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ing models for standalone PV system. This paper proposes a review on important knowledge that needs
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1. Introduction

Global warming is primarily a phenomenon of too much heat-
trapping gases in the atmosphere. Carbon dioxide (CO,) is recog-
nized to be the most abandon heat-trapping gas on the earth due
to the increased use of fossil fuel. In the meanwhile, conventional
power plants are overloading the atmosphere with CO, and other
heat-trapping gases which substantially contribute to global
warming. As a result, today’s emission of such gases is expected
to remain stuck in the space for a century before it gradually van-
ishes, but approximately 20% of CO, will still be in the atmosphere
about 800 years from now. CO, levels have risen 36% in the last
250 years, with half of this amount occurring only in the last three
decades [1]. Therefore, if no action is taken to cut down the rate of
CO, production in the atmosphere, its concentration will exceed
three times of the concentration of CO, during the pre-industrial
era. Thus, it will be resulting in a warming of 3-10 °C according
to the latest climate projections by the year 2100 [2]. In addition
to steadily raising the planet’s temperature, these emissions signif-
icantly affect our health and climate.

It is noted that coal emits between 1.4 and 3.6 pounds of CO,
equivalent per kilowatt-hour (CO,E/kW h), and natural gas emits
between 0.6 and 2 pounds of CO,E/kW h. On the other hand,
wind emits only 0.02 -0.04 pounds of CO,E/kW h, solar emits
0.07 -0.2 pounds of CO,E/kW h, geothermal emits between
0.1 and 0.2 pounds of CO,E/kW h, and hydroelectric emits between
0.1 and 0.5 pounds of CO,E/kW h [3,4]. These data confirm that
renewable energy sources emit very little of global gas emissions
as compared to other energy sources.

PV power generation system is one of the most popular uses of
the direct solar energy and its installation is rapidly growing
because it is considered as a clean and environmentally friendly
source of energy. A PV power generation system contains a number
of PV modules that converts solar radiation into direct electrical
current using semiconducting materials. Technological develop-
ments and improvements have always been employed in PV sys-
tems science. For example, PV systems have been well tested in
terrestrial and space applications [4]. PV systems are considered
quite reliable and secure but the high capital cost of PV systems
is the primary deterrent to increase its use. However, PV systems
can still be cost effective in some remote off-grid locations as com-
pared to the cost of running power lines and the subsequent con-
tinual electric charges. Presently, some utilities have established
PV centralized generating stations as a form of green power option
with an addition of a small fee on the customer’s monthly utility
bill for the construction of additional PV installations [5]. Three
types of PV systems are generally used, namely, standalone PV sys-
tem, hybrid PV system, and grid-connected PV system. Tradition-
ally, PV systems have been applied mainly for standalone PV and
hybrid PV systems in rural and remote areas, as a suitable power
generation system that could provide power without too much
maintenance and operational costs. Currently, grid-connected PV

systems are widely used as distributed generation units in power
systems. On the other hand, standalone PV systems installation
can be configured in the form of either centralized or distributed
systems. The centralized standalone PV systems are usually located
at load’s center and supply power to all consumers while the dis-
tributed standalone PV systems supply power to consumers indi-
vidually. The advantage of the centralized standalone PV system
is that its size may be smaller than the distributed system since
diversity factor is taken into consideration [6]. As for commercial
standalone PV systems, it can be classified based on its power rat-
ing and application. The power ratings of the existing standalone
PV systems are typically 0.5-20 kW, and it supplies power to var-
ious loads. Typical loads of standalone PV system are residential
loads, jungle long-houses, telecom installations, irrigation pump
systems, and lighting loads.

Standalone PV system must be designed optimally to cover the
desired load demand at a defined level of availability. Meanwhile,
optimum standalone PV system sizing process is mainly depending
on meteorological data such as solar radiation and ambient tem-
perature. The importance of meteorological variables in standalone
PV system sizing process that is the output energy of these systems
strongly depends on the availability of these data [G]. Currently,
research works are conducted to develop sizing optimization tech-
niques of standalone PV system, so that number of PV modules,
capacity of storage batteries, and the size of inverter are optimally
designed and selected. Moreover, standalone PV system needs the
knowledge of some parameters in order to get an optimum design
such as the data source natural, system’s components mathemati-
cal models, sizing methodologies, government energy policies, and
end user requirements. These data help designers to improve sys-
tem’s efficiency and reliably so as to meet the end user require-
ments at a desired level of availability and an acceptable range of
cost [7].

Climatic condition is an indispensable indicator for determining
the availability and range of meteorological data such as solar radi-
ation and ambient temperature at a certain location. These meteo-
rological data vary continuously with time. To get the benefits of
the solar radiation and ambient temperature at a particular loca-
tion, a characterization is needed for these meteorological data in
a specific way. Meteorological data can be in the form of time ser-
ies or statistical data. The time series meteorological data is in the
form of hourly weather data of solar radiation and ambient tem-
perature [8-10]. The advantage of the time series data is that it
expresses the variability of parameters so that it gives a more accu-
rate performance of PV systems while its disadvantage is that it is
difficult to obtain location to location data at remote locations. The
statistical meteorological data is a synthetically weather data gen-
erated from the monthly average data or calculated solar radiation
and ambient temperature from a site using statistical method [11-
13]. The advantage of statistical meteorological data is that it can
be used if data is unavailable or if there is a missing data which
reduces the computational attempts in simulation applications.
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DC bus bar AC bus bar
—| DCAC | AC load
mverter
DCDC || Charge . -
converter controller DC load
== %
'S);‘;[f:rg}? Dump Load
Fig. 1. A typical basic components of a standalone PV system.
DC bus bar system. Finally, Section 4 highlights challenges for sizing a stan-
DC-DC dalone PV system with conclusion in Section 5.
PV module
converter
l 2. Standalone PV system configurations
T A typical standalone PV system consists of a PV generator, stor-
age battery, DC/DC converter, charge controller, inverter, AC and/or
DC loads and damping load as illustrated in Fig. 1. A standalone PV
system has no connection with an electric utility grid. A PV gener-
DC-DC DC Loads ator is usually consisted of a PV array that is composed of many PV
Battery bank converter modules, while each PV module is composed of many solar cells.
The storage battery stores energy when the power produced by
r . :
= the PV generator exceeds the required load demand and emanci-
—_— pates it back when the PV generator production is insufficient.
_-: The load demand for a standalone PV system can be of many types,
- DC and/or AC load. The power conditioning unit functions as an
Dump Load B .
interface between all the PV system’s components, provides con-

Fig. 2. A DC coupled configuration of a standalone PV system.

However, its disadvantage is that the performance of PV systems is
less sensitive on variation of these parameters.

In this paper, various important issues related to optimal sizing
of PV array and the storage battery in a standalone PV system are
discussed. Section 2 explains various evaluation criteria for
optimally designing of a standalone PV system. Section 3 reviews
the existing sizing methodologies for designing a standalone PV

trol, and gives protection for the system. In general, the frequently
used components in the power conditioning unit are DC/DC
converter, charge controller and inverter [14]. In addition, the
damping load is needed for damping the excess energy which is
produced in case of the energy generated by PV array is more than
the load demand and the storage batteries are fully charged,
simultaneously.

2.1. DC coupled configuration

This configuration has only one DC bus bar while the energy
sources are connected to the bus bar by proper power electronics

DC-DC DC/AC
converter inverter AC bus bar
| -
I AC Loads
- DC Loads |
DC-DC DC/AC
Battery bank converter inverter
. 1
g == Dump Load
T T |

Fig. 3. An AC coupled configuration of a standalone PV system.
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DC bus bar AC bus bar
PV module DE-DC
converter
[ bbb
| 4
*
T =
22 T DC/AC
inverter
Tr
AC Loads
DC-DC
Battery bank converter
J——
DC Loads b I )ump Load
Fig. 4. The hybrid DC-AC coupled configuration of a standalone PV system.
Table 1
Summary of standalone PV system configurations.
Configurations Advantages Disadvantages Ref.
DC coupled This configuration is simple as synchronization is not required for integrating DC coupled configuration needs further investigations [15]
configuration  various energy sources to the system. However, the reactive power is not on the proper operating range of DC voltage and
needed for security, self-healing, and reliability which excludes the power protection apparatus for DC appliances
quality problems. Moreover, DC/AC or AC /DC power conversion stages can be
eliminated from the energy sources and loads which improves the efficiency,
because of less power conversion; and decreases the cost and size of the
system
AC coupled The AC coupled configuration is the most suitable configuration for the present This configuration needs to synchronize the energy [16,17]
configuration  industrial applications as most of the AC appliances may directly connected to  sources output with the AC bus bar. However, using DC/
the AC bus bar. In addition, established protections and standards are easier ~ AC convertors are increased the system cost and the
than the DC coupled configuration power losses. Moreover, it has the power quality
problems as the needed for reactive power is inherent
demerit
Hybrid DC-AC The application of hybrid DC-AC coupled configuration allows the elimination Energy management, control, and operation of a hybrid [18]
coupled of many energy conversion stages, which would decrease in component costs DC-AC coupled configuration are relatively more

configuration

and AC coupled configurations

and power losses, and increase in system reliability. As a result, this
configuration has higher energy efficiency and lower cost as compared to DC

complicated than those of an individual DC or AC
coupled configurations

interfacing devices. The energy sources in this configuration such
as PV generator and storage battery which producing DC power
are directly connected to DC bus bar using DC/DC convertors so
as to maintain constant DC voltage level. However, the DC load
and damp load are directly connected to the DC bus bar. Mean-
while, the DC coupled configuration is used for suppling digital
and low voltage DC loads. A DC coupled configuration is given in
Fig. 2.

