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Abstract

This paper presents a practical optimal planning of solar photovoltaic (SPV) and battery
storage system (BSS) for electric vehicle (EV) owner households with time of use (TOU)
electricity pricing. The main aim of the optimisation problem is to minimize the Cost
of Electricity (COE) while satisfying the design constraints over 20-year project lifespan.
Novel rule-based home energy management systems are created to investigate the optimal
sizing of two system configurations: (1) SPV-EV, and (2) SPV-BSS-EV. The arrival and
departure times of the EV’s availability, as well as its initial state-of-charge are incorporated
into the energy management system via stochastic functions. Sensitivity analyses of the
feed in tariff, grid constraint, electricity demand, and available rooftop area are provided
to investigate the variations of cost of electricity and capacities of SPV and BSS. From the
study results, practical guidelines for grid-connected households, based on TOU energy
pricing, are provided to select the optimal capacity of SPV and BSS to accommodate the
existing EV. The optimisation method is general and applicable to any household own-
ing EV; however, in this study realistic data of solar insolation and temperature as well as
household electricity demand and electricity prices are implemented for South Australia.
Uncertainty analysis is investigated based on 10-year real and stochastic data to prove the
optimal results. It is found that the optimal configuration for a typical SA household utilis-
ing TOU pricing with an EV requires a 10-kW SPV with a 10-kWh capacity of BSS.

1 INTRODUCTION

1.1 Background and motivation

Residential households consume around 30% of the energy
demand worldwide [1]. To reduce the energy demand, on-site
solar photovoltaic (SPV) panels are the most suitable option.
By SPV installation, the customers use the generated power for
their consumption and sell the extra power to the network with a
feed-in-tariff (FIT). Since the recent FITs are much lower than
the retail prices, the consumers have fewer tendencies to pur-
chase SPVs. Nonetheless, the capital cost of battery storage sys-
tem (BSS) is yet not economically efficient [2]. To reward the
customers for buying SPV and BSS, the network operators run
time varying electricity rates for the customers, and the govern-
ments pay subsidies to consumers for buying SPV and BSS.
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Time of use (TOU) electricity pricing is becoming popu-
lar in power networks [3]. The TOU pricing may be chosen
by consumers over flat rate pricing. Generally, there are two
or three periods for electricity rate change in TOU known as
peak, shoulder, and off-peak. The off-peak period refers to the
times with the low electricity consumption in the grid and hence
the electricity price is cheaper. The shoulder period is between
the off-peak and peak periods where the electricity consump-
tion is higher than the off-peak and lower than the peak. The
peak period has the highest electricity consumption for the grid
and hence the electricity price is the highest. The main aim
of these periods is to encourage consumers to shift electricity
demand to off peak periods to save money [3]. However, it is
not always the case that consumers change their behaviour to
consume less power in peak and more out of peak. Households
do not always benefit economically, depending on their energy
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habits and the presents of SPV and BSS. Homes with SPV tend
not to export as much energy to the grid during the day, when
prices are cheapest [4]. This is especially important if there is
an electric vehicle (EV) being charged at home, as it is likely to
return home to be changed during peak times. TOU however
may become more economical with a BSS. This is as the battery
can be charged from the SPV during the day and be discharged
during peak time. Depending on the capacity of the BSS, the
TOU pricing can be very economical specially for homes with
EVs.

It is increasingly important to investigate the implementation
of TOU in relation to SPV and BSS. At the end of 2020, 21%
of Australian homes had rooftop solar, which amounts to 2.66
million installations. This is the highest uptake globally of SPV
[5]. In addition to this, there has been a steady increase in the
number of SPV installations over the last 5 years. From 2019 to
2020 there was a 39% in installations, 31,264 systems in total in
2020, and a 65% in the capacity of the systems installed, reflect-
ing the larger average battery sizes [6]. In 2019 it was estimated
that almost 8% of SPV systems also included BSS [7]. Most of
the installed SPVs and BSSs are integrated with flat electricity
prices and the impact of TOU pricing is rarely investigated.

Another important aspect which should be considered when
investigating the optimal SPV-BSS system under TOU pricing is
the impact of EV on the premises of households. Between 2018
and 2019, it was recorded those sales in EVs in Australia grew
by 90% [8]. This was despite the overall sales of vehicles falling
8.4%, indicating the growing demand for EVs within Australia.
The rise in EVs available under $60,000 has likely driven this
increased demand [8].

With 35% of South Australians homes having SPV and the
trend increasing for installations of both SPV and SPV-BSS sys-
tems, and the sales of EVs drastically increasing, it is important
to consider the optimisation of these systems in relation to TOU
pricing mechanisms. The creation of guidelines for homes oper-
ating under TOU pricing who already own an EV and are look-
ing to install a SPV-BSS system would enables households to
make informed decisions on the capacities of such a system.

1.2 Literature review

A comprehensive review for empowering smart grids by energy
storage system and application with integration of renewable
energy was investigated in [9]. Integration of SPV systems
in commercial and industrial utilization was reviewed in [10].
The interactions between EVs and smart grids were investi-
gated in [11]. Different charging/discharging strategies of grid-
connected EVs were discussed in [12]. However, these studies
did not investigate optimal sizing of SPV and BSS, which is an
important stage of design procedure [13]. This is usually inte-
grated with energy management of the system. Energy man-
agement considering TOU pricing was utilised in [14] to study
optimal deployment of SPV and battery storage systems for EV
charging stations. Similarly, the authors in [15] studied the opti-
mal charging model considering TOU pricing for EVs but did
not consider the integration of SPV or BSS. In [16], a decision

making for SPV integration was conducted based on economic
analysis. All these studies neglected residential households, and
none were set in Australia or present any clear guidelines for
energy consumers. It is clear from both papers that optimisation
and the creation of a management system is important when
implementing TOU pricing to maximise the possible economic
results.

