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Abstract

Residential solar Photovoltaic (PV) systems have become one of the most popular distributed
electricity source to provide clean and sustainable electricity for residents. In this context, solar
Power Purchase Agreements (PPA) as a new financing mechanism enable third-party financing
of residential solar PV systems, eliminating most financial and technical risks for residents.
However, solar-generated electricity is intermittent, enforcing the need for Battery Energy
Storage Systems (BESS) onsite PV systems (PV+BESS) for local electricity management and
increased electricity self-consumption. The financing of residential PV+BESS under a solar-
and-storage PPA is a nearly unexplored field in research. This study provides a framework for
the design and structure of solar-and-storage PPAs. It implements a two-step techno-economic
model to assess the financial viability of solar-and-storage PPAs both from a third-party and a
resident (customer) perspective based on real-world electricity consumption and generation
data of Australian households. We find that the residents can economically benefit considerably
in terms of electricity bill savings from entering into a solar-and-storage PPA, whereby Time-
of-Use tariff customers save more money than flat-rate customers. In contrast, financing a
residential PV+BESS under a solar-and-storage PPA is an economically unbeneficial option
for the third-party under current electricity tariff constellations in Australia. Nevertheless, the
results suggest that BESSs increase electricity self-consumption of households and solar-and-
storage PPAs may become a financially viable option in the future. Our results show that PPAs
for small BESSs with policy support like subsidies on upfront investment costs of BESSs and
high Feed-in Tariffs can even be viable in the current market environment.

Keywords: Power Purchase Agreements, Solar Photovoltaic Systems, Battery Energy Storage
Systems,



1. Introduction

Climate change and the urgency to reduce CO2 emission, influences current policies of many
countries around the world. Australia contributes to this challenge with its current target to reduce
greenhouse gas emissions by 26-28% below 2005 levels by 2030 (Commonwealth of Australia,
2015). The transition and decarbonisation of its energy sector towards a cleaner system with an
increased share of Renewable Energy Sources (RES) is a milestone towards this goal. However, the
integration of RES into the existing electricity grid and the associated decommissioning of fossil fuel
power plants will lead to a fundamental change in the energy sector design.

Due to Australia’s high level of solar radiation, solar Photovoltaic (PV) systems offer a high potential
for generating clean and sustainable electricity, alongside other renewables such as wind and
hydropower (Geoscience Australia, 2021). Over the past decade, many policy incentive programs for
financing PV systems, such as Feed-in-Tariffs (FiT) and rebates on PV system costs via small-scale
technology certificates, innovative advances in PV technology, and falling module and investment
costs have already led to impressive growth in PV system installations (Bahadori and Nwaoha, 2013;
Best and Trick, 2020; Kumar Sahu, 2015; Macintosh and Wilkinson, 2011; Solangi et al., 2011;
Sommerfeld et al., 2017). Particularly in recent years, the number of installations of PV systems in
Australia has grown tremendously. In 2019, the technology ranked second with a current market
penetration of almost 33% of total renewable energy generation, just behind wind power at 35.4%
(Clean Energy Council, 2020a).

Even though Australia has one of the highest proportion of installed rooftop PV systems in the world
(Elphick et al., 2020), the residential sector has been identified as still having a high untapped
potential for electricity generation through the installation of rooftop PV systems (Maisch, 2019;
Zander, 2020). Economic reasons dominate the motivation of residents to install PV. Zander (2020)
identifies the reduction of electricity bills as the main motivation, followed by the avoidance of higher
future electricity costs, the desire for energy autonomy and subsidies. Less decisively are
environmental reasons such as personal footprint reduction and contribution to emission targets.
However, most of the reasons that prevent residents from installing rooftop PV are also dominated
by economic ones. Studies identified high upfront investment costs, high and uncertain maintenance
costs, long payback periods and low return from FiT as major barriers to investing in PV (Balcombe
et al., 2014; Palm, 2018; Zander, 2020). Besides, Zander (2020) also lists fear of system outages,
unavailability when needed and lack of trust in solar panel companies.

Most of these barriers are related to the ownership and self-installation of rooftop solar PV systems,
which is also associated with increased risks such as system outage. Over the last decade, there has
been a growing interest in financing PV systems under Power Purchase Agreements (PPAS) to
address the barriers that residents hinder to install PV systems on their property.

PPAs are financial mechanisms in the so-called Third-Party Ownership (TPO) business model that
allow a third party to finance RES onsite the electricity consumer. In a TPO model, a third-party
(electricity provider) operates as the investor of the RES, e.g. a rooftop PV system, from which the
electricity consumer (customer) purchases and draws the green electricity. Both the third-party and
the customer sign a PPA that regulates the supply of the green electricity at a predetermined price,
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usually lower than the retail price of the customer. PPAs reduce the risks of owning and self-installing
RES on the customer’s side by shifting the technical and financial risks of the installed RES to the
third-party. The customer also benefits from savings on the electricity bill. The third-party benefits
from the long-term contract by receiving revenue from the electricity payments of the customer and
the FiTs secured for the duration of the contract.

In the literature, PPAs tend to be new financial instruments for funding RES via TPO (Mendicino et
al., 2019). In Australia, PPAs are widely used to finance large-scale solar and wind projects, but less
is known about their potential in the residential sector. A case study based on 300 households in
Australia identifies residential solar PPAs as already economically beneficial for both the customer
and third-party side (Best et al., 2019). However, the authors state that there is a high unrealised
potential for the financial return of solar PPAs. On average, only 25% of the solar-generated
electricity is sold to the customer. A higher share would increase the economic benefits of solar PPAs
for both customers and third-parties.

A major downside of solar-generated electricity for private households is the temporal discrepancy
with residential consumption patterns. Solar-generated electricity reaches its peak level around
midday. Thus, it behaves oppositely to the average residential electricity consumption pattern, with
peaks at off-peak times in the morning and evening. In grid-connected systems, the surplus solar-
generated electricity that exceeds the residential electricity consumption at peak times is fed into the
grid. During off-peak times, the residents draw the additional electricity they need from the grid.

Battery Energy Storage Systems (BESS) addresses the temporal mismatch between electricity
consumption and generation by providing local electricity management. Typically, a residential
BESS consists of a battery energy storage unit and an integrated inverter (Leadbetter and Swan,
2012). It is universally applicable, either as a small-scale onsite installation in the residential sector
or as a large-scale installation in the commercial sector. A BESS combined with a PV system, called
PV+BESS, enables load shifting from peak to off-peak times. A PV+BESS charges the surplus
electricity from PV generation that exceeds the electricity consumption of the household during peak
times and provides additional electricity to the residents during off-peak times, usually in the evening
(Luthander et al., 2015). Thus, BESSs can serve as a buffer between the grid and the PV system to
smooth fluctuations in electricity generation and increase the electricity consumption of the
household of onsite generated green electricity. Despite the high potential of storage systems to
improve grid stability, the market is still low (Miller and Carriveau, 2018).

One major disadvantage of BESSs for residential buildings is that adding a BESS to a PV system
intensifies the financial barriers to installing a PV system. The BESS installation significantly
increases the upfront investment costs of the overall system. Furthermore, Best et al. (2021) found
that capital is an essential factor in the uptake of residential BESSs and that households under
financial pressure are less likely to invest in residential BESSs. Furthermore, battery storage is a fairly
new technology that poses technical and operational risks from the perspective of residents (Malhotra
et al., 2016). The revenue from implementing BESS must exceed the additional installation and
operating costs to become viable for residents.

BESSs can increase the residents’ share of electricity consumption drawn from the locally solar-
generated electricity by shifting the electricity generated at low demand periods to high demand



periods (Hayat et al., 2019; Luthander et al., 2015; Roberts et al., 2019b). Thus, BESSs can increase
the economic benefits of solar PPAs for both the customer and the third-party. Also, FiTs have been
falling in recent years (Poruschi et al., 2018) and, thus, mitigate the revenue from solar-generated
electricity fed into the grid. Therefore, low FiTs may reinforce the need for BESS installations onsite
solar PV systems to increase the financial attractiveness of residential solar PV systems. In this
context, Best and Trick (2020) identified low FiTs as conducive for actual uptake of BESSs.
However, what we know from literature about the financial viability of P\V+BESSs in the residential
sector is primarily based on the assumption of the authors that the consumer owns the system (referred
to as ‘consumer-owned system’) (Baek et al., 2020; Hoppmann et al., 2014; Young et al., 2018).
However, Miller identified missing innovative financing methods and missing case studies
demonstrating the financial viability of storage implementation as the main barriers to boosting the
electricity storage industry (Miller and Carriveau, 2018).

In summary, both BESSs and TPO themselves have the potential to positively influence the financial
viability of residential PV systems. Therefore, a comprehensive analysis of PPAs for PV systems
only and PV+BESSs is crucial to uncover the full potential of financing RES via third-party
ownership. But so far, the academic sector offers little guidance on how PV+BESSs can be funded
through residential PPAs and whether this is a financially viable option for both customer and the
third-party.

This study makes several contributions to the literature on the financial viability of solar PPAs in the
residential sector. First, we develop an econometric framework for the analysis of residential solar
PPAs with battery storage option, namely solar-and-storage PPAs. Second, we answer how and to
what extent battery storage options affect the financial viability of residential solar PPAs. Or
empirical analysis covers both solar and solar-and-storage PPASs, which allows us to measure the
direct impact of BESS installation in addition to a residential PV system under PPAs.

The remainder of the paper is organized as follows: Section 2 provides a brief review of the related
literature on third-party ownership models, solar PPAs, and the role of batteries energy storage
systems in the residential sector. Section 3 outlines and the structure of solar-and-storage PPAs and
develops the economic framework that is applied to analyse the financial viability of such TPO
models. Section 4 describes the data, while Section 5 provides the key results of our empirical
analysis. Finally, Section 6 concludes and provides some policy implications of our results as well as
suggestions for future research.

2. Methodological Framework

2.1 The Design of Residential Solar-and-Storage PPAs

In the following, we define a solar-and-storage PPA as a financial instrument in a TPO business
model to build a combined PV+BESS onsite for a customer and regulate the monetary cash flow
between the third-party and the customer. Figure 1 illustrates the design of solar-and-storage PPAs,
including all related parties, monetary cashflows and electricity flows.
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Figure 1 Illustration of solar-and-storage PPAs (Source: own presentation)

Equivalent to solar PPAs, the third-party owns the PV+BESS located onsite the customer and is
responsible for technology selection, installation and operation and maintenance (O&M). Under a
solar PPA, solar-generated electricity is first used to meet the demand of the customer. Thereafter,
the excess solar-generated electricity is fed into the grid. Under a solar-and-storage PPA, the BESS
enables local electricity management and the third-party, as the owner of the system, can decide on
the control strategy’. The main application of BESS in solar-and-storage PPAs is to increase the
electricity self-consumption and self-sufficiency. Therefore, we define the usage of the solar-
generated electricity as follows:

First, the solar-generated electricity is supplied to the customer until the demand of the customer is
covered. Then, the excess solar-generated electricity is used to charge the battery under consideration
of battery technology characteristics. If there is still a surplus solar-generated electricity left, it is
lastly fed into the grid. The customer retrieves the electricity stored in times of shortage periods of
solar-generated electricity, e.g. in evening hours. When no electricity is provided by either the PV
system or the BESS, the customer draws and purchases the electricity additionally from the grid to
cover his/her total electricity consumption.

Cashflows are as follows: the customer pays the third-party a prefixed PPA tariff per kwh of
electricity consumed either directly from the PV system or the electricity stored in the BESS. The
payments hereby occur at the time of electricity usage, which is crucial for examining electricity bill
savings under time-variant tariffs such as TOU tariffs. Furthermore, the third-party receives a FiT per
kWh of electricity fed into the grid.

The contract duration, the PPA price structure, and the PV system size and BESS size are typical

design parameters of PPAs. Like in solar PPAs (Cory et al., 2009), we assume the terms of the
respective parameters as legally binding for both parties within the contract duration. Those have to

1 The control strategy defines the rule of when to charge or discharge the BESS.
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be carefully predetermined to ensure financial viability from both third-party and customer
perspectives, outlined in the following.

The contract duration defines the period for which the PPA remains in force for both parties from the
start date of the contract. 15 to 20 years are typical contract durations for solar PPAs (Thumann and
Woodroof, 2009), whereas Davidson et al. (2015) found the main contract duration to be
approximately 20 years. We suggest the same contract duration for residential solar-and-storage
PPAs.

The PPA price structure defines the initial PPA tariff per kWh at which the customers agrees to
purchase the electricity from the third-party in the start year of the PPA and its development over
time. In general, the PPA tariff is competitive with the retail tariff, and in some contracts, a fixed
discount on the retail tariff is assumed (Cory et al., 2009). As the installed RES supplies electricity
directly to the customer, the third-party does not need to pay any network charges and can provide
the electricity to a cheaper tariff. Furthermore, the spread between PPA tariff and retail tariff controls
electricity bill savings on the customer side. Optionally, PPA contracts also include an annual fixed
price escalation rate for the initial PPA tariff, reflecting the assumed target inflation rate of the
following years (Cory et al., 2009). Usually, the price escalation rate amounts to 2% - 4% per year
(Davidson et al., 2015; Speer, 2012). Supposing the same price structure for solar-and-storage PPAsS,
we expect higher electricity bill savings for the customers and higher revenue for the third-parties
than under solar PPAs, as the BESS increases self-sufficiency and self-consumption.