2.2. AC coupled configuration

The AC coupled configuration is illustrated in Fig. 3. In this con-
figuration, the energy sources are connected to AC bus bar through
suitable power electronics devices. Meanwhile, the storage system
is connected to AC bus bar through a bidirectional converter. AC
loads are directly connected to AC bus bar while DC loads are con-
nected to energy sources through DC/DC converter or connected to
the AC bus bar using DC/AC convertor. This configuration is widely
used in high frequency applications such as in heavy industrial
loads airplanes, space stations and sub-marines.

2.3. Hybrid DC-AC coupled configuration
The hybrid DC-AC coupled configuration has both DC and AC

bus bars. In this configuration, the DC energy sources are con-
nected to DC bus bar by proper interfacing power electronic cir-

cuits. The AC bus bar is connected to the AC bus bar by using
DC/AC inverter. However, DC loads are directly served through
DC bus bar. While, AC loads receive energy directly from the AC
bus bar. The hybrid DC-AC coupled configuration is presented in
Fig. 4. The advantages and disadvantages of the standalone PV
system configurations are listed in Table 1.

3. Evaluation criteria for sizing a standalone PV system

Selecting the evaluation criteria for designing standalone PV sys-
tem for a required locality is one of the important works for obtain-
ing optimum PV design [19]. Beccali et al. [20] used ELECTRE to
assess an action plan that can handle different renewable energy
techniques at the regional level. Goletsis et al. [21] applied
approach of energy planning for ranking the energy projects. Topcu
and Ulengin [22] construed possible energy scenarios based on
environmental, economical, physical, political, and other not
controllable aspects. Ribeiro et al. [23] developed a ranking tool
for different scenarios that is called multi-criteria decision analysis.
This ranking tool is based on criteria covering technical, economic,
environmental, quality of life, and job market aspects. Thus, to
address the evaluation criteria, various parameters are taken into
consideration in designing standalone PV system as shown in Fig. 5.

These performance parameters are used to evaluate and
estimate the availability and feasibility of a standalone PV system
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Evaluation criteria for
standalone PV system

|

l

Technical
parameters

Economic
parameters

Social and political

parameters

Fig. 5. Evaluation criteria for standalone PV system size optimization.

which can help designers in developing a suitable system for a
given application. Several of these parameters are described as
follows:

3.1. Technical parameters

Considering the fact that solar radiation values are random and
fluctuated in nature, the determination of the standalone PV sys-
tem’s availability becomes an essential issue for designers to
ensure that the system can meet the load demand.

3.1.1. Loss of power supply probability

Loss of power supply probability (LPSP) is defined as the per-
centage of power supply that it is not able to satisfy the load
demand. It indicates the reliability of power supply to load. LPSP
is given by the ratio of summation of all loss power supply, LPS
(t) at a specific time period (t) over the summation of load demand,
LD(t) at the same time period (t). LPSP is mathematically expressed
as [24,25]:

LPSP = 72%11“135“)
> LD(t)

In which,

LPS(t) = LD(t) — Esys(t) (2)

(1)

where Egy,(t) is the total generated energy from the system.

Meanwhile, if LPSP is equal to O, it means that the load demand
is totally satisfied at a specific time period (t). On the other hand, if
LPSP is not equal O, it means that the load demand is not totally
satisfied. For LPSP between 0 and 1, it means that the supplied
power cannot fully cover the load demand because of insufficient
solar radiation and the battery storage capacity.

3.1.2. Loss of load probability

Loss of load probability (LLP) indicates how often a system is
not being able to satisfy the load demand or the mean load per-
centage not met by the system. It is defined as the ratio of total
energy deficit to the total load demand during a specific time per-
iod. LLP can be expressed as [26],

11p — _2iDEW 3)
ST Praa(DAL

where DE(t) is the deficit energy which is defined as the disability of
the system to supply power to the load at a specific time period,
Pjoaq(t) is the load demand at the same time period, and At is the
time period for both terms.

3.1.3. Loss of load expected

Loss of load expected (LOLE) or also known as expected energy
not supplied is defined as the amount of energy not provided to
load demand when the load demand exceeds the energy genera-
tion from the system due to generating capacity deficiency, short-
age in energy supplies and/or sudden increase in load demand.
LOLE is given by Upadhyay and Sharma [27] as:

T
LOLE = ZE[LOL(t)} (4)
=1
where E[LOL(t)] is the expected value of loss of load at a specific
time period t which can be estimated by,

E[LOL] = ) "T(s)f(s) (5)
seS

where s is the current state of loss of load, S is the set of all the loss

of load possible states, T(s) is the duration of loss of load, and f{s) is

the probability of meeting the current state of loss of load.

3.1.4. Equivalent loss factor

Equivalent loss factor (ELF) term contains the needed informa-
tion about load outages for both number and magnitude of them
which is defined as the ratio of effective time period in hours of
load outage to the total operation time in hours. ELF is formulated
as [28]:

ELF =

S-EQD) )
— D(t)

where T is the length of time, Q(t) is the amount of load demand
that is not met at time t, and D(h) is the power demand at time ¢.
However, the accepted value of ELF of a standalone PV system in

remote areas is when ELF < 0.1. The value of ELF = 0.0001 is aimed
by electricity suppliers in the developed countries [29].

=

3.1.5. Total energy loss

Total energy loss (TEL) indicates the energy loss due to the extra
power generated from a standalone energy system. TEL should be
minimized by imposing the regulation in which power generation
should not exceed the desired threshold at an analyzed time period
T, which is assumed to be 8760 h [30]. TEL is given by,

T

> (Er —LD(t)), if LD(t) < Eg
= (7)

0, otherwise

TEL =

0 < TEL < THR

where Ef is the extra generated energy from the system, LD(t) is the
load demand, and THR is a specific threshold over the time t which
is strongly depending on the system energy production. However,
the extra energy from the system may be damped using a damping
load in a standalone PV system or may be sold to the grid in the case
of grid connected PV system.

3.1.6. State of charge

State of charge (SOC) of a storage battery indicates the amount
of energy that can be stored in a system for the purpose of selecting
a suitable battery capacity for a given system. It can be estimated
by using a simplified mathematical equation as [31]:

SOC(t +1) = SOC(£)0 + Ipar () At (Ipat (1)) (8)
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where ¢ is the self-discharge battery rate, I,o(t) is the battery cur-
rent which may be charging or discharging current, At is the sam-
pling time period, and # is the charging efficiency.

3.1.7. Level of autonomy

Level of autonomy (LA) is the time ratio which expressed the
percentage of load covered based on the operational time of the
system. LA can be presented as one minus the result of number
of hours of load not met by the system to the system’s operational
time. It is given by [32]:

T
[A=1-— "t 9)
TOperation
where T;¢; is the total number of hours that load is not totally cov-
ered, and Toperarion iS the total number of system operation hours.

3.2. Economic parameters

The general concept of optimum design is to design a stan-
dalone PV system that can meet the load demand at a defined level
of security, and at minimum capital and operational costs. Thus,
economic aspect is of concern in designing a standalone PV system
and the economic parameters are given as follows:

3.2.1. Net present value

Net present value (NPV) can be calculated by adding the present
amount of incomes and subtracting the present amount of out-
comes during the lifetime of a standalone PV system. NPV can be
expressed as [33]:

NPV = ZNPVincome + ZNPVend - Cinvestment - ZNPVO&M - ZNPVr
(10)

where NPVj,come is the present discounted amount of income from
the sold electricity, NPV,,q is the present discounted amount of
income from the residual amount of the system components at
the end lifetime of the system, Cipyesement 1S the initial amount of
total investment cost, NPVpg,, is the present discounted amount
of the future operational and maintenance costs during the lifetime
of the system, and NPV, is the present discounted amount of the
replacement costs for replacing components during the system’s
lifetime.

