
Renewable Energy 198 (2022) 1254–1266

Available online 17 August 2022
0960-1481/© 2022 Elsevier Ltd. All rights reserved.

Techno-economic modelling for energy cost optimisation of households 
with electric vehicles and renewable sources under export limits 

Yan Wu *, Syed Mahfuzul Aziz , Mohammed H. Haque 
UniSA STEM, University of South Australia, Mawson Lakes, SA, 5095, Australia   

A R T I C L E  I N F O   

Keywords: 
Electric vehicle 
Renewable energy sources 
Solar photovoltaic 
Battery energy storage 
Energy cost optimisation 
Particle swarm optimisation 

A B S T R A C T   

With the proliferation of electric vehicles (EVs), EV charging cost will become an integral part of household 
energy cost. This research proposes a novel household energy cost optimisation method for grid-connected 
homes with EV under power export constraints. It addresses the limitations of previous studies by incorpo-
rating more realistic variable EV charging characteristics, power export limits, degradation of battery energy 
storage (BES) and battery salvage revenue into a comprehensive techno-economic energy system model. Cost 
optimisation results are presented for four system configurations using relatively new time-of-use (ToU) tariff and 
real load and photovoltaic (PV) generation data for South Australian households. Sensitivity analysis for annual 
energy cost (AEC) is conducted by varying daily household load demand, PV/BES capacity, power export limits 
and PV/BES cost. Power flow and peak demand analyses are presented to the impacts of PV, BES and EV on 
household demand. Results show that PV with BES and EV is the most economical configuration for individual 
households, where the AEC can be reduced by up to 39.6% compared to a normal household without EV, PV and 
BES. The BES can effectively reduce household power and energy demands during peak periods by up to 80.4% 
and 89.1%, respectively.   

1. Introduction 

Electric vehicle (EV) will become an important component of 
household energy consumption globally under the plans to replace cars 
based on internal combustion engines (ICE). Significant increases in EV 
sales have been observed in several countries/regions since 2018 [1]. 
The proportion of home charging can reach 50%–85% of the total EV 
charging events for some countries/regions because people are more 
willing to charge their EVs at home if they have private parking space 
[2]. Almost half of the private EV owners (45%) prefer to charge EVs 
using renewable energy sourced from household rooftop photovoltaic 
(PV) system and battery storage (31%) or from grid electricity with 
green energy or carbon emission offset (14%) [3]. The charging cost is 
one of the main concerns for EV owners (54%) [3]. 

The wholesale price of rooftop PV systems has reached a record low 
as a result of continuing decrease over the last two decades, from around 
$4,550/kW in 2000 to $650/kW in 2020 [4]. The price of battery energy 
storage (BES) has also seen a steep decline, from $1,430/kWh in 2010 to 
$203/kWh in 2020 [5]. However, it may not always be economical for 
households to install rooftop PV and BES unless their capacities are 

carefully chosen. 
Numerous studies have been conducted on optimising the household 

energy cost using renewable sources. In Ref. [6], to minimize the daily 
household energy cost, optimal sizing of new PV and BES systems are 
proposed, however, only grid-to-house (G2H) mode is considered. This 
means excess PV-generated power cannot be exported and no export 
revenue was considered. Sharma et al. [7] proposed a technique to 
minimize the energy cost of Net Zero Energy (NZE) homes through 
optimal sizing of new BES and used bidirectional power flow, i.e. 
grid-to-house (G2H) and house-to-grid (H2G). It considered South 
Australian households with existing PV systems; thus PV installation 
cost wasn’t considered. Ke et al. [8] proposed a method of BES sizing for 
a university campus to decrease renewable curtailment using prediction 
of load and PV generation, but neglected the impact of battery degra-
dation. The study presented in Ref. [9] compared the optimal results, 
including annual cost of electricity and capacity of PV and BES, between 
individual and community customers with various consumption levels, 
however, EV charging demand was not considered. In Ref. [10], a cost 
optimisation method for flat tariff was proposed for Zero Energy 
Buildings (ZEB) through optimal PV and BES sizing for both residential 
and commercial customers, however, no export limit was considered. 
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Another method to optimise the PV and BES size for both residential and 
commercial customers was proposed in Ref. [11] under different tariff 
structures, however, battery degradation and export power constraints 
were not considered. The impact of PV and BES capacity on household 
annual electricity cost and peak demand reduction were illustrated in 
Ref. [12] based on capacity optimisation without considering battery 
degradation. Based on lifetime cost minimization using a simplified 
battery degradation model [13], proposed cash flow analysis and 
customer guidelines for household PV-BES system under flat tariff. 
Aiming at minimizing the payback period and lifetime capital cost [14], 
introduced two factors (energy autonomy and power autonomy) to 
measure the independence of the designed system from the grid after the 
installation of PV and BES. None of the above studies considered the load 
demand due to household EV charging. Also, most of these studies did 
not consider important parameters such as house-to-grid export power 
limit, battery degradation and battery salvage revenue. 

Although the optimal approaches to household renewable energy 
integration proposed in Refs. [15,16] included the EV charging demand, 
realistic EV charging characteristics were not considered. These two 
studies assumed a constant-current charging rate to represent the 
household EV load, however the actual EV charging involves multiple 
charging stages with different levels of power consumption. This means 
that the studies in Refs. [15,16] weren’t able to use accurate overall 
household load profile including EV. Furthermore, the optimisation al-
gorithm proposed in Ref. [15] determines the PV capacity first and then 
obtains the BES capacity, which means that the influence of BES on PV 
capacity is ignored. In Ref. [16], the capacity reduction of the BES with 
age wasn’t considered. Table 1 summarises the notable features of the 
existing studies for optimisation of household renewables and BES. 
Clearly, energy cost optimisation of households involving EVs is 
considered in only the last three studies of Table 1. Among them, only 
this paper considers household-to-grid power export limits and variable 