The authors in [17] investigated residential electricity opti-
misation with dynamic TOU pricing and proposed a home
energy management system but also did not present guidelines
or include analysis of a SPV or SPV-BSS system with an EV.
Energy management and optimal planning with a SPV system
with TOU pricing was investigated in [18]; however, this study
neglected the implementation of EVs and also did not give any
guidelines, as is true for [19, 20] and [21]. The authors in [21]
investigated the optimal scheduling of grid-connected residen-
tial SPV generation with BSS under TOU tariffs in China. A
study which did look at creating guidelines and a home energy
management system for grid connected residential homes with
a SPV-BSS system was [22]. But in this case, there was no focus
on EVs in the system and TOU pricing was not considered. In
[23], an optimal planning model was proposed for a microgrid
with SPV, BSS, diesel, wind turbine (WT), and EV under TOU
tariffs. However, no rule-based EMS was developed, and the
lack of guidelines renders the study less useful for consumers.
In [24], optimal sizing was investigated for a microgrid with
EVs under flat electricity prices. The focus of the study was on
the battery degradation which is rarely addressed by the SPV-
BSS planning works. In [25], optimal planning of a DC micro-
grid was investigated for EV supply infrastructure by consid-
ering vehicle-to-grid (V2G) mode of EVs. This is, however, a
V2G mode is not preferable for residential consumers since it
degrades the battery of the EV.

The above-mentioned literature review indicates that opti-
mal sizing of SPV and BSS for the households with EV and
a TOU pricing, by considering an efficient rule-based EMS, has
not been addressed. Table 1 presents the shortcomings of the
literature review on optimal planning of SPV and BSS for grid-
connected EVs. This table presents the shortcomings based on
the type of the electricity tariff, components, practical EMS,
guideline, and other practical shortcomings like incorporation
of real data (RD), battery degradation (BD), grid constraint
(GC), and salvation value (SV). As illustrated, some practical
characteristics like BD and SV were rarely considered for SPV
and BSS optimal planning. The considered EMSs in the exist-
ing studies lack of practicality for grid-connected households.
In our study, however, practical rule-based EMSs are developed
where the rules of the EMS are updated based on the TOU tariff
and the generated renewable energy.

1.3 Contribution

The main contribution of this paper is presentation of practical
guidelines for grid-connected households operating with TOU
pricing who own an EV and are interesting in purchasing the
optimal capacity of SPV and BSS. Our previous work optimised
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TABLE 1 Summary of shortcomings of the literature review on optimal planning

Components Practical shortcomings

Reference Electricity tariff SPV BSS EV Practical EMS Guideline RD BD GC SV

[14] TOU ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✓ ✗

[15] TOU ✗ ✗ ✓ ✓ ✗ ✓ ✗ ✓ ✗

[16] Flat ✓ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗

[17] TOU ✗ ✓ ✓ ✓ ✗ ✓ ✗ ✓ ✗

[18] TOU ✓ ✗ ✗ ✓ ✗ ✓ ✗ ✓ ✗

[19] TOU ✓ ✓ ✗ ✓ ✗ ✓ ✗ ✓ ✗

[20] TOU ✓ ✓ ✗ ✓ ✗ ✓ ✓ ✗ ✗

[21] TOU ✓ ✓ ✗ ✓ ✗ ✓ ✗ ✓ ✗

[22] Flat ✓ ✓ ✗ ✓ ✓ ✓ ✗ ✓ ✗

[23] TOU ✓ ✓ ✓ ✓ ✗ ✓ ✗ ✗ ✗

[24] Flat ✓ ✓ ✓ ✗ ✗ ✓ ✓ ✗ ✗

[25] Flat ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✓ ✗

This study TOU ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

the capacity of SPV and BSS but did not consider TOU pric-
ing when selecting the optimal capacity system for residential
households without an EV [22]. Therefore, this paper’s major
contributions compared to existing studies are summarized as
follows:

∙ Development of new practical rule-based home energy man-
agement systems for grid-connected households with EVs
under TOU pricing tariff.

∙ Development of practical optimal planning of SPV and BSS
for two system configurations of a grid-connected household
with EV.

∙ Investigate the effect of current available EVs in the market
on the cost of energy of the grid-connected household.

∙ Evaluation of the conducted optimal sizing model by uncer-
tainty analysis using 10 scenarios of real and stochastic data.

In addition to the major contributions, some of the minor
contributions can be addressed in the following. The optimi-
sation problem is solved for two configurations, SPV-EV and
SPV-BSS-EV. The salvation value of battery is calculated based
on the estimated lifetime of battery by obtaining the degra-
dation. Grid and system constraints are taken into considera-
tion when the actual annual weather and load data as well as
TOU energy prices and the cost of each component are consid-
ered. The arrival and departure times as well as the initial state
of charge (SOC) of the EV are incorporated using uncertainty
functions. Guidelines are presented for households to select the
optimal configuration of SPV and BSS for system with an EV
present. The optimisation presented can be used for any case
study; however, for this study realistic data such as solar inso-
lation and ambient temperature as well as household consump-
tion of electricity, electricity prices and limits and SPV and BSS
market data are implemented for the Australian state of South
Australia. Popular models of EVs for 2020 are analysed based

on their battery capacities to discover the cost of electricity. Sen-
sitivity analyses are completed to investigate the variations of
cost of electricity and capacities of SPV, and BSS based on aver-
age electricity demand, the power export limit, rooftop area for
PV installation, and feed in tariff.