3.2.2. Annualized cost of a system

The annualized cost of a system (ACS) for a standalone PV sys-
tem is the summation of annualized capital system cost, Cycsc,
annualized operational and maintenance costs, Cyogam, and the
annualized replacement cost, C, [25] and it is given by,

ACS = Cacsc + Cao&am + Carc (1 1)

3.2.3. Total life cycle cost

Total life cycle cost (TLCC) is defined as the summation of the
net present values of all the amount of the system costs such as
the capital cost, maintenance and operation costs, replacement
costs, etc. TLCC can be mathematically expressed as [34]:

E?Lplvi(cpw + LsMpy;)

TLCC = LTo
ZJBG JChati(1 + Yaag) + Mparj(Ls — Yparj)
L~TBat
ZMChCmCChcm 1 + Ychcm) + Mchcm (Ls - Ychcm)
L-Tchc
+ Clnzl(‘l + Ylnv) + Mlnv(Ls - erw) (12)
L-Tlnv

where Npv is the total number of PV modules in the system, Cpy; is
the capital cost of a PV module, L; is the operation time period of the
system in years, Mpy; is the maintenance cost of one PV module per
year, L.Tpy is the total lifetime period for a PV array, JBat is the total
number of storage batteries in the system, Cgq is the capital cost of
one storage battery, Ygq; is the expected numbers of the storage
battery replacement during the system lifetime, Mp; is the mainte-
nance cost of one storage battery per year, L.Tg,, is the total lifetime
period for storage battery, Mchc is the total number of charge con-
trollers in the system, Ccnem is the capital cost of a charge controller,
Yehem 1S the expected number of charger controller n replacement
during the system lifetime, My, is the maintenance cost of one
charge controller per year, LT is the total lifetime period for
charge controller, Cp,, is the capital cost of an inverter, Y, is the
expected number of inverter replaced during the system lifetime,
My, is the maintenance cost of one inverter per year, and L.Tj,, is
the year lifetime for an inverter.

3.2.4. Capital recovery factor
Lazou and Papatsoris [35] defined capital recovery factor (CRF)
as a ratio of the amount of constant annuity costs to the total pre-
sent value of all the costs received for a given time in years. Thus,
CRF can be expressed as,
i(141)"
CRF_(1 L (13)

where i represents the discount rate when the payment comes from
the future to the present and it represents the interest rate when

the payment amount goes from present to the future, and is the life-
time of the system in years.

3.2.5. Average generation cost of energy

The average generation cost of energy, ith C, is the aggregation
of the average energy generation costs of all the components in a
standalone PV system. C,, is given by Ramakumar and Hughes
[36]:

(40" +m)/(1+1)" = 1] PR,

Cav = (87.6)S_,PRK;

(14)

where i is summation index to involve all system’s components, K;
is the load factor for the ith component, m is the operational and
maintenance charge rate per unit for ith the component, n is the
amortization time period in years for the ith component, P; is the
capital cost in ($/kW h) for the ith component, and R; is the rating
in kilowatts of the component.

3.2.6. Levelized cost of energy

The levelized cost of energy (LCE) is defined as the ratio of the
total annual cost of the system components to the total annual
energy generated by a standalone PV system, and it is given as
[35,37]:

TAC

LCE =
Erot

(15)

where TAC is the total annualized system cost, and E,, is the total
annual energy generated by the system.

3.3. Social and political parameters

There are many social and political decisions that need to be
considered when designing renewable energy sources because it
may affect the system design at the installed location. These social
and political parameters are described as follows:
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3.3.1. Social acceptance

The social acceptability evaluation criteria must be taken into
consideration when designing a standalone PV system such as
social resistance for installing renewable energy sources. In this
aspect, the use of land and other visual effects are considered as
negative social impacts. Stigka et al. [38] highlighted the public
acceptance in using renewable energy sources as a replacement
for conventional energy sources.

3.3.2. Portfolio risk

This term minimizes the disclosure of fuel prices instability
which is conducting the social and political resolutions [39] and
it is given by,

PR=Y"1> "> gy (16)

teT | jeF neN;

where oy is the historical coefficient of the fuel type j price changes
during the time period, t and gn,, is the aggregation of the energy
produced by the n non-renewable sources units during time, t.

4. Methods for sizing a standalone PV system

In general, in determining optimal sizing of a PV system, a
specific area for a standalone PV system is first defined, and then
meteorological data such as solar radiation and ambient tempera-
ture are obtained. Capacity of PV system components such as PV
array, storage battery and inverter size are then calculated. It is
noted that several considerations need to be taken into account
in a standalone PV system sizing, such as the kW h/yr needed to
cover the load demand, the kW h/yr generated by the PV system,
the Ah of battery banks, the area of the system that will occupy
and the system cost [40]. Different sizing methods that have been
reported and can be categorized as intuitive, numerical, analytical,
commercial computer tools, artificial intelligence (Al), and hybrid
methods. Available sizing methodologies for the PV array size
and the storage battery capacity in a standalone PV system are
given in Fig. 6.

4.1. Intuitive methods for optimum sizing a standalone PV system

The intuitive method uses a simplified calculation without
establishing quantitative relationship between the subsystems in
a standalone PV system or considering the fluctuation in solar radi-
ation [41]. In this method, the size of PV array is obtained by the
average energy that is produced from the PV array during the
designing period which exceeds the load demand by a safety fac-
tor. This factor is selected based on the designers’ experience.
The intuitive method calculates the components’ sizes using sim-
ple calculation but it has a disadvantage in which it may lead to
over/under sizing of the stand E; alone PV system that will cause
low reliability for the system or/and increases system’s capital,
operational and maintenance costs [6]. As a result, this method is
only suitable to be used for estimating initial and rough approxi-

mation of the standalone PV system. Simple mathematical equa-
tions are used to calculate the optimum sizes of the PV array, Ppy
and the storage battery are given as follows:

E

P = o PSH an

where E; is the daily load energy consumption, #s and #,, are the
efficiencies of the system’s components, PSH is the peak sun shine
hors, and Sy is the safety design factor chosen in most cases based
on designer own experience which may be inaccurate.

The capacity of storage battery can be expressed as:

ELDAumnomous
Cwh=——frn— 18
"= "VDODy, (18)

where Vj is the voltage of the battery, #; is the efficiency of the stor-
age battery, and DOD is the battery depth of discharge rate. The pro-
cedure of the intuitive method can be illustrated as the depicted
flowchart in Fig. 7.

Various intuitive methods have been developed for optimum
sizing of standalone PV systems. Ahmad [42] developed an intu-
itive method for optimum sizing of the PV/battery combination
in a standalone PV system for remote houses in Egypt. The author
started the design by calculating the averages of the daily load
demand and obtaining the averages of the daily solar radiation.
By using the simple mathematical equations provided in Sharma
et al. [43], the size of the PV array and the capacity of the storage
battery are calculated. The battery charge controller and inverter
are chosen based on longer lifetime and considering the maximum
expected power. However, the reliability level which may lead to
over/under sizing design was not taken into account in the stan-
dalone PV system sizing. In Bhuiyan and Asgar [44], optimum siz-
ing of a standalone PV system based on intuitive method was
conducted for residential applications in a location in Dhaka, Ban-
gladesh. The method estimated the daily load demand, optimized
the tilt angle and calculated the PV array size and the battery
capacity based on the similar equations used in Sharma et al. [43].

Kaushika and Rai [45] developed an intuitive method for sizing
the PV array and the batteries in a standalone PV system for some
regions in India. The intuitive method was used to develop an
expert system as a function of geographical coordinates. Monthly
averages solar energy data are used with the site coordination to
optimize the tilt angle. The expert system may not be efficient
compared with the current software tools which use more accurate
optimization techniques. Moreover, the technical and economic
aspects are not taken into account in sizing the standalone PV sys-
tem. Chel et al. [46] conducted optimum sizing of building inte-
grated PV system for a location in India based on simple
calculations using daily load demand and peak sunshine hours
(PSH). The optimum PV/battery sizing combination was obtained
based on minimum value of the cost of generated unit of energy,
system life cycle and capital costs.

Moreover, Al-salaymeh et al. [47] used an intuitive method for
sizing a standalone PV system for residential buildings in Jordan.
The authors used averages of daily meteorological and load
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Fig. 6. Sizing methodologies for unit sizing in a standalone PV system.
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Fig. 7. General intuitive method flowchart.

Table 2
Summary of research works based on intuitive methods.

Ref.  Input parameters Optimization

function

Objective function

Outcomes

[42] Daily averages - TLCC
meteorological data and

load demand

[44] Daily averages - TLCC
meteorological data and

load demand

[45] Monthly averages - -
meteorological data and

load demand

[46] Daily averages -
meteorological data and

load demand

TLCC, capital cost, and the
cost of energy generated
unit

[47]  Averages daily - -
meteorological and load

demand data

An optimization sizing of a standalone PV system for rural houses in Egypt is done
based on intuitive method and using a developed computer program. However,
TLCC analyses is obtained for the proposed system that needed to competitive the
system with other types of conventional sources

An optimization for a standalone PV system in a location in Bangladesh is done. The
intuitive method is used to optimize the balancing parameters. However, the
optimum sizes of the PV array and the storage battery are chosen based on
minimum TLCC

Developed an expert aid system for optimizing a standalone PV system for some
regions in India is presented. Here, the developed system used an intuitive method
for sizing the standalone PV system. The proposed system optimizes the size of the
PV array with and without a storage battery as well based on monthly averages
meteorological variables and geographical coordinates at each site

An intuitive method is used for sizing a building integrated PV system in India.
However, the author obtained the best PV/battery configuration capacity based on
the minimum values of TLCC, capital cost, and unit cost of energy

A sizing for a standalone PV system for residential buildings in Jordan is done. The
authors used the simple calculation without taking into consideration the technical
and economic aspects for sizing the PV array and the storage battery. However, the
validation for the sizing method is not done which let this method questionable

demand data for this purpose. Using simple calculations, the
authors started the sizing process by calculating the averages of
the daily load energy requirements. Then the PSH was used to
obtain the PV array size. However, 10% of load demand consump-

tion for 5 days during cloudy weather was used to obtain the
capacity of the battery. In this research work, the technical and
economic aspects are not considered which may lead to oversizing
results that will increase the cost of generated unit of energy. In
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Fig. 8. General numerical method flowchart.

addition, using the daily averages data may lead to inaccurate
results which may affect reliability of the system. The above men-
tioned research works are summarized in Table 2.