List of nomenclature 

Abbreviations and Symbols 
AC Annual cost 
BE Battery energy capacity 
CC Capital cost 
CRF Capital recovery factor 
D Distance travelled 
N Number of modules 
NPC Net present cost 
OC Operation & Maintenance (O&M) cost 
P Power 
RC Replacement cost 
SoC State of charge 
SR Salvage revenue 
e Escalation rate 
i Interest rate 
i’ Effective interest rate 
m Component lifetime 
n Project lifespan 
η Efficiency 
λ Energy price 
Δt Time interval 

Superscript 
B Battery energy storage (BES) 
H Household 
E Energy 
PV Photovoltaic system 
EV Electric vehicle 
S System component 
G Grid 
F Fossil fuel 

Subscript 
ch/dch Charging/discharging 
inv Inverter 
chgr Charger 
max/min Maximum/minimum value 
l Limit 
pp Per pack 
dp Dumped 
pu Per unit 
ee Energy economy 
ra Rated 
ini Initial 
ug Unit generation 
imp/exp Import/export  

Table 1 
Limitations of the existing studies.  

Ref. EV Decision variables Optimisation method/tool Limitations Other limitations 

Export power 
limits 

Battery 
degradation 

Salvage 
revenue 

[6] ⨯ PV-BES capacity Dynamic programming algorithm ⨯ ⨯ ⨯ No replacement cost, no H2G or feed- 
in-tariff (FiT) 

[7] ⨯ BES capacity Minimization program in MATLAB ⨯ NA NA No PV capital cost 
[8] ⨯ BES capacity OpenDSS ⨯ ⨯ NA No PV capital cost 
[9] ⨯ PV-BES capacity Genetic algorithm (GA) ⨯ ⨯ NA – 
[10] ⨯ PV-BES capacity Particle swarm optimisation (PSO) 

algorithm 
⨯ NA NA – 

[11] ⨯ PV-BES capacity GA ⨯ ⨯ NA – 
[12] ⨯ PV-BES capacity AusZEH Design Tool ⨯ ⨯ ⨯ – 
[13] ⨯ PV-BES capacity PSO ✓ NA NA – 
[14] ⨯ PV-BES capacity PSO ⨯ NA NA – 
[15] ✓ step1: PV capacity 

step2: BES 
capacity 

Self-developed, mothed not known ⨯ NA NA Fixed EV charging rate 

[16] ✓ PV-Wind-BES 
capacity 

Monte Carlo and PSO ⨯ ⨯ NA Fixed EV charging rate 

This 
study 

✓ PV-BES capacity Monte Carlo and PSO ✓ ✓ ✓ Two-stage charging  
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battery charging rates along with battery degradation and salvage rev-
enue. It is not possible to obtain accurate optimisation results without 
considering all these key parameters. 

To address the above research gaps, this study proposes a novel cost 
optimisation method for grid-connected households with EV. The pro-
posed optimisation model incorporates a combination of important pa-
rameters not considered simultaneously within a single model by 
previous approaches. These parameters include more realistic two-stage 
variable battery charging rates as opposed to a fixed charging rate, 
power export limits, battery degradation and battery salvage revenue. 
Due to the reasons stated above, the proposed method is expected to 
deliver more accurate results compared to the existing methods. Due to 
the increasing adoption of cost-reflective retail electricity tariffs 
worldwide, this study presents comprehensive cost optimisation results 
and critical analysis for households with EV under an existing Australian 
time-of-use (ToU) tariff. For simplicity, this study has used half-hourly 
household load and PV generation profiles, and linear battery degra-
dation. The results can be further enhanced by using higher resolution 
load and PV generation profiles as well as more realistic battery 
degradation and charging characteristics. Nonetheless, the analysis 
presented in this study has revealed new findings on the influence of PV/ 
BES cost, PV/BES capacity, daily household energy demand and power 
export limits on the annual energy cost (AEC) of households with and 
without EV. These findings will inform and greatly facilitate cost- 
effective integration of household EVs with optimally sized PV and BES. 

The study is limited to households owning only one vehicle, either 
ICE or EV. In case of EV, it is assumed to be charged only at home. The 
households are assumed not to include natural gas as a source of energy. 
The gasoline and electricity prices are assumed to have the same esca-
lation rate. The household car is assumed to travel a fixed daily average 
distance based on Victorian travel data. Despite these assumptions, this 
study will provide valid optimisation results and annual energy costs for 
households, and it will be possible to extend the results for the cases not 
covered by this study. For example, the impact of different travel dis-
tances can be easily determined by conducting a sensitivity analysis. 

The paper is organized as follows: Section 2 presents the objective 
function of the cost-based optimisation mothed and various home en-
ergy system configurations. The overall optimisation mothed is pre-
sented in Section 3 along with the rule-based energy management 
strategy for each configuration. Section 4 presents the simulation model 
of the system components including PV, EV and home battery. The input 
data used in the simulation is presented in Section 5, which include 
economic and technical parameters, EV usage data, household load and 
PV generation profiles, and electricity tariff. In Section 6, the optimi-
sation results for the different system configurations are compared, and 
the sensitivity analysis is presented along with power flow and peak 
demand analyses. Finally, Section 7 concludes the paper. 

2. Problem formulation 

In this section, the optimisation problem is introduced. The objective 
is to minimize the net present cost incurred for the household renewable 
system components over the lifecycle and the energy consumption over 
the same period. The objective function takes the following general form: 

Objective function: 

subject to

Min (Net present cost)
{

System power balance constraint

Other constraints 

To arrive at the objective function, the system configurations and 
rule-based energy management strategies need to be identified. Also, 
models of the system components, such as PV, BES and EV, will need to 
be established. The system configurations are presented in this section, 
while the rule-based energy management strategies and the component 
models are presented in Sections 3 and 4 respectively. 