The size of the PV system installed aims to cover as much of the electricity consumption of the
customer as reasonably possible. Obviously, customers first have to estimate the available roof or
ground area for the PV system to be located (Cory et al., 2009). From a financial perspective, the
profit of the customer under a PPA increases the more solar-generated electricity is available. A
higher PV system size increases self-sufficiency until the solar-generated electricity covers the total
electricity demand and, consequently, the electricity bill savings of the customer. Therefore, we
expect a larger PV system size to be more economically beneficial from a customer’s perspective.

In contrast, the impact of a larger PV system on the third-party’s financial viability of PPAs is not
apparent. Firstly, a larger PV size installed results in higher investment costs the third-party has to
afford. Secondly, as the PPA tariff generally exceeds the FiT, the third-party profits most from selling
the electricity generated to the customer instead of feeding into the grid. Due to the time mismatch of
the electricity consumption of households and solar-generated electricity, a high share of electricity
might be fed into the grid beyond a specific PV system size installed. In this case, the increase in
revenue due to the additional PV system capacity installed is low. However, when the costs of the
larger PV system size exceed the additional revenue generated, the financial viability of the PPA will
decrease from the third-party perspective. The size of the BESS installed depends on the PV system
size installed and the daily electricity consumption of the customer.

In the current PPA setting, the BESS charges the excess solar-generated electricity that remains after
covering the electricity consumption of the customer and solely discharges to meet the customer’s
demand at solar-generated electricity shortage times. Consequently, the size of the BESS is ideally
large enough to store all the excess solar-generated electricity and to discharge all of its electricity
stored to the customer.



We expect that installing a BESS of a specific size increases the electricity bill savings of the
customer, as the third-party affords all BESS related costs and the customers benefit from higher self-
sufficiency. In contrast, the financial impact of a BESS of a specific size on the financial viability of
solar-and-storage PPAs for the third-party is not clear in advance. Similar to the financial trade-off
of PV system costs and revenue, the BESS costs oppose the additional revenue resulting from the
increased self-consumption. If the increase in self-consumption due to BESS installation is too low,
the BESS costs exceed the resultant revenue, mitigating the financial viability of PPAs for third-
parties. Consequently, the sizing of the PV system and the BESS is a critical factor in assessing the
financial viability of PPAs and must be carefully chosen by taking into account the electricity
consumption of the customer and the trade-off between the system costs and the generated revenue.

Some solar PPA contracts also include the option for the customer to buy the PV system from the
third-party after the duration or a predetermined number of years (Cory et al., 2008). Most likely, the
third-parties only agree to this clause if they are rather interested in the tax incentives or government
rebates on the RES than in an investment with long-term cash inflows (Cory et al., 2009). After the
PPA expiry, the third-party can also extend the contract or claim to disassemble the system. We
assume that this clause can also be included in solar-and-storage PPAs valid for the combined
PV+BESS.

2.2 The Econometric Framework

To assess the economic viability of solar and solar-and-storage PPAs, respectively, it is crucial to
calculate the Net Present Value (NPV) as a metric for decision-making from the third-parties
perspective.

Equation (1) represents the calculation of the NPV as the difference between the sum of the annual
discounted cash flows CF; € R for each year i € {1, ..., T} and the initial investment costs I, € R*
incurred in the setup year of the PPA

T
CF; 1

NPV = ;m — I, @
Therefore, T denotes the duration of the PPA and r™ the discount rate for the third-party, which we
assume constant over time. A positive NPV indicates the investment in PPA to be financially viable
for the third-party. Furthermore, the higher the NPV, the more economically beneficial is the
investment.
The annual cash flow CF; in year i displayed in equation (2) results from the difference of the cash
inflows consisting of the electricity payments of the customer as well as the revenue originating from
feeding the surplus electricity into the grid, and the cash outflow consisting of the annual operating
and maintenance costs C2%M € R* for the PV system and PV+BESS installed, respectively,

z(pppA . Esc feedm Efeedm) _ C?&M. (@)

lt

For each year i € {1, ...,T}, we determine the annual cash inflows based on half-hourly time periods
t € {1, ...,n;}, where n; is the number of half hours in year i. Thus, p{{* € R* denotes the PPA price
per KWh at time ¢t in year i fixed in the PPA and Ejf € R* the corresponding amount of electricity
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feedin

self-consumed in kWh billed to the customer by p{f*. p/;/*“" € R* denotes the FiT per kWh within

at time t in year i and E{fedi" € R the corresponding amount of electricity fed into the grid in kWh

feedin
it

which leads to a PPA price of

and billed by p . We assume an annual escalation rate e for the initial PPA price pf¥4 € R*

pLrA = i (14 ! ®
in year i for t € n;. The initial investment costs I, comprises the investment costs for the PV system
1PV € R* and the investment costs for the BESS all-in-one unit 1555 € R*

Io =I5V + I5%SS. “)

The operation and maintenance (O&M) costs C24M € R* in year i comprises the O&M costs for the
PV system C2#" PV € R* and the O&M costs for the BESS all-in-one unit ¢ B5%5 € R* in year
i

CO%M _ (ORMPV | ~O&MBESS (5)

i i i '

Note that in the case of solar PPA I¥F5S = 0 and C2*®555 = 0 applies as no BESS is installed.
From the customer perspective, the amount of electricity bill savings due to entering into a PPA is a

decisive reason for concluding the contract. Therefore, equation (6) computes the present value of the
electricity bill savings sav of the customer

retail PPA SC
— Pi¢ ) * Ei¢

T .
_ 2:1;1(1’1',15
Sav = L (1 + rcust)i ’
i=

(6)

where the annual discount rate for the customer %t € R is assumed to be constant over time. Thus,
the electricity bill savings of the customer at time ¢t in year i result from the spread of the retail tariff
p{im” and PPA price p/{* weighted by the amount of electricity self-consumed E¢ at the same
period. We assume the same escalation rate for the retail tariff as for the PPA price, which leads to

pzstztail — psetail " (1 + 6.)i—l (7)
forall t.

Self-consumption and self-sufficiency are well-known ratios in the literature (Luthander et al., 2015)
to measure the share of electricity that households draw from PV and PV+BESS generation,
respectively. The self-consumption SC;, at time t in year i defines the share of electricity self-

consumed by the customer with respect to the electricity generated £/ € R*

E$S
SCit = —gom. (8)
it
As the capacity of solar panels fades over time, we implement an annual exponential degradation
rate y € [0,1] to the nominal capacity of the PV system installed Cf¥ € R* at the time of

installation t = 0. Hence, we calculate the electricity generated E{f’f“ at time t in year i based on the



electricity generation profile E,™"*"™ € R* resulting from the stationary bootstrapping and
normalised to a 1 kW PV system installed by

ngn — ngn,norm " (1 . y)l " CPV, (9)
where i € {1, ..., T} denotes the corresponding year.

The self-sufficiency SS; ; at time ¢ in year i is the share of electricity self-consumed by the customer
with respect to his/her electricity consumption E{/™ € R™ attime t in year i

Eie (10)
SSit = —em

it E;:‘(t)n
Note that SC; . € [0,1] and SS; . € [0,1] by definition. Both self-consumption and self-sufficiency
directly influence the financial viability of PPAs, as explained in the following.
The amount of electricity that is fed into the grid E[fedi” € R* attime ¢ in year i is the surplus share

of electricity generation remaining after the customer’s self-consumption and, thus, is given by?
di
E{fe in _ (1 _ SCi,t) " E,gfn. (11)
Inserting (11) and (8) in (1) leads to

n; di
s (p‘[_’f"‘*sc,-ﬁp{‘je ‘"*(1—sci,t))*E§f" -co%M (12)

t=1
(1+47TP)i

NPV =—-I,+ YT,

T 1 PPA feedin gen T ; di
_ Z ra( PEPY - Pl < B 5 SCe .\ ZZL Pl ER - P , (13)
L (1 + rTP)i - (1 + rTP)i 0
1= i=
Furthermore, rewriting (6) by considering (10) results in
T ) .
N D et — pPPA) < EGn + 5, (14)
sav = y 1+ rcust)i ’
l:

Equation (14) shows that the self-sufficiency serves as a metric to understand which share of the total
electricity consumption of the customer is supplied by the electricity generated and, thus, billed at the
PPA tariff.

Furthermore, note that by substituting E;¢ with SS; .  E{¢", it holds

sc Egen

E;; it 15
SSic = geon = SCic * e (15)
i L
which leads to electricity bill savings of
T ) .
Yl (@it = pif  ELT" + SCy, 16
_ (16)
sav = (1 + rcust)i .
i=1
Additionally,the condition
(pEtPA _ p{etzedin) . E.g:n >0, a7

2 This formula holds for a solar PV system as sole electricity source, but only approximatively with the additional implementation of a BESS due to the
efficiency loss during charging and discharging.



(pretail — p€t1>A) «E9" > 0, (18)

it it

TTP, reust 5 0 (19)
holds for all i, t for p{fed‘n < pfP%and pft* < pretet.
ng ( PPA__ feedin gen ny retail PPA gen
7 Ze=1\Pit P )* it T 2= Pie P O*Ep,
Consequently both terms ;;_; TPy >0and X;_; rraust)? > 0 are

feedin ppa

positive for p;, <p't ppa . retail

andp;, <pji; " and both metrics NPV and savings are increasing in

feedin ppa
and p; <Dpi:

ppa retail

SCi.. Hence, if p;, - <piy¢ for all i and t, the best option to increase the
financial viability of the PPA for both parties is to increase the customer’s self-consumption as much
as possible. The additional installation of BESS can achieve this.

In the residential sector, a BESS increases the household’s self-consumption by redistributing the
electricity generated to higher self-consumption and less electricity fed in. The following technical
characteristics of the BESS are applied to model the BESS and its financial impact on PPAs. We
derived the technical characteristics from those listed in the battery storage table provided by
SolarQuotes (2021). Similar technical characteristics have been taken into account by, e.g. the authors
in Hayat et al. (2019), Mulleriyawage and Shen (2020), Oliva H. et al. (2019) and Parra and Patel
(2016).

Nominal storage capacity

The nominal storage capacity CZESS € R* measured in kWh indicates the total amount of electricity
the BESS can store theoretically at the time of installation. Due to technical reasons (see definition
of round trip efficiency and state of charge), the nominal capacity is never fully utilized and degrades
over time. Section Modelling storage control strategy explains the battery degradation model
implemented.

Round Trip Efficiency

The round trip efficiency n € [0,1] in percent indicates the proportion of energy lost by a complete
cycle® of the BESS. Thus, it defines the share of electricity charged to the battery that can be retrieved
later. We model both the percentage of electricity loss resulting from either charging or discharging
as the square root of the round trip efficiency V.

(Dis-)Charging rate

The (dis-)charging rate p € R* in kWh is the maximum amount of electricity the BESS can (dis-
)charge within one period. Hence, it defines how fast the BESS (dis-)charges the amount of electricity.
State of Charge

State of Charge SoC in percent defines the level of BESS charge relative to the nominal storage
capacity at a given time. A total discharge of the BESS by 100% will cause damage to the battery.
Therefore, the SoC is limited by an upper bound SoC,,,, and a lower bound SoC,,;,, Most warranty
documents of BESS include the condition that the declared SoC,,;,, and SoC,,,, must not be undercut
or exceeded, respectively. Thus, we define the BESS to operate within the given limits following

S0C pin < S0C < S0C,p0s. (20)

3 We define a cycle as one charging and discharging operation of the BESS.
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For the sake of simplicity, we denote the BESS as full if the SoC reaches its maximum level
S0Cax and as empty if the SoC reaches its minimum level SoC,,;p, -

Control Strategy

We identified the control strategy according to the financial and technical setting in PPAs outlined
before. We adopt a load based and not grid-connected control strategy to determine the BESS cycling,
as we identified as the best option to increase the financial viability for both the customer and the
third-party to increase self-consumption. We call our control strategy the ‘evening discharge
strategy’, consistent with a similar control strategy implemented in Roberts et al. (2019b)*. Hence,
the available electricity quantities, such as electricity consumption and generation, control the BESS
cycling independently of the respective electricity prices like retail, PPA or FiT. Furthermore, the
BESS operates exclusively to charge the electricity generated from PV and discharge the stored
electricity to the customer. However, the BESS neither charges electricity from the grid nor
discharges electricity to the grid. Thus, the BESS solely operates off-grid.

Figure 2 graphically illustrates the evening discharge strategy.
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Figure 2: Illustrative distribution of the electricity generated when applying the proposed ‘evening
discharging strategy’

The control strategy behaves as follows:

If the electricity generation exceeds the electricity consumption, the BESS charges the surplus
electricity generated, taking into account the current SoC and the maximum charging rate. Suppose
the BESS is not full already and the surplus electricity generated does not exceed the maximum
charging rate. In that case, the BESS charges the total surplus electricity generated or till the
maximum SoC is reached. If the surplus electricity generated exceeds the maximum charging rate,
the BESS charges the maximum charging rate or till the maximum SoC is reached. If the BESS is
full already, the BESS does not operate, and the surplus electricity is fed into the grid.

