in reduction of Pj,s (kW)
and longest CPU time (s) compared with other analytical methods
which are performed at the same environment (Shahzad et al.,
2016).

The hybrid GA-PSO depicts better result in term of minimum
Pposs (KW). However, this hybrid algorithm consumes longer time
as compared to the case where either algorithm is applied alone
as in Fig. 38, (Moradi and Abedini, 2012a).

Determination of the most suitable algorithm for PV-DG allo-
cation is uneasy task. Table 12 gives overview comparison with
three factors. Meta-heuristic algorithms either applied alone or
combined with others have the priority to be used. However, the
best performance based on the minimum Pj,s (kW) is obtained
by LSF-ALOA compared with others.
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Comparison of the results of different approaches for PV-DG in 33-bus RDS.

Method Base case Pjs (kW) 1 PV-DG 2 PV-DG CPU Time (s)

Bus No. Py (kW)  Bus No. Pross (kW) 1 DG 2 DG
ELF (Hung et al., 2013) 211.20 6 111.10 12 and 30 87.63 1.06 2.03
ELF (Acharya et al., 2006) 211.20 6 1111 - - - -
LSF (Hung et al., 2013) 211.20 18 146.82 18 and 33  100.69 0.11 0.18
LSF (Acharya et al., 2006) 211.20 10 123.82 - - - -
IA (Hung et al., 2013) 211.20 6 111.10 6 and 14 91.63 0.16 0.27
IA (Acharya et al., 2006) 211.20 6 111.24 - - - -
GA (Hassan et al., 2017) 203.7 6 105.48 13 and 29 827 33.76  33.58
LSF-ALOA (Ali et al., 2016a) 210.98 6 103.05 13 and 30 826 - -
ABC (Dixit et al,, 2016a) 210.97 30 125.15 29 and 30 121.89 48.07 50.47
ABC (Abu-Mouti and El-Hawary, 2011)  210.98 6 109.31 - - - -
KHA (ChithraDevi et al., 2017) 210.99 6 111.02 29 and 13 87.43 4.24 4.092
BSOA (El-Fergany, 2015) 210.84 8 118.12 13 and 31 89.34 2040 2354
IV-WOA (Reddy et al., 2017) 210.997 15 133.50 - - - -

Table 11
Comparison of the results of different approaches for PV-DG in 69-bus RDS.
Method - 69 Base case P (kW) 1 PV-DG 2 PV-DG Time (s)
Bus No. Py (kW) Bus No. Pross (kW) 1 DG 2 DG

ELF (Hung et al., 2013) 219.28 61 81.33 61 and 17 70.30 7.75 15.53
ELF (Acharya et al., 2006) 219.28 61 81.33 - - - -
LSF (Hung et al., 2013) 219.28 65 109.77 65 and 27 98.74 0.15 0.30
LSF (Acharya et al., 2006) 219.28 61 81.33 - - - -
IA (Hung et al., 2013) 219.28 61 81.33 61 and 17 70.30 0.28 0.52
IA (Acharya et al., 2006) 219.28 61 81.44 - - - -
GA (Pisica et al., 2009) 225 61 88.21 62 and 61 83.91 262.12  864.83
GA (Hassan et al., 2017) 224.6 61 83.18 0 0 85.097 -
LSF-ALOAA (Ali et al., 2016a) 22494 61 81.776 17 and 61 70.750 - -
ABC (Abu-Mouti and El-Hawary, 2011) 224.8 61 83.24 - - - -
KHA (ChithraDevi et al., 2017) 220.534 61 81.6003 51 and 61 77.0354 11.2187 11.1014
IV-WOA (Reddy et al.,, 2017) 225.023 61 83.228 - - - -

Algorithm

configiratio Power
n of power Factor (PF)
system
Optimal location
and size of DG
Type of
DG

Objective

Constraints .
functions

Fig. 32. Seven factors affect the optimal location of DG.

10.2. Objectives in power system

Most of the academic studies have common priority to mini-
mize Pposs (KW). The researchers also moved into multi objectives
to find trade off. Fig. 39 is inspired from Table 6. As in literature,
most of the existing work is based on static system performance.

10.3. Methodologies of PV potentials

According to PV potentials in literature, all of the reviewed
works have similar methodology to estimate. Geographical
potential takes the most attention due to finding the best location
and size for PV-DG plant. The exclusive areas depend on country
policy and environment. Technical PV potential depends on the
available technology. Meanwhile, economic potential includes
more than one parameter to decide if the implementation of the
proposed project applicable or not from financial aspect.

11. Discussion

This review paper presents the recent works in this field. The
conducted studies are either to investigate the optimization of
PV-DG allocation within power system or to estimate the PV
potentials. The latter is normally examined to meet the require-
ments of the power system as in Fig. 40. This usually happens for
single DG. In this section, the weakness of previous relative works
is presented.

11.1. Site and size of PV-DG in power system

Most of the studies are conducted based on a given optimiza-
tion allocation of PV-DG in power system. Different algorithms,
objective functions and power system constraints are used. How-
ever, these optimization findings may not meet the PV potential
assessments. For example, electric utility based on optimization
wants to install PV-DGs in three buses. Meanwhile, the second
bus does not meet PV potential assessments. In this case, utility
should do recalculation.
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Fig. 33. Comparison of the results of different approaches for one PV-DG for 33-bus RDS.
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100.69
91.63 89.34
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Fig. 34. Comparison of the results of different approaches for two PV-DG for 33-bus RDS.

