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Abstract: The momentous deployment of photovoltaic (PV) installations in modern times converted
schemes utilised to support behind-the-meter systems to compensation mechanisms promoting
self-consumption for all prosumer types. Moreover, their incorporation with battery storage systems
(BSS) is expected to remove technical counter effects and assist in more self-sufficient prosumer
sites. As electricity prices are continuously rising, negatively impacting consumers, we intend
for this study to serve as a guideline for residential PV-BSS sizing. Additionally, its objective is
to provide an operational and economic evaluation of PV-BSS by considering relevant schemes
and concentrating on the most effective parameters. This study contributes to the literature with
a holistic methodology for sizing and techno-economically evaluating residential systems in the
Mediterranean area that is replicable for any state or consumption class. Simulations addressing
PV-BSS performance were exploited with the use of real (high-resolution) data, estimating particular
sizing, operational, and techno-economic indicators during the entire system lifetime within the
framework of a techno-economic analysis. The simulations calculated the initial expenditure, the
yearly revenues from the PV-BSS operation, and the corresponding expenses, contrasting them on
a year-to-year basis. The results demonstrate that for the five countries addressed as case studies,
PV-BSS sizing is significantly impacted by the supporting scheme regarding maximum financial
gains. A likeness amid the ideal power-to-energy ratio (PER) indicator of every addressed state for
the examined parameters (electricity price and consumption class) was demonstrated for the full
self-consumption scheme, whereas for net billing, intercountry discrepancies and generally higher
optimal PER values were observed. Finally, an increase in electricity prices or consumption generally
decreases optimal PER; therefore, a recommendation is provided for the avoidance of inessential
expenditures in surplus system component sizes.

Keywords: photovoltaics; battery storage systems; sizing; techno-economic analysis; prosumers

1. Introduction

Photovoltaic (PV) systems have been astoundingly deployed globally in recent years,
mainly as a result of vast cost decreases stemming from their increasing maturity and
their successive technological improvements [1,2]. As PV grid parity has already been
reached in multiple countries [3,4] and the attention with regards to PV-supporting plans
has been adjusted to strategies encouraging self-consumption, such as net billing rather
than net metering, for both prosumer types (i.e., residential and non-residential) [5], PVs
are currently being integrated with battery storage systems (BSS), which are regarded as an
encouraging answer to the emerging security and stability bottlenecks. The latter constitute
a negative impact of large PV penetration in grids. Notably, BSS can support prosumers
not only in limiting the misalliance between their on-site PV production and consumption
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and, subsequently, in reducing their electricity bills [6], but also in decreasing their grid
imports and exports [7], therefore being beneficial to the grid, as well by enabling more
self-sufficient sites of prosumers [8].

Consequently, a notable focus has been placed on hybrid PV-BSS worldwide in recent
years. Cyprus, a peculiar case of a European island state with an isolated power system, the
absence of grid-scale energy storage, and high residential PV deployment due to favourable
solar irradiance conditions [5], permitted such installations in the residential context only
a year ago, following the example of other (more advanced) European countries. How-
ever, only a limited number of residential PV-BSS have been commissioned until now in
Cyprus, essentially due to the high initial investment costs and unfavourable regulatory
conditions, which were mainly implemented as pilots in previous years. These operational
pilot systems have been primarily evaluated in terms of their sizing for self-consumption
and/or self-sufficiency maximisation [6] or as controllable assets to avoid affecting the
prosumers’ consumption habits or curtailing their PV production [8]. Generally, the sizing
of residential PV-BSS has been examined in a multitude of studies in recent years, while
multiple others assessed the fiscal attractiveness of such systems when operated with a
particular operational mode exploiting appropriate financial indicators [3,5].