4 Roberts et al. (2019b) implement multiple control strategies of which one is similar to the control strategy used in this study. However, the authors
define fix times for discharging and we couple the discharging process to electricity consumption and generation independently of the time.
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In contrast, if the electricity consumption exceeds the electricity generation, the BESS discharges to
meet the electricity demand of the customer, while again considering the current SoC and the
maximum discharging rate. Suppose the BESS is not empty already and the surplus amount of
electricity to consume does not exceed the maximum discharging rate. In that case, the BESS
discharges the total surplus amount of electricity to consume or till the minimum SoC is reached.
Otherwise, if the surplus electricity consumed exceeds the maximum discharging rate, the BESS
discharges the maximum discharging rate or till the minimum SoC is reached. If the BESS is empty
already, the BESS does not operate, and the customer draws the surplus electricity from the grid.
Note that the BESS either charges, discharges or stands still, but simultaneous charging and
discharging is not possible.

Modelling storage control strategy

To measure the potential amount of electricity that is available to either charge or discharge the BESS,

storage

we calculate the control variable AE;

€ R foreachtime t inyear i as
AE_stora,ge _ poen _ Eggn (21)
it it i !
where El:f’te" € R* denotes the electricity generated in kWh and E{ ;" € R™ the electricity consumed

storage

by the customer in kWh at time t in year i. If AE;

IS negative, the electricity consumed exceeds

storage

the electricity generated, which indicates the possibility to discharge the BESS by |AE | at time

t in year i. Otherwise, if AE;3° “° is positive, the electricity generated exceeds the electricity

storage

consumed, which indicates the possibility to charge the BESS by AE;, attime t inyear i. If the

electricity generated equals the electricity consumed in time t the BESS will stand still. Equation (19)
displays the implemented control rule

<0, discharge
AE;"™9°1>0,  charge
=0, _

Note that AE,’;°"*?° measures either the absolute amount of electricity the consumer can draw from

(22)

the BESS or the surplus electricity after the consumer’s electricity consumption available to charge
the BESS.

As described above, the amount of electricity the BESS can charge or discharge is additionally limited
by the (dis-)charging rate p and the State of Charge SoC;,_, of the BESS before cycling at time t in

year i. If AE;;°"*9° is negative and, thus, indicates the possibility to discharge the BESS at time ¢ in
year i, equation (23) calculates the maximal amount of electricity the BESS can discharge
ASoC{E*M"9¢ without violating the SoC condition (20)

ASocfj“““rg" = (50C;s_1 — SOCpin) + CPESS, (23)

12



where CZZ% is the nominal capacity of the BESS in kWh at time ¢ — 1 in year i before capacity

discharge

degradation®. In total, the actual amount of electricity the BESS discharges AE;, at time t in
year i results in
AE'dtischarge _ {min(|AEis’€orage|,\/ﬁ * P, ﬁ * ASOCSZSChaT‘ge) , AEis‘iorage <0 (24)
L )
’ 0, else

discharge
it

loss due to discharging and the actual amount of electricity the customer consumes from the BESS
and pays for at time t in year i.

where 7 is the round trip efficiency. Note that AE is the amount of electricity after efficiency

Otherwise, if AEiE"mge is positive and, thus, indicates the possibility to charge the BESS at time ¢ in

charge

year i, the maximal amount of electricity the BESS can charge ASoC;, under consideration of

the SoC condition (20) is

ASOC™9° = (S0Cpmax — SOCiy_1) * CPESS. (25)

charge

Thereby, the actual amount of electricity the BESS charges AE;, attime t inyear i is

, h
s [minC 1+ OB i 850G, SET 0
' 0, else
Similar to discharging, AEE?“rge is the amount of electricity after efficiency loss due to charging, i.e.

the actual amount of electricity additionally stored in the BESS at time ¢t in year i.
EPFS® denotes the total amount of electricity stored at time ¢ in year i after the BESS either charged
or discharged electricity to the customer calculated by

h disch -1 27
EBESS — pBESS | ppcharge _ ppdischarge( iy (27)

da

Note that the BESS either charges or discharges and, thus, either AE{;*"*"9¢ = 0 or AE{}¥"9° = 0.

,t
Also, the factor (\/ﬁ)_1 is needed to calculate the amount of electricity that the BESS discharges to
meet the demand of the customer before efficiency loss due to discharging. Subsequently, the State
of Charge SoC; . after the charging process is

BESS 28)
it
it

where CZ75° denotes the nominal capacity of the BESS after the charging or discharging process at

time t in year i determined by

Cffss = SOH,;, * CBESS, (29)
As the BESS capacity declines over time, the State of Health SOH; , of the battery defines the share
of nominal capacity at the time of installation CZE5S that can be utilised at time ¢ in year i under
consideration of the technical restrictions. We follow Hesse et al. (2017) to model the nominal storage
capacity degradation in each time t of year i. In general, BESS capacity decreases firstly due to

® Assume t = 0 for a given year i. Then we set SocfE5 = SocP5; | inequation (23), i.e. we take the value from the last period in the previous year.

i-1n;_

We assume the same procedure for each recursive calculation.
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calendaric degradation and secondly due to cyclic degradation. Calendaric degradation describes the
loss of nominal capacity over time because of the BESS self-discharge, i.e. the loss of nominal
capacity when the BESS neither charges nor discharges within the entire time. The cyclic degradation
describes the loss of capacity due to the number of Equivalent Full Cycles® (EFC) the BESS conducts.
As suggested in Hesse et al. (2017), we assume a calendaric degradation to 80% SOH after 15 years
(:= T§sy,) and a cyclic degradation to 80% SOH after 10000 cycles (:= Ty, ). Therefore, equation
(30) describes the state of health SOH, after charging or discharging at time t

SOH;; =1— (agef® + age;’) 0.2, (30)

L it

where ageffl denotes the calendaric degradation and agefé’c the cyclic degradation of the BESS at

time ¢ in year i. Note that if age{?' + age;;° = 1 the state of charge amounts to SOH; ; = 80%. The

calendaric degradation age;7“ at time t in year i results from the proportion of the time interval At =
t - (t — 1) in the calendric time indicator T3,

At
[ _ l
ageﬁ? - age;':,‘tl—l-{_ cal ’ (31)
T80%

and the cyclic degradation at time t in year i amounts to

cyc
it

charge discharge =\ 1
= age®, +0.5 (AE” il il () ) (32)
= it—1 : cyc :
N €t * Taon,

The calendric time indicator TS5, denotes the period within which the state of health decreases to

age

80% solely due to calendaric degradation and, similarly, the cyclic time indicator T;&; denotes the

number of EFCs the BESS can perform to reach 80% state of health solely due to cyclic degradation.
This means that it holds

cal __ cyc _ 33
age e =1 and age o = 1, (33)
as well as
SOH, e = 80% assuming agey. =0 (34)
? 80%
and
SOH . = 80% assuming agesaye = 0. (35)
80% 80%
At initialisation, we set
agey = 0 and agegy = 0. (36)

As already mentioned, under solar-and-storage PPAs, the BESS installed operates solely to meet the
demand of the customer and, thus, affects the share of self-consumption. However, the electricity
generated Eff" at time t in year i is either self-consumed by the customer or fed into the grid. The

amount of electricity self-consumed E; at time t in year i derives from

6 ‘Equivalent Full Cycle is defined by the overall energy throughput (counting either only charge or only discharge direction) with any DOD
per cycle divided by the available capacity’ (Hesse et al. (2017))
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E§S = min( ES™ + AE(Scharoe peony (37)
where AE{°"79¢ € R* denotes the amount of electricity discharged to the customer at time ¢ in
year i resulting from the evening discharging strategy implemented. Note that in the case of solar
PPA it holds AE?"®™9¢ = 0 for each time ¢ of year i. With (\/ﬁ)_1 * AES; ™9 as the amount of
electricity charged to the BESS at time t in year i with round trip efficiency n
B — Bff— (V1) MBS B+ (V) BELTS B g

0 B+ ()« AECLO0 > BT

feedin
it

feedin __
Ei t -

determines the amount of electricity fed into the grid E at time t in year i. Equation (38)

illustrates that E{fedi" is the surplus of the electricity generated at time t in year i after meeting the

demand of the customer E; and charging the BESS by (\/ﬁ)_1 « AETT9€ at time t in year i.

3. The Data and Preliminary Analysis

We simulate representative electricity consumption and generation profiles for the financial and
technical evaluation of residential solar and solar-and-storage PPAs based on real-world electricity
consumption and generation data. This section provides a brief overview of electricity consumption
and generation data and discusses how to obtain and simulate representative electricity consumption
and generation profiles for our empirical analysis.

1.1 Data description

For the financial analysis of PPAs in Australia, we use data on solar home electricity provided by
Ausgrid to obtain representative electricity consumption profiles of Australian households in NSW
and the respective electricity generation profiles of PV installed onsite. The data is available at
Ausgrid (2021).

The Ausgrid data set contains three years of half-hour gross metered measurements from 01-07-2010
to 30-06-2013 of electricity consumption and generation data for 300 randomly chosen residential
customers from Ausgrid who have a PV installed within the period. For each customer, the data set
also provides a unique ID, the postcode where the customer lives, and the capacity of the PV system.
To make the amount of solar-generated electricity per customer comparable and scalable, we
normalise the half-hour electricity generation data of each customer with the PV capacity installed to
a1 kW PV system installed.

There are customers with unusually high or low annual electricity consumption and PV systems that
generate an exceptionally high or low amount of electricity per year in the data set. To eliminate the
influence of these outliers on the simulation of representative electricity profiles, we clean the data
set by households with top or bottom 2.5% annual electricity consumption and generation,
respectively. After cleaning, 239 customers remain for further analysis, which we call the cleaned
data set. The remainder of this section provides an overview of the electricity consumption and
generation data included in the cleaned data set.
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Distribution of annual electricity consumption

Figure 3 graphically illustrates the distribution of the annual electricity consumption in kWh within
the periods 07/2010 - 06/2011, 07/2011 - 06/2012 and 07/2012 - 06/2013 of the 239 customers in the
cleaned data set.
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Figure 3. Kernel density plot of annual electricity consumption across 239 households

On average, the customers consume 5722.07 kWh per year, with the lowest annual electricity demand
per customer at 2430.75 kWh and the highest at 11458.18 kWh. The distribution is slightly right
skewed and shows a high variation around the mean. With 5252.96 kWh, the median annual
electricity consumption is by 469.10 kWh lower than the mean, which means that half of the
customers have a lower electricity consumption than on average. The standard deviation amounts to
2048.44 kWh, whereby the 25% quantile lies at 4133.98 kWh and the 75% quantile at 6999.46 kWh.

Average electricity profile of daily electricity consumption

Figure 4 shows the time series of mean daily electricity consumption in kWh of the cleaned data set
within the period from 01-07-2010 to 30-06-2013.
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Figure 4: Average daily electricity consumption from 01-07-2010 to 30-06-2013
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The time series of mean electricity consumption displays a seasonal dependency, as the daily
electricity consumption decreases from winter to spring and again increases from autumn to winter.
This behaviour is typical for residential electricity consumption, as households use more electricity
in winter to heat their homes. In summer, especially in February 2011 and January 2013, some days
occur with unusually high daily electricity consumption. Many residents in Australia have cooling
units installed, resulting in higher residential electricity demand on hot days. In 2012, 94% of
Australian households owned electric air conditioning systems to cool their homes and households
used approximately 40% of the total electricity consumption for space conditioning in 2013 (Ryan
and Pavia, 2016). In February 2011, a heatwave in New South Wales led to seven days of
extraordinary high temperature from January 30" to February 6" with peak temperature at 41.5°C on
the 5™ of February responsible for the high peak average electricity consumption of 41.17 kWh at
this day (Bureau of Meteorology New South Wales Climate Services Centre, 2011). Also, during the
summer of 2012/13, Australia faced record temperature, whereas the south of Sydney was affected
most in the first week of 2013 till January 8" with temperatures over 40°C (Bureau of Meteorology,
2013). On average, the daily electricity demand per customer is at 18.99 kWh the highest in the winter
month (June to August), and at 13.96 kWh the lowest in spring (September to November), followed
by autumn (March to May) at 14.40 kWh. The average daily electricity consumption in summer
(December to February) amounts on average to 15.30 kWh, which is due to the high outliers on hot
summer days.

Distribution of annual electricity generation per kW PV system size installed

Figure 5 displays the distribution of normalised annual electricity generation per KW PV installed
onsite the 239 customers in the cleaned data set.
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Figure 5: Kernel density plot of annual electricity generation across 239 households
Source: own presentation

The average annual electricity generation amounts to 1260.53 kWh per kW PV installed, with the
lowest annual generation at 896.69 kWh and the highest annual generation at 1535.87 kWh. Unlike
the distribution of annual electricity consumption, the curve of annual electricity generation is left
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skewed. The median electricity generation is at 1277.31 kWh per kW PV system installed by only
16.78 kWh higher than the average. The standard deviation amounts to 149.41, which indicates low
variation in the data.