2 HOME ENERGY MANAGEMENT
SYSTEM

Two configurations are considered for grid connected homes. A
household with an SPV and EV, and with an SPV, EV and BSS
system. These configurations are illustrated in Figure 1 in which
the bidirectional flow of power to/from the grid is possible as
the household purchases or sells electricity. The home energy
management system (HEMS) takes in information about the
household load consumption, available charge of the EV, avail-
able charge or discharge of the BSS, as well as the power gen-
erated by the solar SPV. Such information allows the HEMS to
control the flow of power between the components in the sys-
tem including the loads (i.e., household and EV), battery stor-
ages, generation units and the grid. The studied system config-
urations are then compared with a household only an EV and
without SPV-BSS.

The rules implemented in the HEMS are displayed simplisti-
cally and can be updated in the future for other electricity pricing
mechanisms. The first step is for the HEMS to check if the EV
is available, based in the arrival and departure times. If the EV
is unavailable, it is checked if the generated power of SPV (spv)
can supply the load for the household (h). If it is higher than
the load, the excess is sold to the grid (sold ) up until the export
power limit is reached (max

sold ).
When the limit is reached then the remaining power can be

dumped (u) using the SPV inverter. If the SPV cannot sup-
ply the load on its own, then the power is purchased from the
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FIGURE 1 System configurations for an EV owner household with SPV only and SPV-BSS

grid (buy) to fill the deficit. However, when the EV is at the
household, then the HEMS checks if the SPV’s generated power
is higher than the demand of the household’s load and input
power of the EV ( i

ev) combined. If so, the excess power is sold
to the grid as below:

sold (t ) = sp (t ) − h (t ) − 
i
ev (t ) . (1)

Any remaining power that may not be sold to the grid is then
dumped.

u (t ) = sp (t ) − h (t ) − 
i
ev (t ) − sold (t ) . (2)

When the SPV power is not higher than the load and EV, the
deficit power is then imported from the grid:

buy (t ) = h (t ) + 
i
ev (t ) − sp (t ) . (3)

The input power limit for the EV (u
ev) which is available

as well as EV’s SOC (SOCev) are as below for each interval of
time:


u
ev (t ) = ev (SOC max

ev − SOCev (t )) ∕Δt , (4)

SOCev (t + Δt ) = SOCev (t ) +

(


i
ev (t ) .𝜉i

ev
)
Δt

ev
, (5)

where Δt is the time interval SOC max
ev is the maximum allowable

SOC of EV due to degradation issue. 𝜉i
ev and ev are the charging

efficiency and capacity of EV’s battery, respectively.
In the SPV-BSS-EV configuration, the HEMS must consider

the TOU pricing and base its control of the flow of power on
the weather, at that time, the COE is at peak, shoulder or off-
peak.

As in the first configuration, the first thing considered by the
HEMS is if the EV is at home. If the EV is not at home and
the SPV cannot supply the load and if the TOU rate is in off
peak, then the deficit load electricity is purchased from the grid
without discharging the battery.

Else, if the TOU rate is at shoulder or peak, then the SPV
power is first depleted before the battery is discharged ( j

bs) and
any remaining power is purchased from the grid. This ensures

the most economical way to supply power for the household
load and EV demand. In circumstances where the SPV power is
more than load, the battery is charged ( i

bs) by considering the
available input power constraint [22].


i
bs

(t ) = sp (t ) − h (t ) . (6)

In the case that the SPV can supply the load and there is
remaining power after charging the battery, then it may be sold
to the grid under the condition that it does not exceed the feed
in limit. Otherwise, the remaining power which could not be
exported must be dumped [26].

u (t ) = sp (t ) − h (t ) − 
i
bs

(t ) − sold (t ) . (7)

If the EV is at home, and the SPV cannot supply the house-
hold load and EV, and if the TOU rate is in off peak, then the
remaining power is purchased from the grid before depleting
the battery. Else, if the TOU pricing is in shoulder or peak the
battery is used to supply the load and charge the EV before the
remaining power is purchased from the grid.


j

bs
(t ) = h (t ) + 

i
ev (t ) − sp (t ) , (8)

buy (t ) = h (t ) + 
i
ev (t ) − sp (t ) − 

j
bs

(t ) . (9)

To check the batteries input and output limits and SOC, the
calculations below are completed for each time interval [26].


u
bs

(t ) = bs
(
SOC max

bs − SOCbs (t )
)
∕Δt , (10)


o
bs

(t ) = bs
(
SOCbs (t ) − SOC min

bs

)
∕Δt , (11)

Sbs (t + Δt ) = Sbs (t ) +

(


i
bs

(t ) .𝜉i
bs − 

j
bs

(t ) ∕𝜉 j
bs

)
Δt


max
bs

,

(12)

where 
u
bs and 

o
bs are the input and output power limitations

of the battery. bs is the capacity of battery. 𝜉i
bs and 𝜉 j

bs are the
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charging and discharging efficiencies of the battery, respectively.
SOCbs is the SOC of battery, and SOC min

bs and SOC max
bs indicate

the minimum and maximum limits of battery’s SOC.