This study was performed in light of the noteworthy potential of hybrid PV-BSS in the
residential context for both interested parties, i.e., the end users (as electricity customers)
and the grid, and considering the successive sharp rises in electricity prices in recent
times (guided mainly by climate change, the recent pandemic, and the conflict between
Russia and Ukraine [9]), which, in many countries (including Cyprus), reached >30%
in 2022 [10,11], considerably impacting all types of consumers globally. Its objective is
to serve as a guideline towards accurate sizing of residential PV-BSS and to provide an
assessment of the operational performance of such systems in terms of self-consumption
and self-sufficiency. Moreover, acknowledging the significance of self-sufficiency from an
environmental and economic perspective in the future, this study also aims to contribute
with an assessment of the techno-economic viability of residential PV-BSS. This study
focuses on hybrid systems operating in the context of relevant supporting strategies in
five countries of the Mediterranean area, which are characterised by a high level of solar
resources and, thus, a prospect for vast residential PV deployment. Nonetheless, the
proposed strategy can be universally applied, while its necessary input information (despite
country-specificity in terms of value) is common and widely available.

In summary, by identifying the absence of a thorough evaluation framework of res-
idential PV-BSS under pertinent compensation mechanisms in the literature, a holistic
methodology was deployed within the framework of a techno-economic analysis (taking
into consideration up-to-date technology prices and real country-specific data) that is repli-
cable for any country and prosumer class, with emphasis on the most effective parameters
(as depicted by the results) with respect to the sizing and techno-economic feasibility of
hybrid PV-BSS and quantifying their effect. The outcomes of this study can be beneficial to
a wide range of interested parties. Specifically, individual electricity customers can gain
helpful insights with regards to PV-BSS investment decisioning, while professionals in the
fields of renewables and energy storage can utilise the methodology and its findings in the
scope of their operations, thereby providing accurate sizing and effective consultation to
their customers. Finally, policymakers responsible for the development of action plans with
the aim of meeting energy transition targets can take into account this techno-economic
evaluation for the design of more appropriate and cost-effective supporting mechanisms
for the deployment of clean technologies.

2. Literature Review

The global uptake of smart grids (signifying the importance of digitalisation towards
green solutions) is reported as the optimal substitute for conventional power generation
in [12]. Nonetheless, the authors highlighted the necessity of competent energy manage-
ment techniques to ensure the cost-effectiveness of such grids that incorporate (among
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other things) PVs and BSS. Energy independence and sustainability are viewed as ma-
jor modern-day matters, considering prosumers as enablers of new social models and
as drivers of energy transition [13]. To this extent, an economic analysis of a PV plant
in Italy under collective self-consumption was proposed, additionally assessing various
policy and market parameters. Moreover, the role of PVs within sustainable and decar-
bonised transportation has been realised among the most promising keys to tackle climate
change, increasing the popularity of BSS in the form of electric vehicles, especially when
incorporated with on-site PVs [14].

The necessity of renewable energy in the global context is highlighted in [15]; the
study was focused on the neighbouring region of the Ukrainian conflict (as a particularly
important problem in recent times), providing general directions for the development of
a specific renewables market based on individual end users. The macroeconomic impact
of planned renewable energy investments in Croatia was analysed in [16], addressing the
current decade. The results depicted the comparably modest macroeconomic impact of
renewable investments, highlighting the necessity of altering their design in order to focus
on technologies with the utmost residential components.

The impact of several techno-economic parameters (e.g., geographic location, weather
conditions, PV-BSS costs, etc.) on the financial purposefulness of grid-connected PV-BSS
was assessed in [17], in which a tool for investment decisioning, optimal system sizing, and
operation scheduling was employed. The results demonstrate that each of these parameters
impacts the selection of the most suitable PV-BSS size. Moreover, PV-BSS profitability was
evaluated in [18], in which a techno-economic model was used, examining the optimal
PV-BSS sizing subject to the investment’s net present value (NPV) and by considering PV
production and load consumption, PV-BSS costs, and electricity prices.

An extensive appraisal of the economic viability of residential PV-BSS operating under
a pure self-consumption policy was provided in [3] with the use of a novel indicator, namely
the levelised cost of use (LCOU), demonstrating that with the current (high) BSS costs,
residential PV-BSS grid parity is not feasible yet, while future technology cost reductions
enable PV-BSS grid parity in nearly 67% of the addressed countries. Furthermore, an
economic analysis of PV-BSS profitability and optimal configuration was presented in [19],
taking into account heterogeneous households subject to the German regulatory framework.
The results demonstrate that system profitability is highly affected by fiscal aspects, which
are an unimportant factor for optimal system configuration, although they have a vital
impact on both objectives.