2.1. Home energy system configurations 

Table 2 lists the various components of five different home energy 
system configurations. The basic configuration is a standard home with an 
ICE car. In Table 2, configurations 1–4 represent alternatives to the basic 
one stated above. Configuration 1 is the typical one with a rooftop PV 
system. In configuration 2, a BES is integrated with the PV system. 
Configurations 3 and 4 correspond to configurations 1 and 2, but with the 
ICE car replaced with an EV. 

The annual household energy cost for consumption of grid electricity 
is: 

ACG =
∑NΔt

t = 1

[
λG

imp(t) × PG
imp(t) × Δt

]
−

∑NΔt

t = 1

[
λG

exp(t) × PG
exp(t) × Δt

]
(1)  

where, λG
imp(t) and λG

exp(t) represent the per unit imported electricity tariff 
and the per-unit revenue for exporting energy to the grid respectively; 
PG

imp(t) and PG
exp(t) represent the power imported and exported from/to 

the grid. If there is no PV, then PG
exp(t) is zero and no revenue is earned. 

The annual household energy cost due to consumption of gasoline by 
ICE car is given by (2) [17]: 

ACF = λF × D × ηF × Nday (2)  

where, λF is the gasoline price, D is the daily travel distance, ηF is the fuel 
efficiency of ICE car, and Nday is the number of days in the year. 

2.2. Cost modelling 

The net present cost (NPC) consists of NPC of system components 
(NPCS) and NPC of energy consumption (NPCE). The two decision var-
iables are the number of PV panels (NPV) and the number of BES packs 
(NB). The objective function can therefore be represented by (3). 

Min
{

NPCS + NPCE} = Min
{

NPC
(
NPV , NB) },

{
NPV ∈ N + and NB = 0, for configurations 1 and 3,
NPV ∈ N + and NB ∈ N+, for configurations 2 and 4,

(3) 

In any time interval, the sum of the input power, which includes the 
power imported from the grid (PG

imp), the PV output power (PPV) and the 
power discharged by the BES (PB

dch), should be equal to the sum of the 
output power, which includes the home load power (PH), the EV 
charging power (PEV

ch ), the power exported to the grid (PG
exp), the BES 

charging power (PB
ch) and the dumped power (Pdp). Accordingly, the 

general power balance equation of the system is given by (4). This 
equation can be used for all system configurations by setting the values 
of some terms to zero where relevant. 

PG
imp(t)+PPV(t) + PB

dch(t) = PH(t) + PEV
ch (t) + PG

exp(t) + PB
ch(t) + Pdp(t) (4)  

where, 

⎧
⎨

⎩

PG
imp(t) × PG

exp(t) = 0

PB
ch(t) × PB

dch(t) = 0 

because export and import cannot occur simultaneously, and battery 
charging and discharging cannot occur simultaneously. 

Table 2 
Household energy system configurations.  

Configuration Home load ICE EV PV BES 

Basic ✓ ✓    
1 ✓ ✓  ✓  
2 ✓ ✓  ✓ ✓ 
3 ✓  ✓ ✓  
4 ✓  ✓ ✓ ✓  
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2.2.1. Net present cost of system components (NPCS) 
The NPCS can be calculated using (5). Here, the NPC of the compo-

nent’s operation and maintenance cost (OC) is calculated over a n-year 
project lifespan using an interest rate i. The NPC of the component’s 
replacement cost (RC) and salvage revenue (SR) is calculated every m- 
year, where m is the component lifetime. 

NPCS = CC + OC × [ (1 + i)n
− 1 ]

/

[ i × (1 + i)n
] + (RC − SR) ×

∑

k ∈ Z
1
/
(1 + i)k

,

Z = {m, 2m, …}

(5) 

The capital cost of the system components (CC) is calculated using 
(6). Here, PPV

pp and BEB
pp are the capacities of the PV and battery storage 

per pack, respectively. 

CC = PPV
pp × NPV × CCPV

pu + BEB
pp × NB × CCB

pu (6)  

where, CCB
pu and CCPV

pu are the capital cost per unit of the BES and PV 
system respectively, where the cost of the inverter is included. 

OC = PPV
pp × NPV × OCPV

pu + BEB
pp × NB × OCB

pu + D ×
(

OCICE
pu

+ OCEV
pu

)
× Nday

(7)  

where, OCB
pu, OCPV

pu , OCEV
pu and OCICE

pu are the O&M costs per unit of the 
individual components indicated by the respective superscripts. By 
setting OCEV

pu or OCICE
pu to zero, this equation can be used for home con-

figurations with either EV or ICE. 
The replacement cost of the system components (RC) is calculated 

using (8). 

RC = PPV
pp × NPV × RCPV

pu + BEB
pp × NB × RCB

pu + BEEV × RCEV
pu

(8)  

2.2.2. Net present cost of energy consumption (NPCE) 
The NPCE at an escalation rate e above the interest rate i is: 

NPCE =
∑n

y = 1

[(
ACG + ACF) × 1

/
(1 + i′ )y ] (9)  

where, i′ is the effective interest rate defined by i′ = (i − e) / (1 + e). 
If the house does not use natural gas as a source of energy, the annual 

energy cost for consumption of grid electricity and gasoline are given by 
(1) and (2) respectively. 

2.3. Annual energy cost (AEC) 

The annual energy cost (AEC), representing the equivalent annual 
net present cost of energy consumption over the project lifespan, is used 
as a measure of cost for each of the four configurations after applying the 
optimisations in (3). The AEC is calculated by summing the net present 
cost of system components (NPCS) and energy consumption (NPCE) after 
multiplying each by the corresponding capital recovery factor (CRF) 
[18], as shown in (10). 