4.2. Numerical methods for optimum sizing a standalone PV system

In numerical methods, simulations are carried out at each time
interval, usually an hourly or daily time period. In this method,
System'’s energy balance is calculated and classified as determinis-
tic or stochastic approaches. In the deterministic approach, the
uncertainty associated with solar radiation is not considered due
to the difficulties in finding data set for a specific system. On the
other hand, probabilistic approach for sizing a standalone PV sys-
tem considers the effect of solar radiation variability in the system
design. Thus, the probabilistic approach is considered more accu-
rate than the deterministic approach, and the energy reliability
for the system can be conducted in a quantitative way [48]. The
procedures of the numerical method can be illustrated as the
depicted flowchart in Fig. 8.

Cabral et al. [49] presented a methodology for sizing a stan-
dalone PV system in a location in Brazil by applying stochastic
analysis which include Markov chain and beta probability density
function. The method models solar radiation on a tilted surface,
obtains the average generated PV power and calculates the status
of the battery. The system reliability by LPSP was calculated for
each configuration and the optimum configuration is chosen based
on minimum TLCC. In Kaldellis et al. [50], an optimum sizing
methodology of a standalone PV system in a location in Greece is
developed to reduce the electricity production cost. The daytime
solar radiation and ambient temperature are used to calculate
the PV rated power and the storage battery capacity based on
energy balance between the generated PV power and the load
power consumption. The optimum configuration based on the local
demand was estimated and the cost of generated unit of energy by
the PV system is calculated. This work has some limitations in
which the use of daily average meteorological variables may affect
accuracy of results and system reliability.

Celik et al. [51] optimally sized a residential standalone PV sys-
tem for five sites in Turkey. A defined load and hourly meteorolog-
ical variables for six years’ period have been used to calculate the
LLP values for each site. The optimum PV/battery configuration is
selected for each site based on the minimum cost of generated unit
of energy. The environmental impacts such as CO, released and
global warming potential are assessed in the method. Chen [52]
presented a fast optimization method for sizing a standalone PV
system in a location in USA by taking into account daily average
meteorological data and load demand. Without simulation, the
method implements sizing by examining the climate time series
of the site and defining the minimum charge/discharge time ratio
in a battery. The minimum and maximum PV powers were identi-
fied to derive the number of batteries for the system. Then calcula-
tion of the number of the PV modules is done and the optimum
configuration was chosen based on the minimum annualized total
cost. Such a work has some limitations that may affect system reli-
ability and accuracy of results because daily average meteorologi-
cal variables are used and load demand was assumed constant. In
addition, Spertino et al. [53] presented a standalone PV system siz-
ing algorithm for optimizing the PV array and the storage battery
in Italy. The simulation procedure is done based on a simple PV
array and electrochemical battery models and using daily average
meteorological data and load demand. The SOC of the battery was
used as an optimization constraint to select the optimum configu-
ration. The method has some disadvantages in which daily meteo-
rological data are used and that there is no objective function
which lead to high may cost of the generated unit of energy.

Kazem et al. [26] presented optimal sizing of a standalone PV
system in Sohar, Oman by applying a numerical method using
hourly meteorological and load demand data. The tilt angle is opti-
mized for system'’s location so as to increase system efficiency and
decrease the size of the PV array and the storage battery capacity.
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The sizing methodology first defines efficiencies of system compo-
nents and load demand and then obtains the daily solar radiation
for the selected site. A range of the PV array area was used to find
the optimum size of the PV array. Matrices of energy excess and
energy deficit are obtained during the calculation of energy differ-
ence. At each PV/battery configuration, the LLP was obtained and
stored in matrices. Then at the desired LLP, suitable sizes of the
PV array and the storage capacity are found by plotting LLP vs.
the PV array sizes, and the storage battery sizes vs. the PV array
sizes. The optimum configuration is chosen based on the minimum
system’s capital cost. Chen [54] developed a numerical method for
optimally sizing a standalone PV system under climate change in a
location in USA by using daily average meteorological variables and
load demand. The sizing methodology examined the climate time
series of the site and defined the minimum charge/discharge time
ratio in the battery cycle. The minimum and maximum PV powers
were identified to derive the number of storage batteries and then
the number of the PV modules was calculated. The optimum PV siz-
ing was obtained based on the minimum annualized total cost.
Semaoui et al. [55] presented an optimization model for optimal
sizing of a standalone PV system by using a MATLAB-Simulink in
a location in Algeria. The optimization methodology was imple-
mented into three steps; modeling of standalone PV system compo-
nents, developing load management model, and developing the
optimization criteria which was done based on LPSP and energy
cost. Hourly meteorological variables and load demand data are
used to determine the optimum configuration. However, the LPSP
values were obtained for each PV array/battery configuration with
and without load management. While, a set of configurations were
nominated based on a desired LPSP. Then the sizing curve was plot-
ted for the configurations that satisfied the desired level of avail-
ability. Finally, the optimum configuration is chosen based on the
minimum energetic cost. As a result, the authors found that the
using of load management in sizing a standalone PV system reduces
the energetic cost of the system.

The author of [56] optimized the capacity of a storage battery
for a given PV array size in three locations in US. The analysis
was carried out for two limiting cases of the PV/battery configura-
tion. These limiting cases were sunlight limited operation and bat-
tery capacity limited operation. The limiting cases were taken into
consideration to find the optimal battery capacity in order to make
sure the operation of critical loads during any outage and night-
time. In the first limiting case, a daily solar radiation data is used
to determine the capacity factor which is used to calculate the
steady state operating power output. Then, the expected daily
energy output from the PV array has been calculated taking into
account the converting power losses and other factors. A software
called “PVWATTS” was used to calculate these factors. Here, the
suggested capacity of the battery was chosen in case to be large
enough to store nearly the whole day’s energy based on an accept-
able confidence level. In the meanwhile, in the second limiting
case, the suggested capacity of the battery was calculated based
on the energy needed to cover the critical equipment during the
full night-time and an acceptable confidence value of steady-
state power output. Finally, the expected capacities of the battery
that were obtained from the two cases was merged and examined
to find the optimum battery size. This study has some limitations,
firstly, the use of the daily solar radiation may affect the results.
Secondly, the author used a simply PV model without a specific
battery model which may lead to over/under battery size. Thirdly,
the economical aspect was not included which may increase the
cost of the system as well. Khatib and Elmenreich [57] presented
a simplified energy flow models for three types of PV power
systems using MATLAB. One of these systems is a standalone PV
system. The logic of the standalone PV system energy flow was dis-
cussed with a MATLAB line code. The daily output power generated

by the PV module/array was calculated using a regression model.
Then, the energy produced from the PV array based on a defined
time period was calculated. The inverter efficiency was chosen
based on the typical efficiency curve and PV rated power. However,
the net energy at the load side was calculated as the difference
between the PV output energy and the load demand. Based on
the amount of this term, the energy flow was drawn. In case the
net energy is less than zero, the model goes to check the SOC of
the battery. If the SOC is equal to the maximum level, the remain-
ing energy will be an excess. Otherwise, the remaining energy will
be stored into the storage battery. While, in case the net energy is
bigger than zero, the model will check the SOC again. Here, if the
SOC is equal to the minimum level, the remaining energy will
count as a deficit energy. Otherwise, the remaining energy will
be stored into the storage battery. Finally, the LLP is calculated as
the ratio of the deficit energy to the energy of the load. The authors
used a simple PV array model and a static battery model which
may affect the sizing results. So far, this work helps the researchers
to work helps the researchers in modeling, sizing and validating
the standalone PV system.

Fathi et al. [58] described a 7.2 kWp PV plant installed in a
remote area in Morocco. The aim of this work is to study the effect
of the energy management strategy on the system performance.
Daily basis meteorological data and load demand were utilized in
this research work. As a result, the energy demand and SOC of
the battery strongly affects the performance ratio. Dufo-l6pez
et al. [59] developed a lead-acid battery life time prediction model
for optimizing a standalone PV system in Spain. The main aim of
this research work is to estimate the battery life time in order to
reduce the system'’s capital cost. The standalone PV system’s com-
ponents are modeled, whereas a regression model was used to
express the PV array performance. However, a dynamic battery
model was used in this development. Based on this prediction
model, the key model is the battery charger converter's model
which significantly affects the life time of the storage batteries.
As a result, the developed model worked well to predict the life-
times of the batteries better than the classical models such as Ah
model, KiBam model, simplified version of Copetti model, and
Schiffer model. This development will lead to improve the sizing
methods in order to decrease the system’s cost at the same level
of availability. In this research work, the using of the regression
model may affect the results.