A simulation model identifying the most profitable residential PV-BSS size was pre-
sented in [20], addressing technological, market-based, political, and geographical features
and by considering Germany and Ireland as case studies to juxtapose regulatory and geo-
graphical differences. The general feasibility of PV-BSS in Germany was demonstrated, as
well as that some minor technology cost reductions are expected to constitute subsidies
in BSS unnecessary.. In contrast, PV-BSS profitability is not yet possible in Ireland under
current conditions. Furthermore, an economic NPV-based model was applied in [21], exam-
ining the effectiveness of a subsidised tax rebate of 110% over five years for hybrid PV-BSS
as a response to the COVID-19 pandemic by the Italian government. The results illustrate
the measure’s appropriateness to substantially reduce the influence of the investment
expense on BSS profitability.

In addition, a method for the optimal sizing of residential PV-BSS aiming at electricity
bill minimisation was developed in [22], considering grid reliability and demand response.
A stochastic optimisation problem to conclude the most suitable PV-BSS size was formu-
lated in [23], focusing on two objectives, specifically BSS purchase cost minimisation and
grid import minimisation.

Furthermore, a two-stage stochastic sizing–operating framework for the optimal
design and operation of residential PV-BSS was proposed in [24], addressing PV production
and load uncertainties through scenario modelling, while also investigating the effect of
other factors, such as tariff profiles and unit costs. A new mixed-integer linear program for
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optimal PV-BSS sizing and energy scheduling was proposed in [25], optimising based on
the highest system NPV under different tariff designs. The results demonstrate that the
optimal PV-BSS sizing is not affected by the analysed tariff structures and that, generally,
higher PV power and lower BSS capacities are promoted as optimal solutions.

The modelling and sizing outcomes of a residential BSS for electricity peak shaving
were introduced in [26]. By considering realistic 5 min electricity profiles, performance
results for a range of (power and energy) BSS sizes were obtained for a variety of residences,
while the authors of [27] concluded that integrating BSS and PVs does not reduce PV
system capacity by definition, as it only lowers grid dependence. However, component
sizing is heavily influenced by the valuation method of the building’s energy consumption,
considering the Californian (USA) regulatory framework, in which the value of energy
consumption is affected by its time occurrence.

Moreover, a convex programming methodology for the proper sizing and energy
management of a residential PV-BSS was developed in [28], using data from households in
the USA and targeting economic maximisation. The rapid optimisation (i.e., the optimal
sizing of the BSS) achieved by the aforementioned methodology was illustrated. In addition,
a scenario-based optimisation model for the determination of domestic autonomous PV-
BSS size was deployed in [29], considering PV production uncertainty and hourly energy
demand specimens.

The sizing and economic profitability of PV-BSS was analysed in [30] by addressing a
Finnish case study (apartment building and detached households). The outcomes demon-
strate that BSS and suitable electricity pricing can increase the optimal PV system size,
as well as that PV-BSS can be more profitable than solely PV systems with all addressed
incentives. Furthermore, a simulation-based optimisation for PV-BSS techno-economic
assessment in [31] considered temporal high-interval load and PV generation profiles,
PV-BSS parameters, and the German regulatory framework as a case study. The importance
of the analogy of the installed PV power to the usable BSS rating on self-consumption,
self-sufficiency, and overall system economic efficiency was verified as a key parameter for
cost-optimised system sizing.

Simulations were exploited in [32] to evaluate the techno-economic performance of
residential PV-BSS, considering simulated PV production, historic household load, and
techno-economic parameters for a Japanese case study. The noteworthy variation of PV self-
consumption between months was indicated, as well as the ability of higher BSS capacities
to increase self-consumption, while the considerable impact of the customer’s load features
and PV production profiles on the rate of increase was also noted. Moreover, PV-BSS
customer savings, which are most commonly specified for the volume component (kilowatt
hour) rather than the demand component (kilowatt peak), were addressed in [33]. The
results demonstrate that PV production reduced the maximum demand in five Australian
networks, while further reduction was achieved with a 12 kWh BSS.

