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Abstract

This paper investigates the impact of residential photovoltaic (PV) battery systems in a real
test system with the goal of system peak load shaving, In order to encourage residential
investors, a levelised feed-in tariff (LEFiT) scheme is introduced. Accordingly, two proposed
cases and relevant suggestions are presented to reach a better performance. The profitabil-
ity of the project is apprised via several economic criteria such as net present value, simple
and discount payback period years (PBY and DPBY), internal rate of return (IRR), ben-
efit to cost ratio, net cash flow, and levelised cost of energy. Moreover, different levels of
peak shaving subject to customers’ participation and the size of the PV-battery system are
also obtained. An actual test system regarding 1-year recorded data is employed to ele-
vate the precision of results. Obtained results demonstrate that in the current situation in
Iran, the PBY is about 5.83 years and the IRR is about 0.43. Meanwhile, the ratio of the
LT should be about 3.5 to reach the same result as the current circumstances. Finally,
a sensitivity analysis on systems’ parameters is performed to identify the impact of these

1 | INTRODUCTION

1.1 | Background, motivation, and approach

Among different challenges that a power network operator is
facing, load growth may be from the prominent ones, since net-
works should be continuously updated to meet this demand.
This procedure imposes a high initial cost on the power
networks owing to the requirement of new power plants, sub-
stations, and lines [1]. However, installing distributed generation
(DG), particulatly renewable ones, has attracted huge atten-
tion in the last decades. Alongside this, many governments
enacted supporting policies to encourage private investors in
installing DGs due to their numerous advantages, like reliabil-
ity, reducing greenhouse gas emissions, and decreeing power
losses [2].

The Iranian government, like many countries such as Brazil,
India, Egypt, and Nigeria has enacted incentive policies in
2016 to persuade investors to contribute to projects [3].
Although these supporting policies incorporate various renew-
able resources like wind, photovoltaic (PV), hydropower, and

parameters on economic indices.

thermal, PV systems have attracted remarkable attention in con-
trast to the other ones. This is due to two main reasons; first,
almost all provinces of Iran have a great potential in generating
solar energy as depicted in Figure 1. This situation is much bet-
ter in the central, eastern, and southern areas of Iran. Second,
PV systems range in assorted sizes, including from some kW
to several hundred MW. Therefore, PV can either directly con-
nect to low-voltage or high-voltage systems. The outcome of
this decision in an eastern province of Iran is shown in Figure 2.
In addition, four different sample days regarding four seasons,
and the load growth in the past 4 years are also drawn in this
figure. As this figure indicates, the system is facing two major
peaks named the noon peak and the evening peak. Despite the
coincidence of generated energy with the noon peak, no energy
is injected into the system during the evening peak by DGs.
Although the system operator can count on PV systems to
support the noon peak of the system, they are not helpful for
the whole system peak. Moreover, the high penetration of PV
systems, the intermittent treatment, and the non-dispatchable
nature of these resources may cause some problems such as
reverse power flow and voltage raising [4]. One of the solutions
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FIGURE 1 Photovoltaic electricity potential for Iran based on [7].

to overcome such problems is engaging a battery bank in PV
systems to store and shift the produced energy from daytime to
evening peak [5]. Thus by installing and appropriately managing
PV units and battery banks, the system operator would be able
to reach a better load profile [6]. Here, the implementation of
battery and PV systems with the aim of peak shaving in a real
network in Iran is considered.

1.2 | Literature review

Despite the numerous benefits of DGs and renewable
resources, the significant initial cost of such resources is still a
notable obstacle to growing them. Therefore, many countries
have legislated supporting policies to convince private investors
in installing renewable resources, which has been considered in
numerous studies. Economic analysis for a 100 kW PV plant
under the feed-in tariff (FiT) and net-metering (NM) policy in
the Philippines was considered in [9]. PBY and BCR as two
substantial economic criteria are investigated, and it was shown
that the FiT scheme can lead to lower PBY and higher BCR
for this case. A similar analysis in Poland was performed in
[10], where the size of PV panels, tilts of the modules, and size
inverters were perused to determine the optimal size of these
instruments. Simultaneous consideration of NM and environ-
mental performance for Slovenia was carried out in [11]. The
suggested method evaluates the best size of the battery and the
minimum price per kWh of the system. Analogous researches
for countries like Malaysia [12], Peru [13], Kuwait [14], Croatia
[15], Kenia [106], Netherlands [17], Turkey [18], Argentina [19],

and Indonesia [20] were presented to assess the supporting poli-
cies and economic evaluation. Furthermore, a similar study for
Italy was presented in [21], where the Italian government intro-
duced a subsidized tax deduction over a period of 5 years. This
instruction leads to realization of usage of battery storage sys-
tems into PV systems in residential sectors. A comprehensive
review on recent advances in energy storage systems for renew-
able resources such as PV system and wind turbines was also
presented in [22]. In the study, different technologies as well as
strategies to integrate the storages in renewable resources were
also investigated.