AEC = NPCS × CRFS + NPCE × CRFE (10)  

where,  
{

CRFS = [i × (1 + i)n
]
/
[ (1 + i)n

− 1 ]
CRFE = [i’ × (1 + i’ )

n
]
/
[ (1 + i’ )

n
− 1 ]

(

11
)

(11)  

3. Optimisation process 

Fig. 1 shows the overall flow chart of the optimisation process to 

achieve minimum NPC using the objective function given in (3). Particle 
swarm optimisation (PSO) solver in MATLAB is used to find the optimal 
sizes of PV and BES, because PSO has a more straightforward syntax than 
GA for modelling power system flow control. In addition, PSO is more 
effective in memory utilisation and the optimisation solution is largely 
unaffected by the size and nonlinearity of the problem [19]. The opti-
misation flow chart of Fig. 1 incorporates rule-based energy manage-
ment strategy (EMS) within the PSO loop. The rule-based EMS for each 
of the four home energy system configurations are described in eqn. 
(12)− (20) and summarised in Fig. 2. These strategies are based on the 
knowledge of power balance equations for household energy trans-
actions as well as the real operational conditions and constraints of 
home energy system components such as PV and BES. Therefore, the 
inclusion of the rule-based EMS helps the PSO solver to perform opti-
misation by reducing the number of decision variables [20] based on 
real operational conditions and constraints. Existing literatures reinforce 
this concept and have listed multiple benefits of implementing 
rule-based control strategies within a conventional optimisation tech-
nique. For example, the rule-based strategies (1) lead to simpler math-
ematical equations and lower computational complexity, (2) are easy to 
understand and implement, (3) provide flexibility by allowing the rules 
to be updated [21]. Examination of (12)− (20) reveals that it is possible 
to obtain continuous feedback from system components such as PV and 
BES. Therefore, in addition to the benefits listed above, the rule-based 
strategies provide the opportunity to implement closed loop control 
[22]. In summary, the inclusion of the rule-based EMS in the overall 
PSO-based optimisation flow chart of Fig. 1 is expected to reduce the 

Fig. 1. Overall optimisation flow chart.  
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overall computational burden, provide near optimal solution and ensure 
maximum utilisation of the PV generated energy to serve the household 
load. This will help lower household energy cost and maximise the re-
turn on investment in PV and BES. 

3.1. Basic configuration: household + ICE 

In the basic configuration, neither PV nor BES is present. Thus, the 
household demand will be solely met by importing power from the grid, 
and no energy will be exported to the grid. 
⎧
⎨

⎩

PG
imp(t) = PH(t)

PG
exp(t) = 0

(12)  

3.2. Configuration 1: household + PV + ICE 

In configuration 1, there is no energy conversion between the 

gasoline-based ICE car and the home energy system. When PV genera-
tion exceeds the household load demand, the excess PV-generated 
power is sold to the grid at the feed-in-tariff (FiT). The imported and 
exported power can be calculated using (13), and the exported power is 
limited by the grid export limit ( PG

l ). 
⎧
⎨

⎩

PG
imp(t) = PH(t) − PPV , if PPV(t) < PH(t)

PG
exp(t) = min

[
PG

l ,
(
PPV (t) − PH(t)

)]
, otherwise

(13) 

The difference between the excess PV-generated power and the 
actual exported power is the amount of power dumped from excess PV 
generation (Pdp), as shown below: 

Pdp(t) = max
[

PPV(t) − PH(t) − PG
l , 0

]
(14)  

3.3. Configuration 2: household + PV + BES + ICE 

In configuration 2, a BES is added. The excess power from PV 

Fig. 2. Rule-based home energy management strategies.  
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generation will be first used to charge the BES; when the BES is fully 
charged then the excess power is exported. However, if the PV genera-
tion is less than the household demand, first the BES is discharged to 
supply the load before importing power from the grid. The power im-
ported/exported from/to the grid can be calculated using (15). 
⎧
⎨

⎩

PG
imp(t) = PH(t) − PPV (t) − PB

dch(t) , if PPV(t) + PB
dch(t) < PH(t)

PG
exp(t) = min

[
PG

l ,
(
PPV(t) − PH(t) − PB

ch(t)
)]
, otherwise

(15) 

The extra PV generated power after charging the BES and exporting 
to the grid is the power dumped from excess PV generation (Pdp), as 
shown in (16). 

Pdp(t) = max
[
PPV(t) − PH(t) − PB

ch(t) − PG
l , 0

]
(16)  

3.4. Configuration 3: household + PV + EV 

In configuration 3, when PV generation exceeds the total household 
load demand and EV charging load demand, the excess PV power is 
exported to the grid. However, power is imported from the grid when PV 
generation is less than the total household demand and EV charging 
demand, as shown by (17). 
⎧
⎨

⎩

PG
imp(t) = PH(t) + PEV

ch (t) − PPV(t), if PPV(t) < PH(t) + PEV
ch (t)

PG
exp(t) = min

[
PG

l ,
(
PPV(t) − PH(t) − PEV

ch (t)
)]
, otherwise

(17) 

The difference between the excess PV-generated power and the 
actual exported power is the power dumped from excess PV generation, 
as shown in (18). 

Pdp(t) = max
[
PPV(t) − PH(t) − PEV

ch (t) − PG
l , 0

]
(18)  

3.5. Configuration 4: household + PV + BES + EV 

In configuration 4, a home BES is added to configuration 3. When the 
PV generation exceeds the total household demand and EV charging 
demand, the excess PV-generated power is first used to charge the BES. 
However, when the PV generation is less than the total household de-
mand and EV charging demand, first the BES is discharged to supply 
power to the home before importing from the grid. The imported and 

exported power can be calculated using (19).  

The extra power after charging the BES and exporting to the grid is 
the power dumped from PV generation, as shown in (20). 

Pdp(t) = max
[
PPV(t) − PH(t) − PEV

ch (t) − PB
ch(t) − PG

l , 0
]

(20)  

4. Component modelling 

4.1. PV simulation model 

PV generation can be calculated using (21) and the output power is 
limited by the rated power of the PV inverter, PPV

inv. 