Average electricity profile of daily electricity generation

Figure 6 shows the time series of average daily electricity generation in KWh per kW PV system size
installed of the customers in the cleaned data set from 01-07-2010 to 30-06-2013.
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Figure 6: Average daily electricity generation for a 1 kW PV system installed from
01-07-2010 to 30-06-2013

The average daily electricity generation exhibits strong seasonal dependency, as it cycles from low
daily electricity generation in winter with a minimum of 0.24 kWh to high peaks in summer with a
maximum of 6.35 kWh and back. As expected, high solar radiation on summer days leads to a
significant increase in electricity generation, while lower solar irradiation in winter reduces the
amount of electricity generated. On average, 1 kW PV system installed generates 2.34 kWh per day
in winter, 3.99 kWh per day in spring, 3.16 kWh in autumn and 4.11 kWh in summer.

4. Empirical Results

This section presents the results for the financial and technical assessment of an investment in
residential solar and solar-and-storage PPAs, respectively. In particular, we determine the self-
consumption and self-sufficiency for PPA customers, the net present value and electricity bill savings
for each pair of electricity consumption and generation profile individually. Based on the applied
bootstrapping methodology, all results depicted in this section are average values of the calculations
conducted.

4.1 Parameters

This section summarises the input parameters applied to evaluate residential solar and solar-and-
storage PPAs in a base case scenario.
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PV system costs: We scale the investment costs of the PV system along the PV price index of $900
per KW installed, following data provided by Solar Choice (2021a) in March 2021. The PV price
index includes the solar inverter costs, the GST and STC discount and represents a price cross-section
of residential PV systems purchased in Australia. The PV system has a lifetime of at least 25 years,
as suggested in European Photovoltaic Industry Association (2011). We implement a 0.5% annual
degradation rate, i.e. a rate that represents the medium degradation rate per year for PV systems
(Jordan and Kurtz, 2013). The solar inverter is assumed to be replaced after ten years, which is
consistent with Hoppmann et al. (2014), Roberts et al. (2019b) and Best et al. (2019), at 20% of the
PV system costs. We assume annual O&M costs for the PV system amounting to 1.5% of the PV
system investment costs following Hoppmann et al. (2014).

BESS costs: In solar-and-storage PPAs, the upfront investment costs for BESSs with a hybrid inverter
amount to $1430, $1170 and $1000 per kWh installed for nominal storage capacities between 3 kWh
- 7 kWh, 8 kWh - 12 kWh and 13 kWh — 17 kWh, respectively, and are derived based on the prices
of the all-in-one BESSs’ provided by SolarQuotes (2021). We set the PV system costs to $720 per
kW, as the solar inverter is redundant. The hybrid inverter replacement also takes place after ten years
of installation, with costs at 20% of the total upfront investment costs of the PV+BESS. There is little
literature regarding the annual O&M costs of a BESS. We follow Carnegie et al. (2013) and assume
$25 per kWh installed and year, which are the reported O&M for lithium-ion batteries.

Technical characteristics of the BESS: For the degradation of the BESS, we assume a so-called
calendaric degradation to 80% SOH after 15 years and a cyclic degradation to 80% SOH after 10000
cycles, representing a lithium-ion battery according to Hesse et al. (2017). Further parameters, such
as round trip efficiency and maximum SoC, are displayed in Table 2 and take typical values for
lithium-ion batteries derived from the BESSs provided by SolarQuotes (2021).

PV system and BESS size: Li (2018) and Davidson et al. (2015) analyse a sample of solar lease and
PPA contracts in the USA, respectively. Both identify the most common installation size of PV
systems under a PPA to be 5 kW. Hence, we implement a PV system with a nominal capacity of
ctV = 5 kW at time of installation in the base case scenario for solar and solar-and-storage PPAs,
respectively. For consistency, we assume a BESS with a nominal storage capacity of CZESS = 5 kwh
at time of installation under solar-and-storage PPAs. For the sake of simplicity, BESS size refers to
the nominal storage capacity and PV system size to the nominal PV system capacity at time of
installation in the following.

Electricity tariffs: In NSW, current FiTs to feed solar-generated electricity into the grid range from
6ct to 16ct per kWh, depending on the retailer (Solar Choice, 2021b). In the base case scenario, the
FiT tariff amounts to $0.0665 per kWh, which is the average FiT benchmark in 2020/21 for NSW
provided by the Independent Pricing and Regulatory Tribunal (IPART) of NSW (IPART, 2020).
Furthermore, we analyse the impact of FiT on the financial viability by additionally applying a FiT
of $0.0945 per kWh, which is the average benchmark for 2019/20 (IPART, 2019). Note that we
assume the FiT as constant over time. We implement the two most common retail tariffs offered in
Australia, the flat-rate tariff and TOU tariff, and determine the electricity bill savings for each tariff
segment individually (Australian Energy Regulator, 2020). In the following, we denote the customers

" All-in-one BESSs consist of a battery unit and a hybrid inverter. Hybrid inverters are able to manage the entire flow of solar-generated electricity,
including charging the BESS and feeding the surplus electricity into the grid (Martin Il (2015)).
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with flat-rate tariffs as ‘flat-rate customers’ and the customers with TOU tariffs as ‘TOU customers’.
A flat-rate tariff bills the electricity per kWh with a constant price independently of the amount and
daytime of electricity consumed. Under a TOU tariff, the customers pay different prices per kWh for
electricity usage within different daytimes. Here, the day is generally divided into peak, shoulder and
off-peak times, with the highest prices during peak times and the lowest during off-peak times. TOU
tariffs are regulatory instruments for the electricity market to encourage customers to purchase more
electricity at off-peak times and less at peak times. We use the tariffs for customers from the electricity
distributor Ausgrid with a flat-rate tariff amounting to $0.2952 per kWh and a TOU tariff as displayed
in Table 1 (Diamond Energy, 2019).

Period Price

Peak 2pm-8pm on business days $0.5445/kWh

7am-2pm & 8pm-10pm on
business days, 7am-10pm on
Shoulder weekends/public holidays $0.2583/kWh
Off-peak all other times $0.1975/kWh?

Table 1: Time-of-Use (TOU) tariff

As already mentioned, the PPA tariff is often set at a fixed discount on the retail tariff of the customer
in solar PPAs. To the best knowledge of the authors, there is no information about the initial PPA
tariff valid for residential solar-and-storage PPAs. Thus, we implement an initial PPA tariff of
$0.24/kWh in the base case scenario for both solar and solar-and-storage PPA, which equals a
discount of approximately 20% of the flat-rate tariff assumed. Additionally, we analyse the sensitivity
of the PPA tariff on the financial viability of solar and solar-and-storage PPAs by varying the initial
PPA tariff from $0.20/kWh to $0.28/kWh. The price escalation rate amounts to 2.5%, as suggested
by SolarChoice (Jeff Sykes, 2020), which we also assume for the retail tariff.

Discount rates:

Consistent with Roberts et al. (2019b) and Sharma et al. (2019), the discount rate for the NPV
calculation is set at 6%, displaying a typical discount rate for PV and BESS investments in the
residential sector. We assume a 2% discount rate for the customer, as the investment in PPAs is a
low-risk investment for the customer. Table 2 summarizes the input parameter applied in the base
case scenario.

Parameters Symbol Value
Contract duration T 20 years
Annual O&M costs for the PV CO&M,PV

system $13.5
Annual O&M costs for BESS CO&M,BESS $25

8 Note that increasing self-consumption seems to be the best approach to increase the electricity bill savings of the customer under a PPA, if the PPA
tariff is below the retail tariff. However, the retail tariff at off-peak times for TOU customers is below the PPA tariff and customers will make financial
losses when consuming the electricity generated at off-peak times. This is no problem in solar PPAs, as there is nearly no electricity generation at off-
peak times. Under solar-and-storage PPAs, the BESS may supply some of its electricity stored to the customers during off-peak times. We do not
change the discharging strategy of the BESS system in this special case, as our results will show that TOU customers extremely profit from the high
tariff spread at peak times, balancing the financial losses at off-peak times. Also, the financial viability for the third party is more critical.
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PV system

PV system size clv 5 kW

Annual degradation rate for PV y

system 0.5%

PV system costs per KW installed® Ig¥ $900

BESS

BESS size CBESS 5 kWh
(Dis-)Charging rate p 5 kWh
Round Trip Efficiency n 92%
Maximum SoC S0Cax 1

Minimum SoC SoCpin 0.1

Control strategy Evening discharge
Tariffs

FiT™O pfeedin $0.0665/kWh
Initial PPA tariff pbPA $0.24/kWh
Discount Rates

Discount rate for TPO r’? 6.0%
Discount rate for customers reust 2.0%

Table 2: Parameter overview for the base case scenario

4.2  Analysis of Storage

This section provides an overview of the performance of the BESS in year one, the start year of the
PPA. We analyse the amount of electricity stored in one year and the SoC curve over one week in
spring, enabling us to measure the impact of BESS installations on self-sufficiency and self-

consumption in a second step as displayed in Section 4.2.1.

Figure 7 depicts the average amount of electricity stored in year one with a 5 kwWh BESS installed
depending on the PV system size. Note that the amount of electricity stored equals the amount of
electricity charged after efficiency loss.

® solar PV system price index including GST, small-scale certificate and inverter

10 Benchmark for FiT in 2020/21 provided by IPART
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Figure 7: Average amount of electricity stored in year one for different PV system sizes with a 5 kWh
BESS installed

For a 1 kW PV system installed, the electricity stored in year one amounts to 394.61 kWh and rises
stepwise to 1396.05 kWh for 4 kW installed. When the PV system size surpasses 4 kW, the increase
in electricity stored happens in smaller and smaller steps until it reaches 1503.94 kWh for a 10 kW
PV system installed. In the base case scenario with a 5 kW PV system size installed, the BESS stores
1440.30 kWh, which is about 22.58% of the electricity generated in year one.

Note that the capacity of the BESS degrades over time resulting in less storage capacity over the
years. Consequently, the amount of electricity stored decreases per year as depicted in Appendix C.
We also refer to Appendix C for more information about the degradation parameters such as the SOH
of the BESS after 20 years, the remaining capacity of the BESS after 20 years and the cyclic
degradation after 20 years.

A closer look at the State of Charge (SoC) explains the decreasing increase of electricity stored with
increasing PV system size.

10 A1

0.8 1
PV system size in kW
— 10
- 20
30
40
50
6.0
70
— 80
90
— 10.0

0.6 4

SoC

0.4 1

0.2 1

(D) == RSN A SR

Mon 00:00:00 Tus 00:00:00 Wed 00:00:00 Thurs 00:00:00 Fri 00:00:00 Sat 00:00:00 Son 00:00:00
Time

Figure 8: Average State of Charge for one week in spring for different PV system sizes with a 5 kwWh
BESS installed in year one

Source: own presentation
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Figure 8 shows the average half-hourly progress in SoC for one week in spring** of year one for
different PV system sizes with 5 kwWh BESS installed. As described in Section Error! Reference
source not found., the SoC declines when the battery storage discharges electricity to the customer
and rises when the battery storage charges electricity from the surplus solar generation left after
meeting the demand of the customer. Figure 8 visualises that the battery cycles on average one time
per day. For each PV system size, the SoC reaches its maximum value per day in the late afternoon
at about 3 pm and decreases to its minimum value per day in the morning at about 7 am. Furthermore,
a larger PV system size results in a higher maximum SoC and a higher minimum SoC per day. For a
1 kW PV system installed, the battery storage is only utilised to a maximum of 36.51% per day and
is nearly discharged to the minimum bottom limit of SoC,,;, = 10%. With increasing PV system size
installed, the maximum SoC per day increases stepwise to 94.10% at 4 kW and rises to 99.40% with
10 kW installed. Thus, for a 5 kWh BESS, the battery storage capacity is nearly fully utilised per day
with 4 KW PV installed. For larger PV system size installed, the BESS charges only a small additional
share of the electricity generated, and the excess electricity is fed into the grid. Furthermore, the BESS
cannot fully discharge its electricity charged per day when the PV system size exceeds 1 kW. The
minimum SoC amounts to 14.96% for a 4 KW and 16.45% for a 10 kW PV system size, respectively.
In the base case scenario with a 5 kW PV system installed, the SoC cycles from 95.47% at 3 pm and
15.94% at 7 am. Thus, the nominal battery storage capacity of 5 kWh is nearly fully utilised per day.

4.2.1 Self-Sufficiency and Self-Consumption

This section analyses the change in self-sufficiency and self-consumption due to the additional
installation of a BESS in year one, the start date of the PPA. Figure 9 shows the total average amount
of electricity fed into the grid, and Figure 10 the average amount of electricity self-consumed per PV
system size in year one. The blue bars refer to the case of a PV system installed stand-alone, called
PV. The orange bars refer to the case of a PV system combined with a BESS of size 5 kWh installed,
called PV+BESS. The dashed line in the first panel represents the average annual electricity
generation of the respective PV system. The dashed line in the second panel represents the average
annual electricity consumption of a household in year one.