In Iran, however, the government has enacted a FiT scheme
to support on-grid resources that instigates an outstanding ten-
dency to install renewable resources, PV ones in particular.
Hence, many articles assessed this policy and its impact on
investors’ decisions. In [23], a dynamic FiT scheme enacted in
Iran has been introduced and the economic assessment for res-
idential and commercial customers was investigated. The effect
of several parameters like geographical and climatic conditions
in the optimization of PV systems in Iran was assessed in
[24]. The economic evaluation for a real commercial PV sys-
tem in Iran was considered in [25], where the actual data of
an installed case was employed to validate the results. In [20],
besides economic evaluation, the environmental evaluation of
grid-connected silicon solar panels with respect to Iranian poli-
cies was presented. The Iranian rules on supporting residential
PV systems were investigated in [27] and a new FiT system
regarding different areas of Iran was supposed in the study.

In most of the mentioned studies, the analysis of PV and
renewable energy resources was focused on the investors’
standpoint; however, the system operator can conduct these
resources to mutually profit from installing such resources. In
[28], the performance of on-grid PV and battery systems in
peak shaving was investigated through the evaluation of self-
consumption levels. Employing batteries with the aim of peak
shaving in the system equipped with PV systems was performed
in [29]. In the study, a commercial building was assessed and
Monte-Catlo simulation is employed to evaluate the price arbi-
trage. In [30], the impact of decentralized residential batteries
on peak shaving was introduced, where increasing the pene-
tration of uncertain resources and deferring expensive network
equipment were considered as well. An optimal peak shaving
strategy concerning dynamic FiT and demand was proposed in
[31], where a day-ahead prediction was developed to determine
the best values of elements. In our previous studies [32-34],
the cooperation of private investors and distribution compa-
nies in long-term planning was considered. In these studies,
a framework was introduced to conduct residential investors
with respect to the distribution companies’ targets. The pti-
vate investors ate responsible to install PV and batteries and the
distribution company is in charge of offering an affordable plan.

1.3 | Contributions of this study

Here, a techno-economic analysis of residential PV-battery sys-
tems with the aim of total system peak shaving is presented. The
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FIGURE 2
information offered in [8].

proposed method, in particular, considers the incentive poli-
cies in Iran, where residential customers play an important role
in the project subject to this project. A real test system con-
cerning actual data including system load, generated power, and
real recorded data of meters is employed to reach a more pre-
cise and reliable result. The main contribution of this paper is
summarized as follows:

a. A new FT scheme named levelised FiT (LFiT) is intro-
duced to persuade investors in installing both PV and battery
systems. Compared with the conventional FiT, the pro-
posed scheme makes the project more attractive from the
investors’ standpoint, while the target of system operators is
considered as well.

b. Unlike many studies that considered the project from either
investor or distribution companies’ attitude, the coopera-
tion of residential private investors and network operators
in total system peak shaving as a main target of the paper
is considered. In order to evaluate the performance of the
proposed framework, some economic indices such as PBY,
DPBY, BCR, and IRR are computed.

c. Iranian’s new instruction related to the guarantee purchase
agreement, revised in 2021, is considered since there are

(b)

Statistics of a distribution network for South-Khorasan in Iran: (a) load growth; (b) four sample days relevant to four seasons. Based on the

some remarkable changes in the new rule and previous
studies have mostly considered the expired version of the
instruction. For instance, the yeatly coefficient is distributed
over the project period which can highly affect the profit of
new investors.

d. The real data concerning recorded information of a whole
providence in Iran are analysed to reach accurate and trust-
worthy results. Meanwhile, the PV degradation factor which
is mostly neglected in the previous studies is also considered
to show more accurate outcomes. Moreover, a sensitivity
analysis on the system parameter such as the Fi'T, investment
cost, and battery degradation is performed.

2 | POLICY FRAMEWORK: COUNTRY
BACKGROUND AND SYSTEM
SPECIFICATION

Iran, a country located in the Middle East, is considered as
one of the main fossil-fuels resources in the wotld. Therefore,
it is predictable that vatious sections including industry, trans-
portation, economy, and so on are dependent on these costly
and pollutant resources. The power system is another notable
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part that is rigorously relied on natural gas and oils [8]. Thus,
for a system operator, it is a challenging issue to appropti-
ately meet annual load growth. Furthermore, installing such
power plants requires a high investment cost and usually takes
several years, especially in developing countries. Meanwhile,
producing energy through fossil fuels power plants emits a huge
amount of carbon dioxide and makes the atmosphere more
polluted [35].

The aforementioned issues instigate several troubles for
either power systems or customers. The scheduled outage is
one of the substantial problems that the Iranian power sys-
tem had to apply in the last years, to overcome the lack
of proper capacity. Through this program, almost all cus-
tomers have experienced unsupplied energy during the last
summer. As a consequence, the government has to per-
suade a superseded policy to compensate for unsupplied
demands. DGs are desirable solutions to mitigate the gap
between the maximum load of the system and the production
capacity [306].

Starting in 2014, the Iranian Ministry of Energy enacted
an instruction to engage private investors’ participation in
constructing renewable power plants. According to this instruc-
tion, investors can export and sell the whole produced energy
to the system based on a guaranteed purchase price. This
guaranteed agreement takes 20 years, and the renewable
energy and energy efficiency organization of Iran (SATBA)
is responsible to manage contracts. SATBA presents various
FiT schemes with respect to the nominal capacity of the
renewable power plants so that by increasing the capacity, the
amount of incentive price would decrease. Therefore, residen-
tial investors can receive the highest incentive price which
could lead to more economic investment. It should be men-
tioned that the incentive prices that SATBA offers the investors
were adjusted by a 0.7 factor after the tenth year of the
contract.