PPV(t) = min
[
PPV

inv , NPV × PPV
pp (t) × ηPV

]
(21)  

where, PPV
pp (t) is the instantaneous power generated by a pack of PV 

panel and ηPV is the inverter efficiency. The size of the PV inverter (PPV
inv) 

is ηdf times the capacity of the PV system (PPV
inv = PPV

pp × NPV × ηdf ), 
where ηdf is the derating factor of the PV panels and is assumed to be 
80%. 

4.2. EV and home battery simulation model 

Both the home battery and the EV battery will suffer degradation 
over time and require replacement within the project lifespan. The 
variation in battery capacity within the project lifespan is shown in 
Fig. 3. The BES and EV are both assumed to use lithium-ion batteries and 
the available capacity at the end of the battery life is considered to be 
70% of the initial capacity [23,24]. Li-ion home batteries from leading 
manufacturers are available for Australian household PV systems with a 
10-year warranty with 70% energy retention for unlimited charging/-
discharging cycles [25]. Hence, we consider the home battery to have a 
lifespan of 10 years. The EV battery lifespan is sourced from Nissan Leaf 
2019, which is representative of small-size EV models. This EV battery 
comes with a warranty of 8 years or 160,000 km, whichever occurs first 
[26]. Hence, we consider 8 years to be the maximum lifetime of the EV 
battery, which is adjusted according to the distance travelled. The bat-
tery capacity will be back to 100% after replacement at that time. 
Assuming that the battery capacity degrades linearly over time to a re-
sidual capacity at the end of the expected lifespan (BEend), the available 
battery capacity in each year is given by (22). 

BE = BEini − [BEini − BEend] / m × y (22)  

where, 0 ≤ y ≤ m, and BEini represents the initial capacity of a new 
battery. 

A battery charging model based on the two-stage charging charac-
teristics proposed by Ref. [27] is used in this study. The charging 
sequence moves from a constant-current (CC) stage to a constant-voltage 
(CV) stage when the SoC reaches a predefined switching point value 
(SoCsw). In the CV stage, the battery charging process is terminated when 
the charging power reaches a predefined termination SoC (SoCtm). In 
this study, 80% of SoCmax is selected as SoCsw [28–30], and SoCmax is 
selected as SoCtm value. The power drawn by the battery charger at time 
t is calculated using (23).  

Fig. 3. Variation of battery energy capacity due to degradation and 
replacement. 

⎧
⎨

⎩

PG
imp(t) = PH(t) + PEV

ch (t) − PPV(t) − PB
dch(t), if PPV(t) + PB

dch(t) < PH(t) + PEV
ch (t)

PG
exp(t) = min

[
PG

l ,
(
PPV(t) − PH(t) − PEV

ch (t) − PB
ch(t)

)]
, otherwise

(19)   
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where, ηch is the charging efficiency of the battery charger. 
For the household BES, the recommended rated charging power (Pra) 

should be equal to or less than 80% of the battery capacity [29]. 
Meanwhile, based on the rule-based home energy management strategy 
we have adopted, the BES will be charged only using renewable energy. 
This means that the actual charging power drawn by the BES (PB

ch(t)) can 
at times be less than the BES charger power (PB

chgrt), as shown by (24). 
The BES inverter comes as an integral part of the BES and the size of the 
BES inverter is 80% of the battery capacity. The state of charge (SoC) of 
the BES at time t can therefore be calculated by (25). 

PB
ch(t) ≤ PB

chgr(t) (24)  

SoCB(t) = SoCB(t − 1) +
[(

PB
ch(t) × ηB

ch − PB
dch(t)

/
ηB

dch

)
× Δt

] /
BEB

(25)  

where, SoCB
min ≤ SoCB(t) ≤ SoCB

max. ηB
ch and ηB

dch represent BES 
charging and discharging efficiencies respectively. 

For EV battery, since charging is part of the household load, the 
charging power is equal to the calculated charger power, as shown in 
(26). 

PEV
ch (t) = PEV

chgr(t) (26) 

The SoC during charging is calculated by (27). The SoC of the EV 
battery when arriving home after daily travel can be calculated by (28). 

SoCEV(t) = SoCEV(t − 1) +
(
PEV

ch (t) × ηEV
ch × Δt

) /
BEEV (27)  

SoCEV
ar (tar) = SoCEV

de (tde) −
(

D × ηEV
ee

) /
BEEV (28)  

where, SoCEV
min ≤ SoCEV(t) ≤ SoCEV

max. ηEV
ee is the EV energy economy. 

Each EV is charged continuously once a day at home until it is fully 
charged or until the departure time of the EV, whichever occurs first. 

5. Input data 

The household energy cost optimisation methods proposed in this 
paper are applicable universally irrespective of region or country. In this 
study, data for South Australian (SA) homes are used to validate the 
methods, as this state has one of the highest household PV installations 
in Australia, where around 39.3% of homes have rooftop solar panels 
[31]. Also, a battery subsidy is available through the SA Home Battery 
Scheme [32] to encourage the integration of household PV with BES. 

The remainder of this section describes the three types of data used in 
the simulation. 

5.1. Economic and technical parameters 

Table 3 lists the economic and technical parameters used. The 
project lifespan is set as 20 years. From July 2022, SA Power Networks 
(SAPN) plans to introduce a limit of 1.5 kW on the PV-generated power 
that can be exported to the grid by a single-phase grid-connected home 
[33]. This grid constraint is used in this study while optimal results for 
pre-July-2022 export limit of 5 kW are also included for comparison. 