Note that for each PV system size installed, the sum of the amount of electricity fed in and the amount
of electricity self-consumed for a PV system installed stand-alone nearly equals the one for PV+BESS
installed, respectively. The BESS installation redistributes the total amount of electricity generated
by reducing the amount of electricity fed into the grid and raising the amount of electricity self-
consumed. In doing so, a low amount of electricity is lost due to the round trip efficiency of the BESS.

1 The SoC shows similar behaviour for all seasons. A slight decrease in the maximum average SoC for low solar PV system sizes is observed in the
winter times, as a lower amount of electricity generated is available to store.
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Figure 9: Amount of electricity fed into the grid for different PV system sizes for PV and PV+BESS
with a 5 kWh BESS installed in year one

Source: own presentation
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Figure 10: Amount of electricity self-consumed for different PV system sizes for PV and PV+BESS
with a 5 kWh BESS installed in year one

Source: own presentation

For both PV and PV+BESS installed, the amount of electricity fed into the grid rises with increasing
PV system size, as more electricity generated is available. The amount of electricity fed into the grid
starts with 417.81 kWh for a 1 kW PV system installed and reaches 11067.45 kWh for a 10 kW PV
system installed, which means that about 32.75% and 86.76% of the electricity generated is fed into
the grid, respectively. For the combined installation of a PV system and a 5 kWh BESS, the amount
of electricity fed into the grid starts with 6.40 kWh for a 1 kW PV system installed and reaches
9499.49 kWh for a 10 kW PV system installed, which means that about 0.005% and 74.47% of the
electricity generated is fed into the grid, respectively. As expected, the amount of electricity fed into
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the grid is lower with a BESS than without a BESS installed. For example, under the base case
scenario with a 5 kW PV system installed, the amount of electricity fed into the grid in year one is
4885.09 kWh and decreases by 30.74% to 3383.47 kWh when adding a 5 kWh BESS. This implies
that with 5 kwh BESS installed, 1501.62 kWh less of the electricity generated will be fed into the
grid and billed by FiT compared to no BESS installation.

Contrary, the amount of electricity self-consumed is higher with a BESS than without a BESS
installed. In the base case scenario with a 5 kW PV system installed, the amount of self-consumption
in year one amounts to 1493.11 kWh for a PV system stand-alone and to 2873.45 kW with a 5 kWh
BESS installed. Hence, the additional installation of a 5 kWh BESS nearly doubles the amount of
electricity self-consumed.

Furthermore, the amount of electricity self-consumed for a PV+BESS installed rises similar to the
electricity stored from 1236.18 kWh for a 1 kW PV system stepwise to 2757.60 kWh for a 4 kW PV
system installed. From a PV system size of 5 kW, the increase in electricity self-consumed flattens
until it reaches 3130.15 kWh at a PV system of size 10 kW. Recalling the calculation of the electricity
self-consumed as the sum of the electricity generated and the electricity discharged from the BESS
explains the similar behaviour of electricity self-consumed and electricity stored with increasing PV
system size. However, with PV stand-alone, the electricity self-consumed starts at 857.83 kW with a
1 kW PV system installed and rises slightly to 1688.945 kWh with a 10 kW PV system installed.
Figure 11 displays the self-sufficiency, and Figure 12 the self-consumption for PV and PV+BESS
with our base assumptions.
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Figure 11: Self-sufficiency for different PV system size for PV and PV+BESS with a 5 kWh BESS
installed in year one
Source: own presentation

For both PV and PV+BESS, the self-sufficiency increases with increasing PV system size. The self-
sufficiency with only PV installed starts at 18.41% with a 1 kW PV system and increases in small
steps to 36.25% with a 10 kW PV system. This means that a household with a 1 (10) kW PV system
installed covers 18.41% (36.25%) of its own consumption by solar-generated electricity. One reason
for the low self-sufficiency and its slow increase with increasing PV system size is the time mismatch
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of solar-generated electricity and the electricity consumption of the customer. However, a larger PV
system size only contributes a little additional amount of electricity generated at times when the
customer demands electricity. The main part of the electricity generated of larger PV system is fed
into the grid (cf. Figure 12). Figure 11 illustrates that the self-sufficiency with a PV+BESS installed
exceeds the one without a BESS installed. The share of customer’s demand met by the electricity
generated amounts to 26.53% with a 1 KW PV system installed and increases rapidly to 59.19% with
a4 kW PV system installed. For larger PV system sizes, the self-sufficiency increases in minor steps
to 67.19% with a 10 kW PV system installed. As mentioned before, for a 5 kwh BESS installed, the
BESS capacity is nearly fully utilised per day with a 4 kW PV system installed. As a result, smaller
and smaller amounts of electricity are additionally stored as the PV system size increases, explaining
the flattening of the self-sufficiency curve beyond a 4 kW PV system. However, these results indicate
that the BESS can partly compensate for the time mismatch of solar-generated electricity and the
electricity consumption of the customer. In the base case scenario with a 5 kW PV system installed,
the self-sufficiency amounts to 32.05% with PV only and 61.68% with PV+BESS. This means that a
surplus of 29.63% of the electricity consumption of the customer can be met by solar-generated
electricity when adding a 5 kWh BESS to the PV system. This directly reduces the electricity bill
savings of the customer.
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Figure 12: Self-consumption for different PV system size for PV and PV+BESS with a 5 kWh BESS
installed in year one

Source: own presentation

Contrary to self-sufficiency, the self-consumption decreases with increasing PV system size for PV
and PV+BESS installed.

With a PV system installed only, the customer draws 67.25% from the solar-generated electricity for
his/her own consumption with a 1 kW PV system installed. For a 2 kW PV system installed, the
customer already consumes less than half of the electricity provided with a self-consumption of
45.43%, which drops to 13.24% for a 10 kW PV system installed. As described above, the total
amount of electricity self-consumed increases with increasing PV system size, but for a PV system
size of 2 KW or higher most of the electricity generated is fed into the grid due to the time mismatch
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of electricity consumption and generation. Hence, self-consumption decreases. As expected, the self-
consumption is higher with the installation of a BESS than with PV only. At a self-consumption of
96.91% for a 1 kW PV system with 5 kWh BESS installed, the customer draws and, thus, buys nearly
the total share of electricity generated in year one. Up to a PV system size of 4 kW, the self-
consumption exceeds 50%, which means that the total amount of electricity self-consumed is higher
than the total amount of electricity fed in (cf. Figure 9 and Figure 10). However, the additional
implementation of a 5 kWh BESS nearly doubles the self-consumption from 13.24% to 24.54% for
a 10 kW PV system installed. For our base assumptions of a 5 kW PV system installed, the 5 kWh
BESS installation raises the self-consumption from 23.41% to 45.05%. Consequently, in this setting,
the third-party sells 21.64% more electricity to the customer under solar-and-storage PPAs than under
solar PPAs in year one, which increases the revenue of the third-party.

In summary, the results imply that the BESS generally increases the amount of electricity self-
consumed, increasing the self-sufficiency and self-consumption, and therefore can partly compensate
for the time-mismatch of solar-generated electricity and residential electricity consumption*2,

4.3 Financial Analysis

4.3.1 Net present value

We examine the NPV depending on input parameters such as PV system size and initial PPA tariff to
assess the financial viability of solar and solar-and-storage PPAs from the perspective of the third-
party. The third-party generates revenue by either selling the electricity generated to the customer at
the PPA tariff or by feeding it into the grid at the FiT. As already mentioned, we assume an initial
PPA tariff of p574 = $0.24 and distinguish between the two FiTs p/¢¢4" = $0.0945 and p/eedin =
$0.0665 representing the FiT benchmarks provided by IPART for 2019/20 and 2020/21, respectively.
All other parameters like upfront investment costs, discount rate, escalation rate, contract duration,
etc. take the values listed in Section 4.1.

NPV of solar PPAs

First, we analyse the financial viability of solar PPAs. Figure 13 displays the NPV as a function of
PV system size under a solar PPA for an initial PPA tariff of pf?4 = $0.24. Under the given
assumptions, the investment in solar PPAs is financially viable for all PV system sizes from 1 kW to
10 kW installed for the third-party as the NPV is positive. As expected, the higher FiT in year 2019/20
results in a higher NPV than the lower FiT in year 2020/21.

For a1 kW PV system installed, the NPV amounts to $2078.09 and $1954.42 for p/¢¢4i" = $0.0945
and p/eedn = $0.0665, respectively. For a FiT of $0.0945, the NPV continuously increases with
increasing PV system size installed up to $5599.13 with a PV system of size 10 kW. Obviously, a
larger PV system generates more electricity which is either sold to the customer or fed into the grid.
Hence, when increasing the PV system size, the additional revenue generated by selling a higher

2 Note that the solar PV system and the BESS degrade in capacity over time leading to slightly different amounts of electricity generated and
charged/discharged over the years. However, the capacity degradation does not considerable change the results in a qualitative way, as both the solar
PV system and the BESS degrade in capacity over the contract duration. We refer to the excel table in Appendix B for additional information about
the total electricity usage over 20 years.
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amount of electricity to the customer and by feeding a higher amount of electricity into the grid
exceeds the higher costs of the larger PV systems.
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Figure 13: Net present value (NPV) under a solar PPA by Feed-in-tariff (FiT) for different PV system
sizes with initial PPA tariff of pfP4 = $0.24

Source: own presentation

In contrast, at the lower FiT of p/¢¢%" = $0.0665, the NPV rises to $2782.74 for a 4 KW PV system
installed. When the PV system size exceeds 4 kW, the NPV continuously drops to $2206.35 with a
PV system of 10 kW. This again indicates that when increasing the PV system size up to a PV system
size of 4 kW, the additional revenue generated exceeds the higher costs of the PV system. Recall that
the self-consumption decreases with increasing PV system size, i.e. the larger the PV system size
installed, the higher is the share of electricity fed in and billed by FiT. Simultaneously, a larger PV
system size leads to higher costs. The decrease of the NPV from a PV system size of 5 kW or higher
indicates that a FiT of p/¢¢4" = $0.0665 is too low and the share of electricity fed in too high to
compensate for the additional PV system costs compared to the costs of a 4 kW PV system. For 5 kW
PV system size installed, the NPV amounts to $4252.68 for p/¢4i" = $0.0945, which exceeds the
NPV for pfeedin = $0.0665 at $2762.27 by a total of $1490.41. As already mentioned, the positive
NPV under both FiTs indicates that entering into a solar PPA is financially viable for the third party.
One decisive parameter in evaluating the financial viability of a PPA is its dependence on the initial
PPA tariff. Therefore, we vary the initial PPA tariff in the range of pf4 € {$0.20,$0.21, ..., $0.28}
to measure its sensitivity on the NPV.

Figure 14 illustrates the NPV as a function of PV system size per initial PPA tariff for FiT p/eedn =
$0.0665. All other parameters take the values as listed in Section 4.1. The orange dots per line
indicate the PV system size at the maximum NPV per initial PPA tariff.
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Figure 14: Net present value (NPV) under a solar PPA by initial PPA tariff for different PV system
sizes with FiT of pfeedin = $0.0665

For all initial PPA tariffs considered, the NPV shows similar behaviour as for p574 = 0.24. The NPV
for each initial PPA tariff rises to a specific PV system size installed with increasing PV system size
and drops beyond that.

Naturally, the NPV is higher for a higher initial PPA tariff, given a specific PV system size. A higher
PPA tariff increases the revenue resulting from the amount of electricity self-consumed. Whereas
entering into a solar PPA for pfP4 = 0.20 leads to a NPV at $1933.79 for a 5 KW PV system size
installed, the same setting with pfP4 = 0.28 increases the NPV by $1656.95 to $3590.74.
Furthermore, the PV system size at the maximum NPV for each PPA tariff increases with increasing
initial PPA tariff. For p574 = 0.20, the best decision is to install a 3 kW PV system resulting in a
NPV of $1999.36 and third-parties benefit most from installing a 4 kW PV systems for initial PPA
tariffs between pS¥4 = 0.21 and pf¥4 = 0.25. If the initial PPA tariff is in the range of p5¥4 = 0.26
to piP4 = 0.28, a5 kW PV system maximises the NPV. Hence, our results indicate that a higher
initial PPA tariff motivates the third-party to install a larger PV system under solar PPAs.