Illanes et al. [60] presented a dynamic simulation and modeling
of a standalone PV system using the state equation model and
numerical integration methods. The initial state of the system
and the time evaluation of the inputs were determined, then a
numerical integrated method was implemented to model the pro-
posed system. A double exponential PV model was used where, the
voltage was considered as a state variable and derivative related to
the applied current. The cell temperature was considered as a sec-
ond state variable to be integrated into the PV system model. In
this PV array model, the state variables were the cell temperature,
the PV array voltage and current, the series inductance current, and
the discharge of batteries. The dynamic simulation was compared
with the static simulation for a standalone PV system. As a result,
the dynamic simulation based on state variable model acted better
than the static simulation of permitting the transient state. The
disadvantage was in the running time which the dynamic simula-
tion took longer time when run a long term simulation. This work
can be used in sizing of a standalone PV system to improve the siz-
ing results.

Lee et al. [61] presented a sizing strategy for isolated standalone
micro-grids in Mali. A time series energy balance algorithm based
on hourly meteorological and load demand data were utilized to
create cost versus availability curve for the system. The methodol-
ogy started by adjusting the system availability to minimize the
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system’s capital cost. The system availability used in this study was
the energy shortfall probability (ESP). However, the analysis began
by quantifying the system availability for each month. Then, the
determination of the lowest availability was based on a sub-daily
resolution. In this research, the models of the standalone PV sys-
tem’s components were not mentioned which let this methodology
questionable.

In [62], a techno-economic sizing methodology by using a sta-
tistical approach was presented in a site in France. The methodol-
ogy started by calculating the output power of the PV array in
order to find the PV array output energy in the load side based
on hourly time series meteorological and load demand data.
According to the difference energy between the generated energy
by PV array and the load demand, and the state of charge of the
battery, the capacity of the battery was determined. The LPSP has
been calculated for the generated search space. The best configura-
tion was selected based on the minimum annualized cost of the
system. The stochastic cloud cover sequences were simulated by
Markov transition matrices. The authors used a dynamic battery
model which increases the reliability of the sizing results. On the
other hand, a regression model was used for modeling the PV array
that may affect the sizing results as well. Erdinc et al. [63] pre-
sented a new perspective for sizing a PV and a storage battery
based on demand response strategies. A techno-economical sizing
methodology and mixed-integrated linear program (MILP) frame-
work was used in sizing process. A smart home demand was uti-
lized to validate the sizing methodology. The novelty of this
work was in considering of the notably changing of the load pat-
tern during the day-time.

Mandelli et al. [64] proposed a sizing methodology to optimally
design an off-grid rural electrification systems in Uganda. Daily
averages meteorological and load demand data were utilized. A
value of lost load (VOLL) concept was used to determine the lost
energy (LE) for all of the configurations. The LCE was used as an
objective function to find the best PV array size and storage battery
capacity. The PV array was modeled using a regression model and
the battery was modeled based on a static model which may affect
the accuracy of the sizing results. These effects may lead to increase
the cost of generated unit of energy from the proposed model.

Nordin and Rahman [65] proposed an optimization sizing
method of standalone PV systems based on Malaysian’s metrolog-
ical profile. Hourly load demand data and meteorological data
were used. The sizing methodology supposed a search space for
the PV array and batteries numbers. The LPSP was calculated for
all combinations in the search space. Then, the combinations
which have the desired LPSP were nominated. The best configura-
tion was selected based on the LCE. In this work, the PV array has
been presented using the linear model which may lead to an over/
under sizing results. Meanwhile, a dynamic battery model was
used to express the states of the battery. In addition, Ibrahim
et al. [66] presented a sizing methodology to optimize the size of
the PV array and the capacity of the battery in a standalone PV sys-
tem in Malaysia. The sizing methodology was conducted based on
hourly meteorological and load demand data. A random forests
(RFs) model [67] was used for modeling the PV array model and
dynamic battery model to reflect the dynamic behavior of the bat-
tery. The authors optimized the design space using the intuitive
method equations to let the algorithm converges fast. These equa-
tions were used to determine the initial values of the PV array
number and the capacity of the battery. Here, the LLP was calcu-
lated for all of the configurations in the optimized design space,
while the TLCC was used to select the optimum configuration
based on the minimum value. A summary of research works for
sizing a standalone PV system based on numerical methods is
listed in Table 3.

4.3. Analytical methods for optimum sizing a standalone PV system

In analytical methods, the components of a standalone PV sys-
tem are characterized by computational mathematical models as a
function of reliability so as to determine system'’s feasibility. The
system performance can be estimated for different set of feasible
size of system components. The best configuration of standalone
PV system is evaluated by comparing single or multiple perfor-
mance indexes of different configurations. The advantage of the
analytical method is that sizing calculations are simple while the
disadvantage is the difficulty in estimating coefficients of the
mathematical equations which are location dependent [48]. The
procedures of the analytical method can be illustrated as the
depicted flowchart in Fig. 9.

Some of the authors have utilized this method for sizing SAPV.
In Markvart et al. [68], a sizing procedure of a standalone PV sys-
tem in a location in UK was presented based on observed time ser-
ies of solar radiation. The authors determined the sizing curve
using a simple geometrical construction as a superposition of the
individual climatic cycles. However, these climatic cycles were
divided into two climatic cycles which the first one includes the
days with average solar radiation which is equal to or more than
the obtained overall averages solar radiation. In the meanwhile,
the second one included the days with average solar radiation
which is less than the obtained overall averages solar radiation.
Then the resulted sizing curve of the PV/battery configuration is
fitted by an exponential function to drive mathematical equations
that used to calculate the PV array size directly. In this work, the
load was supposed to be demanded at the night time which is a
rare situation. On the other hand, the authors used the daily aver-
ages of solar radiation and load demand data which means that the
source uncertainty and load variation were not taken into consid-
eration. Moreover, the economic aspect was not considered which
may have an effect on tradeoff results with similar systems.