83.18 83.24 83.23
81.78
8133 8133 8133 I
ELF LSF LSF-ALOA ABC IV-WOA
M Loss reduction (KW)

Fig. 35. Comparison of the results of different approaches for one PV-DG for 69-bus RDS.

11.2. PV potential assessments

The potential assessments can contribute to investigate the
suitable location and proper size. This have significant role for
grid connected PV system. However, this method is suffered from
some issues. Firstly, the candidate location or size of PV-DG
potentials may not be the best site and size for power system.
Secondly, even if single PV-DG installed within power system
meet the power system requirements, this is not sufficient for

power system to be improved without multi PV-DG. Lastly, time
and effort by doing feasibility study based on PV potentials are
not high effectively exploited.

11.3. The gap in literature and solution
This research mainly aims to overcome on the drawbacks from

the last two subsections. So, this will help to exploit the PV
energy resource with respect to the power system. To the best of
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Fig. 36. Comparison of the results of different approaches for two PV-DG for 69-bus RDS.
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Fig. 37. Comparison among Analytical methods for four DGs with operational PF in 37-bus RDS.
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Fig. 38. Comparison among Algorithms for four DGs.

author’s knowledge, no study has attempted to evaluate and find
the optimal locations and sizes of PV-DGs at the present of the
two approaches simultaneously. Therefore, a strategy for the PV-
DG allocation needs to be developed and at the same time taking
into account the feedback of PV energy resource potentials.
Such methodology will help countries in particular those have
very poor access to grid connected PV system. As a case study,

Yemen is one of undeveloped countries which its power system
does not exploit much from RESs as in Fig. 41. In further study,
Yemen power system will be considered as in Fig. 42.

The proposed methodology for this study is developed as in
Fig. 43. It combines between two approaches to find optimization

scenario of grid connected PV system.
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Table 12
The overview comparison for the algorithms.
Algorithm Multi-function Location Size Note
2/3 Rule X v X Fewer in literature. It is just used directly for uniformly
Analytical load and does not support optimal solution.
LSF X v X Highest value of LSF may not give optimal location of
DG.
1A X X v Analytical expressions are just used for optimal size.
GA v v v It consumes more time during operation and has slow
convergence.
ABC v v v Fewer articles in literature, good performance compared
Meta-heuristic BSOA v v v » 8004 P pared.
KHA v v v It is very sensitive to the input parameters; unsuitable
parameters lead into local convergence.
LCF-AE X v v Fewer in literature. It may miss the lowest loss
reduction in large system.
LSF-AE X 4 v The location is determined by LSF which is not very
accurate.
Hybrid GA-PSO v v v It demands more time for computation, slow
convergence for finding global optimum solution
ABC-CSA v v v CSA has slow convergence (Tan et al., 2013).
IV-WOA v v v Fewer articles in literature. It may fail to find optimal
allocation of DG for finding lowest power loss.
LSF-ALOA v v v Even though LSF is used to reduce searching area. As
less number of candidate locations considered as less
accuracy obtained
L Emission e Most of the previous works if not all are conducted in a
Qloss 30, 2% distribution system. It is highly recommended to investigate
4% transmission system with DG based on Renewable Energy
Sources (RESs).
e Real power loss, cost and voltage stability index have more
;{3 priority among power objectives.
0 e The impact of injecting PV to the power system can be
mitigated by several measures.
\gl?)/ro e Almost, all PV potential assessment methodologies are sim-
0 ilar. However, it depends on the country regulations and
Ploss policy.
50% o All studies based on the power system are conducted apart
Vit of RES potential assessments. Similar, all previous works are
12% done apart of power system. By integrating both of them,
this will lead to:
Cost 1- Save effort and time.
14% 2- Having plan for current and future of installing DG

Fig. 39. Power system objectives in percentage.

12. Conclusion

Number of studies made attempts to obtain the high ad-
vantages of PV-DGs in all aspects for grid. This paper looks to
PV-DG from two viewpoints, power system high performance
and PV potential assessments. Configuration power system, opti-
mization algorithms, constraints, power factors (PF) and desirable
objectives have significant role for optimal allocation. The main
findings of this review paper are listed as below:

e Meta-heuristic and the hybrid meta-heuristic algorithms are
found more reliable optimization algorithms than others.
LSF-ALOA algorithm performs better than all based on min-
imum power system loss which make it as a good proposed
algorithm.

units.

3- Extending power system construction can consider all
possible potential of RES.

4- Knowing the PV potential assessments for different
geographical locations will help to give different po-
tential output of DG. This will result to have more
accuracy to DG limits.

By knowing the PV potentials, utility decision makers can
resize and relocate the inserting number of DG based on obtained
potential. This new proposed methodology is derived to have
applicable PV-DG optimization in developing countries where
heavy suffer from weak access to PV-DG grid connected system.
As a case study, Yemen power system is considered.
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Fig. 43. The flowchart of the proposed methodology.
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