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ABSTRACT Power utilities are introducing cost-reflective tariffs, such as a time of use tariff to incentivise
electricity use during off-peak periods, some of which include a demand charge during peak periods. The
uptake of such tariffs depends on their economic benefits compared to other tariffs. The impact of such
emerging tariffs on the household energy economy has not been widely investigated in the South Australian
context. This research analyses the energy cost of grid-connected homes with photovoltaic (PV) systems
under a time of use tariff with demand charge, recently introduced in South Australia. First, an optimization
problem is formulated to minimize the annual household energy cost under a time of use tariff with demand
charge, which is also applicable to other tariffs. Then, four types of South Australian PV-installed households
are analysed with various battery energy management strategies and tariffs. The results show that a time of
use tariff with demand charge can deliver savings in household annual energy cost, which can be further
increased using the most appropriate energy management strategy for each tariff. Another key finding is that
with battery storage, the time of use tariff with demand charge can reduce the peak load on the distribution
feeder by 35% compared to the ordinary time of use tariffs.

INDEX TERMS Battery energy management strategies, battery energy storage, energy cost, optimization,

renewable energy sources, solar photovoltaic system, time of use tariff with demand charge.

I. INTRODUCTION

With the increase in electricity prices, there is a trend to
move towards more cost-reflective tariff structures around the
world [1]. It is expected that half of the South Australian
homes would be subject to cost-reflective tariffs by 2025 due
to the introduction of smart meters, which are mandatory
for the implementation of cost-reflective tariffs [2], [3]. As a
part of regulatory control, from 1 July 2021, all customers
with smart meters in South Australia (SA) will be moved
to the time of use tariffs. Such energy pricing schemes aim
to encourage energy consumption at times of low demand
while discouraging energy consumption during peak demand
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periods. Therefore, these tariffs have the potential to reduce
stress on the electricity grid by reducing peak demand [4], [5].
The clear benefit is increasing network utilization, which
has the long-term benefits of decreasing electricity costs for
customers. Various cost-reflective tariffs, such as time of
use tariff with demand charge (ToUD) and real-time market-
based electricity tariffs, are now becoming more feasible with
the introduction of smart meters [6], [7]. The impacts of such
cost-reflective tariffs on South Australian household energy
costs have not been analysed in any literature to date. In SA,
where nearly 40% of the homes have solar photovoltaic (PV)
systems installed [8], such tariff structures are likely to impact
household energy cost given the high PV generation during
the mid-day low-demand period. Recently, there were a few
occasions when PV-generated energy met the entire South
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Australian load demand for certain time periods [9]. To the
best of the authors’ knowledge, such instances have not been
recorded in other parts of the world, which provides the
rationale to conduct a study with such tariffs in SA. In fact,
among all Australian states, SA has a unique hourly load
profile with the lowest demand occurring in the middle of the
day [10]. However, exporting excess PV-generated energy to
the grid during the middle of the day may not be the most cost-
effective option for households, considering the decreasing
feed-in-tariff (FiT) due to lowering middle-of-the-day pool
prices. This provides a rationale for installing battery energy
storage systems in South Australian households with existing
grid-connected PV systems. Although the battery cost is still
perceived to be high, the progressive reduction in battery cost
over the past decade [11], [12], and battery size optimiza-
tion can lead to an overall reduction in the energy cost of
PV-installed homes.

In contrast to previous studies that examined electricity
costs of households with PV and battery under standard/flat
tariffs [13], [14], this study aims to investigate the impact of
time of use tariff with demand charge on electricity cost. The
time of use tariff with demand charge (ToUD) reflects the
consumer’s contribution towards the peak demand cost [5].
Typically, this tariff includes additional demand charges and
is based on the consumer’s peak demand during a designated
time period (high-demand period) of any day over a billing
cycle. Studies have shown that cost-reflective tariffs could be
financially beneficial for a certain category of consumers, but
not for others [15]. In addition, the complexity of such tariffs
makes them difficult to understand. Consequently, consumers
may choose other uneconomical tariffs that could potentially
contribute to energy poverty, that is, compromising daily
energy needs to avoid paying high bills [16], [17]. Therefore,
it is critical to conduct a thorough cost-benefit analysis of
such tariffs for household customers.

To date, a large amount of research has focused on the min-
imization of the energy cost of residential houses under flat
tariffs or variable tariffs such as time of use tariff [18]—[23].
Studies such as [18] have minimized the annual energy cost of
net-zero energy homes using the optimal battery size for flat
tariffs. Another study [19] determined the potential savings in
energy cost achieved through battery storage and PV systems
under flat tariffs. Reference [20] modelled an optimal energy
cost control of grid-connected homes with PV and battery
under a time of use tariff scheme. Similarly, studies [21], [22]
have minimized the energy cost of the household through
optimal sizing of PV and battery for time of use tariffs.
Another study [23] has explored battery energy management
strategy to further minimize energy cost for the time of use
tariff. However, there has been no detailed investigation of
the impact of demand charge, which is becoming a common
feature of the time of use tariffs around the world for residen-
tial and commercial buildings [24].