The EV charging rate of 3.7 kW is used, which is a typical Type 2 
household charging rate based on the plug-in EV charger standard in IEC 
62196 [39]. The initial battery capacity and the energy economy of EV 
are sourced from Nissan Leaf 2019, which is representative of small-size 
EV models. The parameters of the ICE car are taken from Nissan X Trail, 
which is a gasoline-based car with horsepower similar to that of Nissan 
Leaf. The fuel price (λF) is $1.43/Litre as at 10 March 2022 and fuel 
efficiency (ηF) is 0.10 Litre/km. As shown in Table 3, the lifetime O&M 
costs of ICE car and EV are $0.14/km and $0.07/km, respectively [17]. 

For a PV system, the retail capital cost in Australia for 2020 is taken 
as $900/kW [35] and the O&M cost is $17/kW/year [36]. The lifespan 
of PV panel is 25 years, which is longer than the project lifespan, 
therefore PV panels will not require replacement within the project 
lifespan. However, the PV inverter has a 10-year lifespan and needs to be 
replaced within the project. Therefore, a PV system replacement cost of 
$300/kW is considered to represent the replacement cost of the PV 
inverter only. In the Australian retail market, the most common PV 
panel capacity is 370 W/panel and BES capacity is 1 kWh/pack. 
Therefore, the optimal results for PV and BES capacities are rounded to 
multiple of these two sizes, however the proposed optimisation method 
can easily accommodate other PV/BES panel capacities. 

The market price of BES system (battery plus inverter) in Australia 
was ~$1000/kWh in 2020. Using the South Australian Government BES 
subsidy of $300/kWh, $700/kWh is used as the capital cost of BES 
system. With 10-year lifespan, the replacement cost of the BES system 
needs to be included. The O&M cost of the BES system is relatively low 
and therefore it is set to zero in this study. 

5.2. EV usage, PV generation and consumption profile 

The typical household energy consumption profile in South Australia 
(SA) is shown in Fig. 4(a). It is obtained by scaling down the 2020 half- 

Table 3 
Economical and technical parameters.  

Home [33] PG
l = 1.5 kW    

Project i = 3% e = 2% Lifetime =20-year  
EV [17,26,34] SoCEV

min = 0.2 ηee = 0.164 kWh/km RCEV = $300/kWh OCEV = $0.07/km 
SoCEV

max = 0.95 BC = 40 kWh SREV = $80/kWh Lifetime = 8-year/160,000 km 
ηEV = 90% PEV

chgr = 3.7 kW   
ICE [17] λF = $1.43/Litre ηF = 0.1 Litre/km OCF = $0.14/km  
PV [35–37] PPV

pp = 370 W/penal ηdf= 80% RCPV = $300/kW Lifetime= 25-year 
ηPV= 94% CCPV

pu = $900/kW OCPV = $17/kW/year Inverter lifetime= 10-year 
BES [7,32,37,38] BEB

pp = 1 kWh/pack ηB
ch = 90% RCB = $700/kWh OCB = $0/kWh/year 

SoCB
min = 0.1 ηB

dch = 90% SRB = $80/kWh Lifetime = 10-year 
SoCB

max = 0.95 CCB
pp = $700/kWh    

Pchgr(t) =

⎧
⎨

⎩

Pra / ηch , if SoC(t) ≤ SoCsw
{Pra × [ SoCmax − SoC( t − 1) ] / [ SoCmax − SoCsw ] } / ηch , if SoCsw < SoC( t) ≤ SoCtm
0 , if SoC(t) > SoCtm

(23)   
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hourly household consumption profile of the entire South Australian 
state to 17 kWh/day [40]. For PV output, the half-hourly solar genera-
tion data of a 1 kW PV system in SA is sourced from the renewable ninja 
website [41] and scaled down to 370 W/panel as shown in Fig. 4(b). The 
usage pattern of privately owned vehicles is extracted from the Victorian 
Integrated Survey of Travel & Activity (VISTA) 2018 [42]. According to 
this, the average daily travel distance of privately owned vehicles is 
around 36.7 km, and the departure and arrival times of the highest 
number of cars are 08:00 and 16:00 respectively. 

5.3. Electricity tariff 

In SA, the percentage of residential customers on a single rate tariff is 
around 80% [43]. As time-of-use (ToU) tariffs provide incentives to 
customers for reducing load demand during peak periods, the SA (South 
Australian) Power Networks (SAPN) intends to achieve 50% of 

residential customers to be on ToU tariffs by 2025 [43]. Thus, in this 
study, a ToU tariff called “Lightning” introduced by IO Energy is used, as 
shown in Fig. 5 [44]. A solar FiT of $0.06/kWh is offered throughout the 
year under this tariff. 

6. Optimisation results and analysis 

In this section, the optimisation results are presented for all the 
configurations along with sensitivity analysis, power flow analysis and 
peak demand analysis. 

6.1. Optimisation results 

Table 4 shows the optimal results for PV capacity, BES capacity, NPC, 
AEC reduction of AEC and computation time for the four configurations 
along with the results for the basic configuration. The basic configuration 
presents the household energy cost without PV, BES and EV. Using the 
AEC of the basic configuration as a reference value, the percentage of AEC 
reduction is calculated for the other configurations. For clarity of un-
derstanding, results for some of the home configurations under various 
conditions are presented in separate groups, namely A, B, C and D. 

For configurations 1 and 2 (homes with ICE car), the same optimal PV 
size is obtained. In configuration 1, installing an optimally sized PV of 
4.07 kW reduces the AEC by 6.71% to $5,118.60/year. For configuration 
2, the using optimally sized PV and BES (4.07 kW and 4 kWh) can reduce Fig. 5. Time-of-Use electricity tariff [44].  

Table 4 
Optimisation results for various system configurations.  