By promoting this instruction, the tendency of installing
renewable resources by private investors has increasingly grown.
This procedure increased the capacity of installed renewable
resources to about 920 MW at the beginning of 2021. In addi-
tion, about 3.2 GW of resources are waiting for admission
to connect their units to the network. It is worth mentioning
that about 49% of total installed resources are assigned to PV
systems, as shown in Figure 3 [37].

Although the Iranian Ministry of Energy has employed a
supporting scheme to persuade investors, this instruction has
been reviewed in 2021. Therefore, the new investigation and
assessment should be performed based on the new rule and
prices, and the former instruction is no longer utilizable for new
investors. Consequently, here, the new regulation of SATBA is
employed to investigate the economic assessment of investors.
Meanwhile, integration of the battery into the PV system is
supposed to encounter the system operator’s aim in shaving
the peak of the system. The diagram of the residential on-grid
PV-battery system in the considered case study is depicted in
Figure 4. As this figure shows, the whole generated energy by
PV and discharged energy from the battery are directly injected
into the low-voltage distribution network and no energy is

Biomass | |others

2%

Photovoltaic
49%

FIGURE 3 The share of renewable resources in Iran renewable
production, at the beginning of 2022 [37].

consumed by the customer. This is due to the huge gap between
buying and selling energy in Iran, where it is not affordable
for a customer to consume produced energy by its resources.
Moreover, the battery is charged from PV in order to prevent
technical problems such as reverse power flow and overvoltage.

In order to have a better compatison between the real data
and the simulation results, recorded data by smart meters of
eight customers are shown in Figure 5. All these customers are
located in South-Khorasan, where the case study is relevant to
this area. Since these meters are working offline mode, the ener-
gies produced by PVs are presented for six periods, every other
month. The monthly average generated energy by customers is
shown in the last bar as well. As this bar illustrates, on average a
5 kW PV plant, which is the restricted capacity by SATBA for a
residential customer can produce almost more than 1500 kWh
energy per month, which is approximately more than 9 MWh
over a year.

3 | METHODOLOGY: PROBLEM
FORMULATION AND INPUT DATA

The mathematical modelling of this paper is divided into
two main parts: technical modelling and economic formula-
tion. First, technical modelling of on-grid PV battery systems
is presented, where the produced energy by PV panels and
the charging/discharging status of battery banks are modelled.
Then, the economic formulations to evaluate different indices
are explained.

3.1 | Technical modelling

Total generated power of a PV system (Pp - (b)) can be evaluated
by aggregating the output power of all panels, as shown in (1):

Bp () = Npo X pp () ©)

However, the generated power of each PV is influenced by
received solar irradiance and output temperature. Therefore,
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FIGURE 5 Generated energy by 5 kW photovoltaic (PV) panels installed via various customers (based on the real data recorded by smart meters).

generated power by panels can be written as follows [38]:

1
P = wam+@xw‘—%»xG%)

)

Meanwhile, the temperature of the panel depends on the air
temperature and normal operating temperature as shown in (3):

T =7, + [ (2222 %1 3
PV = Lar 800 P . ()

In this study, the main purpose of installing battery banks is
to supply a part of the evening load of the system with the
aim of evening peak shaving, Therefore, battery banks should
reach their full charge state, before the evening hours. Moreover,
batteries should be charged from PV panels to alleviate the neg-
ative result of over generating. Consequently, once the produced
power of PV panels is becoming available, batteries ate starting
to charge. Afterward, the stored energy in batteries is discharged
into the system through peak hours. The stored energy in bat-
teries in the charging and discharging state is computed via
Equations (4) and (5), respectively.

E/mf(b) = Elml (/7_ 1) X lp[/)d X (1 - CU) + (E r X’?!m;) s (4)

E,
Epy(h) = Epy (h=1) X Pz X (1 —w) — (77' X 77zm;> .
®)

In the proposed structure, an inverter should be installed to con-
vert the direct current of PV and battery to alternating current.
The relation between the input and output power of the inverter
can be modelled as (6), where P, is the power injected into the
network which is affected by the PV output and battery’s status:

By, (b) = ©)

inv

3.2 | Economic modelling

Since residential customers ate one of the prominent parts of
this project, their benefits should be well satisfied. Thus, several
economic indices including, net present value (NPV), simple
and discount payback period years (PBY and DPBY), internal
rate of return (IRR), benefit to cost ratio (BCR), and levelised
cost of energy (LCOE) are assessed to evaluate the effective-
ness of project from the investor’s standpoint, but first the FiT
price that SATBA offers to buy energy from residential cus-
tomers should be formulated. According to the SATBA’s new
rule which is revised in 2021, yeatly FiT is computed by (7):

(AC 6) x € ) X

Fly 0) = Fly (1) X

(1 +C,,p)). ©)

As this relation shows, the FiT is not constant over the project
petiod and is regulated by three factors. The first and foremost
factor is the adjustment coefficient, which is raised relevant to
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the following equation:

BIO-DY s (BEROD)T

ACh) = < RAL (1) EER (D)

According to this equation, the adjustment coefficient is ele-
vated by two factors; retail price index and Euro exchange rate.
o is also a factor with a value between 0.2 and 0.3, but it should
be mentioned that since Iran is a developing country, these fac-
tors do not follow a regular value and may change over the
project period. Therefore, here, the AC(y) factor is supposed
to be 1.35, which is obtained by assessing the variation of FiT in
the last years. The second one is the yearly coefficient which is
considered as the outstanding change between the new instruc-
tion and the former one. In the former instruction, after the
tenth year of the project, the FiT decreased by 0.7; however, in
the new instruction, the yearly coefficient is applied three times,
in the eighth, twelfth, and sixteenth years. Meanwhile, the reduc-
tion factor is 0.6 which brings a lower benefit to the investor.
Finally, a national production factor is also considered in FiT to
support the national companies. Nonetheless, in practical calcu-
lation this factor is not considered yet, so we ignored this factor
as well.