In [69], algebraic equations for optimal PV array area, optimal
useful capacity of storage battery, and constant of integration have
been formulated in an analytical method for optimally sizing a
standalone PV system in Malaysia. However, monthly mean daily
meteorological data based on worst month were used for sizing.
The sizing curve was obtained by differentiating the cost function
which aims to minimize the system capital cost at a desired level of
availability. Using the resulted equation, a sizing curve was plotted
at the desired LLP. The optimum sizing ratios for the PV array area
and the useful capacity of storage battery were determined by the
intersection of the cost line with the desired LLP curve. In this
research work, the sizing model was more constructive because
of incorporation with different useful variables such that compe-
tence the model to be applied in different locations. On the other
hand, the authors used monthly mean daily meteorological data
which may affect the sizing results. Khatib et al. [70] developed
an analytical method for optimal sizing of the PV array and the
storage battery for five sites in Malaysia by deriving an optimiza-
tion formula for a standalone PV system that can be applied for
all locations in Malaysia. The sizing procedure first defined some
constants such as system components specifications and load
demand. The PV array and the battery sizes were then calculated
using daily average meteorological variables and daily load
demand based on LLP. Plots of LLP versus the PV array capacity,
C, and C, versus battery capacity, Cs were used to find their math-
ematical correlations. MATLAB fitting toolbox was used to derive
the curve-fitting equations from the correlations. From the derived
equations, coefficients were obtained for the five sites in Malaysia,
and the averages of these coefficients were taken to establish a
general sizing model for Malaysia. However, the method has some
limitations in which daily average solar radiation data were used
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Table 3
Summary of research works based on numerical methods for sizing a standalone PV system.
Ref. Input parameters Optimization Objective Outcomes
function function
[49] Hourly meteorological data and  LPSP TLCC A sizing methodology of a standalone PV system in Brazil is developed using
load demand stochastic analysis. However, the developed methodology used LPSP term to find out
the optimum PV/battery configuration. The optimum PV/battery configuration is
chosen based on the minimum TLCC. Moreover, the stochastic model presented more
reliable and realistic results. However, it sis more complex than deterministic model
[50] - - Electricity An optimum sizing methodology of a standalone PV system in a location in Greece is
production developed to reduce the electricity production cost based on energy balance between
cost produce power by PV system and consumption power by load
[51] Hourly meteorological data and  LLP Cost of energy  The TLCC varies significantly with LLP values. However, the unit cost of energy tends
load demand for increasing highly to achieve the lowest LLP levels. However, with the
conservative European average electricity mix, the payback period for this system is
6.2 years and the CO, payback time is 4.6 years
[52] Daily averages meteorological LPSP Annualized An optimization of a standalone PV system based on threshold-based (EVT) in a
and load demand data total cost location in USA is conducted. A technological and economical comparison is done
with others methods such as traditional daily energy method and sizing curve
method which seems that this method is fast than the previous mentioned methods.
However, the proposed method can easily get the same results as the sizing curve
method
[53] Daily averages meteorological socC - An optimization for a standalone PV system in Italy is done. The simulation process
and load demand data carried out based on simple PV array and electrochemical battery models. The best
configuration chosen based on SOC
[26] Hourly meteorological data and  LLP System’s An optimal sizing of a standalone PV system is conducted in Oman. The authors used
load demand capital cost numerical method and hourly meteorological data. However, LLP is used as a
reliability parameter and the best configuration is chosen based on minimum
system’s capital cost. Finally, the authors mentioned the PV array sizing ratio, storage
battery sizing ratio for the selected location, and the cost of energy
[54] Daily averages meteorological LPSP in term of Annualized An optimization of a standalone PV system based on EVT is conducted. A
data and load demand threshold-based total cost comprehensive economic optimization contains capital, maintenance, and penalty
(EVT) costs of the alternative configurations is also presented
[55] Daily averages meteorological LPSP Energetic cost  An optimization model of a standalone PV system in Algeria is conducted. The main
data and load demand objective of this work is to include the load management in the technical and
economical parameters in the optimization and their effects on the system life cycle
[56] Daily solar radiation data - - An optimal sizing for a storage battery in PV power island systems in three sites in US
is conducted. The study aimed to find a nominal optimum point for the PV/battery
configuration subject to the availability sunlight. The analysis was done based on
two limiting cases. The optimal battery size is chosen after merged and examined the
expected capacities of the battery that obtained from the limiting cases
[57] Any available time period of LLP Based on the A simplified energy flow model for a standalone PV system is presented with other
meteorological and load demand designer view  energy flow models. This model helps the researchers to work helps the researchers
data in modeling, sizing and validating the standalone PV system
[58] Daily basis meteorological and - - The effects of the energy management strategy on the performance system is studied
load demand data for a 7.2 KkWp PV plant installed in a location in Morocco. The study concludes that
the energy demand and SOC of the battery strongly affects the performance ratio
[59] Hourly meteorological and load - - A development for a lead-acid battery life time prediction model is presented. The
demand data developed model in a standalone PV system is tasted in two sites in Spain. As a result,
the developed model is better than the classical models in predicting the lifetimes of
the batteries. In conclusion, this work may improve the sizing of a standalone PV
system results which may lead to decrease the cost of generated energy
[60] Secondly meteorological and - - Dynamic simulation and modeling of a standalone PV system based on the state
load demand data equation model and numerical integration methods are presented. The standalone
PV system is modeled using four state variables as initial variables. Then, the solved
using the numerical integration methods. The dynamic simulation model expresses
the priority for modeling the standalone PV system than the static simulation model
[61] Hourly meteorological and load  ESP System’s A standalone PV system sizing strategy is presented. Hourly time series data is used
demand data capital cost in the simulation. The sizing curve for different combinations is generated as a
function of the capital cost versus the availability trade-offs
[62] Hourly meteorological and load  LPSP Annualized A safe sizing methodology of a standalone PV system is conducted in a location in
demand data cost of the France. The authors used LPSP which is highly sensitive to the stochastic nature of
system cloud cover. Meanwhile, the authors obtained LPSP on a large cloud cover scenarios
and cost model for each scenario. The best scenario is selected based on desired LPSP
level and at minimum annualized cost of the system
[63] Hourly meteorological and load - LCE A MILP model for techno-economic sizing of a smart house appliances is carried out.
demand data The novelty of this work was in considering of the notably load pattern changing
[64] Daily averages meteorological Lost energy (LE) LCE A sizing methodology for an off-grid PV system is done. The sizing methodology was
and load demand data done based on VOLL and LCE
[65] Hourly meteorological and load LPSP LCE An optimization method for sizing standalone PV systems in Malaysia is presented.
demand data The sizing done based on hourly data. The LPSP is used as a design constrain.
However, the best solution is chosen based on the minimum LCE
[66] Hourly meteorological and load LLP TLCC A sizing methodology for optimizing the size of a standalone PV system based on

demand data

Malaysian’s weather condition is presented. The LLP values are calculated for all the
PV/battery configuration in the design space. Then, the best configuration is chosen
based on the minimum TLCC
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Fig. 9. General analytical method flowchart.

and economical parameters were not considered in sizing the stan-
dalone PV system.

In the meanwhile, Bortolini et al. [71] presented a technical and
economic model for optimizing a PV/battery combination with a
grid-connected design, as a backup source in a location in Italy.
The aim of this research work was to design the proposed system
based on analytical system’s components models. Using hourly

meteorological and load demand data, SOC as an optimization
function and levelized cost of energy as an objective function the
sizing was implemented based on an analytical method.
Moreover, AL Riza et al. [72] optimized the size of a standalone
PV system in Ipoh, Malaysia. The authors used simple PV and bat-
tery models for calculating the daily output energy from the sys-
tem. For a desired LPSP, the sizing curve was plotted. In this
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Table 4
Summary of analytical methods used for sizing a standalone PV system.
Ref.  Input parameters Optimization  Objective Outcomes
function function
[68] Daily averages meteorological - - Simple geometrical construction way is used of sizing curve for a SAPVS. This work is done
data and load demand based on the time series of long observed solar radiation data over a specific time
[69] Monthly mean daily LLP System capital An analytical method is used for sizing a standalone PV system in Malaysia. The optimum
meteorological data and load cost sizing ratios for PV array area and useful capacity of storage battery are determined by the
demand intersection of the system cost line with the desired level of availability curve. Moreover,
the explicit form of such a function has been determined. Then it turns out to be
independent of the locality. Finally, using this function, the cost analysis of PV systems can
be performed in a simple way
[70] Daily averages meteorological ~ LLP - A new sizing method is presented for specific locations in Malaysia. This method is done
data and load demand based on LLP. However, optimization equations for PV array and storage battery sizes are
obtained using MATLAB fitting toolbox to cover whole sites in Malaysia
[71] Hourly meteorological and load SOC LCE A technical and economic model for designing a PV/battery combination in Italy is
demand data presented. The sizing methodology aims to design and management the proposed system
based on analytical method. An hourly meteorological and load demand data is used in this
research work
[72] Hourly meteorological data and LPSP System capital A design space approach is used for sizing a standalone PV system in Malaysia. The
load demand cost and LCC optimum sizes for PV array area and capacity of storage battery are determined by the
intersection of the system cost and LCC lines with the desired level of availability curve. In
this approach, the user can choose the realistic available PV panel size and storage battery
capacity
Table 5

Summary of availability software tools for sizing a standalone PV system.

Software tool/
Developer

Input

Output

Summary

Availability

HOMER /National
Renewable Energy
Laboratory, USA

IHOGA/University of
Zaragoza, Spain.

TRNSYS/University of
Wisconsin, USA.

RETScreen/Ministry
of Natural
Resources, Canada

PVSYST | PVsyst SA,
France

PV.MY/Power System
Research Group,
Universiti
Kabangsaan
Malaysia, Malaysia

Load demand, monthly average
meteorological data, system
components specifications and
costs, and emission data

Load demand, meteorological
data, component specifications,
and financial data

Load demand, meteorological
data, and inbuilt models from
own library

Load and climate data, size of
the PV array, and product
database

Load demand, monthly average
meteorological data, system
components specifications, tilt
angle for a PV module/array
Daily load demand, PV module
and battery specifications, daily
meteorological data only for
Malaysian states

Optimal unit sizing, renewable
energy fraction, capital cost, net
present cost, cost of energy, excess
energy, and uncovered load

Multi objective optimization, cost of
energy, life cycle emission, buy-sell
analysis of energy

Dynamic simulation results for both
electrical and thermal energy
systems

Optimal unit sizing, financial and
risk analysis, energy efficiency,
environmental and cogeneration
analyses

PV array capacity, battery capacity,
inverter size

PV array capacity, battery capacity,
inverter size, charge controller size,
system’s cost, dump load, and the
monthly optimum tilt angle

Capable for modeling and sizing a
standalone PV system and other renewable
integrated systems configurations based on
systems’ life cycle cost [73]

Hourly simulation for sizing renewable
energy configurations. It solves single or
multi objective optimization problem
based on genetic algorithm [73]
Simulation for unit sizing is very precise
which varies between 0.01 sec and 1 h. The
software is used to model solar energy
applications and conventional buildings
[73]

A Microsoft Excel spreadsheet based on
energy project analysis for unit sizing of
different renewable energy configurations
[73]

It has the capability of sizing standalone
and grid-connected PV systems [75]

A MATLAB based tool for determining the
optimal sizing for different PV systems
configurations in Malaysia. It used artificial
neural network for prediction of
meteorological variables, optimization of
the PV module tilt angle [75]

Free www.
homerenergy.com

EDU version - Free
PRO version - Priced
www.unizar.es/
rdufo/hoga-eng.htm
Priced www.
trnsys.com

Free www.retscreen.
net

Priced www.
pvsyst.com/
en/download

study, the objective function was formulated based on system cap-
ital cost and LCC. Using the design space approach, the optimum
configuration was chosen based on the realistic available PV panel
size and storage battery capacity which was better than using the
deterministic approach in this purpose. This research work used
simple models for the systems’ components which makes the accu-
racy of system’s output questionable because these models may
not express the variation of the meteorological data. A summary
of research works based on analytical methods available in litera-
ture is illustrated in Table 4.