A limited number of studies such as [7], [25]-[32], have
attempted to investigate the demand charge along with vari-
able tariffs. A study [25] investigated the possibility of
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reducing energy cost based on various 7oUDs, using PV
systems and found that the PVs are uneconomical to reduce
demand tariffs in Iran. A recent study [26] analysed the
ToUD to minimize the home energy cost using an optimal
charging/discharging strategy for battery storage. However,
it did not include any PV systems and did not consider the
optimal battery size. Another study [27] used both PV and
battery storage to reduce demand charges, but it did not
investigate the optimal size of the battery and its energy
management strategies, which are important considerations
due to the high cost of battery storage, especially in the
case of residential homes. Reference [28] has determined an
optimal size of the battery storage along with PV systems
to minimize the energy cost under demand tariffs. However,
it has not considered any energy management strategy and
peak load reduction. In addition, the breakeven point after
which it is economical to use a battery with PV system was
not studied but recommended in future work. A study [29]
examined the energy cost of a single household under real-
time pricing and demand charges. However, real-time pricing
is not widely used in the Australian residential sector. Another
study [30] used a stochastic programming approach to mini-
mize the residential energy cost under 7ToUD. A swarm evo-
lutionary algorithm-based home energy management system
was developed in [31], which controls multiple operations
of home appliances and battery charging/discharging sched-
ules to minimize the energy cost under 7ToUD. However, the
approaches used in [30], [31] are computationally demanding
and difficult to use in residential homes with limited pro-
cessing devices. A similar study [32] focused on minimizing
the energy cost by changing the load schedule according
to the demand charge, which may not always be possible
for residential homes. Another reference [7] considered the
ToUD for load shifting and peak shaving applications for a
residential consumer with battery storage. However, the effect
of battery cost and PV size variation on the household energy
cost was not investigated.

The above literature review highlights that there has not
been much comprehensive study on the impact of ToUD
on the energy cost of residential PV-homes. To the best of
our knowledge, no study comparing ToUD with other tariffs
has been carried out for South Australian grid-connected
residential homes. The present research explores, for the first
time, the impact of ToUD on the annual energy cost of South
Australian grid-connected PV-installed homes. In doing so,
this study investigates optimal residential battery sizing under
such tariffs and explores alternative battery energy man-
agement strategies that can further minimize the household
energy cost under ToUD tariff schemes currently available in
SA. An optimization problem is formulated, which is then
solved using the genetic algorithm [33] to determine the
optimal battery size and annual energy cost of the household
under ToUD. The optimization problem is developed in a way
that is applicable to a range of tariff structures. Four types
of South Australian households with various PV sizes are
investigated for two current 7ToUDs and compared with an
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existing 7oU and an existing flat tariff. The breakeven point
after which the use of a battery with PV system is economical
is also investigated. Therefore, the key contributions of the
paper include the following:

1) Develop an objective function to minimize the energy
cost of households with PV and battery for the time
of use tariff with demand charge. It is developed in a
generic manner so that it can be applied to other tariff
schemes as well.

2) Determine the efficacy (cost-benefit) of time of use
tariff with demand charge for South Australian house-
holds and the impact of various energy management
strategies on energy cost.

3) Determine how a time of use tariff with demand charge
compares with other tariffs in terms of managing the
peak load on distribution feeders.

The paper has been organized into nine sections. Section II
provides an insight into system modelling. Section III
presents the mathematical formulation of the objective func-
tion and Section IV describes various energy management
strategies. Section V describes the algorithm. Section VI
presents a discussion of the results and Section VII discusses
the limitations of the study. Sections VIII and IX present the
conclusions and future work respectively.

Il. SYSTEM MODELLING

Nearly 40% of homes in SA have rooftop PV panels [8].
Despite the reverse power flows and overvoltage issues
caused by this high PV penetration in low-voltage networks,
residential solar PV installation is growing rapidly [34].
Owing to such high PV penetration, this study assumes
that PV systems are already installed in the studied houses.
Therefore, the cost of PV installation is not considered. The
annual energy cost of these households can be minimized by
installing optimally sized battery storage. Fig. 1 shows a bat-
tery connected to a PV system. A battery converter may not be
required if the PV system has a battery-ready inverter. Using
the notations shown in Fig. 1, the power balance equation at
the point of common coupling can be written as:

Ppy (t) + Pimp (t) + Ppuais (t)

= Prq (t)+Pexp () + Ppen (1) (H
Pimp (1) X Pexp # =0 (2
Ppep (1) x Ppais (1) =0 (3)

Equation (2) indicates that at any instance of time, power
can be either exported or imported to/from the grid, that is,
exports and imports cannot occur simultaneously. Likewise,
equation (3) shows that charging and discharging of the bat-
tery cannot take place simultaneously. Few other constraints
related to battery operation and grid energy are described in
the following subsections.

A. BATTERY OPERATING CONSTRAINTS
This study has considered a lithium-ion battery for the
analysis because of its suitability and wide availability for
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FIGURE 1. System configuration.

residential homes. The state of charge equations are given in
the Appendix as (A.1) and (A.2) [13], [18]; therefore, only a
few operating constraints are discussed here. The conversion
losses associated with the battery and inverter are included in
the equations.

1) The energy discharged by the battery is used only to
meet the household load demand. The battery can be
charged only from the PV, that is, battery charging from
the grid is not allowed.

2) The battery is charged or discharged only within the
battery state of charge (SoC) limits.

3) The charging and discharging efficiencies are consid-
ered to account for the losses.

4) Battery operations follow the power
equation (1), and constraints (2) and (3).

balance

For simplicity, the study does not include the degradation
of the battery and PV panels; however, it can be incorporated
using a degradation factor in the existing model.

B. GRID CONSTRAINTS

The mismatch between load and PV generation patterns is
met by importing/exporting energy from/to the grid. There
are some constraints related to energy exchange with the grid,
such as the export limit. The maximum export limit for single-
phase houses in SA is 5 kW, which is considered in this
study [35].