Although battery technologies have faced substantial
progress in the last years, still they are considered costly
instruments. Moreover, the network’s operator requitres receiv-
ing energy in the evening hours to shave the evening peak of
the system. As a result, network planners have to follow a policy
that tempts customers to install battery banks. Therefore, here,
an LFIT scheme is proposed to make the PV battery system a
profitable plan. /77, is the incentive price that is suggested to
buy energy during peak hours. By determining the F77p - and
Fil,, over the project years, the net present value (NPI”) and
net present benefit (/NPB) of every customer are defined via (9)
and (10), respectively:

NPV = NPB — NFC 9)

NPB =

w50 | [ Po D)X (A= —=1)xd)— X Ty () +
MY A\ Yo X By ) = Ey (= 1))
TN @ X By B = By (0= D) X BT, 0)

/(U +dr) ™"

(10)

Similarly, the net present cost (/NVRC) of each customer is evalu-
ated by (11). According to this equation, NRC depends on the
investment cost (/C), net present of the replacement cost of
battery and inverter (/NVPR), and net present of operation and
maintenance cost of systems’ equipment (/NPOM). The formu-
lation of each of these components is presented in (12) to (14).
This paper assumes that the battery bank should be replaced
every 5 years since practical experience affirms this supposition.
Meanwhile, the inverter should be substituted after ten years,
while the PV panel does not need replacing over the project
horizon. This is due to the fact that PV panels are mostly used
for more than twenty years. But the generated power by PV is

gradually decreased, which is considered here by a degradation

factor.
NIC = IC + NPR + NPOM, (11)
IC = NPV X [CPV + Mm/ X ]C'/Idl + [quv’ (12)
bp A 0—1)
1+47)
NPR = Z Ny X 1Cjy X 8, X (;)(}_1)
=1 ; A +dr)

1+
+[Cm><§]x<(1+d—r)g_l)>>’ (13)

2 1+
NPOM = )" | Npy» x OMpy- x | ———

= 1 +d)""

~0—1)
14
+ N, X OM,,, X A+ ). (14)
1+ dr)gy_l)

For residential customers, especially in Iran, PBY is a tangible
criterion that may highly affect customers’ decisions on whether
contribute to a project or not. The DPBY is a modified version
of the PBY that accounts for the time value of money. Both
metrics are used to calculate the amount of time that it will take
for a project to “break even” or to get the point where the net
cash flows generated cover the initial cost of the project. These
indices are evaluated based on the (15) and (16), respectively
[39].

PBY =Y, + |CCH| (15)
" CCFuy + ICCE,I”
|CDCE,|
NPBY =Y, + (16)

CDCFpyy + 1CDCE,|”

where V), is the year of the project with the last negative amount,
CCF), is the cumulative cash flow for that year, and CDCF),
is the cumulative discounted cash flow for that year. The next
economic index is /RR which is interpreted as an interest rate
in which the total NPI” of the project equals zero. A project is
considered a fruitful plan if the /RR becomes greater than the
real discount rate [40].

PP

CCF (y)
Z v

=0 17)
)=1 (1 + IRR)”

BCR is another economic index that is obtained from (18).
If this factor reaches a value higher than one, the project is
recognized as a profitable plan.

NPB
BCR = — 18
NFC 18)
The last index is ZCOE which means the cost of producing a
kWh of energy over the project period. This value could give a
better insight to the system operator, where reaching a LCOE
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value lower than the market price means a cost-effective project.

LCOE =
NPB

s | 8760 (B)V(/Y)X(1—(y—l)xd)—>+

2| X Yo X By (0) = By (b= 1)) /(A + dn)Y

N @ X (B () = By (b= 1))

19)

The presence of PV and battery imposes some technical con-
straints on the system. First, due to problems concerning the
reverse power flow, the total generated power by residential
investors should not exceed the maximum load of the system as
shown (20). The number of PV and batteries are also restricted
as (21) and (22), respectively. Finally, the state of the charge of
batteries should be located in a permitted interval as presented
in (23).