3 OPTIMISATION MODEL

The optimisation model used to find the sizing of SPV and BSS
with an EV for a grid-connected household with a TOU pric-
ing model is described in this section. The objective function,
design constraints, and optimisation procedure are presented.

3.1 Objective function

Cost of electricity (COE) is used as the objective function in
this study. The COE calculation is significant as for a system
with variable pricing or the presents of SPV and BSS. The net
annual payment to the household’s load demand ratio is used
to calculate the COE. Considering the capital recovery factor of
electricity cost ( fw ) and components cost ( fu ) over the project
lifetime, the COE can be obtained by [13]:

f = min
Xbs ,Xsp

(COE ) =
Costu. fu +Costw . fw

El
, (13)

fu =
r (1 + r )n

(1 + r )n
− 1

, (14)

fw =
k(1 + k)n

(1 + k)n
− 1

, k =
r − x
1 + x

, (15)

where Costu and Costw represent the net present costs (NPCs)
of system components and electricity exchange with the grid,
respectively. n is the project lifetime in year. r indicates the dis-
count rate, k is the real discount rate for electricity exchange,
and x is the inflation rate.

The NPC of the system components is the present value of
all the associated costs for installing and operating the com-
ponents over the project lifespan, minus the present value of
all the revenues that it earns over the project lifespan. Hence,
the Costu is calculated by combining the present costs of the
capital (V c ), maintenance (V m), replacement (V r ), and salva-
tion (V s) multiplying them by the number of each component.
It is notable that the maintenance and replacement costs are
considered separately since the maintenance cost refers to the
annual cost for maintenance, but replacement cost refers to the
cost of replacement which occurs one or two times through the
planning project time horizon. Thus, the calculations of main-
tenance and replacement costs are different. The salvation cost
is only applicable for the components at the end of the project.
Hence, the salvation term is considered in the NPC of compo-
nents (Costu). The components NPC are calculated by [26]:

Costu = Xsp ⋅
(

V c
sp +V m

sp +V r
sp +V s

sp

)

+Xbs ⋅
(
V c

bs +V m
bs +V r

bs +V s
bs

)
, (16)

where sp and bs are the subscripts for SPV and BSS, respec-
tively, and X demonstrates the number of each component. The
mathematical formulation of the present costs is well noted in
[22].

At the point which the BSS has reached a capacity decrease of
80% of its initial value, it has reached its lifetime. The capacity
degradation of the battery is therefore a measure of the battery
lifetime. This degradation is calculated based on the number of
cycles and depth of discharge (DOD) for each cycle. After each
year of operation of the household the batteries SOC data is
collected, and the DOD calculated:

DODbs (t ) = 1 − SOCbs (t ) . (17)

The method used in this paper to extract this data is the Rain-
flow Algorithm. The battery capacity degradation (Vbs) can then
be found for each full cycle (𝛽) for lithium-ion components as
in [27].

Vbs (𝛽) =
20

33000.e−0.06576.DODbs (𝛽) + 3277
. (18)

The yearly total battery capacity degradation (AVbs) is calcu-
lated by [28]:

A Vbs =
∑
𝛽

Vbs (𝛽) . (19)

It is assumed in this study that once the battery capacity of
the BSS has reached 20%, it has reached the end of its lifetimes,
as is generally accepted.

The net present cost of electricity exchange (Costw) is formu-
lated by:

Costw = ACw .
(1 + k)n

− 1

k(1 + k)n . (20)

The annual cost of electricity exchange with the grid (ACw)
is calculated using the annual supply of charge and the cost of
purchased and sold electricity [26].

ACw =

H∑
t=1

TOU (t ) .sold (t ) .Δt

−

H∑
t=1

FIT (t ) .buy (t ) .Δt +Yd .Cd , (21)

where H is the total time interval in one year. Yd is the
number of the days in the year. Cd is the daily supply of
charge.

The NPC of each of the components in the SPV-BSS system
(Costu ) is combined with the NPC of the electricity (Costw ) to
calculate the overall NPC of the system (Costt ) [13].

Costt = Costu +Costw . (22)
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3.2 Design constraints

The constraints of the optimisation problem are presented as
follows:

0 ≤ sp (t ) ≤ 
max
sp , (23)

0 ≤ 
u
bs

(t ) , o
bs

(t ) ≤ 
max
bs , (24)

0 ≤ 
u
ev (t ) ≤ ev , (25)

SOC min
bs ≤ SOCbs (t ) ≤ SOC max

bs , (26)

SOC min
ev ≤ SOCev (t ) ≤ SOC max

ev , (27)

sp (t ) + bs (t ) + buy (t ) − sold (t )

≥ h (t ) + ev (t ) + u (t ) , (28)

0 ≤ sold (t ) ≤ 
max
sold . (29)

The superscripts min and max indicate the minimum and max-
imum constraints of each parameter, respectively. The power
constraints of the SPV, BSS and EV are given by (23)–(25),
respectively. Equation (26) presents the SOC constraints for the
battery and (27) for the EV. Equations (28) and (29) give the
power balance constraint and the main grid export power con-
straint, respectively.

3.3 Optimisation procedure

The developed optimal sizing problem can be solved using
different optimisation algorithms in MATLAB. In this study,
the method chosen as the optimisation algorithm to com-
plete this problem is particle swam optimisation (PSO). PSO
has been successfully used previously in several studies for
a similar power system optimisation problem type [2], [22],
[28–31]. PSO is a relatively fast and simple way due to its
suitable convergence without much dependency on the initial
condition. A simple explanation of PSO is that particles are
placed in a problem space, each particle evaluates the COE
at its location. Then, using its own current and best locations
and those of other particles, it determines its next movement.
After this movement, the next iteration takes place. After some
time, the swarm of particles will flock together which is likely
to be close to the fitness function or in this case optimal
NPC [32].