Configuration Number of PV panels (PPV in kW) BEB (kWh) NPC ($) AEC ($/year) AEC Reduction (%) Computation Time (s) 

A. Gasoline-based car only 
Basic – – 93,313 5,486.72 – – 
1 11 (4.07) – 85,489 5,118.60 6.71 677.90 
2 11 (4.07) 4 80,852 4,917.41 10.38 875.44 
B. EV only with charging occurring upon arrival at home (16:00 h) 
3 33 (12.21) – 66,103 4,160.55 24.17 571.02 
4 21 (7.77) 11 56,861 3,731.15 32.00 905.27 
C. EV only with charging time delayed to early morning off-peak (~1:00 h) 
3′ 11 (4.07) – 56,769 3,515.24 35.93 661.53 
4′ 11 (4.07) 4 52,131 3,314.05 39.60 829.16 
D. No household export limit 
4* 2703 (1000.11) 2 − 351,600 − 3,247.36 159.19 687.95 

The last column in Table 4 lists the computation times for various configurations taken by the built-in PSO solver in MATLAB running on a Windows PC having an Intel 
Core i5-8500T Processor and 4 GB RAM. Using half-hourly time interval, the number of data points calculated by the algorithm for the year 2020 is (366 days × 48 
half-hours/day) = 17568.  

Fig. 4. (a) Household demand in SA for 2020 and (b) PV generation per penal.  
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AEC by 10.38% to $4,917.41/year. For configurations 3 and 4 (ICE car 
replaced by EV), the optimal capacities of PV and BES are bigger. For 
configuration 3, the high per unit energy cost under ToU tariff during 
summer evenings (17:00–21:00) causes the optimal PV size to signifi-
cantly increase to 12.21 kW to meet part of the peak demand, and the 
AEC is modestly higher than configuration 2. In configuration 4, due to 
installing BES, the optimal PV size is somewhat reduced compared to 
configuration 3, however the optimal BES capacity is significantly higher 
than configuration 2. Interestingly, in configuration 4, the introduction of 
EV with optimally sized PV and BES leads to the highest reduction in 
AEC (32.00%). The AEC can be reduced significantly below this level by 
shifting the EV charging start time to early morning off-peak period 
starting at ~01:00 when the electricity price is the second lowest under 
the ToU tariff shown in Fig. 5. These results are shown under group C in 
Table 4, and 35.93% and 39.60% AEC reductions are achieved for 
configurations 3 and 4 respectively (shown as configurations 3′ and 4’). 
The optimal capacities of PV and BES are also reduced to the same levels 
as configurations 1 and 2. The last row of Table 4 (group D) presents the 
results if there is no export limit for configuration 4 (shown as configu-
ration 4*). In this case, the optimized PV size soared to the upper limit 
(1000 kW) set for this variable in the simulation. Due to the low cost of 
PV systems, PV generated energy is cheaper than the feed-in-tariff (FiT) 
most household customers receive for exporting PV-energy to the grid. 
Hence, if there is no export limit, the cost-based optimisation minimises 
the household energy cost by selling as much power to the grid as 
possible leading to unreasonably high PV size as well as negative NPC 
and AEC. The above results highlight the importance of considering 
export limit as a key parameter in the optimisation model for household 

PV sizing. 
To ascertain the efficacy of the proposed simulation model, analysis 

was conducted without the BES subsidy or battery salvage revenue or 
battery degradation. The effects of ignoring these parameters on the 
optimisation results for configuration 4 are shown in Fig. 6. If the gov-
ernment subsidy for BES capital cost is ignored, then the optimal BES 
size is decreased due to the relatively higher BES cost leading to in-
creases in the optimal PV size, NPC and AEC. If the salvage revenue of 
components is ignored, the optimal BES size is decreased with increases 
in NPC and AEC. If the degradation of the BES and EV battery is ignored, 
then ideally more energy could be stored in these batteries, resulting in 
lower optimal PV and BES sizes and lower energy costs. The above 
analysis demonstrates that when one parameter is ignored then the 
optimisation results deviate from those obtained using the model pro-
posed in this paper. This shows the efficacy of the proposed energy cost 
optimisation model where all relevant parameters are incorporated 
whereas the existing models exclude some of these parameters. 

6.2. Sensitivity analysis 

Fig. 7− 9 illustrate the sensitivity of AEC against various factors when 
the charging start time is not shifted to off-peak periods. The coloured 
bars represent the AEC scale, the x-axis and y-axis represent two vari-
ables, and the red dashed lines (Figs. 7 and 8) represent the optimal 
capacity of PV or BES. For configurations 1 and 3, Fig. 7 shows that at a 
fixed PV cost the optimal PV capacity increases with higher household 
demand leading to increases in AEC. For a certain load demand, 
declining PV capital cost increases the optimal PV capacity and reduces 

Fig. 6. Comparison of optimisation results for configuration 4 when using the proposed model versus existing models which ignore some parameters.  

Fig. 7. Variations of AEC with household demand and PV cost: (a) configuration 1, and (b) configuration 3.  

Y. Wu et al.                                                                                                                                                                                                                                      



Renewable Energy 198 (2022) 1254–1266

1263

AEC. Fig. 7(b) reveals that much higher PV capacity is warranted for 
households with EV. 

For configurations 2 and 4, Fig. 8 shows that at a certain BES cost the 
optimal BES capacity increases with higher household demand leading 
to increases in AEC. For a certain load demand, declining BES capital 
cost increases the optimal BES capacity and reduces AEC. Fig. 8(b) re-
veals that much higher BES capacity is warranted for households with 
EV. Fig. 9 shows the effects of changing PV and BES capacities on AEC. 
For configuration 2 (without EV), PV capacity of 4 kW and BES capacity 
of 4 kWh are optimal for the household demand used in this study. 
However, for configuration 4 when EV is included, optimal PV and BES 
capacities increase to around 8 kW and 11 kWh, respectively. 

All the results presented above are for an export limit of 1.5 kW. 
Fig. 10 compares the effects of the two grid export limits, i.e., 1.5 kW and 
5 kW, on the optimal results for configuration 4. Clearly, with the higher 
export limit of 5 kW, the optimal PV capacity is higher, and the optimal 

BES capacity and the AEC are lower. These results are consistent with 
the 4.4 times higher exported energy for the 5 kW export limit. 