PV owners have to pay some annual energy cost to the
utility due to the energy exchange with the grid. This energy
cost depends on the tariffs at which energy is exchanged.
Therefore, the following section describes the tariffs under
investigation and their relationships with the export/import
of energy.

IlIl. ENERGY COST CALCULATION UNDER TIME OF USE
TARIFF WITH DEMAND CHARGE

Unlike others, this study aims to minimize the annual energy
cost for PV-installed households under the time of use tariff
with demand charge (ToUD). Time of use (ToU) tariffs cost
less during off-peak periods and more during peak peri-
ods [23], [36]. Fig. 2(a) shows the retail prices RP,, RP, and
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FIGURE 2. (a) Time of use tariff with demand charge period, (b) Variation
of retail price against energy consumption, (c) Variation of demand price
between summer and winter seasons.

RP; charged during peak periods (77 to T2, T3 to T4 and
Ts to Tg), off-peak (7> to T3), and shoulder periods (74 to
Ts), respectively. In some tariffs, the retail price during the
peak period is not constant; rather, it varies with the amount
of energy consumed during a specific period (e.g. a month).
Fig. 2(b) shows an example of a variable peak-period retail
price, where the price increases in steps with an increase in
the amount of energy consumed. The variable retail price
of electricity is also known as a step tariff or peak usage
charge [37].
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The demand charge period (T5’ to Té) shown in Fig. 2(a) is
the period when consumers pay an additional charge based
on the level of power consumption. The higher the power
consumption, the higher the demand charge. In the USA, the
demand charge is based on the average power demand over
a period of time [24]. In SA, it is based on actual maximum
demand (kW) measured over a half-hour interval during the
demand charge period on any day of the month [38]. Two
types of demand prices are applied based on the season,
as shown in Fig. 2(c), where summer and winter last for
five and seven months, respectively. Because the highest peak
demand occurs in summer, its demand prices are higher than
those in winter. ToUD is also known as a residential demand
tariff or a capacity tariff [5].

Based on the descriptions given above, the electricity cost
under time of use tariff with demand charge EC7,yp can be
calculated as the sum of four components:

1) Off-peak-period electricity cost based on off-peak ToU

tariff (EC,)

2) Shoulder-period electricity cost based on shoulder ToU
tariff (ECy)

3) Peak-period electricity cost based on peak ToU tariff
(ECp)

4) Demand charge paid during the demand charge
period (DC)

ECpuyp =EC, +ECy+ EC, +DC “4)

For time of use tariffs without any demand charge (ToU),
the last term of (4) is zero, and for flat tariffs, each of
the last three terms is zero, where EC, is the flat price
of electricity per kWh for the entire day. The four com-
ponents of the electricity cost are described below. Note
that the demand price varies with the month (see Fig. 2(c)).
Therefore, the electricity cost components are calculated
on a monthly basis and then added to arrive at the annual
cost.

The monthly electricity cost for the off-peak period EC,,,
mainly depends on the amount of energy consumed during
the off-peak period and the corresponding retail price. The
energy consumption during the off-peak period in a month m
(Eom) can be expressed as:

Eom=)_, . Pimp (A 5)

where, Py, (t) is the power imported (kW) from the grid
during time period ¢ and can be derived from (1). &, is a set
of time intervals during the off-peak periods in month m and
At is the length of the time interval (half an hour in this case).
The corresponding electricity cost (EC,,,) in month m can be
written as:

ECom = RPy X Eom (6)

If there are five hours of off-peak periods in a day, the number
of half-hourly time intervals in the set ¢, is 10 per day.
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Similar to the off-peak period, the electricity cost during
the shoulder period can be written as:

ECyy, = RPs; x Egy @)

where energy consumption Eg, depends on the power
imported during the shoulder period S, in month m. Here, 8,
represents the set of time intervals during the shoulder period.

The peak-period electricity cost depends on the amount
of energy consumed during the peak period and peak period
retail prices. The energy consumption during the peak period
in month m (E},;) can be expressed as:

Ep = Z[eym Pimp () At 8)

where y,, is a set of time intervals during the peak periods
in month m. Using Fig. 2(b), the peak-period electricity cost
(ECpp) in month m can be calculated as follows.

ECpm
Epm x RPy; Epm <E (9)
k—1
=12, E—E)RP;+ (Epn — Ec—1)RPx;
Ex—1 < Epm < Ex (k=2,3...n) (10)

Here Eg = 0, and RP1, RP;. . .RP), are the retail prices paid
for consuming energy under the respective consumption slabs
(E1, E». . .Ey), as shown in Fig. 2(b). It is clear that if there is
only one slab or the energy consumption is up to £ then (9)
calculates the electricity cost; otherwise, (10) calculates the
electricity cost, where the first term represents the cost of
energy for all slabs except the last one and the second term
represents the cost of energy for the remaining portion of the
last slab.

Unlike off-peak, shoulder and peak-period electricity
costs, which depend on the energy consumed, the demand
charge depends on the power demand. The maximum
imported power during the demand charge period in month
m (Ppy) can be expressed as:

Ppm = Itrég',)n( (Pimp (I)) (1)

where &, is a set of time intervals during the demand charge
period in month m. The corresponding demand charge (DC ;)
in month m can be expressed as:

DC,;, = DPy x mg X Py (12)

where DP,, is the demand price for month m and my is the
number of days in month m.