In addition, a mathematical tool for the management of energy flow from a PV system,
a BSS, and the power network was presented in [34], demonstrating the economic viability
of energy storage on the condition that the remuneration of exports to the grid is permitted.
The characterisation of residential BSS as a viable addition in Switzerland, Norway, and
Spain, as well as beneficial regarding their CO2e emission reduction potential (especially for
countries with high CO2e intensities) was provided in [35]. The outcome also demonstrates
that increased cooling demand results in higher optimal BSS sizes.

The issue of system operation and environmental conditions impacting BSS lifetime
was stressed in [36], in which a multiyear sizing methodology for residential BSS consider-
ing BSS lifetime until complete degradation was further proposed. The results demonstrate
a 400 EUR/kWh break-even BSS cost (lower than the average market price), while they
also show the impracticality of current market components for low-energy-demand con-
sumers. Furthermore, the lifetime performance of residential PV-BSS for all states in the
USA was modelled in [37]. The results confirm that properly sized PV-BSS can be more
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competitive than sole PV systems and that they can also compete with utility prices, given
the proper incentives.

A residential PV-BSS sizing method with the aim of limiting the total annual electricity
cost (while covering the load demand) based on a genetic algorithm was introduced in [38]
and validated with a collected yearly Australian dataset. The outcomes demonstrate that
the joint optimisation of PV and BSS components can greatly decrease grid import and
household electricity costs. Additionally, a mixed-integer linear optimisation PV-BSS model
was deployed in [39], aiming to limit the cost of purchased electricity. The model was
employed to analyse two paradigmatic households, demonstrating the considerable impact
of the modelling assumptions (i.e., regulatory and fiscal treatment and specific investment
cost), concluding that PV-BSS handling peak loads are far from profitability at the moment.

Finally, focusing deeper on the Mediterranean area, current literature findings demon-
strate the infeasibility of residential PV-BSS in a group of countries in southern Europe.
This is mainly due to the high cost of current market components (particularly of BSS),
although with promising results attributed to potential future cost reductions [3]. Similarly,
although the viability of hybrid PV-BSS was confirmed in the case of a Mediterranean
country in [5], highlighting the impact of proper system sizing, the incapability to compete
with grid electricity prices was credited to expensive BSS costs, while the positive effect of
subsidies on PV-BSS investments was acknowledged in [21].

3. Materials and Methods
3.1. Study Outline

In the scope of this research, simulations based on real data were employed for the
estimation of the most suitable size of residential PV-BSS. The simulations took into account
a pair of dominant parameters influencing the techno-economic viability of residential PV-
BSS, i.e., the country’s retail price of electricity and the consumption class of the prosumer.
System operation was simulated considering two pertinent supporting schemes, namely
full self-consumption and net billing.

Specifically, a range of PV and BSS sizes was examined by the simulations, quantifying
their impact on the prosumer’s self-consumption rate (SCR) and self-sufficiency rate (SSR).
Then, particular techno-economic indicators, namely the NPV, the internal rate of return
(IRR), the discounted payback period (DPP), and the levelised cost of electricity (LCOE),
were estimated in the context of a techno-economic analysis targeting residential PV-BSS.
Five countries in the Mediterranean area (characterised by a high level of solar resources
and, therefore, a potential for increased residential PV deployment) were addressed as
case studies; however, the developed framework is fully replicable for any country and
prosumer class.

A techno-economic analysis is regarded as a method to assess the economic perfor-
mance of any process, service, or product. It typically utilises modelling for the estimation
of capital expenses, operation and maintenance expenses, and annual and total lifetime
revenues based on particular data. Notably, firm technical details (e.g., investment char-
acteristics, operational data, etc.) and up-to-date financial details (e.g., investment costs,
financial attributes, etc.) are necessarily subject to a holistic methodology for a thorough
techno-economic analysis formed by the four steps listed below, as illustrated in Figure 1:

• Project Specification: Consideration of all project-related information and identification
of the project planning framework;

• Cost Calculation: Appraisal of total financial costs (i.e., monetary expenses) during
the entire project lifetime;

• Benefit Calculation: Appraisal of total financial benefits (i.e., monetary revenues)
during the entire project lifetime;

• Cost and Benefit Comparison: Juxtaposition of total financial costs and total financial
benefits during the entire project lifetime.
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Figure 1. Techno-economic analysis methodology.