N, X Np- X pp- () < L, (b) Vb € [1 —8760],  (20)
0< ZVP[/ < ZVP[/.;Wxi (21)
0< Mmt <N, bat .max> (22)

E/)a/.wﬂx X (1 - DOD) < E}}al (b) < E/ml.max \ZAS [1 - 8760] .
(23)

3.3 | Inputdata and test system specification

Here, a large-scale real distribution test system with respect to
its LV customers is considered to evaluate the proposed strat-
egy for installing PV battery systems. The case system is located
in the east of Iran and consists of about 390,000 residential cus-
tomers, and each of them looks like a potential investor. In order
to have an houtly load profile over 1 year, the output power of
HV/MYV substations is gathered and the whole system load pro-
file is obtained. This actual information is utilized to evaluate the
performance of the system in peak shaving targets. Meanwhile,
solar irradiance and ambient temperature of the test system are
obtained from [41]; however, the generated power by simulation
results are compared with real data depicted in Figure 5, to show
the precision of the generated power by customers. Since a 5 kW
PV panel is permitted by the Iranian Ministry of Energy and it is
more common in the practical system, the PV system capacity is
first set to this value. Other systems’ specifications are listed in
Table 1. All prices shown in this table are the actual costs at the
beginning of 2022 in Iran. These values are transferred to the
US dollar based on the exchange rate obtained from the central
bank of Iran [42]. It should be noted that economic parameters
like discount rate and inflation rate are also acquired from [42].
Since Iran is a developing country, these parameters have shown
unstable treatment in the past years, so instead of the data of the
current year, an average of 20 years of these data is employed.

TABLE 1 Parameters of the real test system in Iran (exchange rate:
1$ = 4200T).

System Parameter Unit Value

PV panel Investment cost $/kW 3574.1
Operation and $/kW /year 2% investment

maintenance cost cost

Module degradation %, year 0.7

Battery bank Investment cost $/kWh 952.4
Operation and $/kW /year 2% investment

maintenance cost cost

Life span year 5
Efficiency % 95
Depth of discharge % 80
Self-discharge rate % 0.02

Inverter Rated power kW 5
Investment cost $/kW 1190.5
Efficiency % 95
Life span year 10

Other Project period Year 20

Parameters g ce BT $/kWh 0.346

Discount rate % 19
Inflation rate % 16

Abbreviations: FiT, feed-in tariff; PV, photovoltaic.

4 | CASE STUDY RESULTS

In this section, the simulation result for three different cases is
presented; first, the current situation in Iran is explained and
considered. Then, regarding the current system, a proposed sit-
uation is evaluated. Finally, to enhance the proposed system,
a modified proposed system is suggested and the results are
obtained and compated with the proposed case. Afterward, a
sensitivity analysis on the system parameters is presented.

4.1 | Economic evaluation for the current
system (installing just PV panels)

According to the last Iranian instruction, every residential cus-
tomer can install a 5 kW PV system, which causes significant
demand for installing PV in the last yeats. Therefore, the for-
mer simulation is dedicated to a system without any batteries;
what the Iranian distribution network is experiencing right now.
The result for the current situation is shown in Table 2, where
the economic and technical results are listed. As it is revealed,
the PBY for a residential customer who just install PV panels is
less than 6 years. Meanwhile, the IRR is 0.4307, which is greater
than the system discount rate, and the BCR reaches about 3.
This means installing a PV plant for residential customers in the
considered system is beneficial, owing to the proper economic
indices. Although this investment seems like a fruitful project
from investors’ standpoint, the operator is unable to reduce the
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TABLE 2  Simulation results for the current system (installing just
photovoltaic [PV] panels).

Considered Total system
system PBY IRR BCR LCOE peak shaving
Current system 5.83 0.4307 3.01 0.5867 0

(installing just

PV panels)

Abbreviations: BCR, benefit to cost ratio; IRR, internal rate of return; LCOE, levelised cost
of energy; PBY, payback period years.

peak of the system, due to the incapability of generating energy
during the evening peak of the system. Consequently, the joint
implementation of PV and battery in residential sectors are con-
sidered in the following subsections. In order to be sure about
customers’ participation in installing both PV and battery, the
proposed system should be as profitable as the current system.
Accordingly, the result of table, in particular PBY, is investigated
as reference economic indices in the upcoming simulations.

4.2 | Economic evaluation for the proposed
system (installing PV panels and battery bank)

The main purpose of the joint implementation of PV and bat-
tery is to reach a system with decreased maximum load. To reach
this aim, the battery bank should be characterized so that the
maximum peak shaving would be achievable. Meanwhile, the
capacity of the battery bank must be ascertained from available
sizes in the market. Moreover, since the battery is considered
as a new and costly technology, the PBY of the project will be
remarkably increased if the FiT would be the same as the current
system. Therefore, the LFiT is introduced here to encourage
customers to install the battery with reasonable PBY. Through
it, the FiT is divided into two parts; Filpy and FiT},, where
the injected power from customers into the system is purchased
via different incentive prices. FiTpy is assigned to the daytime
hours when the PV can produce energy. In a similar way, Fi'Ty,,
is devoted to peak hours and whenever the battery can inject
power into the system with the aim of peak shaving. Considering
all of the factors mentioned above, an analysis of the capacity of
batteries and the number of customers who should participate
in the project subject to different percentages of peak shaving
is performed and results are summarized in Table 3 . This pro-
cedure is repeated for different levels of load shaving so that
the PBY of the proposed system does not exceed the current
system (5.83 years). For instance, if the planner wants to reach
a 10 percent total peak shaving, about 20,300 residential cus-
tomers should install a 5 kW PV system plus a 12 kWh battery
bank. This is equal to 5.2% of total residential customers that
need to spend 3916 M$ over the project period. It is notice-
able that if the Fit,,, ratio is being to approximately 3.5 times
higher than FiTpy, the PBY of the proposed system would be
almost the same as the current system. Furthermore, the opera-
tor has to pay costs about 1.5 to 2 times higher than the current
system over the project period. Although this brings a higher
economic burden to the system operator, it finally leads to total

1.6 T T T T T T
-0 —0—-0-—0—-@ —@— same PBY as the current system ¢ —0—-0-—0—-0--9
i i
1.4 ! = A —same IRR as the current system !' =
1 1
! —-@-=same BCR as the current system H
1.24 ‘l
A A-A A-A A
=
z 1
<
=
©
= 08| 4
ic
-
0.6 .
0.4+ N
L 3
0.2 1 I I 1 I I I I 1 I I

2 4 6 8 10 12 14 16 18 20 22 24

Time (hour)

FIGURE 6 Various levelised feed-in tariff (LFiT) to reach the same
economic indices as the current system (peak shaving = 10%).

peak shaving while in the current system, no peak shaving is
available.