Thus, using (6), (7), (9), (10) and (12), the annual electric-
ity cost for the time of use tariff with demand charge EC 1,yp
can be calculated as follows:

12
ECrup = Zm:l (ECOm + ECg, + ECpm +DCp) (13)

Because the studied houses already have rooftop PV systems
installed, the house owner earns revenue by exporting excess
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PV energy to the grid at the feed-in-tariff (FiT). The earned
revenue (RE) can be expressed as [18]:

RE = FiT x ZIGT Peyy (1) At (14)

where P,y (¢) represents the power exported to the grid for
time period ¢ and T is a set of half-hourly time intervals in a
year. Note that Py, (t) can be derived using (1). Considering
the revenue earned for exporting excess PV energy and the
annual electricity cost paid for importing energy under the
ToUD scheme, the net annual electricity cost (EC ;) paid to
the utility can be written as [18]:

Ecnet = ECT()UD —RE (15)

Initially, in SA, the government-mandated and customers
subsidised attractive FiTs were offered (even more than the
retail price of electricity [39], [40]), which resulted in a high
uptake of PV systems. The FiTs have experienced drastic
reductions in recent years [41]. Currently, the maximum FiT
is $0.17/kWh for the flat tariff [42] and $0.12/kWh for the
ToUD [6], while the flat retail price of electricity after dis-
counts is approximately $0.38/kWh [43]. Due to the reduc-
tion in FiTs, the household revenue for exporting energy to the
grid has decreased substantially. For this reason, PV owners
are looking for alternatives such as battery storage to mini-
mize the net annual electricity cost. The installation of battery
storage in households with PV can significantly reduce the
exchange of energy with the grid, especially during the peak
and demand charge periods, and, consequently, reduce the net
annual electricity cost.

In Australia, most lithium-ion batteries have a 10-year
warranty [44]-[46]; therefore, the maintenance cost of the
battery is not considered in this study. It is assumed that the
initial capital cost of the battery (CCjp in $/kWh) is sourced
from a financial institution at an interest rate of int for N
years, where N is the life span of the battery. Note that the
initial capital cost of the battery includes the installation cost.
Therefore, the battery annual payment rate (A, in $/kWh/yr)
paid to the financial institution reflects the remaining cost of
the battery. Mathematically, the battery annual payment rate
can be expressed as [14]:

Ap = CCp x CRF (int,N) (16)
where, CRF is a well-known capital recovery factor written
as [13]:

_int (int + DY

G+ DY —1

Therefore, the overall annual energy cost for household
EC, can be expressed as the sum of the net annual electricity
cost EC,,; and the battery payment for the respective battery

capacity Cp(kWh). Thus, the objective function can be for-
mulated using (15) and (16):

f (Cb) =EC,; = ECyer + CbAb (18)

7)

Here the term EC,. expressed by (15) is evaluated in
such a way that it satisfies all the constraints discussed in
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Sections II and III. Note that this objective function can be
applied to other tariff schemes such as flat and ToU tariffs
without demand charges by making the non-applicable terms
in (13) zero. For given patterns of PV generation and load,
tariff structure, interest rate, battery cost and its life span,
the annual energy cost depends only on the battery size.
The above optimization problem is solved considering the
load and PV generation patterns, the cost equations presented
earlier in this section for the import and export of energy, and
the SoC equations presented in Appendix.

Note that the optimal battery size and, consequently, the
annual energy cost also depends on the energy management
strategy used for charging/discharging the battery storage.
The next section describes different types of energy manage-
ment strategies that can be deployed.

IV. ENERGY MANAGEMENT STRATEGIES

Four energy management strategies (EMS), S1—S4, based on
battery discharge periods, are investigated in this study with
the aim of maximizing the benefits of battery storage. The dis-
charging period is selected based on various factors, such as
the peak period, demand charge period, and seasonal demand
prices. Figs. 3(a) and 3(b) show the battery discharge periods
(indicated by double-headed arrows) for two different time
of use tariffs with demand charges (ToUD; and ToUD;). For
example, there is no time restriction on battery discharging
in Strategy 1 (S7), so the battery can be discharged at any
time of the day. However, in Strategy 2 (S2), the battery can

S1

Demand charge period

Peak period

Retail Price

H S2
¢ Shoulder >
i period

Off-peak
period

06:00 10:00 15:00 20:00  00:00 06:00
Time

(@)

S1

Demand charge period

M

Peak period

Retail Price

Off-peak period

S2

06:00 10:00 15:00 20:00 00:00 06:00
Time

(b)

FIGURE 3. (a) Battery discharge periods for ToUD,, (b) Battery discharge
periods for ToUD,.
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be discharged only within a specified time period. The x-axis
shows the 24-hour period starting at 06:00. Here, only the
first two strategies are shown, while the last two strategies
are obtained by a combination of strategies 1 and 2.

When the PV generation exceeds the load demand, the
surplus PV power is used to charge the battery if its state
of charge (SoC) is less than the maximum permissible SoC;
otherwise, the surplus PV power is exported to the grid
subject to the maximum export limit imposed by the power
utility. If the PV generation is equal to the load demand, the
occurrence of which is very rare, no action is taken, and the
battery SoC remains the same. If the PV generation is less
than the load demand (Ppy < Pp4), the battery needs to be
discharged to meet the load demand. A flowchart illustrating
the four alternative energy management strategies deployed
to discharge the battery is shown in Fig. 4. In strategy 1 (S1),
the battery can be discharged at any time when Ppy < Pry
if the battery SoC is above the minimum permissible SoC;
otherwise, the shortfall is met by importing energy from the
grid.