Figure 2 demonstrates a general flowchart of the optimisation
process for SPV and BSS sizing. The optimisation starts with
the input data of the system which will be discussed in next sec-
tion. Then, the capacity of SPV and BSS is initialized by PSO.

Start

End

No

Yes

Operation for 8760 hr

Calculate the COE

SPV and BES Initialization

Constraints satisfied?

Last generation?

Last run?

No

No
Yes

Yes

Input Data

Optimized capacity

FIGURE 2 Flowchart of the optimisation process for SPV and BSS sizing

The system operation is implemented for one year (8,760 hr). If
the constraints are satisfied, the COE is calculated and stored.
To guarantee the globality of the optimisation results, this pro-
cedure is repeated for total number of generations and runs.
Then, the minimum COE of those 20 runs is extracted and its
associated SPV and BSS capacity is determined.

It is worth mentioning that the main objective of this study
is to solve a new optimisation problem via a reliable algorithm.
Hence, comparing the results of the PSO algorithm with those
of the other optimisation approaches is out of scope of the cur-
rent work.

4 CASE STUDY

The developed optimisation model is general and hence any
standard case study can be examined. In this study, the case
study presented is a South Australian grid-connected household
which operates under TOU pricing when purchasing electricity
from the main grid. In the optimisation process, it is assumed
that the household already owns or intended to purchase an EV.
The inflation rate is considered as 2% with an interest/discount
rate of 8% [22]. The project time horizon is 20 years where
the system operation is for one year and it is repeated over the
project lifetime [22]. There is a supply charge of 79 ¢/day. Grid-
connected households and other single-phase customers are not
permitted to export more than 5 kW to the main grid but may
achieve a feed-in-tariff of 17 ¢/kWh for lower [22]. As TOU
tariffs are considered over flat rate pricing, the retail price of
electricity changes throughout the day. Table 2 presents the off-
peak, shoulder and peak pricing mechanism and periods [26].
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TABLE 2 Time-of-use tariff pricing mechanism [26]

Time Value (¢/kWh)

Off-peak 22–7 25.41

Shoulder 7–15 39.93

Peak 15–22 58.08

The capital cost of SPV is $1500/kW and its annual main-
tenance cost is assumed as $50/kW. The lifetime of the SPV
is 25 years with its inverter being replaced after 10 years with
$300/kW. The lifetime of the battery is to be decided once the
charging/discharging operation is known for the system. The
market price of the battery is currently $350/kWh which is a
result of the South Australian government subsidies used to
encourage the purchase of BSS [33]. The size unit of the bat-
tery is considered as 1 kWh/0.5 kW where the replacement cost
is $200/kWh. The battery SOC constraints are considered as
20% and 100% as the max and min, respectively. The efficiency
of the battery charging/discharging is assumed at 92.5%. For
this study the maximum capacity of SPV which can be included
in the optimisation is set to 10 kW as it is assumed the roof size
of a typical grid-connected household is not more than 50 m2

[22].
Hourly real annual data of the solar insolation, electricity

consumption and the air temperature are collected for a typi-
cal South Australian household. The data profile of daily elec-
tricity demand, average daily temperature, and daily solar inso-
lation is presented in Figure 3. The average load is 0.65 kW
with an average daily consumption for the household of
15.6 kWh [34]. The variation of the air temperate in urban
area is between a minimum of 2.2◦C and maximum of 41.8◦C
and the solar insolation reaches a maximum in the year of
0.89 kWh/m2 [35].

A Renault Zoe (2020 R135) is considered for this study, with
a battery capacity of 54-kWh and 5-kW of single-phase charging
power available [36]. The EV presents some uncertainties such
as the arrival/departure times to/from the home as well as the
SOC when it arrives home. Therefore, truncated Gaussian dis-
tribution is used to model the stochastic behaviours discussed,
shown in Table 3.

5 RESULTS AND DISCUSSIONS

This section presents the optimisation results for two system
configurations and compares them with the household with
only an EV. The economic benefits and drawbacks will be sum-
marised for these configurations. An analysis of the effects of
implementing a second EV into the household will then be
investigated along with the economics of different popular EV’s
on the Australian market. Sensitivity analyses of the effects of
the export power limit, available rooftop area, daily electric-
ity demand, and FIT will be investigated on the optimisation

FIGURE 3 Data profile of daily electricity demand, average daily
temperature, and daily solar insolation

TABLE 3 Probability parameters to produce EV’s uncertainties

Mean S.D. Min. Max.