Based on the results illustrated in Table 3, the system oper-
ator should offer a Fity,, about 3.5 times higher than FiTpy to
present a project with the same PBY. However, this Fit,,, to
FiTpy ratio does not guarantee similar economic indices in com-
parison with the current system. Therefore, the Fity,, to FiTpy
ratio should be revised to catch a similar index (Figure 0). Var-
ious LFiT to reach the same economic indices as the current
system (peak shaving = 10%) display the LFiT that the system
operator should be enacted to show a similar index as the cur-
rent system. These results are depicted for a system with 10%
peak shaving, which needs a 12 kWh battery bank. It is worth
noting that the Fity,, to FiTpy ratio for the BCR is higher than
the PBY and the IRR. The reason is that in comparison with the
current system, the presence of a battery bank in the proposed
system imposes a replacement cost to the investor every five
years. Consequently, the Fity,, to FiTpy ratio should be higher
than others to compensate for these additional costs.

The net cash flow and the annual cash flow of the proposed
system are depicted in Figure 7. As can be seen from the figure,
the net cash flow of customers is not uniformly grown. The
reason can be considered based on the two dissimilar resources;
first of all, the investor has to replace the battery bank and the
inverter which causes a reduction in annual cash flow. Second,
regarding the SATBA rules, a yearly fraction is applied on the
FiT at the beginning of the 8th, 12th, and 16th years, which
decreases the net cash flow. However, the net cash flow of the
proposed system in comparison with the current system is still
reasonable.

The impact of PV and battery banks on the system load and
their influence on peak shaving for a sample day ate illustrated in
Figure 8. In Figure 8a, the influence of the proposed system and
current system in peak shaving is cleatly depicted. The current
system can excellently shave the noon peak of the system, while
it is not useful for the evening peak of the system and there-
fore the total peak of the system is not shaved in this case. On
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TABLE 3

total system peak shaving (the same payback period years [PBY] as current system).

A comparison between the current system (installing just photovoltaic [PV] panels) and the current system equipped with battery bank concerning

Number of customers who

participated in the project 10 100 10 200 10 600 10 200 12200 14 200 16 200 18300 20300 22300 24200
Percentage of customers
participated in the project (%) 2.59 2.61 2.72 2.61 3.13 3.64 4.15 4.69 5.20 5.72 6.20
Current system  Total system peak 0%
(installing just shaving
PVpancls)  po il paid cost to 1036 1047 1088 1047 1252 1457 1663 1879 2083 2288 2483
investors (M$)
Proposed system  Capacity of battery 7 7 9 10 10 11 11 11 12 12 12
(installing PV for each
panels and customer
battery bank) p o gystem peak 2% 3% 4% 5% 6% % 8% 9% 0% 1%  12%
shaving
Fity,,, to FiTpy 3.47 3.47 3.48 3.45 3.45 3.49 3.49 3.49 3.46 3.46 3.46
ratio to reach the
same PBY
Total paid costto 1571 1587 1805 1815 2171 2631 3002 3391 3916 4302 4669
investors (M$)
Abbreviation: FiT, feed-in tariff.
x10* «10°
12 : ‘ : . S
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FIGURE 7 Net cash flow of residential investors for the proposed system 2 4l
(peak shaving = 10%). g sl
2 4 6
()
the other hand, in the proposed system and by injecting power Time (hour)
to the system via PV at noon time and battery in the evening
FIGURE 8 (a) Total load of network for different systems, (b) total PV

time, as shown in Figure 8b,c, the whole system load is properly
shaved and a smoother load profile is obtained.

4.3 | Modified proposed system for installing
PV panels and battery bank

In the proposed case introduced in the last section, a considet-
able initial cost is imposed on the residential customers that can
be considered as a barrier to participation in the project. Addi-
tionally, the capacity of PV panels is determined as 5 kW based
on the Iranian rules which the total power of installed PV by
customers may exceed the required value that is needed to shave
the noon peak of the system. As a result, the operator has to

generated and injected power by residential investors, and (c) total SOC of
batteries.

pay a considerable cost to buy energy from PVs, while the huge
amount of production may not be essential. Therefore, in this
section, the other capacity of the PV and battery is investigated
to determine the minimum amount of these resources with the
same peak shaving. Through a sensitivity analysis on the real
value of PV and battery, it is figured out that if every residen-
tial customer participated in the project reduces the PV capacity
to 3 kW the system operator can reach the same 10% peak
reduction as shown in Table 4. As illustrated in the table, the
number of customers that should be taking part in the project
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TABLE 4
proposed system.