As shown in Figs. 3(a) and 3(b), in strategy S2, the battery
is allowed to discharge only from the start of the demand
charge period until a specified time (6,, + w,). The primary
aim is to reduce the cost due to demand charges during the
peak period in addition to reducing the peak period energy
costs. This condition is implemented in the flowchart shown
in Fig. 4. The time until which the battery can be discharged
may vary according to the tariff structure. Fig. 3(a) shows
that the time until which the battery is discharged is lam
(wm = ym1) for ToUD1, because the peak period ends here.
This is done to minimize the import of energy at peak period
charges, which are generally much higher than the off-peak
period charges [32]. However, for ToUD», the specified time
is extended until 6am (w;;, = o;,1) as shown in Fig. 3(b). This
is done because, after this time, the sun generally rises, and
the PV energy can partially or fully serve the load.

Each of the strategies S3 and S4 has an additional seasonal
conditional block, as shown in Fig. 4. In strategy S3, if the

When Ppv<Pid |

S1 S2 S3 S4
w Yes w
No Yes No
v
tebm+wn
No
e v
v

SOC>SOChin

Discharge Batteryl Import

FIGURE 4. Flowchart of battery energy management strategies.
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time period lies in summer, strategy S/ is followed while
S2 is followed in winter. Note that the duration of winter
in SA is seven months and the sunlight periods are shorter
than in summer. Therefore, in $3, the battery discharge period
is restricted in winter by utilizing S2 to provide sufficient
time to charge the battery. Strategy S4 is the opposite of
S$3 and aims to reduce the cost incurred due to the high
summer demand price, which is significantly higher than
the winter demand price. Therefore, in S4, to minimize the
summer demand charges as a priority, strategy S2 is followed
during summer, while S/ is followed in winter.

In all the energy management strategies, the battery voltage
is assumed to remain more or less constant between the
maximum and minimum state of charge. The discharging
periods for both tariffs (ToUD; and ToUD») are summarized
for all the EMSs in Table 1. All strategies are investigated and
compared from various perspectives in Section VL.

TABLE 1. Battery discharging periods for various energy management
strategies.

Strategy  Discharging Period
S1 Any time
S2 Spm-lam (ToUD)) and 4pm-6am (ToUD)
S3 S1 (Summer) + S2 (Winter)
S4 52 (Summer) + S1 (Winter)

V. ALGORITHM
The computational steps to minimize the annual energy cost
for PV-installed households under the ToUD scheme are as
follows:
1) Select an EMS (S1-S4) from Fig. 4 and calculate import
and export power using (1) and (2).
2) Compute annual electricity cost for ToUD using import
power using (5)—(13).
3) Compute export revenue using (14) and the net annual
electricity cost using (15).
4) Use objective function in (18) to minimize the annual
energy cost with a genetic algorithm for an optimal
battery capacity Cj.

VI. RESULTS AND DISCUSSION
The annual energy costs of four types of grid-connected
PV-installed households, located in Adelaide, the capital city
of SA, are analysed. They are classified into four categories
based on their energy consumption and the number of people
per household as shown in Table 2 [47]. The annual half-
hourly load pattern of a typical low energy consumption
household (8.4 kWh/day) is shown in Fig. 5, which is scaled
up for other household types. For the low consumption house-
hold, the peak load observed is 1.135 kW, averaged over
a period of half an hour. The processing needed to obtain
the household load profile based on household type is given
in [48]. The houses are assumed to have no controlled loads.
Hourly PV generation data is obtained from the renew-
able ninja website [49] (as described in [48]). To match the
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TABLE 2. Classification of various households.

Household type No. of people  Consumption per day (kWh)
Low 1 8.4
Medium 2-3 13.0
High 4-5 16.9
Very High 5+ 21.0
1.2

Load, kW
o
(2]

0 4500 9000 13500 17520
Number of half-hours

FIGURE 5. Load pattern of low energy consumption household.

PV output power, kW
o o o
£ (e} [ec]

o
[N}

0 4500 9000 13500 17520
Number of half-hours

FIGURE 6. PV output power generation pattern per kWp over a year.

half-hourly interval of the load data, an average of two succes-
sive PV generation data points is taken as the PV generation in
the middle of the hour. A total system loss of 10%), tilt of 35°
and north-facing orientation are considered in creating the PV
generation pattern. The effect of temperature is included in
the generated PV power. Fig. 6 shows the annual half-hourly
power output of a 1-kW,, PV system. PV generation may
vary year-to-year depending on changes in solar irradiance
and temperature profiles. Considering that these factors will
not change drastically in the upcoming years, the year-to-year
variations in the PV generation are not considered.

Four existing South Australian tariffs are used for the anal-
ysis: time of use tariff (ToU} ), time of use tariffs with demand
charges (ToUD1 and ToUD,), and flat tariff (see Table 3 and 4
for details). All four energy management strategies discussed
in Section IV are investigated and compared. The battery
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TABLE 3. Electricity prices under various tariffs [6], [50]-[52].