Furthermore, the process of implementing the aforementioned system sizing
and techno-economic analysis is illustrated in Figure 2, formulated as a 5-level proce-
dure. Specifically:

• Level 1: First, the power data are assessed and managed accordingly, and typical
energy profiles of daily PV production and consumption are created for each country
under study, compared to, and verified by annual values found in the literature;

• Level 2: The hybrid PV-BSS operation is simulated based on the relevant technical
entries and the selected BSS mode of operation over the entire system lifetime for
each occasion;

• Level 3: The annual and total financial costs and benefits are calculated based on the
relevant financial entries for each occasion;

• Level 4: The relevant sizing and techno-economic indicators are estimated over the
entire system lifetime for each occasion;

• Level 5: Finally, the obtained results are evaluated, and conclusions are derived.

Figure 2. Procedure for the sizing and techno-economic analysis of a hybrid PV-BSS.

It must be noted that the adopted procedure enables the estimation of multiple hybrid
PV-BSS sizes, as well as extended PV and BSS size combinations, based on various relevant
data, while it also effectively handles (among others things) country-related particular-
ities, such as the self-consumption class of the prosumers, their load demand profiles,
geographic locations, environmental conditions, solar resource availability, and regional
cost differences.
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3.2. Simulation Description

In the context of this research, the residential power demand profile and the average
daily PV power production profile were considered by the developed simulation model,
assuming a PV-BSS operation of 20 years. Both profiles were acquired in a 15 min interval
and regard a representative workday and holiday/non-workday for the twelve months of
a reference year.

It must be noted that in view of the scarcity of formal representative domestic demand
profiles in the literature, datasets in the ownership of the PV Technology Laboratory of the
FOSS Research Centre for Sustainable Energy of the University of Cyprus from previous
research work for the five examined countries were utilised [1]. For example, for the Cyprus
dataset, relevant data from 300 prosumer buildings spread all over the state and including
diverse types of prosumers (e.g., different ages, family sizes, educational levels, etc.) were
acquired, and through the appropriate processing, typical power demand profiles were
obtained [40,41], as shown in Figures 3 and 4.

Figure 3. Typical workday residential power profile for an average consumer (6500 kWh annual
consumption) in Cyprus.

Specifically, Figure 3 illustrates the workday residential power profile for an average
consumption end user in Cyprus for each month of the year [40]. The fluctuating nature of
the daily power demand can be observed (in contrast to the more predictable PV production)
due to the consumption habits of the end user. The power demand also tends to increase in
the early morning hours, while it peaks in the early evening hours for the vast majority
of the months. This is because of the utilisation of electricity during the course of the day,
representing the consumption habits of the end users. Most importantly, higher power
demand values and a difference in the consumption, especially during the overnight hours,
can be observed from June to September (i.e., the summer period). This phenomenon
is attributed to the high cooling demand, which is mainly a result of the operation of
electricity-driven air conditioners, while heating demand (in the remainder of the year) is
usually covered by other energy sources, such as heating oil and gas.
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Figure 4. Typical non-workday residential power profile for an average consumer (6500 kWh
annual consumption) in Cyprus.

Similarly, Figure 4 illustrates the non-workday residential power profile for an average
consumption end user in Cyprus for each month of the year [40]. The fluctuating nature
of the daily power demand due to the consumption habits of the end user can be clearly
observed. This is particularly more visible as the end users are not absent from their
residence as in the case of workdays; thus, their daily use of electricity results in diverse
power demand profiles for such days. Likewise, as shown in Figure 3, the summer period
months tend to have both higher overall power demand and a different profile compared
to the rest of the year due to cooling needs.