4.4. Commercial software tools for optimum sizing a standalone PV
system

Currently, many software tools such as Hybrid Optimization
Model for Electric Renewables (HOMER), Improved Hybrid Opti-

mization by Genetic Algorithms (IHOGA), Transient Systems Simu-
lation Program (TRNSYS), RETScreen [73,74], and PV.MY [75] are
available software tools for optimal sizing of a standalone PV sys-
tem which are described in Table 5.

HOMER is a widely used software for sizing a standalone PV
system and other renewable energy integrated systems configura-
tions in a standalone and grid-connected modes [73]. The simula-
tion of the PV/battery configuration model is conducted using
hourly load demand and meteorological data based on the system’s
life cycle cost. The input data can be supplied to HOMER based into
two options. In the first option, monthly average data must be pro-
vided by a user. Then an embedded function transfers the data to
hourly data synthetically based on a statistical technique. The sec-
ond option is that a user can select hourly data online based on the
location coordinates. HOMER is a useful software which allows
users to compare many design configurations based on their avail-
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ability and economic merits [74]. Many research works which
dealing with modeling and optimum sizing of integrated systems
configurations using HOMER software are available in the litera-
ture [76-79]. In Al-Karaghouli and Kazmerski [80], HOMER based
study is implemented to calculate the size of a standalone PV sys-
tem and its total life cycle cost in southern Iraq. The load demand
was assumed to be 31.6 kW and the optimization results were
6 kWp PV modules, 80 batteries (225 Ah/6 V), and a 3-kW inverter.
In [81], HOMER tool was used to optimize a standalone integrated
renewable energy system for a remote location in India. A com-
bined techno-economic and demand side energy management
was used in the optimization. Hourly meteorological and load
demand data were utilized. LLP and excess electricity terms were
used as a design constrains, while NPV is used as an objective func-
tion. The sizing methodology was done with and without the
energy management strategy and the results were compared. As
a conclusion, the sizing results got from with demand side energy
management are better than the sizing results obtained without
implementing the demand side energy management.

IHOGA is an hourly simulation software for sizing renewable
energy configurations. It provides a single or multi objective opti-
mization problem based on genetic algorithm. The sizing parame-
ters are remained constant into the simulation process for each
hour. In addition, many control strategies can be used [73]. In
[82], a HOGA software sizing tool, which is an optimization and a
simulation software based on a GA, is used to optimize the sizing
of renewable sources is proposed in six farming facility in Spain.
PV array and storage battery are considered as a part of the system
to supply the pumping systems. The best solution is selected based
on the minimum net present value. TRNSYS has a very precise sim-
ulation process for unit sizing which is varies between 0.01 sec and
1 h. This software is used to model solar energy applications and
conventional buildings. However, it’s a flexible tool for simulating
the transient integrated systems behavior [74]. RETScreen is a
clean energy project analysis software which is designed as a
Microsoft excel application tool. RETScreen can used to assess the
feasibility and viability of renewable systems configuration, energy
efficiency of the systems, financial and risk analysis, environmental
analysis and cogeneration projects. However, RETScreen has been
used to evaluate the financial viability of a standalone PV system
in Egypt [83], the feasibility of standalone PV system using cost
of energy in Oman [84], and the potential of a building-
integrated PV system in residential sector [85]. Base on the litera-
ture, all the pervious tools are supported the technical and eco-
nomic analysis.

PVSYST is a sizing software tool which has the capability of siz-
ing standalone and grid-connected PV systems. Monthly meteoro-
logical data are used for the located site, and hourly data are
created synthetically in the program. A loss of load probability is

Table 6

used for determining the optimal PV array and battery sizes. The
PV module/array tilt, the autonomy time of the system, the storage
battery type, the PV module type and the type of inverter also can
be selected. However, different simulation variants, and horizon
shadings can be used [86]. Finally, PV.MY is a MATLAB based soft-
ware tool for optimal sizing of PV systems. The software has the
capabilities of predicting the meteorological data such as solar
radiation, ambient temperature using artificial neural network
(ANN), optimizes the PV array tilt angle, optimizes the inverter
capacity and calculate optimal sizes of PV array and storage bat-
tery. The iterative methods are used for PV system sizing of stan-
dalone PV system and other PV systems configurations. The LLP
term is used as an optimization function. Liu and Jordan model
on a tilt surface is used in optimizing the monthly tilt angle. In
addition, a model for inverter efficiency curve is used for optimiz-
ing the inverter size [75]. From the literature, the widely used soft-
ware tools for sizing standalone PV systems are HOMER and
RETScreen. Table 6 presents the advantages and disadvantages of
the available commercial software tools for sizing standalone PV
system.

4.5. Artificial intelligence methods for optimum sizing a standalone PV
system

Artificial intelligence (AI) methods are used to overcome the
unavailability of meteorological data for sizing a standalone PV
system in remote areas. It can handle nonlinear fluctuation of solar
energy source and can be categorized as prediction algorithm such
as artificial neural network (ANN) and genetic algorithm (GA) for
predicting the sizing ratios of a standalone PV system, and search-
ing algorithm such as fuzzy logic (FL) and tabu search (TS).

Khatib and Elmenreich [87] used a general artificial neural net-
work (GANN) for sizing a standalone PV system in Malaysia. In this
study, the authors used an analytical method to find the sizing
rations for the PV array and the storage battery for five sites in
Malaysia. Hourly meteorological and load demand data are used
for this purpose. Moreover, the sizing was done based on a desired
LLP and system capital cost as mentioned in [70]. By using these
sizing rations as outputs, and latitude, longitude and a desired
LLP as inputs, the GRNN was trained by 70%, tested by 15%, and val-
idated by 15% of the dataset to predict the sizing ratios for Malay-
sia. As a result, the predicted sizing rations accuracy was relatively
high with mean absolute percentage error (MAPE) is 0.6%. How-
ever, this model may be generalized for predicting the sizing
rations for a standalone PV system in whole of Malaysia.

Yoza et al. [88] applied tabu search (TS) algorithm to optimize
the PV/battery combination in a smart house in Japan. The optimiza-
tion problem was implemented in two parts by considering optimal
scheduling of appliances which is optimized based on minimum

Advantages and disadvantages of the available commercial software tools for sizing a standalone PV system.

Software Advantages Disadvantages

tool

HOMER Easy for use and suitable for optimization, feasibility, and sensitivity User cannot change the component specifications, and it does not consider
analysis bus voltage variation

IHOGA Capable of solving single and multi-objective optimization problems and Probability analysis is not considered, net metering is not included, some
provide optional sensitivity analysis limitations in the analysis for EDU version and internet connection is

required for PRO version

TRNSYS Capable of simulating transient integrated systems behavior -

RETScreen Excel spreadsheet application and provides strong meteorological data Provides few options for retrieval, and no time series option for data input

PVSYST User friendly software tool suitable for optimization, and capable of Cost analysis is not considered, and uses statistical method to convert the
simulating the PV system performance monthly meteorological data to hourly data

PV.MY It has the ability to simulate the designed PV system and display its It capable just for Malaysia, the searching time for the optimal solution is

performance for a period of year, exporting the optimum tilt angles, and it
can import solar data from xIs and txt files

around 70 sec, and it used daily data
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Table 7
Summary of Al methods used for sizing a standalone PV system.
Ref. Input parameters Al Optimization function Objective Outcomes
technique function
[87] Hourly meteorological ANN LLP System capital ~ An ANN model is used to sizing a standalone PV system in Malaysia.
data and load demand cost Firstly, an analytical method is used based on a desired LLP and
system capital cost for calculating the sizing ratios in five sites in
Malaysia. Then an GANN model is trained using geographical
coordinates and LLP to predict the sizing ratios in whole of Malaysia
with high prediction accuracy
[88] Hourly Load demand and TS - System’s ATS algorithm is used to optimize the sizing of standalone PV system
meteorological data capital and in Japan. The optimization done into two into two parts, the optimal
operational scheduling part and expansion planning part during a 20-year period
cost
[89] Load demand and the FL SoC - A sizing method for sizing the PV/battery system in a standalone PV
monthly average of daily system is used. The sizing method consists a FL algorithm which is
solar radiation developed using MATLAB/Simulink. The energy demand of the load
and the monthly average of daily solar radiation are used as inputs
and PV panel surface area and battery capacity are the output
[90] Daily meteorological and GA Minimize the pollutant LCC A sizing methodology based on GA based method is used to optimize a
load demand data emission and maximal the standalone micro-grids system. The optimum solution is chosen
energy generation based on LCC, renewable energy sources generation and airborne
pollutant emissions
[91] Synthetic hourly load GA Unmet load System'’s A GA is used to optimize the sizes of the PV array and the storage
demand and capital cost battery in a SAPVS. However, a comparison study is done with other
meteorological data two classical methods, worst month method and LPSP method. The
results show that GA method acts better than these both methods
Table 8
Summary of hybrid approaches.
Ref. Input parameters Hybrid technique Optimization  Objective ~ Outcomes
function function
[92,93] Daily averages ANN based on GA LLP System’s A methodology of generating the sizing curves of the standalone PV
meteorological and capital system is proposed using feedforward ANN based on GA. In general,
load demand data cost this method depends on the geographical coordinates and LLP values
to predict the PV array size that calculated previously using numerical
method. This predicted sizes are used to find the battery sizes.
Meanwhile, the best configuration is chosen based on minimum
system’s capital cost
[94] Hourly load and Analytical method based on  LLP System’s  An optimal design and sizing of a standalone PV system is done using
meteorological data iterative method (long-term capital combined analytical method and iteration method with long-term
performance) cost performance of the system. The influence of the maximum DOD of
battery, load profile, and voltages limits of the battery are also taken
into consideration to improve the sizing results
[95] Daily meteorological ~ Numerical method based on - ACS A multi-objective optimization method for sizing an off-grid
and load demand GA batteryless PV system is proposed. The sizing algorithm implemented
data using numerical method based on GA. The best PV size is selected

based on the minimum ACS

operational cost and expansion planning part which is optimized
based on minimum total system cost. In this work, the economic
aspect which was incorporated in the optimization function for
the two parts may not satisfy the technical aspect accurately.