Simulation results for the modified proposed system (installing lower photovoltaic [PV] panels)—the same payback period years [PBY] as the

Number of customers PV size for Fity,, to FiTpy ratio to
who participated in the  Total system each Battery size for reach the same PBY of = Total paid costs
project peak shaving customer each customer the current system to investors (M$)
Proposed system 20 300 10 % 5 12 3.46 3916
Modified Proposed system 20 300 10 % 3 12 3.67 3165
Abbreviation: FiT, feed-in tariff.
5 6 -
x 10
3 T T : - 5.54
modified proposed system 514
— s Sa o — — —without PV and battery 5L 4.76
= 7Ty proposed system 4.44
= ° 4.16
R B o4t 23
[} = 3.6
— >
b i
) T 3
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L 1 1 1 1 L L 1 :
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FIGURE 9 (a) Load duration curve; (b) daily load profile for three
situations.

is the same which means the peak of the system can be shaved
with lower PV panels. This causes a lower paid cost over the
project horizon, where the operator has to pay 3165 M$ instead
of 3916 M$, about a 20% reduction in the paid cost. How-
ever, by reducing the PV size, the revenue of the residential is
decreased due to the lower sold energy to the system. To com-
pensate for this loss, the Fity,, to FiTpy ratio is increased from
3.46 to 3.67, in order to reach the same PBY as the proposed
system. Therefore, the system operator can present a motre
affordable system, while the condition does not change for the
investofs.

To be more precise about the profitability of the modified
proposed case, the load variation curve and a daily load profile
are depicted in Figure 9. As Figure 9a shows, in both the pro-
posed system and modified proposed system, the peak of the
system are equal together; however, in the remaining hour of a
year, the modified proposed system does not rely on investors’
production. In other words, in the modified proposed system,
the operator mainly engages the residential investors to supply
the peak load of the system. Figure 9b makes this more intel-
ligible, where the modified proposed system clearly shows a
smoother load profile. The proposed system, however, injected

Reduction in FiTPv (%)

FIGURE 10 FiTbat to FiTPV ratio for the reduction in FiTPV to reach
the same payback period years (PBY). PV, photovoltaic; FiTpy, feed-in tariff
for PV.

a high power to the system during daytimes that may cause
reverse power flow on some hours.

The second suggestion for the proposed case system is
related to the variation in FiTpy. If the FiTpy is declined
from the current value, the PBY of PV is increased, and con-
sequently, installing just a PV system may not be profitable
from investors’ point of view and residential investors would
no longer be interested in installing a PV system. However, if
the FiTpy is decreased and the Fity,,, to FiTpy ratio is simul-
taneously increased to a value that the whole project leads to
a similar PBY, more customers might be encouraged to install
a joint PV and battery system. Figure 10 shows the Fit,, to
FiTpy ratio with respect to the decrement in FiTpy to reach the
same PBY of the proposed system. For instance, if the FiTpy is
decreased by 30%, the project becomes unprofitable for a PV
investor, but if the Fity,, is 5.54 times higher than FiTpy, then
the project becomes fruitful for the investors who install both
PV and battery.

4.4 | Sensitivity analysis

In this subsection, a sensitivity analysis of system parameters is
performed. First, the national production factor which is intro-
duced in Equation (7) is considered. According to the SATBA
instruction, a national factor can be inserted in the FiT calcu-
lation, while this parameter is currently considered as zero. By
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FIGURE 11 Variation of payback period year (PBY) and internal rate of
return (IRR) concerning change in the national production factor. BCR,
benefit to cost ratio.
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FIGURE 12  The impact of the investment cost of photovoltaic (PV) and
battery on economic indices. PBY, payback period years; IRR, internal rate of

return.

raising this factor, the residential investors can take a higher ben-
efit as shown in Figure 11. This change not only improves the
economic criteria but also persuades local companies to expand
their production.

The next parameter that is considered in this section is the
investment cost. Since battery technologies have been progress-
ing in the last years, it is predictable that they become cheaper
in the future. This situation may happen for PV technologies;
however, the reverse situation may also take place. Therefore,
the impact of variation on PV and battery costs in the PBY and
IRR is evaluated and depicted in Figure 12. As this figure shows,
the PBY of the project can be declined to about 4 years if the
investment cost of PV and battery face a 20% decrement. Mean-
while, the IRR also reaches about 55% which is an acceptable
value from an investor’s standpoint.

The impact of PV module degradation factor on PBY and
IRR, and yeatly generated power by PV panel is illustrated in
Figure 13. This factor, however, is ignored in many studies.
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Yearly PV production (MWh)
~

FIGURE 13  The impact of photovoltaic (PV) module degradation on
economic indices and PV power production. PBY, payback period years; IRR,
internal rate of return.

TABLE 5 Comparison of levelised feed-in tariff (LFiT) of this study with
real FiT in selected countries (§/kWh) [18].

This study (Iran) Germany  Spain  France Canada  Turkey

0.36 (for PV)
0.24 0.28 0.39 0.27 0.12
1.2 (for battery)

Abbreviation: PV, photovoltaic.

The results show that if this factor is considered as 0.1 (almost
ignored) the PBY of the project can be reduced to about 5 yeats.
Moreover, the generated power by a residential customer over
the project period is shown in Figure 13b. As can be seen, a
residential customer in the first year of planning can produce
about 9.7 MWh, which does not deviate from the actual energy
predicted in Figure 5. Furthermore, it is illustrated that the gen-
erated power can be lowered to about 8 MWh at the end of the
project which can affect the net cash flow of the project.