Tariffs Peak ($/kWh) Demand Charge ($/kW) Off-peak Shoulder ($/kWh)  Second FIT Supply

($/kWh) shoulder ($/kWh)  charge
($/kWh)

ToU, 17-21pm 17-21 pm -- -- 10-15pm 6-10am,15-17pm,  1-6am Alltime  Daily

[50] Summer Winter 21pm-lam

Price 1.25 0.36 - - 0.08 0.20 0.12 0.060 1.10

ToUD, 0-lam, 6-10am,15pm- 17-21pm 17-21pm lam-6am 10am-15pm - Alltime  Daily

[6] Oam Summer Winter

Price 0.33 0.8427 0 0.165 0.22 - 0.120 0.7604

ToUD, 7-21pm 16-21pm 16-21pm 1-7am & 21pm-0am - -- Alltime  Daily

[51] Summer Winter

Price See Table IV 0.4641 0.2292 0.2486 0.102 1.1545

Flat[52]  0.378 - - - - - 0.120 0.86

TABLE 4. Peak usage rates for energy consumption under ToUD, [51].

Consumption limit (kWh/month) Peak usage rates

($/kWh)
E, 100 RP, 0.3724
E» 333 RP, 0.3839
E; 833 RP; 0.4169
E. >833 RP, 0.4290

discharging periods of these strategies are listed in Table 1 for
ToUD; and ToUD». For completeness, the discharging peri-
ods for ToU are given in Table 7 and Fig. 15 of the Appendix.

The technical and financial parameters of the battery are
taken from [18]. A battery capital cost of $440/kWh is used
in the analysis, which corresponds to $52/kWh/year battery
annual payment rate at a 3% interest rate and 10-year battery
life span. This battery cost is achievable, given that batter-
ies are available at a capital cost of $740/kWh [46], [53],
and that the SA government pays a battery rebate of
$300-400/kWh [54]. Note that the cost of the battery depends
on both the energy and power rating costs as explained in [55].
However, most of the residential battery storage in Australia
has a maximum charging/discharging rate of 5 kW [56]-[58].
In this study, the same maximum charging/discharging rate
of the battery, i.e., 5 kW is considered. The battery capital
cost stated above incorporates the power rating cost for a
maximum charging/discharging rate of 5 kW, in addition to
the energy rating cost. Considering the wide range of battery
prices in the market a sensitivity analysis is also carried out
in Part D of Section VI for various battery costs. To solve
the optimization problem, the genetic algorithm (ga) opti-
mization function of MATLAB is used as a solver with ‘100’
generations as the stopping criterion. The various results
obtained using above data are discussed as follows.

A. ANALYSIS OF ENERGY MANAGEMENT STRATEGIES

First, a household with high energy consumption and a 5 kW
PV system is investigated. Table 5 compares the annual
energy costs and corresponding optimal battery sizes for all
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four energy management strategies (EMS) for the four tariff
structures introduced in the previous section. It is observed
that, for all tariff structures, compared to using the PV system
without battery or no PV system at all, the annual household
energy cost is reduced when an optimally sized battery is used
with the PV system. The energy cost can be further reduced
by selecting an appropriate energy management strategy
(EMS). For example, when the 5 kW PV system is used
with an optimally sized battery under strategy S/, the annual
energy cost with ToUD; is reduced by 11.8% compared to
using the ‘PV only’ system. A further reduction of 1.3%
is achievable when the battery is used with the $4 strategy
while taking lam as the discharging end time. Although the
overall savings are not high (~13%), they can be higher for
other types of tariffs and for much larger energy-consuming
premises such as commercial buildings.

The same EMS does not necessarily deliver the lowest
energy cost for all tariff structures. S/ seems to be the most
cost-effective strategy for ToUD», S2 for TOU; with a dis-
charging end time (DET) of 6am for both tariffs, and S4 is
the most cost-effective strategy for ToUD with a DET of
lam. Among all tariffs, ToUD is the most cost-effective with
and without PV and battery, and S4 is the most economical
EMS for it. This result is understandable because ToUD;
has a demand charge only in summer (see Table 3), and
S4 minimizes the energy import from the grid during high
demand charge and partial peak period in summer.

B. ANNUAL ENERGY COST VERSUS TARIFFS

Fig. 7 compares the annual energy costs for the four tariffs
for all household types with 5 kW PV systems. For each
individual tariff, the most cost-effective EMS, as observed
in Table 5, is used. The bar graphs in Fig. 7 indicate that
ToUD; incurs the lowest annual energy cost for all household
types. Note that the above results are obtained by considering
the average half-hourly load consumption of the households.
However, in SA, the demand charge is calculated based on the
actual peak load, which is higher than the half-hourly average.
To address this limitation, a sensitivity analysis of the annual
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TABLE 5. Annual energy cost and corresponding optimal battery size for various EMS for high energy consumption household with a 5 kW PV system.

Tariff DET" Findings W/o PV & Only PV With battery for various energy
battery management strategies
S1 S2 S3 S4
ToUD, Battery size (kWh) -- -- 8 7.8 8 8
1am Annual energy cost ($) 2272 770 679 676 686 670
6 am 688 683 684
ToUD, Battery size (kWh) -- -- 7.1 6.5 6.5 6.5
1 am Annual energy cost ($) 2596 988 889 910 902 898
6 am 892 889 892
ToU, Battery size (kWh) - - 6 5.8 59 59
1 am Annual energy cost ($) 2966 1823 914 895 893 915
6 am 890 892 912
Flat Battery size (kWh) -- -- 7 - - -
N.A. Annual energy cost ($) 2650 867 792 -- -- -
* DET-Discharging End Time
1500 - (N Fiat 1.0 times peak load | 1400 e
N ToU,  --@-1 .5 times peak load "7@[![@%;
- [ JToUD, --s--2.0 times peak load & 1200\ .Fl.f&tanﬁ: 7
o [ ToUD,, - 2.5 times peak load e ToU[l)
g 1000 § 1000 e 1|4
) > —4—ToUD, |
5 g
g % 800
= | s
S 500 S 00|
= =
< <
400
0 L|
< . ) _ 200 : : :
Low Medium High Very high 0 0.05 0.1 0.15 0.2