Figure 15 presents the NPV as a function of PV system size per initial PPA tariff for FiT p/feedin =
$0.0945. Similar to p4" = $0.0665, the NPV rises with increasing initial PPA tariff given a
specific PV system size. However, the NPV is higher for larger PV system sizes installed for each
initial PPA tariff. Thus, from a third-party perspective, the investment in solar PPAs is more
economically beneficial when installing large PV systems than small systems.
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Figure 15: Net present value (NPV) under a solar PPA by initial PPA tariff for different PV system
sizes with FiT of pfeedin = $0.0945

NPV of solar-and-storage PPAs

This section examines the financial impact of a 5 kWh BESS installation on the financial viability of
solar PPAs. In the following, we present the NPV of solar-and-storage PPAs under the base case
scenario. In this context, Figure 16 illustrates the NPV as a function of PV system size under a solar-
and-storage PPA with a BESS of size 5 kWh installed.
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Figure 16. Net present value (NPV) under a solar-and-storage PPA with a 5 kWh BESS installed by
Feed-in-tariff (FiT) for different PV system sizes with initial PPA tariff of p5P4 = $0.24

Like in solar PPAs, the higher FiT in year 2019/20 results in a higher NPV than the lower FiT in year
2020/21. For a 5 kW PV system installed, the NPV amounts to -$1527.09 for p/¢¢4i" = $0.0945
exceeding the NPV for p/e¢din = $0.0665 at -$2596.30 by a total of $1069.21. The negative NPV
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in both settings indicates that entering into a solar-and-storage PPA with 5 kWh BESS storage size
installed is not financially viable for the third-party. Under current assumptions, a BESS of 5 kWh
increases the self-consumption on average by 19.15% for a 5 kW PV system installed over 20 years
(see Appendix B). Consequently, the revenue resulting from the increase in self-consumption cannot
compensate for the costs related to the BESS.

However, the NPV increases with increasing PV system size installed for both FiTs. For p/fe¢din =
$0.0945, an investment in solar-and-storage PPAs becomes economically beneficial for a PV system
of size 8 kW or larger, i.e. the third-party benefits from a NPV of $918.72 with 10 kW installed. In
contrast for p/feédn = $0.0665, the investment in solar-and-storage PPAs with a 5 kWh BESS
installed remains not financially viable for all PV system sizes considered. For a PV system of 10 kW
installed, the third-party expects a NPV amounting to -$2035.32 and would therefore decide not to
invest in solar-and-storage PPAs.

Again, we consider the sensitivity of the initial PPA tariff on the financial viability of solar-and-
storage PPAs. Figure 17 illustrates the NPV for a 5 kWh BESS size as a function of PV system size
per initial PPA tariff pf¥4 € {$0.20,$0.21, ..., $0.28} for a FiT of $0.0665.
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Figure 17: Net present value (NPV) under a solar-and-storage PPA with a 5 kwWh BESS installed by
initial PPA tariff for different PV system sizes with FiT of p/ée4i® = $0.0665

As expected, the NPV for all initial PPA tariffs considered displays the same behaviour as for pf¥4 =
0.24, and a higher initial PPA tariff leads to a higher NPV. For 5 kW PV system size installed an
initial PPA tariff of pf¥4 = 0.20 results in a NPV of -$4088.78. The same setting with pf¥4 = 0.28
results in a NPV of -$1103.82, which amounts to a surplus of $2984.96 compared to the NPV at
p5P4 = 0.20. Nevertheless, from a third-party perspective, entering into a solar-and-storage PPA
remains not financially viable for 5 kWh BESS size installed for all initial PPA tariffs in the range of
$0.20 to $0.28, and all PV systems sizes between 1 kW and 10 kW installed. However, for each PPA
tariff considered, the results indicate a larger PV system at maximum NPV under solar-and-storage
PPAs than under solar PPAs (orange dots). For all initial PPA tariffs from $0.20 to $0.28, the best
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decision is to invest in a PV system of size 10 kW for a 5 kWh BESS installed. This effect can be
linked to the higher self-consumption due to the BESS implementation. The additional revenue
resulting from the increase in self-consumption due to BESS installation, which is billed by the PPA
tariff, is high enough to cover the costs of larger PV systems. However, the installation of a 5 kWh
BESS under a PPA is not economically beneficial for the third-party with current assumptions. The
results show that installing a larger PV system size is always more economically beneficial with a 5
kWh BESS installed.

Figure 18 displays the NPV for a 5 kWh BESS size as a function of PV system size per initial PPA
tariff p{f4 € {$0.20,$0.21, ..., $0.28} for a higher FiT of $0.0945. Again, the NPV rises with
increasing initial PPA tariff. As expected, the higher FiT of $0.0945 results in a higher NPV per
initial PPA tariff than the FiT of $0.0665 for each PV systems size, making the investment in solar-
and-storage PPAs financial viable for large PV systems installed and high initial PPA tariffs.
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Figure 18: Net present value (NPV) under a solar-and-storage PPA with a 5 kwWh BESS installed by
initial PPA tariff for different PV system sizes with FiT of pfeedi® = $0.0945

Electricity bill savings

This section presents the electricity bill savings of the customer under solar and solar-and-storage
PPAs under the base case scenario. Figure 19 illustrates the electricity bill savings of the customer
under a solar and solar-and-storage PPA as present value depending on the PV system size for flat-
rate (left) and TOU customers (right). Again, a 5 kwWh BESS is installed under the solar-and-storage
PPA.
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Figure 19: Electricity bill savings for flat-rate (left) and TOU customers (right) under a solar PPA
(blue line) and solar-and-storage PPA (orange line) with a 5 kWh BESS installed for different PV
system sizes

Under solar PPAs, the electricity bill savings of the customer increase with increasing PV system size
installed for both flat-rate and TOU customers. By entering into a solar PPA (blue line), flat-rate
customers save $1678.87 for 5 kW PV system size installed. For the same PV system size installed,
the electricity bill savings of TOU customers are at $5591.36, i.e. more than three times higher.
Installing a PV system of size 1 kW results in a decrease in electricity bill saving to $947.23 for flat-
rate and $3361.47 for TOU customers. However, a PV system size of 10 kW results in electricity bill
savings of $1907.41 for flat-rate and $6226.13 for TOU customers.

Under solar-and-storage PPAs, the electricity bill savings of the customer also increase with
increasing PV system size installed for both flat-rate and TOU customers. A 1 kW PV system leads
to electricity bill savings of $1333.92 for flat-rate and $4611.67 for TOU customers and a 10 kW PV
system to $3273.50 for flat-rate and $$9348.43 for TOU customers. However, under both solar and
solar-and-storage PPAs, the increase in electricity bill savings with increasing PV system size
decreases, reflecting the curve shape of self-sufficiency for PV and PV+BESS with increasing PV
system size, respectively.

As expected, solar-and-storage PPAs result in higher electricity bill savings than solar PPAs for both
flat-rate and TOU customers. By entering into a solar-and-storage PPA with 5 kWh BESS capacity
installed, flat-rate customers save $2992.16 and TOU customers save $8791.36 for a 5 kW PV system
installed. Thus, the 5 kwWh BESS increases the electricity bill savings of flat-rate customers by 78.23%
and of TOU customers by 57.23%, compared to the electricity bill savings under a solar PPA. This
increase can be attributed to the higher self-sufficiency due to BESS installation. The increase in
electricity bill savings when adding a 5 kWh BESS remains almost stable for all PV system sizes
larger than 4 kW for both flat-rate and TOU customers. For example, for a 10 kW PV system installed,
the electricity bill savings increase by 71.62% for flat-rate customers and by 50.15% for TOU
customers. This effect results from the utilization of the BESS, as a 5 kWh BESS is nearly fully
utilized with a 4 kW PV system installed and a larger PV system size increases the amount of
electricity stored only marginally. Nevertheless, for a 1 kW PV system installed, the increase is lower,
with 40.82% and 37.19% for flat-rate and TOU customers, respectively.
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Overall, these results imply that the reduction in the electricity bill of the customer under both solar
and solar-and-storage PPAs is higher for TOU customers than for flat-rate customers. Flat-rate
customers save for each kWh electricity self-consumed the same money independently of the
daytime. For example, in year one, solar and solar-and-storage PPAs reduces the electricity bill of the
customer by $0.0552 per kWh electricity self-consumed at a flat-rate tariff of $0.2952 and an initial
PPA tariff of $0.24. In contrast, TOU customers save the most money when drawing the solar-
generated electricity during peak hours between 2 pm and 8 pm on business days at the highest TOU
tariff valid. Also, they profit marginally from the electricity self-consumed at shoulder hours. Only
during off-peak hours, the TOU tariff is below the PPA tariff. Nevertheless, the savings during peak
and shoulder hours are high enough to compensate for the negative impact on electricity bill savings
at off-peak times. For example, during the first contract year, TOU customer save $0.3045 per kWh
electricity self-consumed between 2 pm and 8 pm at a TOU tariff of $0.5445 per kWh with an initial
PPA tariff of 0.24. Contrary, they make a loss of $0.0425 per kWh self-consumed during off-peak
periods. The installation of a BESS mainly increases the amount of electricity self-consumed at peak
hours, as the BESS discharges most of its electricity stored from 3 pm to the evening hours.
Consequently, TOU customers extremely profit from the high spread between PPA tariff and TOU
tariff, as they can cover their evening consumption peak with the electricity supplied from the BESS.
Although both flat-rate and TOU customer benefit from positive electricity bill savings when entering
into a solar PPA, we find that flat-rate customers have a low incentive to do so, as the net electricity
bill savings over 20 years are rather small. However, BESS installations increase the electricity bill
savings for both flat-rate and TOU customers, making the financing of PV+BESS under a solar-and-
storage PPA, especially for TOU customers, economically very beneficial.

Furthermore, we want to examine the impact of different initial PPA tariffs on the electricity bill
savings of the customer under both solar and solar-and-storage PPAs. Figure 20 depicts the electricity
bill savings under solar PPAs for flat-rate and TOU customers depending on PV system size for initial
PPA tariffs in the range of p5¥4 € {$0.20,$0.21, ..., $0.28}. Overall, the electricity bill savings are
higher with lower initial PPA tariffs. For a 5 kW PV system installed, customers with flat-rate tariffs
save $2895.43 at p5F4 = $0.20 and $462.30 at p574 = $0.28, and TOU customers save $6807.93 at
pbP4 = $0.20 and $4374.79 at p5P4 = $0.28 under base-case assumptions. However, the increase
of electricity bill savings with increasing PV system size flattens beyond a specific size of the PV
system installed for each PPA tariff considered, which is again due to the lower self-sufficiency
growth with increasing PV system size. For flat-rate customers, the incentive to invest in solar PPAs
is low for initial PPA tariffs exceeding p574 = $0.24. Their net savings on the electricity bill over 20
years amounts to a maximum of $1561.86 at pf¥4 = $0.25 for a PV system capacity of 10 kW
installed and to a minimum of $ 260.83 with p5¥4 = $0.28 for a 1 kW PV system installed. However,
flat-rate customers save $3289.59 at an initial PPA tariff of pf¥4 = $0.20 having a 10 kW PV system
installed. In contrast, the electricity bill savings of TOU customers are relatively high for all initial
PPA tariffs considered. TOU customers save a minimum of $ 2675.07 for a 1 kW PV system installed
with p5P4 = $0.28 and a maximum of $7608.31 for a 10 kW PV system installed with p5¥4 = $0.20
under solar PPAs.
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Figure 20: Electricity bill savings for flat-rate (left) and TOU customers (right) under a solar PPA by
initial PPA tariff for different PV system sizes
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Figure 21: Electricity bill savings for flat-rate (left) and TOU customers (right) under a solar-and-
storage PPA with a 5 kWh BESS installed by initial PPA tariff for different PV system sizes

Similar to Figure 20, Figure 21 illustrates the electricity bill savings for different initial PPA tariffs
depending on PV system size for flat-rate and TOU customers under solar-and-storage PPA with a 5
kWh BESS size installed.

Again, the electricity bill savings decrease with increasing initial PPA tariff and exceed those of a
solar PPA. For 5 kW PV system size installed, the net savings amount to $5160.39 and $10959.59 at
pbPA = $0.20 and decrease to $823.93 and $6623.13 at pfP4 = $0.28 for flat-rate and TOU
customers, respectively. Hence, adding a 5 kWh BESS to the 5 kW PV system installed leads to an
increase of 78.23% (78.23%) for flat-rate and 60.98% (51.39%)® for TOU customers at p5F4 =

13 Note that the percentual increase of electricity bill savings for flat-rate customers due to BESS installation is
independent of the initial PPA tariff, as the electricity is billed independently of time. However, the BESS shifts the
electricity generated to different daytimes resulting in different electricity bill savings per time dependent on the PPA
tariff explaining the lower percentual increase in electricity bill savings for TOU customers with a higher initial PPA
tariff.
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$0.20 (p&F4 = $0.28). Nevertheless, TOU customer save $11720.53 with a 10 KW PV system
installed at pf*4 = $0.20 and $3645.07 with a 1 kW PV system installed at p5¥4 = $0.28. The net
savings of flat-rate customers are lower with $5645.60 for a 10 kW PV system installed with p5?4 =
$0.20 and $367.31 for a 1 kW PV system installed with p¥4 = $0.28

Comparing Figure 20 and Figure 21 shows that entering into a solar-and-storage PPA is more
economically beneficial than entering into a solar PPA for both flat-rate and TOU customers at each
initial PPA tariff for each PV system size installed.

4.4  Sensitivity Analysis

A comprehensive overview of the financial viability for solar and solar-and-storage PPAs is crucial
to support both the third-party and the customer in deciding whether to invest in solar and solar-and-
storage PPAs, respectively. In the following, we vary the parameters fixed in the base case scenario
like BESS size, PV and BESS costs, and the contract duration, measuring their impact on the technical
metrics self-sufficiency and self-consumption and the financial metrics NPV and electricity bill
savings.