Salah et al. [89] applied fuzzy logic to optimize the PV panel
surface area and the battery capacity in a standalone PV system
in the region of Sfax, Tunisia. Fuzzy logic is developed using
MATLAB-Simulink in which the energy demand of the load and
the monthly average of daily solar radiation are used as inputs
and the PV panel surface area and the battery capacity were the
outputs. The SOC term is used as the objective function of the opti-
mization problem.

Zhao et al. [90] used a GA based method to optimize unit sizing
method for a standalone micro-grids system in an island in China.
An innovation operation strategy based on the coordination of
energy storage is used to developed the sizing results. The pro-
posed strategy developed in order to minimize the LCC and pollu-
tant emission, while maximal the energy generation. The sizing is
done using daily data and simple PV array and battery models. The
used of simple models may lead to an over/under sizing results
which may affect the cost of the energy unit generated as well.
In [91], a GA was used for sizing the PV array size and the storage

battery in a standalone PV system as a PV lighting system applica-
tion in Adrar, Algeria. The GA method has been compared with two
classical methods, namely, worst month method and LPSP method.
PVSYST software is used to generate synthetic hourly meteorolog-
ical data of the located site due to the measured data are not avail-
able. The algorithm works with a Boolean vector containing the PV
pick power correction coefficient (k;) and storage battery nominal
capacity correction coefficient (k). By obtaining k;, it used to esti-
mate the maximum power produced by the PV array. In addition,
calculating k, allows to determine the capacity of the battery. For
each vector, the maximum power is applied to the storage battery
to calculate the unmet load parameter. Here, the less value of
unmet load parameter expresses the possible configurations.
Finally, the best configuration is selected based on the minimum
system’s capital cost. A summary of Al methods for sizing a stan-
dalone PV system is summarized in Table 7.

4.6. Hybrid methods for optimum sizing a standalone PV system
Due to the disadvantages of the previous methods, hybrid

method which is an effective combination of two or more different
methods is applied to obtain the optimal result for a specific sys-
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Table 9
Limitations of the optimal sizing methods.

Sizing method Input data Limitation

Intuitive methods Daily and monthly average
meteorological data

Hourly, daily and monthly
average meteorological data
Hourly, daily and monthly
average meteorological data
Hourly, daily and monthly
average meteorological data
Hourly, daily and monthly
average meteorological data
Hourly, daily and monthly
average meteorological data

Numerical methods
Analytical methods
models
Software tools

Al methods

Hybrid methods

Simple calculations used based on daily or monthly meteorological data may lead to over/under sizing of
system design, low reliability and increase system capital, and maintenance and operation costs
Suboptimal solutions are reached as computation involves linear changes of the decision variables

Less flexible in designing a standalone PV system as performance is estimated by the computational
Unable to improve system components and change the component specifications

Complexity in designing system components

Complexity in designing system components which are based on complex algorithm functions

tem. While most optimization problems are multi-objective in nat-
ure, the hybrid method is considered appropriate to deal with such
problems [27].

Mellit [92] and Mellit et al. [93] developed ANN based GA which
is used to predict the optimum size of the PV array and the battery
in a standalone PV system for Algerian location. The optimization
factors are calculated based on a numerical method and the opti-
mum sizing factors are obtained based on LLP at minimum sys-
tem’s capital cost. The developed ANN model has four inputs,
namely, latitude, longitude, altitude and LLP and it is used to pre-
dict thirty possible outputs of array capacity. Here, GA is used to
optimize the number of ANN neurons to improve the system per-
formance. Thirty possible battery capacity sizes are calculated
mathematically as a function of the predicted PV array sizes. After
finding the thirty possible configurations, the optimum configura-
tion is obtained based on minimum system’s capital cost.

In Nikhil and Subhakar [94], a hybrid method is developed for
sizing a standalone PV system in Vellore, India. The sizing algo-
rithm combines the analytical and iterative methods using
MATLAB simulation and based on LLP. This work studies the inter-
action of hourly variation of load demand and meteorological data
for keeping the system 100% reliable. An adaptive feedback itera-
tion method is used to obtain the optimum PV/battery configura-
tion based on the minimum system capital cost. In addition,
parametric analysis is conducted to study the effect of load dura-
tion and charge controller low-voltage disconnect on the sizing
results. The results are validated using experimental data and com-
pared with other sizing methods. In [95], an optimization method
is carried out for sizing an off-grid battery less PV system in Iran.
Daily meteorological and load demand data are used. The sizing
methodology is done using a numerical method based on GA.
The objective function that used in the optimization is ACS. The
PV array has been modeled using regression model which may lead
to over/under sizing results. A summary of the hybrid used meth-
ods is summarized in Table 8.

4.7. Comparison of optimal sizing methods of a standalone PV system

Each of the above mentioned methods for optimal sizing of a
standalone PV system has limitations that can be summarized as
shown in Table 9. The method presented in this thesis attempts
to overcome the limitations of the previous methods in optimal
sizing of a standalone PV system. The accuracy of some of the pre-
vious methods is questionable, especially when dealing with
highly uncertain solar radiation. Thus, an improved numerical
based optimization method is proposed for optimal sizing of the
PV array and the storage battery in a standalone PV system. The
advantage of the developed numerical based optimization method
is that it is accurate and simple in which it uses iterative loops and
linear functions compared to other methods which are based on
complex algorithm’s functions. Meanwhile, hourly time series

meteorological data such as solar radiation and ambient tempera-
ture are used for optimal sizing of a standalone PV system.

5. Findings

From the previous research works, it is noted that there are
many challenges in designing an optimal standalone PV system.
Some of the challenges can be summarized as follows:

i. Availability of meteorological variables at the target site. The
lack of meteorological data such as solar radiation and ambi-
ent temperature in small time step such as hourly records
for the target site is one of the challenges in the optimization
process because it affects system reliability and accuracy of
results.

ii. Accurate load forecasting of hourly or daily average load
profile is needed for designing optimum sizing of a stan-
dalone PV system.

iii. Numerical and analytical methods need longer computation
time in obtaining optimal sizing result as compared to other
methods. Therefore, new methods that can give accurate
results with less computing time are required.

iv. Accurate modeling of subsystems taking into account all the
internal and external factors that may affect model opera-
tion is required for an accurate PV sizing.

v. In general, results of most optimization techniques are loca-
tion dependent. Therefore, it is important to develop an opti-
mization technique that can be applied for all sites.

vi. The losses in power converters of a standalone PV system
have to be reduced to an acceptable level.

vii. A suitable energy management technique is required to
manage and control power flow based on load demand vari-
ation so as to improve the operation of a standalone PV
system.

viii. A feasible standalone PV system needs an accurate monitor-
ing system that can record the important information about
the system’s operation for better protection and control.

ix. The life cycle of storage batteries needs to be improved by
innovation technologies so as to improve system sustain-
ability and at the same time reduce system cost.

X. One of the major concerns for the users and manufacturers
at the same level, is the disposal of the storage batteries.
However, the recycling and reused for these batteries will
increase the positive ecological impacts for the system.

6. Conclusion

The paper explains the meteorological data generation meth-
ods, and various configurations and sizing methodologies of a stan-
dalone PV energy system. To solve the problematic of sizing a
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practical standalone PV system, various parameters such as tech-
nological, economical, and socio-political factors are summarized
and formulated. Meanwhile, the selection of some of these factors
is essentially to obtain an optimal design for the standalone PV sys-
tem in which the optimal design is highly depended on these fac-
tors. Most of the papers for sizing a standalone PV system are
carried out based on numerical methods. Moreover, software tools
developed by various manufacturers are also used widely in the
practical field as they are simple for using. However, some of Al
methods such as ANN and GA are used for improving the applica-
bility of the size optimizations method. Al methods has the ability
to search complete searching space with less time consumption
compared with other methods, and can be tuned to converge at
the optimal solution, but they sometimes become inefficient due
to some difficulties such as the large number of inputs. To avoid
the limitation of the existing sizing methods some other methods
used such as hybrid sizing method which is a combination of
two or more of the sizing methods that utilizes the positive impact
variables of these methods in order to obtain the optimal solution.
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