FIGURE 7. Annual energy cost of four households for four tariffs and
sensitivity of ToUD, against peak load.

energy cost against the peak load for ToUD; is shown by the
dotted line graphs in Fig. 7. The results show that ToUD is
still economical for all types of households, except for the
very high consumption household. When the peak load is
increased by 2 and 2.5 times, the energy cost incurred for
ToUD; is the highest for a very high energy consumption
household, contrary to the results discussed above. Clearly,
the cost-effectiveness of ToUD; for a very high consumption
household highly depends on its instantaneous maximum
peak load, which can be reduced or controlled by changing
the energy consumption behaviours of the house owners dur-
ing the demand charge period.

Feed-in-tariff (FiT) plays a vital role in reducing annual
household energy costs. Therefore, a sensitivity analysis of
the annual energy cost for a high consumption household
with a 5 kW PV system and optimally sized battery has
been conducted against FiTs for the four tariffs (see Fig. 8).
It shows that the annual energy cost for 7ToUD is the lowest
among all four tariffs for a large range of FiTs. However, ToU;
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Feed-in-tariff, $/kWh

FIGURE 8. Sensitivity of annual energy cost against FiTs of a high
consumption household for four tariffs.

has the potential to incur lower annual energy cost provided
higher FiTs ($0.10-15/kWh) are offered with the existing
tariffs.

C. OPTIMAL BATTERY SIZE VERSUS PV SIZE

The optimal battery sizes for the four types of considered
households have been determined for various PV system
sizes, as shown in Fig. 9. The most cost-effective tariff
(ToUD) is used in this analysis along with strategy S4. The
results indicate that for all types of households, the optimal
battery size initially increases with the increase in PV size and
then becomes more or less constant. For low energy consump-
tion households, Fig. 9 reveals that the optimal battery size is
almost constant for PV sizes greater than 4 kW, which means
that beyond this capacity, the PVs produce more energy than
the total consumption of the household. Therefore, increasing
the PV size beyond a certain size would not affect the optimal
battery size. However, a larger PV size will increase the
energy export (until the export limit is violated) and hence can
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TABLE 6. Battery annual payments and its capital cost.

Battery annual payment rate Ab ($/kWh/yr)
Capital cost of battery ($/kWh)

20 30 40 50 60 70 80 90 100
171 256 341 427 512 597 682 768 853

-
o

o]

Breakeven point

Breakeven\point

Breakeven point

Optimal battery size, kWh

~_—" Veryhigh

FIGURE 9. Variation of optimal battery size against PV sizes for four
households under (ToUD, ).
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FIGURE 10. Annual energy cost at various PV sizes for four households
with battery.

potentially reduce the annual energy cost further, as shown
in Fig. 10. In Fig. 9, for each household type, the breakeven
point for PV size is indicated, after which the combination of
PV and battery becomes economically feasible. For example,
for a very high consumption household, it is economical to
use battery storage with PV sizes above 4 kW.

D. SENSITIVITY ANALYSIS AGAINST BATTERY COST

Table 6 shows the capital costs of the battery for various
annual payment rates considering the 3% interest rate and
10-year battery lifespan. All the results presented above were
analysed using a battery annual payment rate of $52/kWh/yr,
which corresponds to a battery capital cost of $440/kWh.
Such a relatively low battery payment is possible in SA
because of the state government’s battery rebate scheme [54].
The optimal battery size and annual energy cost are directly
affected by the battery annual payment rate. Fig. 11 shows the

33078

T @+ Low consumption
10 + «+=3+: Medium consumption
- <‘0'0'Q High consumption
s 1 9= Very high consumption
< g 1
[
N
»
> 6% ¥ e,
] 6""6 iy
S i
Q 4
I S )
s B B T 2 .
O 5} %
0 . . NI U S S S
Vv v a4 v v v v
20 30 40 50 60 70 80 90

Battery annual payment, $/kWh/yr

FIGURE 11. Variation of optimal battery size against battery annual
payment rate for four household types with 5 kW PV system.
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FIGURE 12. Variation of annual energy cost against battery annual
payment rate for four household types under (ToUD, ).

variation of optimal battery size against the battery annual
payment rate for all types of households when a 5 kW PV
system is used. This indicates that the optimal battery size
decreases with an increase in the battery annual payment rate
and becomes zero at some breakeven point. Note that the
battery is economically viable in SA because of the battery
rebates; however, for other regions without battery rebates,
it may not be beneficial. Fig.12 shows that, for all household
types, the annual energy cost decreases with a decrease in the
battery annual payment rate. With a lower battery payment
rate, a higher optimal battery size is achieved for all house-
holds, as illustrated in Fig. 11.