Battery Energy Storage System size

As mentioned in Section Error! Reference source not found., the BESS size selection is decisive
in evaluating solar-and-storage PPAs. Therefore, we consider BESSs of size 3 kwh, 5 kwWh, 8 kWh,
10 kWh and 15 kWh and show their technical effect on the amount of electricity stored, the self-
sufficiency and the self-consumption in year one of the PPA. Subsequently, we analyse the financial
impact of the different BESS sizes on the NPV and the electricity bill savings. The results shown in

this section are calculated based on the technical and financial input parameters listed in Section 4.1.
14

Impact on self-sufficiency and self-consumption
Figure 22 depicts the amount of electricity stored for different BESS sizes as a function of PV system
size in year one of the PPA.

1 Note that we only vary the size of the BESS system and keep the technical characteristics such as (dis-)charging rate and round trip efficiency as for
a5 kWh BESS installed.

36



BESS size in KWh

P
LA
[=]
L=

2000 4

1500

10040

Amount of electricity stored in kWh

500 4

2 4 G 8 10
PV system size in kW

Figure 22: Amount of electricity stored under solar-and-storage PPAs for different BESS sizes and
PV system sizes installed in year one

As expected, a larger BESS size installed leads to a higher amount of electricity stored for each PV
system size installed. For example, with a PV system size of 5 kW, a 3 kwWh BESS stores 932.60
kWh, an 8 kWh BESS 1969.54 kWh and a 15 kWh BESS 2472.42 kWh in year one. The amount of
electricity stored per BESS size increases with an increasing PV system size. For each BESS size, the
amount of electricity stored rises rapidly with larger PV system size up to a specific PV system size,
from which the ratio of increase decreases. This specific PV system size is again higher for larger
BESSs installed and indicates the PV system size for which the BESS is nearly fully utilised. A BESS
with a capacity of 3 kWh is nearly fully utilised at a 3 kW PV system installed and a BESS with a
size of 10 kWh at a 7 kW PV system. Furthermore, the amount of electricity stored at a 1 kW PV
system size installed is almost the same for each BESS size considered. A PV system of size 1 kW
provides such a low amount of electricity that even a BESS of 3 kWh stores almost all the electricity
generated remaining after the electricity consumption of the customer.

However, the increase in additional electricity stored due to a larger BESS size seems to decrease
with increasing BESS size for a certain PV system size. Whereas a 5 kWh BESS stores 507.70 kWh
more than a 3 kWh BESS, the additional amount of electricity stored when adding 2 kWh to an 8
kWh BESS amounts to 218.14 kWh for a 5 kW PV system installed. The State of Charge!® analysis
per BESS size shows that for each BESS size installed, the BESS is, on average, almost fully loaded
once per day for PV systems above a specific size. But the average minimum SoC reached per day
increases with a larger BESS size. Two reasons can explain this BESS cycling behaviour. Firstly, the
discharging rate limits the electricity output of the BESS for customers with high daily electricity
consumption during the evening peak hours. Note that the discharging rate is assumed to be 5 kWh
for all BESS sizes installed, also reflecting the discharging rate of larger BESSs available in Australia
(SolarQuotes, 2021). Secondly, some customers' daily electricity consumption is too low to discharge
the larger BESSs fully. However, the high average minimum SoC prevents larger BESSs from
charging more electricity.

5 The SoC per BESS size is depicted in Appendix C.
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Self-sufficiency

The size of the BESS installed influences the self-sufficiency of the customer, which Figure 23
graphically illustrates for year one. For a given PV system size, the self-sufficiency increases with
increasing BESS size installed. For example, at a PV system size of 5 kW, 51.24% of the customer’s
total electricity consumption in year one is covered by the PV+BESS with a 3 kWh BESS installed
and 82.77% with a 15 kwWh BESS installed. This is no surprise, as a larger BESS stores more
electricity, and the customer can cover a higher share of her/his electricity consumption with the solar-
generated electricity provided by the BESS.
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Figure 23: Self-sufficiency under solar-and-storage PPAs for different BESS sizes and PV system

sizes installed in year one

Nevertheless, the increase in self-sufficiency for larger BESSs installed decreases with increasing
BESS size. Adding 2 kWh to a 3 kWh BESS increases the self-sufficiency by 10.43%, and adding
the same capacity to an 8 kWh BESS raises the self-sufficiency by 4.46%. This effect can be directly
linked to the curve shape of the electricity stored per year, as with a higher BESS size, the additional
amount of electricity stored decreases.

For each BESS size, the customer covers a higher share of her/his annual electricity consumption if
a larger PV system size is installed. Again, the self-sufficiency curve per BESS capacity flattens
beyond a specific PV system size, since the BESS is nearly fully utilised with this specific PV system
size installed (cf. SoC per BESS size in Appendix D). For a 10 kWh BESS installed, the BESS is
nearly fully utilised with a PV system size of 7 kW at a self-sufficiency of 81.02%. With a larger PV
system size, the BESS can only redistribute a small additional amount of electricity to meet the
demand of the customer. Increasing the PV system size of 7 kW by 3 kW leads to an increase in the
self-sufficiency of 83.90% for a 10 kWh BESS installed within year one.

Self-consumption

For each PV system size installed, the self-consumption is higher with a larger BESS installed, as
displayed in Figure 24. The customer consumes at a self-consumption of 37.43%, less than half of
the electricity generated by a 5 kW PV system, for a 3 kWh BESS installed in year one, but nearly
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60.46% of the same amount of electricity generated for a 15 kWh BESS. Again, this could be expected
as the amount of electricity stored is higher for larger BESSs installed.
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Figure 24: Self-consumption under solar-and-storage PPAs for different BESS sizes and PV system
sizes installed
Furthermore, the increase in self-consumption decreases with increasing BESS size installed,
reflecting the curve shape of the amount of electricity stored. For example, for a 5 kW PV system
installed, 7.62% more of the electricity generated is self-consumed by the customer when a BESS of
size 5 kWh instead of 3 kWh is installed and 3.26% more when a 10 kWh BESS instead of an 8 kWh
BESS is installed.
For each BESS size installed, the self-consumption decreases with increasing PV system size. For
example, with a 15 kwWh BESS installed, almost all of the electricity generated is self-consumed at a
self-consumption of 97.20% for a 1 kW PV system installed. In contrast, the main part of the
electricity generated is fed into the grid at a self-consumption of 33.08% for a 10 kW PV system
installed.

Impact on Net present value
We measure the impact of different BESS sizes on the NPV of solar-and-storage PPAs under the base

case scenario for a5 kW PV system installed at an initial PPA tariff of p574 = $0.24, applying both
FiT benchmarks as displayed in Figure 25. Note that the bars in Figure 25 with BESS size in kWh
equal to zero represent the solar PPA case without storage implementation.
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Figure 25: Net Present Value (NPV) by Feed-in Tariff (FiT) under a solar PPA (left bars) and solar-
and-storage PPAs for different BESS sizes with a 5 kW PV system installed with initial PPA price
ptP4 = $0.24

For both FiTs, the NPV of solar-and-storage PPAs decreases with increasing BESS size. Hence, the
additional revenue, resulting from the increased self-consumption due to the battery storage
installation, does not cover the total additional initial installation and O&M costs of the BESS for
each BESS size installed. Only for a BESS size of 3 kWh installed the revenue from the BESS
installation is sufficient to result in a positive NPV for solar-and-storage PPAs at both FiTs. For a 3
kWh BESS installed, the third-party financially profits from a NPV of $51.23 at p/¢¢4" = 0.0665
and of $1273.34 at p/¢¢4i" = 0.0945. Again, the NPV at the higher FiT exceeds the one with the
lower FiT for each BESS size installed, as the revenue resulting from the share of electricity fed into
the grid and billed by FiT is higher with a higher FiT. For example, for a 15 kWh BESS installed, the
NPV amounts to -$11446.97 at p/¢¢4i" = 0.0665 and -$10747.32 at p/¢¢4i" = 0.0945. In summary,
we conclude that installing a PV+BESS instead of a PV system stand-alone decreases the financial
viability of PPAs for the third-party. Although entering into a solar-and-storage PPA with a 3 kWh
BESS results in a positive NPV, the third-party would prioritize installing a PV system stand-alone
under a solar PPA, as this investment has a higher NPV. Appendix E provides more information about
the NPV depending on the PV system size for each BESS size considered.

Electricity bill savings

The electricity bill savings of customers entering into a solar-and-storage PPA with a 5 kW PV system
at an initial PPA tariff of p574 = $0.24 for different sizes of the BESS installed are depicted in Figure
26. Again, we distinguish between flat-rate and TOU customers.

40



tariff
I Flate-rate
BOOO { s TOU

G000

4000 1

Electricity bill savings in %

2000 1

0.0 3.0 5.0 8.0 10.0 15.0
BESS size in kW

Figure 26: Electricity bill savings for flat-rate and TOU customers under a solar PPA (left bars) and
solar-and-storage PPAs for different BESS sizes with a 5 kW PV system installed

As expected, the electricity bill savings are higher with a larger BESS installed. Customers profit
from the higher self-sufficiency (cf. Figure 23) and do not have to afford the additional costs of the
BESS. However, the increase in electricity bill savings decreases with increasing BESS size installed,
reflecting the curve of self-sufficiency with increasing BESS size. For a 5 kW PV system installed,
flat rate customers can reduce their electricity bill by $2511.76 with a 3 kWh BESS, by $3559.07
with an 8 kWh BESS and by $4212.21 with a 15 kWh BESS. However, a BESS size beyond 8 kWh
only marginally raises the electricity bill savings for TOU customers. TOU customers save $8133.35
having a 3 kwWh BESS and $9126.44 having an 8 kWh BESS installed, which differs only by $195.81
from the electricity bill savings having a 15 kWh BESS installed. For larger BESSs installed, the
customers draw a higher share of the electricity stored at night times, where the TOU tariff is below
the PPA tariff. Nevertheless, customers save enough money at peak times to compensate for the
negative impact on electricity bill savings at off-peak times.

Investment costs

Further sensitive parameters in the financial evaluation of PPAs are the investment costs for the PV
system and the BESS, respectively. Solar-and-storage PPAs may become financially viable for the
third-party in the following years, as costs for battery storage are expected to decline significantly in
the future (International Renewable Energy Agency, 2017; Nykvist and Nilsson, 2015). Figure 27
provides an overview of the NPV for a 5 kW PV system and 5 kwh BESS installed depending on
both PV system and BESS investment costs with our base assumptions at pf¥4 = $0.24 and
pfeedin = $0.0665. Therefore, we assume upfront investment costs of the PV system between $500
and $1050 per kW installed and upfront investment costs of the BESS between $800 and $1450 per
kWh capacity installed (in steps of $50). The O&M costs of the PV system amount to 1.5% of the PV
system investment costs and the O&M costs of the BESS remain constant, as those depend on the
BESS size installed.
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Figure 27: Net Present Value (NPV) under solar-and-storage PPA with a 5 kW PV system and 5 kWh
BESS installed for different PV system investment costs (x-axis) and BESS investment costs (y-axis)
with initial PPA tariff pf¥4 = $0.24 at FiT p/¢edi" = 0.0655

As expected, the NPV decreases with increasing PV system investment costs and BESS investment
costs, respectively. With PV system investment costs of $1050 per kW installed and BESS investment
costs of $1450 per kWh installed, the NPV amounts to -$4475. In this setting, a third-party would not
invest in solar-and-storage PPAs with 5 kW PV and 5 kWh BESS installed, respectively. However,
Figure 27 shows that the NPV is positive in most cases when the overall investment costs of the PV
system and the BESS are equal or less than $1650. For example, for PV system investment costs of
$650 per kW installed and BESS investment costs of $1000 per kWh installed, the investment in
solar-and-storage PPAs is economically beneficial for the third party resulting in a NPV of $119.
Nevertheless, the incentive to do so is relatively low. With assumed costs of $500 per KW PV system
size installed and $800 per kWh BESS size installed, third-parties can benefit from a higher NPV of
$1997.

Figure 28 displays the NPV for a 5 kW PV system and 5 kWh BESS installed depending on both PV
system and BESS investment costs under the base case scenario at pS4 = $0.24 and pfeedin =
$0.0945. The higher FiT makes the investment in solar-and-storage PPA financially viable for higher
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overall investment costs of the PV system and the BESS. In most cases, overall investment costs up
to $1850 lead to a positive net profit for the third-party.
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Figure 28: Net Present Value (NPV) under solar-and-storage PPA with a 5 kW PV system and 5 kWh
BESS installed for different PV system investment costs (x-axis) and BESS investment costs (y-axis)
with initial PPA tariff pf¥4 = $0.24 at FiT p/eedin = 0.0945

Contract duration

As already mentioned in Section Error! Reference source not found., the duration of the PPA
contract is prefixed and typically varies between 15 and 20 years. When entering into a solar and
solar-and-storage PPA, a shorter contract duration will result in lower electricity bill savings for the
customer, as less electricity is self-consumed. Nevertheless, the electricity bill savings of the customer
will stay positive for each contract duration as displayed in Appendix F. In contrast, the impact of the
PPA duration on the financial viability of solar and solar-and-storage PPAs for the third-party is not
clear in advance.