Finally, in order to compare the LFiT of this paper with the
real FiT in other countries, the incentive prices offered by dif-
ferent governments are presented in Table 5. This table denotes
that the FiT for the PV system in Iran is almost similar to con-
sidered countries. The FiT for the battery, however, is higher
than the FiT of such countries, but it is noteworthy that this high
rate of FiT battery to Fit PV can still be affordable for a system
operator if they modified their incentive prices with respect to
the modified plans offered here.

5 | CONCLUSION

Similar to many countries, Iran has also enacted FiT poli-
cies to support private investors in installing renewable energy
resources. However, the tendency to install PV systems has
dramatically grown in the last years, which is not suitable
to shave the whole peak of the system. Therefore, here, the

85U80|7 SUOWIWIOD BAEa.D 3|t (dde auy Ag peusenob ke o e VO ‘88N JO S8|nu oy Aeiq1T 8UlUO AB]1/W UO (SUOPUOD-PUB-SLLLIBY W0 AB | 1M AleIq 1 Bul [UO//:SdNY) SUORIPUCD puUe SWS | 8y} 885 *[£202/80/9T] U0 AriqiTauliuo A8 |1 ‘Ariqi Aisieaun Biogey Aq 8821 ZpiB/6r0T OT/10p/w00 A8 | ARe.d 1 jpuljuo"yoJessa.i|//Sdny wouy papeojumod ‘€T ‘€202 ‘S698TSLT



ASHOORNEZHAD ET AL.

3111

potential of residential investors in installing renewable
resoutrces with the aim of peak shaving was considered. Mean-
while, the revised version of Iranian’s instruction published at
the beginning of 2021 was engaged to present more precise
results. To deal with the both system operator and investors’
target, first an analysis of the current system was performed.
Following that, the proposed system consisting of battery bank
and PV panels was investigated. An LFiT scheme was also
introduced to appropriately meet the investors’ goals. The dif-
ferent LFiT was then calculated to wisely fulfill the economic
criteria. The results well demonstrated that the project can be
cost-effective for an investor if the system operator offers LFiT
schemes.

Afterward, two suggestions named as modified proposed sys-
tem were introduced that could lead to better performance.
Installing different sizes of PV panels was the first one that
caused a smoother load profile and imposed a lower cost on
the system operator. In the second suggestion, a variation in
FiT was proposed that can rather persuade customers to install
both PV and battery since the investors’ goals were also well-
addressed. Finally, sensitivity analysis on different parameters
including national production factor, investment cost, and PV
module degradation factor was performed and presented.

The comparison of the current system and proposed systems
figured out that both systems could be beneficial from resi-
dential customers’ viewpoint. Although installing PV panels via
residential customers can propetly shave the noon peak of the
system, they could not be effective for the evening peak. In con-
trast, by employing the proposed systems, the system operator
can satisfactorily shave the whole peak of the system, where the
investors’ purposes were addressed as well. It should be noted
that by taking into account the mutual interaction of residential
investors and distribution power systems, the impact of such
resoutces could be more tangible. The investors can even cause
to postpone the requirement of the power system in upgrad-
ing system instruments which can decrease the total cost of the
system. This mutual interaction with respect to the real system
structure would be performed in the next study.

NOMENCLATURE

b index for time (hour)
y index for time (year)
P77 index for PV panel
bat  index for battery
Np-  number of PV panels
pp-(2)  generating power by PV panel
B,r.p-  rated power of installed panel
Cy  temperature coefficient (—3.7¥1077)
Tp panel’s temperature
1,,; reference temperature (25°C)
Ip received solar irradiance

FE,, energy power rate of battery
Ny cfficiency of the battery
¥,,, binary vatiable for charging battery
1, cfficiency of the inverter
¥, binary variable for discharging battery
Filp(y)  feed-in tariff for PV
C(y) yeatly coefficient
AC(y) yearly adjustment coefficient
C,p cocfficient related to the national production
RP retail price index
EER  Euro exchange rate
pp  period of project
d PV module degradation factor
dr  discount rate
Np-  number of PV panels
ICp investment cost of PV panels
N, number of battery units
1C;,, investment cost of inverter
1C},,; investment cost of battery units
8, binary variable for replacing battery
7 inflation rate
§, binary variable for replacing inverter
OMp,,  operation and maintenance cost of PV
OM,,, operation and maintenance cost of battery
N, number of customers who contribute to the project
L, ~maximum load of the system
Npp/ e maximum number of PV panels
Nyt e maximum number of batteries
By e Maximum stored energy in battery
DOD  depth of discharge
BCR  benefit to cost ratio
DG distributed generation
DPBY  discount payback period years
Indices

IRR internal rate of return

LCOE Levelised cost of energy
LFT Levelised feed-in tariff
NCF net cash low

NM  net-metering scheme

NPV

net present value

Parameters and variables

PBY payback period years
PV photovoltaic
SATBA the renewable energy and energy efficiency organiza-

tion of Iran

1,y reference solar irradiance (1000 W/ m?)
T, air temperature
7,, normal operating temperature
E,,(t) state of the charge of battery bank
@ rate of hourly self-discharge
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