It must be noted that the credibility of the data used in this study and, therefore,
the validity of the study approach, was confirmed by comparison of the aforementioned
datasets with figures retrieved from the literature for both annual consumption and PV
generation [42,43].

Moreover, DC-coupling topology was assumed as the PV-BSS design, as shown in
Figure 5 where the PV array (i.e., the total number of interconnected PV modules) and
the battery unit (i.e., the storage medium of the BSS) share a common DC bus. This
configuration is characterised by higher round-trip efficiency compared to its counterpart
(i.e., the AC topology) due to its fewer energy conversion stages.

Figure 5. Simple block diagram of PV-BSS installation in a residential prosumer site.
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With regard to the operation of the PV-BSS, a dedicated BSS control mode was consid-
ered in the simulation, targeting the prosumer’s PV self-consumption maximisation (as an
environmentally friendly approach) and, consequently, the limitation of grid imports and
exports. Essentially, as shown in Figure 6, for both production and consumption conditions,
priority is given to the hybrid PV-BSS (i.e., points 1 and 2), while the grid is only used to
cover any possible unavailability of the PV-BSS (i.e., point 3).

Figure 6. PV-BSS priority scheduling in the context of a residential prosumer.

Considering the PV-BSS control mode, as shown in Figure 7, surplus PV energy
charges the BSS if PV production outweighs the premises’ power demand, whereas the
BSS discharges, thereby matching undersupply in the contrary situation [1]. Therefore,
the limitation of grid exports and grid imports is achieved to the greatest possible extent,
thereby maximising the prosumer’s self-consumption. Finally, in the case of PV-BSS
unavailability, any energy requirements are covered by the grid.

Figure 7. PV-BSS control mode for PV self-consumption maximisation.
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3.3. Sizing and Techno-Economic Indicators

Seven different indicators were addressed in the framework of this research. Specif-
ically, three sizing and four techno-economic indicators were exploited. With regard to
system sizing, the power-to-energy ratio (PER) is the most prevalent indicator for hy-
brid PV-BSS sizing. It is determined by means of kilowatt peak per kilowatt hour (i.e.,
kWp/kWh) and indicates the characteristics of the system’s components in terms of their
power and energy properties [1]. Specifically, the PER exhibits the power rating of the asset
(i.e., the power value that can be instantaneously handled by the BSS during both charging
and discharging processes, quantified by kilowatt peak) compared to the asset’s energy
class (i.e., the energy value the BSS is able to accumulate, quantified by kilowatt hours), as
displayed in (1).

Furthermore, the SCR and SSR are commonly used indicators for the assessment of a
prosumer’s self-consumption and self-sufficiency, respectively, in any time interval (e.g.,
daily, monthly, yearly, etc.). With regard to hybrid PV-BSS, the incorporation of a BSS with a
PV system raises both metrics, as more PV production can be utilised through the charging
and discharging processes. Specifically:

• SCR (%): The portion of PV production that is consumed locally (i.e., by the prosumer),
as displayed in (2). In other words, it is the utilisation rate of on-site production;

• SSR (%): The portion of prosumer consumption that is covered by on-site PV produc-
tion, as displayed in (3). In other words, it is the degree of autarky of the end-user
from the public grid.

PER = System Power Rating / System Energy Rating (1)

SCR =
{
∑20

n=1 DPVn + ∑20
n=1 BCHn

}
/ ∑20

n=1 Pn (2)

SSR =
{
∑20

n=1 DPVn + ∑20
n=1 BDSn

}
/ ∑20

n=1 Cn (3)

where System Power Rating = nominal system power capacity (kWp), System Energy Rating
= nominal system energy capacity (kWh), n = year (number), DPVn = annual direct PV
consumption (kWh), BCHn = annual BSS energy charge (kWh), Pn = annual PV energy
production (kWh), BDSn = annual BSS energy discharge (kWh), and Cn = annual energy
consumption (kWh).