Initial SOC at arrival (%) 50 30 20 85

Arrival time (h) 18 3 15 21

Departure time (h) 8 3 5 10

results. Using daily load analysis, the optimisation results for a
SA grid connected household will be investigated for two 48-
h periods, in summer and winter. Uncertainty analysis will be
investigated based on 10-year real data of the case study. Con-
sidering the optimisation results with TOU pricing, guidelines
for customers with grid connected households who own an EV
will be provided.
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TABLE 4 Optimal capacities, total NPC, AEEG, and ADE of system configurations

Configuration NPC ($) SPV (kW) BSS (kWh) ADE (MWh) AEEG (MWh)

Household with only EV 67,022 N/A N/A N/A N/A

Household with SPV-EV 51,892 10 N/A 0.23 10.50

Household with SPV-BSS-EV 45,853 10 10 0.22 7.74
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FIGURE 4 COE and AIEG comparison for the studied system
configurations

5.1 Technical and economic results

The optimisation results presented in Table 4 are found with
TOU pricing for the system configurations, a household with
only an EV, with an EV and SPV, and with an EV, SPV and
BSS. The optimal size of SPV and BSS are found along with the
total NPC (Costt ), annual energy exported to the grid (AEEG),
and the annual dumped energy (ADE) of each configuration.
For a household with a configuration of SPV, EV and BSS the
optimal capacity was found to be 10 kW SPV with a 10 kWh
BSS. In the configuration without the BSS, a 10 kW SPV system
was also found to be optimal. With this configuration of SPV
and BSS, the NPC of the 20-year period of the study is found
to be $45,853, a significant improvement on the $51,892 NPC
of the configuration without any BSS. Both configurations pro-
viding improvement on the EV only configuration with yielded
a $67,022 NPC.

It should be noted that the optimisation procedure is
repeated for 20 runs with high number of populations (300) and
generations (300) in each run to guarantee that the global opti-
mal solutions are obtained. It is notable that similar solutions
are obtained for all 20 runs. This means that the capacities of
SPV and BSS are obtained as 10 kW and 10 kWh for all 20 runs.
This can guarantee that the optimised results in this study are
the global solutions.

Figure 4 compares the COE and annual energy imported
from the grid (AIEG) of the investigated systems. The COE,
when TOU pricing is implemented for a household with SPV,
BSS and EV, is found to be 33 ¢/kWh which is much improved
on the 45 ¢/kWh COE found for the configuration with only
the EV. Overall, by implementing a SPV in the configuration,
the AIEG is significantly decreased and so too is the AEEG

with the inclusion of the BSS. The COE is decreased by approx-
imately 12 ¢/kWh and the NPC of electricity around $22,000.
The excess energy from the SPV after the household load is sat-
isfied, battery charged and energy is sent to the grid, referred
to in the table as the ADE, is assumed to be dumped using the
SPV inverters controller therefore, there is no physical dumped
load in the system.

To make recommendations, it is important to investigate
the economics of an EV compared to an internal combustion
engine vehicle (ICEV). The average price of fuel in SA for 2020
was 134.7 ¢ were as the COE with TOU pricing comes to
45.03 ¢/kWh [37]. Considering the average Australian travels
11,100 km/year and the average car consumes 11.1 L/100 km
[38], the average fuel consumption per passenger vehicle comes
to 1,232.1 L/year. This totals $1659.6/year in fuel for the aver-
age passenger vehicle in 2020.

The Renault Zoe consumes approximately 13.67
kwh/100 km [36] which with TOU pricing at a COE of
45.03 ¢/kWh costs $638.27 per year to run. With the SPV-BSS
system in place for homes, which own an EV the COE drops
to 33.48 ¢/kWh, bringing the cost to $508 per year to run the
Renault Zoe. It can be concluded that it is viable economically
to run an EV in a SPV-BSS-EV system as compared to an
ICEV. The cost dropping from $1659.6/year to $508/year
on average after implementing an EV in a SPV-BSS-EV
configuration, a difference of $1151.6/year.

5.2 Results’ comparison with previous
works

In order to indicate the effectiveness of the proposed model,
some of the optimisation results in this work are compared with
that of two recently published papers [22] and [26]. In [22] and
[26], optimal planning of a grid-connected household with SPV
and BSS is developed when the household uses Flat and TOU
tariffs, respectively, for the electricity price. In [22] and [26] it
is considered that there is no EV in the premises of the grid-
connected household. Table 5 compares the optimised capacity
of SPV and BSS, as well as the NPC and COE for the consid-
ered systems. As illustrated, the designed system in this study
results in higher capacity of SPV in the system compared to [22]
and [26]. This is due to the EV availability in the household.
However, the BSS capacity in [22] is higher compared to this
study and [26]. This is because of the flat tariff of electricity price
for the export energy that has a lower rate. This study results in
higher NPC and COE compared to [22] and [26]. This is again
due to the EV availability. It is notable that adding EV to the
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TABLE 5 Comparison of the optimised capacity of SPV and BSS, NPC, and COE of the considered systems

System SPV (kW) BSS (kWh) NPC ($) COE (¢/kWh)

SPV-BSS-EV under TOU tariff 10 10 45,853 33.00

SPV-BSS without EV under Flat tariff [22] 9 11 12,021 28.08

SPV-BSS without EV under TOU tariff [26] 9 6 9,479 20.18

FIGURE 5 Electric vehicles data of this study

load of the household will increase the electricity consumption
by 7.15 MWh.

5.3 Analysis of two electric vehicles in the
household

It is common in many Australian states, including SA, for the
households to own two electric vehicles. Based on this fact, it is
important to investigate how having two EVs affects the COE
of the grid-connected household. As the Renault Zoe is the
sample car for this study, it is assumed the household has two
for the purpose of this investigation. The results of this show
that a grid-connected household with two EVs and a SPV-BSS
system, over the 20-year period of study, would have an NPC of
$55,904 as compared to $45,850 with just one EV, almost a 19%
increase. The COE rises to 40.26 ¢/kWh from 33.48 ¢/kWh, an
increase of over 18%. Without the implementation of the SPV
and BSS, these results are less desirable with the COE of 52.34
¢/kWh and the NPC coming to $77,784. The results indicate
that a household owning two EVs in conjunction with a SPV-
BSS system is economical.