E. PEAK LOAD REDUCTION WITH TARIFFS

Fig. 13 shows the import power of a high consumption house-
hold under ToUD; with and without PV and optimally sized
battery as well as for the ‘PV only’ case. Fig. 13 (a) shows
the import power for the last week of January, in which the
highest peak demand of the year was observed. This indicates

VOLUME 10, 2022



V. Sharma et al.: Energy Economy of Households With PV System and Battery Storage Under ToUD

IEEE Access

No PV & battery
=PV only
PV & battery

-
T

S
o
T

Import power, kW
o o
= D

o
N
T

o 1 2 3 44 5 6 7

Peak load reduction
(a)

1 ‘ ‘ \ \
No PV & battery 7 \
=PV only ’ |
08l e PV & battery 0“ |
§ i
=~ | |
506 i
g \
(o]
g |
So04r |
] \
g ™M |
02 : i
\
O i
0 1 2 3 4 5 6 V7

(b)

FIGURE 13. Weekly import power of a high consumption household
under ToUD; for (a) January last week, (b) December second week.

that the maximum peak demand of the week can be reduced
by 0.145 kW (highlighted with a red circle) when a 5 kW
PV system is used with an optimally sized battery under
ToUD,. Analysing over the whole year it was observed that
a maximum reduction of 0.5896 kW in the peak load is
achievable in the second week of December, as shown in
Fig. 13(b). With this amount of peak load reduction, if there
are 2000 households on a feeder, ToUD; has the potential
to reduce peak demand by up to 1.18 MW. This is a clear
benefit beyond the meter for using battery storage. Therefore,
apart from the reduction in household energy cost, PV sys-
tems with battery storage may help the distribution networks
in reducing their peak demand. Consequently, utilities can
defer the costly infrastructure upgrades required to meet the
additional peak load demand incurred in the absence of PV
and battery. Fig. 14 compares the import power of a high
consumption household with PV and battery for the four
tariff structures investigated in this study on the last day
of the second week of December. It is found that 35.6%,
12.4%, and 12.4% peak load reductions are achieved when
ToUD; is used as compared to ToUy, flat tariff and ToUD»,
respectively.

VII. LIMITATION OF THE STUDY
As stated previously, the above analysis is carried out using
the average South Australian half-hourly household load pro-
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FIGURE 14. Comparison of import power of a high consumption
household for various tariffs.

TABLE 7. Discharge periods for various energy management strategies
for ToU; [50].

Strategy Discharging Period
S1 Any time
S2 Spm-6am (ToUj)
S3 S1 (Summer) + S2 (Winter)
54 S2 (Summer) + S/ (Winter)
Peak periad
o1 || ke
8
@
% Shou\dar? period
® bassast S2
'3 R =
Shuu\der‘
period
S Offpaalc @ 2| 0000 | K]
i period
0800 1000 1500 2000 0000 06:00
Time

FIGURE 15. Battery discharge periods S1 and S2 for ToU; [50].

file. Some of the households are likely to experience higher
instantaneous peak demands than the average on certain days
of the year, leading to higher annual energy cost than reported
in the results due to the higher demand charges incurred.
Using high-resolution load profile data of individual cus-
tomers can improve the accuracy of the results.

VIil. CONCLUSION

Cost reflective tariffs such as time of use tariffs are
finding increasing adoption to encourage electricity use
during low-demand periods and discourage usage during
high-demand periods. This study has provided, for the
first time, an analysis of the annual energy cost of South
Australian grid-connected PV homes under time of use
tariffs with demand charge (ToUD) recently introduced in
South Australia. The method relies upon formulating and
solving an objective function under 7oUD to minimize the
energy costs of households with given load and PV generation
patterns. The proposed objective function is generic and can
be applied to determine the household energy costs for other
tariff schemes. The results obtained for the four types of
households demonstrate that optimally sized battery storage
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else
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SOC (t) = SOC, i

can reduce the annual energy cost of South Australian grid-
connected PV-homes under ToUD. One of the two ToUDs
considered in this study is found to be the most cost-effective
among all analyzed tariffs (flat and time of use) for low,
medium, and high consumption households. However, its
cost-effectiveness for a very high consumption household
depends on the maximum peak load of the household during
the demand charge period.

The results have demonstrated that the energy cost can
be reduced using an appropriate battery energy manage-
ment strategy (EMS); however, one strategy does not nec-
essarily work well for all types of tariff structures. It was
observed that the EMS with discharging constraint during
the summer peak period is the most economical one for one
ToUD (ToUDy); however, it is not beneficial for the other
ToUD (ToUD). With the optimally sized battery and suitable
EMS, the annual energy cost is found to be the lowest for
ToUD; among all tariffs and is reduced by 13% compared
to the ‘PV only’ case. Moreover, ToUD; has the potential
to reduce grid peak load demand. The results show that
ToUD; can reduce peak load demand by 35.6%, 12.4%, and
12.4% compared to ToU, flat, and ToUD» tariffs, respec-
tively. Therefore, ToUD presents an excellent opportunity to
reduce the pressure on the grid while reducing household
energy cost, even though by a small margin. To make ToU
tariffs more attractive to household customers, there is an
opportunity for utilities to explore more cost-reflective time
of use tariffs, for example, based on the real-time wholesale
market price of electricity. The insights gained from this
study will help in the creation of grid-friendly time of use
tariffs.

IX. FUTURE WORK

Further investigations on the impact of real-time wholesale
electricity prices on the energy economy of households with
PV and optimally sized storage will be a worthwhile future
direction to consider. Recent introduction of time of use
tariffs having very low off-peak electricity prices is likely
to entice customers to charge home batteries from the grid.
It will be interesting to analyse the impact of such tariffs on
household energy cost when batteries are charged from the
grid instead of PV.
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APPENDIX
The battery charging and discharging equations used in this
study are represented by (A.1) and (A.2), as shown at the top
of the page, respectively [13], [18]. Table 7 summaries the
battery discharging periods for the various energy manage-
ment strategies deployed for the time of use tariff (7oUy).
Fig. 15 shows the battery discharge periods (indicated by
double-headed arrows) for the time of use tariff (7ToU}).
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