Solar PPAs
Figure 29 shows the NPV as a function of the contract duration in the base case scenario of solar
PPAs with 5 kW PV system size installed for both FiT benchmarks.
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Figure 29: Net present value (NPV) by Feed-in-Tariff (FiT) under a solar PPA with a 5 kW PV system
installed for different lengths of contract duration with initial PPA tariff of p5¥4 = $0.24

In general, the NPV increases with increasing contract duration. Only the NPV with a contract
duration of eleven years is lower than the NPV with a contract duration of ten years, reflecting the
replacement costs of the solar inverter after ten years. For a FiT of p/¢¢4" = $0.0665, a third-party
would not agree to invest in solar PPAs with a duration of fewer than nine years. For example, for a
contract duration of five years, the NPV amounts to -$1382.87. For a contract duration that lasts nine
years or longer, the revenue resulting from the solar PPA exceeds the initial investment costs and
annual O&M costs of the PV system for p/¢¢4" = $0.0665, and the third-party expects a net profit
of $1905.41 for 15 years of PPA duration. Clearly, the NPV at the higher FiT p/e¢4" = $0.0945
exceeds the NPV at the lower FiT p/¢edm" = $0.0665 for all contract durations. For a FiT of
pleedin = $0.0945, solar PPAs are financially viable with a duration of equal to or higher than seven
years. Expecting a NPV of -$815.75, third-parties would not conclude a solar PPA with a contract
duration of five years.

We refer to Appendix F for more information about the NPV as a function of the contract duration
for different initial PPA tariffs. Generally, the higher the initial PPA tariff and the higher the FiT, the
more economically beneficial is the investment in solar PPAs given a specific contract duration.

Solar-and-storage PPAs
Figure 30 depicts the NPV as a function of contract duration in the base case scenario of solar-and-
storage PPAs with a 5 kW PV system and a 5 kWh BESS installed, respectively.
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Figure 30: Net present value (NPV) by Feed-in-Tariff (FiT) under a solar-and-storage PPA with a 5
kW PV system and a 5 kWh BESS installed for different lengths of contract duration with initial PPA
tariff of p§¥4 = $0.24

Again, the NPV increases with increasing contract duration besides the single decrease at eleven years
of contract duration, reflecting the replacement costs of the hybrid inverter of the PV+BESS. The
higher FiT results in a higher NPV for all contract durations. The third-party receives a net profit of
-$6491.14 at p/ee4i" = $0.0665 and -$6095.75 at p/ee4" = $0.0945 for a duration of five years,
respectively. Both NPVs increases to -$3970.27 at p/¢¢%" = $0.0665 and -$3281.70 at p/eedin =
$0.0945 for a contract duration of ten years. The additional costs for the hybrid inverter replacement
after ten years leads to a decrease at eleven years of PPA duration for both FiTs. Nevertheless,
investing in solar-and-storage PPAs remains economically unbeneficial from the third-party
perspective for each contract duration considered at both FiTs. Overall, the best option for the third-
party is to agree to a solar-and-storage PPA with a contract duration of 20 years under current
assumptions.

Again, we refer to Appendix F for more information about the NPV as a function of the contract
duration for different initial PPA tariffs. A higher initial PPA tariff and a higher FiT increases the
NPV of solar-and-storage PPAs given a specific contract duration. For example, an initial PPA tariff
of p§F4 = $0.28 and a FiT of p/¢¢4i" = $0.0945 leads to a positive NPV when the contract duration
exceeds 17 years, making the investment in solar-and-storage PPAs economically for the third-party.

5. Conclusions

This study investigates if and under which conditions third-party financed residential solar and solar-
and-storage PPAs can be economically beneficial with representative households as customers in
Australia. First, we develop a framework to design residential solar PPAs with BESSs and explain
the impact of the design parameters contract duration, PPA tariff structure and PV+BESS sizing on
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the financial viability of solar-and-storage PPAs. Second, we implement a two-step techno-economic
model to determine the financial viability of solar and solar-and-storage PPAs from a third-party and
customer perspective. Hereby, we assume calibrate parameters based on current PV system and BESS
investment costs and electricity tariffs in Australia. Representative electricity consumption and
generation profiles are generated using a stationary bootstrap approach, based on information about
real-world electricity consumption and generation data. In addition, this study includes a model for
residential BESSs, developed based on previous research and real-world battery storage
characteristics, such as degradation and round trip efficiency. The BESS operates solely to increase
the self-consumption and self-sufficiency. All calculations are based on half-hourly resolution data,
enabling a realistic and accurate determination of the electricity usage and financial cashflows in the
model setup. However, further work could extend the resolution to continuous real-time data to
enhance the performance measurement of the BESS.

We find that financing a PV system only located onsite the customer under solar PPASs is an
economically beneficial option for both the third-party and the customer in the current Australian
market environment. For the third-party, the implementation of a 5 kW PV system results in a NPV
of $2696.58 assuming the FiT benchmark for 2020/21 of $0.0665 in a base scenario. In general, we
find that a higher PPA tariff increases the net profit for the third party. The expected NPV mainly
depends on the PV system size installed and the FiT applied. A higher FiT indicates a higher NPV
for the same PV system size installed, financially supporting the installation of a larger PV system.
In contrast, we find that a lower FiT can mitigate the net profit of the third-party for a higher PV
system size installed, since the revenue generated from feeding electricity into the grid under FiT
cannot counterbalance the additional PV investment costs for a larger PV system. This effect can be
linked to the time-mismatch of solar-generated electricity and residential consumption patterns. From
a PV system of 2 kW or larger, the main share of solar-generated electricity is fed into the grid, which
weights the proportion of the revenue resulting from feeding in higher than the one resulting from the
customer’s amount of electricity self-consumed.

We find that the implementation of a BESS in addition to the PV system increases the amount of
electricity self-consumed by the customer. Depending on PV system size, a 5 kWh BESS provides
about 7% to 26% more solar-generated electricity for the electricity consumption of the customer
over 20 years.

Although the BESS installation increases self-consumption and self-sufficiency, we find that
financing a PV+BESS under a solar-and-storage PPA is typically not financially viable for the third-
party. The initial investment costs of the BESSs are too high to compensate for the additional revenue
generated from selling a higher amount of electricity to the customers. However, solar-and-storage
PPAs may become economically feasible with a lower BESS size installed and lower upfront
investment costs. Like in solar PPAs, a higher PPA tariff results in a higher NPV, but even the highest
initial PPA tariff of $0.28 considered leads to a negative NPV for a 5 kWh BESS installation.
However, rebates on the upfront investment costs of the BESS can make entering into a solar-and-
storage PPA an economically beneficial option for the third-party. Our results indicate that with a
rebate of at least $1103.82, the investment in a solar-and-storage PPA with a 5 kW PV system and a
5 kWh BESS installed can be financially viable at an initial PPA tariff of $0.28.

46



One general finding is that BESSs support the installation of a larger PV system size. The revenue
resulting from selling the electricity stored to the customer instead of feeding into the grid exceeds
the investment costs of larger PV systems. Hence, we conclude that BESS installation can increase
the share of residential PV capacity, once the BESS costs decline. Similar to solar PPAS, higher FiTs
result in higher net profits for the third-party.

For common Australian customers, we find that both solar and solar-and-storage PPAs are financially
viable options to install either a PV system or a PV+BESS on their property, whereas the incentive
for customers to invest in solar PPAs is rather low. Under solar PPAs with our base assumptions, flat-
rate customers can save $1678.87 and TOU customer $5591.36 on their net electricity bills within a
contract duration of 20 years for a 5 kW PV system installed. The individual risk attitude, personal
preferences and motivations to install PV system may further impact the decision of a household to
enter into a solar PPA. As expected, customers can save more money on their electricity bill when
installing a combined PV+BESS instead of PV only. The BESS increases the self-sufficiency without
any additional costs to the customer. A commonly sized BESS with 5 kWh storage capacity increases
the self-sufficiency and consequently the electricity bill savings of the customer. Flat-rate customers
can save $2992.16 and TOU $8791.36 on their electricity bills, which makes solar-and-storage PPAs
a beneficial solution for customers to install a PV+BESS on their property. Under both solar and
solar-and-storage PPAs, the results indicate that TOU customers generally save more on their
electricity bills than flat-rate customers, as they profit from a higher spread of PPA tariff and retail
tariff in peak times. Also, the BESS supplies most of the electricity in the late afternoon and evening
hours, leveraging the benefits resulting from the tariff spread for the customer. Furthermore, both a
larger BESS and a larger PV system increase the self-sufficiency and, thus, the electricity bill savings
for solar and solar-and-storage PPAs. Additionally, customers save more on their electricity bill with
a lower initial PPA tariff.

In summary, the findings of solar and solar-and-storage PPAs from a financial point of view indicate
that third-parties prefer the financing of a PV system only over a combined PV+BESS, and customers
financially benefit more from a combined PV+BESS than from a PV system only. Also, a higher
initial PPA tariff under solar-and-storage PPAs than under solar PPAs only typically does not make
the investment in solar-and-storage PPAs financially advantageous, in comparison to solar PPAs for
the third-party. However, policy measures, such as battery rebates, FiTs and PPAs offered by the
Government, can enhance the financial viability for the third-party. Our results indicate that current
battery rebate programs already lead to a positive net profit under solar-and-storage PPAs.
Furthermore, we find residential PPAs financed by the Government could be a financially viable
option to stimulate the installation of residential PV+BESS.

This work provides a comprehensive understanding of the financial viability of residential solar and
solar-and-storage PPAs in Australia, but is restricted to model assumptions and includes further
limitation that are summarized in the following.

First, it should be noted that we evaluated the installation of a residential BESS in addition to a PV
system under solar-and-storage PPAs by modelling one specific BESS. The technical characteristics
of the BESS, such as round trip efficiency and maximum (dis-)charging rate, directly influence the
performance of the BESS and, thus, affect the electricity usage under solar-and-storage PPAs. Future
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work may extend the current analysis by a variation of BESS technical characteristics to make a more
comprehensive statement about the economic benefits of solar-and-storage PPAs from the third-party
and the customer perspective. In addition, the evaluation of the economic benefits of residential
BESSs in this work is limited to the assumption that the BESS only operates to meet the demand of
the customer. However, battery storage is a multi-purpose technology that can stabilize the grid,
enables peak demand shaving and can contribute to price stability on the wholesales market (Lund et
al., 2015; Malhotra et al., 2016). How residential on-grid BESSs can be applied in the context of
solar-and-storage PPAs to enable load shifting, demand-side-management, and peak demand
reduction through interactions with the grid is subject to further work. In this context, future research
may also consider time-variant FiTs. Some states in Australia have already introduced time-variant
FiTs, encouraging residents to feed in solar-generated electricity in off-peak times, especially in the
evening hours (IPART, 2021a; Solar Choice, 2018). For example, in NSW, currently only 2% of the
total electricity feed in takes place after 5 pm (IPART, 2021a). This study does not consider time-
variant FiTs, as most of the electricity is fed in to times where the time-variant FiT equals the
traditional FiT due to the BESS cycling. Nevertheless, the impact of time-dependent FiTs on the
financial viability of on-grid BESSs under solar-and-storage PPAs is more complex and remains
future work.

Furthermore, this work evaluates residential PPAs for one customer segment solely with average
annual electricity consumption of about 4680.33 kWh. However, future work could analyse the
sensitivity of solar and solar-and-storage PPAs regarding the level of residential electricity
consumption. We expect that higher residential electricity consumption will increase the economic
benefit of solar and solar-and-storage PPAS, as the residents draw a higher share of the solar-generated
electricity during the whole day, which would be consistent with Best et al. (2019). Under solar-and-
storage PPAs, higher residential electricity consumption may increase the utilization of BESS.
Households retrieve more electricity stored in evening hours, enabling deeper cycles of the BESS,
increasing the share of electricity stored, and mitigating the electricity fed in on a long-term
perspective.

Another opportunity in terms of increasing the financial viability of residential solar and solar-and-
storage PPAs is to include electric vehicles in the financial analysis of PPAs. With improved battery
technology, electric vehicles have become usable low-emission alternatives to fuel-powered cars for
households and have already gained high popularity in many regions like Europe and the USA (Hall
and Lutsey, 2017). One major potential of electric vehicles is their ability to provide vehicle-to-grid
flexibility services that enable grid-connected local electricity management by utilizing the battery
inside the electric vehicle for load-shifting and peak demand reduction (International Renewable
Energy Agency, 2017). Also, the adoption of electric vehicles to residential PV systems increases the
household’s self-consumption (Munkhammar et al., 2013). However, in Australia, the market
penetration of electric vehicles is still low, as households, among others, refuse to pay high purchase
prices and O&M costs (Gong et al., 2020). In addition, electric vehicles increase the electricity
consumption and consequently the electricity bills of households in general, making the financial
viability of electric vehicles for households dependent on future electricity prices. In this context,
residential PPAs can be a viable alternative for residents to overcome the financial risks of electric
vehicles and remains an interesting topic for future research.
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