5.4 Analysis of electric vehicles in the
market

Renault Zoe was the primary model of interest for the purpose
of this study; however, the models like BMW i3, Tesla Model
X, Nissan Leaf, Hyundai IONIQ, and Tesla Model 3 are other
popular models of EV in Australia in 2020 which are also con-
sidered for the benefit of consumers. Figure 5 demonstrates the
battery capacities of each model. For each, the charging power
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FIGURE 6 Comparison of total NPC, COE, AEEG, and AIEG results
for various EVs

is considered 5 kW as this is the limit when the EV is packed at
home.

The same simulation as already completed for the Renault
Zoe is conducted for an SPV-BSS-EV system with the data
from each EV changed each time. The results of these simula-
tion are presented in Figure 6 for comparison. Over the 20-year
period of the study, there is deviation between the models in the
total NPC and COE. The Hyundai IONIQ achieving the low-
est NPC because of its lower capacity battery whereas the higher
capacity EVs did not perform as well. The highest capacity EV,
the Teala Model X, achieving a NPC of $65,781, significantly
more than the IQONIC. The AIEG is significantly increased
for Tesla Model X.

5.5 Sensitivity analysis

This study presents the sensitivity analysis to accommodate the
other case studies in which rates, export limits, etc. are changed.
Sensitivity analyses were conducted on the export power limit,
available rooftop area, daily electricity demand, and feed in tariff.
There is a limit in Australia to the amount of power which may
be exported to the grid by a residential household. This export
limit was investigated in relation to the COE and SPV power,
as seen in Figure 7. In both configurations, SPV-EV and SPV-
EV-BSS, as the export power limit is increased the SPV power
increases and the COE decreases at a directly proportional rate
until the limit to the SPV capacity, 10 kWh, is reached. In the
case of the configuration which includes a BSS is seen that the
recommended BSS is always at 10 kWh.

It is important to check the optimal capacity of SPV and
BSS in the system configurations for the customers with
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FIGURE 7 Sensitivity analysis of system configurations against maximum power export. (a) SPV-EV, and (b) PV-BSS-EV
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FIGURE 8 Sensitivity analysis of system configurations against available rooftop area of the household. (a) SPV-EV, and (b) SPV-BSS-EV

various available rooftop area. This can change the optimal size
of SPV and hence the BSS. It is notable that the maximum
capacity of SPV for an available rooftop area can be calculated
as follows [17]:


max
sp = Area

(
m2

)
. 𝜉sc .1 kW∕m2, (30)

where Area indicates the available rooftop area and 𝜉sc is the
solar cell efficiency.

Figure 8 shows the sensitivity analysis based on available
rooftop area. The SPV capacity increases when the rooftop area
increases. However, the SPV capacity is the same for 60 and 70
m2 area in SPV-EV system. This is however in SPV-BSS-EV
system, the capacity of SPV for 70 m2 rooftop is 1 kW higher
than that of 60 m2 rooftop due to adding BSS.

Figure 9 illustrates the sensitivity analysis of system config-
urations against the daily electricity demand of the household.
As demonstrated, the COE increases for both configurations as
the daily electricity demand increases. The optimal capacity of
SPV is obtained as 6 kWh for a household with 5 kWh daily
electricity demand in configuration 1. However, the SPV capac-
ity is increased to 8 kW for the same household when the cus-
tomer uses battery (7 kWh) in configuration 2. It is considered
that the households with higher daily electricity demand have
higher available rooftop. Hence, the optimal capacity of SPV is
obtained as 12 kW for a household with 30 kWh daily electricity

demand in configuration 1. The same household can use 14 kW
SPV if purchases 10 kWh BSS.

A similar sensitivity analysis was completed for the feed in
tariff. The value of the feed in tariff can be changed at any time
much like the export power limit. The results of this analysis
can be seen in Figure 10. It can be observed that as the feed
in tariff increases the SPV capacity increases until it reaches its
limit. The COE continues to decrease for some time after the
SPV limit is reaches as the feed in tariff is increased. The BSS in
the SPV-BSS-EV configuration also remains constant through
the whole analysis.

5.6 Uncertainty analysis

Uncertainty analysis is an important investigation for check-
ing the optimal sizing method. For this purpose, an uncertainty
analysis is provided based on 10 scenarios of real and stochastic
data to validate the optimal capacity of SPV and BSS for a grid-
connected household with EV. The recorded historical data of
solar insolation and ambient temperature for the past 10 years is
used in the uncertainty analysis. The load consumption data for
the considered 10 scenarios is generated by adding uncertainty
to the available load data as follows:


s
h

(t ) = h (t ) + h (t ) .𝜇.𝛿 (t ) , (31)
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FIGURE 9 Sensitivity analysis of system configurations against daily electricity demand. (a) SPV-EV, and (b) SPV-BSS-EV

FIGURE 10 Sensitivity analysis of system configurations against feed in tariff. (a) SPV-EV, and (b) SPV-BSS-EV

where  s
h is the generated random load consumption for the sth

scenario, 𝜇 is a factor of deviation with a value between 10% and
50%. 𝛿(t ) is a number generator that generates random num-
bers between −1 and +1 for each time interval.