6.3. Power flow analysis 

Fig. 11–14 present the power flow of the home energy system for 
different configurations. The energy exchange among various system 
components, namely, the power grid, household load, PV, BES and EV 
are shown for typical summer and winter days. 

For configuration 1, as shown in Fig. 11, the PV generation can feed 
the household demand during the daytime and export the excess PV 

Fig. 8. Variations of AEC with household demand and BES cost: (a) configuration 2, and (b) configuration 4.  

Fig. 9. Variations of AEC with PV and BES capacities: (a) configuration 2, and (b) configuration 4.  

Fig. 10. Comparison of optimal results between two grid export limits for 
configuration 4. 

Fig. 11. Daily power flow for configuration 1 on a typical day: (a) summer, and 
(b) winter. 
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generation to the grid subject to the export limit (1.5 kW). Clearly, the 
PV output during summer is higher than that during winter. Fig. 12 
shows the power flow for configuration 2, where a BES is integrated. 
Clearly, some of the excess PV energy is stored by charging the BES 
during the daytime, which enables the BES to meet some of the house-
hold demand during the evening peak. 

Fig. 13 shows the power flow for configuration 3, where the EV 
charging demand is included. In summer, most of the EV charging en-
ergy is supplied by PV output. However, in winter, the EV charging 
energy is predominantly sourced from the power grid, thus leading to a 
sharp spike in imported power. This means that the evening peak de-
mand of the power grid will increase due to unregulated EV charging, 
especially in winter. Compared to Fig. 13, the household BES in config-
uration 4 can supply the power required for EV charging during the 
evening as shown in Fig. 14, consequently reducing the spike in im-
ported power. The EV charging energy is sourced from PV and BES in 
summer, and mainly from the BES in winter. The power flow analysis for 
configurations 2 and 4 (Figs. 12 and 14) reveal that the BES can help 
reduce the amount of imported energy during the evening peak by 
meeting the home and EV loads. 

6.4. Peak demand analysis 

Fig. 15 shows the distribution of daily maximum imported power 
and the daily average imported power during the evening peak period 
between 17:00 to 21:00 h, which is the period of peak electricity price 
under the ToU tariff of Fig. 5. The peak imported power shown in Fig. 15 
(b) for configuration 1, when only PV is used, is almost the same as that 
shown in Fig. 15(a) for the basic configuration (the average peak value is 
0.95 kW). However, in configuration 2, due to BES integration, the im-
ported power has a significantly lower number of high peaks with an 
average value of only 0.42 kW as shown by Fig. 15 (c). Fig. 15(d) reveals 
that the EV charging demand in configuration 3 increases the maximum 
imported power dramatically, and the average value (1.97 kW) is over 2 
times that for configuration 1. For configuration 4, when EV is integrated 
with PV and BES, although there are some high peaks in the imported 
power, they are far less than the number of high peaks in configuration 3. 
The average peak imported power of 0.53 kW is lower than that of the 
basic configuration. 

Fig. 16 compares the total consumed energy and the imported energy 
during the peak period (between 17:00 to 21:00) for the five configu-
rations. In the basic case, the entire consumed energy is imported from 
the grid. When PV is added (configuration 1), 20.0% less energy is im-
ported. With BES integration (configuration 2), imported energy is 
reduced by a huge 83.2%. In configurations 3 and 4, when is EV added, 
consumed energy rises significantly. However, imported energy is less 
than consumed energy by 34.7% and 89.1% respectively. This means 
that compared with homes with only PV (configurations 1 and 3), the 
integration of BES (configurations 2 and 4) can significantly reduce the 
power demand and energy demand during peak periods. 

Fig. 12. Daily power flow for configuration 2 on a typical day: (a) summer, and 
(b) winter. 

Fig. 13. Daily power flow for configuration 3 on a typical day: (a) summer, and 
(b) winter. 

Fig. 14. Daily power flow for configuration 4 on a typical day: (a) summer, and 
(b) winter. 

Fig. 15. Distribution of daily maximum imported power during evening peak in the first year of the project: (a) basic configuration, (b) configuration 1, (c) config-
uration 2, (d) configuration 3, and (e) configuration 4. 
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7. Conclusion 

A method to optimise the annual energy cost (AEC) of households 
with electric vehicles (EVs) has been presented by developing a new 
techno-economic model.  

i. The results demonstrate that households with gasoline-based cars 
can reduce their AECs by 6.71% and 10.38% using optimally 
sized PV and PV-BES systems respectively. Replacing gasoline- 
based car with EV can reduce AEC by 24.17% and 32.00% 
respectively. The most significant AEC reduction (39.60%) can be 
achieved under configuration 4 with off-peak charging.  

ii. Sensitivity analysis indicates that both higher home demand and 
lower capital costs of PV and BES systems can lead to higher 
optimal PV and BES capacities and reduce the home energy cost. 
For a typical household with ICE and the load profile used in this 
study, the optimal capacities of PV and BES are around 4 kW and 
4 kWh respectively. For a household with EV, the optimal PV and 
BES capacities increase to around 8 kW and 11 kWh respectively.  

iii. Although uncontrolled EV charging may increase the peak 
household energy consumption from 1441 kWh/year to 3085 
kWh/year, the BES can effectively reduce the peak energy de-
mand as well as the peak power demand on the grid. For example, 
in configuration 3, with EV and no BES, the peak household energy 
demand is 2014 kWh/year, and the average peak power is 1.97 
kW; however, in configuration 4, which also has a BES, these two 
values are reduced to 337 kWh/year and 0.53 kW, respectively.  

iv. The results obtained are expected to be more reliable than those 
of existing studies, which haven’t considered all relevant techno- 
economic parameters in a comprehensive model. 
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