Table 6 lists the obtained average daily demand of electric-
ity, average daily solar insolation, and average of annual temper-

TABLE 6 Average daily demand of electricity, average daily solar
insolation, and average of annual temperature for each scenario of uncertainty
analysis

Scenario

Average daily

demand (kWh)

Average daily

solar insolation

(kWh/day)

Average

temperature (◦C)

1 15.6 5.3 16.7

2 15.0 5.6 17.4

3 16.3 5.1 16.5

4 14.9 5.0 16.6

5 15.2 5.2 16.8

6 15.9 5.1 16.4

7 14.4 5.7 17.2

8 14.7 5.2 17.1

9 16.9 5.3 17.5

10 16.1 5.4 17.8

ature for each scenario considered for uncertainty analysis. In
addition, the data of arrival/departure time of the EV is gen-
erated by varying the stochastic parameters in Table 3 for each
scenario.

Figure 11 indicates the results of uncertainty analysis for
SPV-BSS-EV system in the considered 10 scenarios. It is illus-
trated that the optimal capacity of the SPV is found as 10 kW
for 7 scenarios and the optimal capacity of the BSS is 10 kWh
for 8 scenarios. This confirms that the optimal capacities of
SPV and BSS in this study almost remain constant against
the variations of load, solar insolation, temperature, and EV’s
arrival/departure time for a grid-connected household with EV.
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The COE of the household changes in a range between 32
¢/kWh and 35 ¢/kWh for the considered scenarios.

5.7 Guideline for consumers

From this study guidelines can be created which assist grid-
connected households in purchasing the optimal capacity of
SPV-BSS system when there is an EV with the associated load.
These guidelines accommodate households who already own an
EV but do not own a SPV or SPV-BSS system and wish to pur-
chase the optimal capacity and configuration of the system.

As these guidelines are based on TOU pricing for SA, they
are only applicable for SA households. For those households
which already own an EV, from the optimisation, it is recom-
mended that they purchase a 10-kW SPV with a 10-kWh capac-
ity BSS to achieve the lowest COE and the lowest NPC over a
20-year period. A SPV only system is also economically viable,
with 10-kW still being the recommended capacity of the SPV.
Hourly load consumption was considered, and it was assumed
that the Renault Zoe or a similar model of EV was present at
the household. Customers who already own a higher capacity of
EV will experience a higher COE, but the guidelines for SPV
and BSS capacities are unchanged. Those who have not already
purchased an EV, a vehicle with a smaller capacity of battery is
recommended, such as the BMW i3 over the Tesla model X, as
over time will be much more economical.

6 DISCUSSION

This section summarizes the achievements, challenges (limita-
tions), and future directions of the current study.

The major achievement of this study is a practical optimal
planning of SPV and BSS for grid-connected houses with EVs
when TOU tariffs are implemented. A comprehensive guideline
is the other achievement which could direct the customers to
purchase the correct capacity of SPV and BSS when they have
an EV. It was found that the battery capacity of the customer’s
EV cannot change the optimal capacity of SPV and BSS. It was
achieved by the sensitivity analysis that the capacity of the SPV
is changed by the variations in rooftop area, feed in tariff, daily
electricity demand, and maximum power export. However, the
variations in rooftop area and feed in tariff would not change
the capacity of the BSS. The customers with two EVs in the
premises of the household are highly recommended for pur-
chasing SPV and BSS as it would be more economical compared
to the household with only one EV.

The main limitation of the proposed method is neglecting the
demand response programs with the TOU pricing tariffs. Gen-
erally, the time varying electricity tariffs are used to encourage
the customers for load shifting. However, the current study only
developed the new HEMS to control the power flow between
SPV, BSS, grid, load, and EV and not to change the load pat-
tern of the consumer. Another limitation could be a compari-
son between the results of the developed model and an exper-
imental case study. It is notable that this study is a pioneer

work for grid-connected households with EVs to purchase SPV
and BSS when TOU tariffs are implemented. Hence, till today,
no experimental data are available to compare the obtained
results.

In future, this study can be extended in three aspects. (1) Sim-
ilar optimisation of a SPV-BSS-EV system could be completed
for other types of residences, such as apartment complexes. A
new HEMS can be developed for customers based on energy
sharing mechanisms to supply the loads and charge the EVs
of residents. (2) Optimal planning of SPV-BSS-EV system for
a grid-connected household under real-time pricing would be
an interesting work as a future study. In this case, new HEMS
should be developed by considering demand side management
in the presence of SPV, BSS and EV. (3) The researchers could
also develop a new optimal planning model based on a cloud
battery storage system for a residential community. A cloud bat-
tery storage is a new concept that can be in contract with the
residential consumers for electricity exchange services to reduce
the electricity cost of the consumers without BSS or even with-
out SPV.

7 CONCLUSION

Optimal sizing of SPV with BSS for a grid-connected house-
hold utilising TOU electricity pricing with EVs was examined.
A new home energy management system was developed for
two configurations presented, SPV-EV and SPV-EV-BSS. Grid
and system constraints were taken into consideration when the
actual annual load and weather data were considered. The EV’s
arrival and departure times as well as its initial state-of-charge
were incorporated into the management system via stochas-
tic functions. It was discovered that the optimal configuration
for a typical SA household utilising TOU pricing with an EV
was a 10-kW SPV with a 10-kWh capacity of BSS. This was
found for a common model of EV, the Renault Zoe. The COE
was minimised from 45.03 to 33.48 ¢/kWh, with TOU pric-
ing. With optimisation comparison for available EV models, the
best reduction in COE was obtained by lower capacity of EVs,
such as the Hyundai IONIQ. The results of uncertainty anal-
ysis demonstrated that the obtained optimal capacities of SPV
and BSS in this study are almost robust against the variations of
load, solar insolation, temperature, and EV’s arrival/departure
time.
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