In addition, the following four techno-economic are exploited [1,5]:

• NPV (EUR): The contrast between the present value of monetary inflows (i.e., revenues)
and the present value of monetary outflows (i.e., expenses) over the entire PV-BSS
lifetime, as displayed in (4). In other words, it is the present value of a future payment
stream. In general, a positive NPV evinces a financially rewarding asset;

• IRR (%): The minimum rate of discount/deduction required for the PV-BSS invest-
ment’s repayment (i.e., neutral NPV), as displayed in (5). In other words, it is the
expected yearly growth rate of the investment. Typically, the higher the IRR, the higher
the net monetary flows and, therefore, the more competitive the investment;

• DPP (years): The shortest time required for the PV-BSS to be repaid (i.e., neutral NPV),
as displayed in (6). In other words, it is an indication of the number of years required
to break even from the initial expenditure by discounting future cash flows. Generally,
the shorter the DPP, the more attractive the investment;

• LCOE (EUR/kWh): The mean net present cost of produced electricity over the entire
PV-BSS lifetime, as displayed in (7). It is used as a means of consistent comparison of
different electricity generation technologies. Broadly, it is the minimum sale price of
produced energy to repay the system (i.e., neutral NPV).

NPV = I0 + ∑20
n=1

In

(1 + d)n (4)
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NPV = I0 + ∑20
n=1

In

(1 + IRR)n = 0 (5)

NPV = I0 + ∑DPP
n=1

In

(1 + d)n = 0 (6)

LCOE =

{
I0 + ∑20

n=1
O&Mn

(1 + d)n

}
/ ∑20

n=1
Pn

(1 + d)n (7)

where I0 = initial investment cost (EUR), n = year (number), In = annual profit or loss (EUR),
d = discount rate (%), O&M = annual operation and maintenance cost, and Pn = annual PV
energy production (kWh).

3.4. Schemes and Hypotheses

The schemes presented below were considered during the simulations in order to
address pertinent compensation mechanisms. Specifically:

• Scheme 1: Full self-consumption scenario with no remuneration of grid export. Es-
sentially, this regards a self-consumption scheme in which the sale of energy is
not reimbursed;

• Scheme 2: Net-billing scenario with remuneration of grid export. Essentially, this
regards a self-consumption scheme in which the sale of energy is reimbursed, usually
at an amount less than the retail electricity price.

Furthermore, the below hypotheses were exploited in order to consider current and ex-
pected (increased) retail electricity prices, as well as a range of consumption classes to cover
different types of prosumers in the five Mediterranean countries (namely Cyprus, France,
Italy, Portugal, and Spain), providing more widely applicable and accurate results. Notably:

• Hypothesis 1: Consistent consumption class of prosumers with differing electricity
costs (country-specific), i.e., present: present electricity cost; future: 115% of the present
electricity cost; and extreme: 130% of the present electricity cost;

• Hypothesis 2: Consistent electricity costs (country-specific) with differing consumption
classes of prosumers, i.e., low: 5000 kWh; middle: 6500 kWh; and high: 8000 kWh [1].

It must be noted that the “present” electricity price (i.e., the first of the three cases of
Hypothesis 1) can be regarded as the “base scenario” of this parameter, as it demonstrates
the current cost of electricity. The changes in its value (e.g., +15% and +30%) are treated as
different cases. Similarly, for Hypothesis 2 the “middle” consumption class can be viewed
as the “base scenario” (representing the majority of the consumers in each country), with
the other two cases covering lower and higher consumption levels.

Table 1 outlines country-specific details taken into account in the analysis.

Table 1. Country-specific details considered in the analysis.

Information Cyprus France Italy Portugal Spain

Location Nicosia Lyon Rome Lisbon Madrid
PV system Installation slope (◦) 30 38 36 32 34

PV production (kWh/kWp/year) 1 1630 1260 1480 1570 1620
Electricity price (EUR/kWh) 2 0.2607 0.2086 0.3115 0.2067 0.3071

1 EU Science Hub (2023), PVGIS Online Tool. 2 EUROSTAT (2022), electricity price statistics. EUROSTAT
Statistics Explained.

Table 2 summarises the techno-economic information assumed in the simulation
model. It must be noted that the simulation examined a wide range of PV system and
BSS sizes (exploiting all possible combinations) appropriate for residential premises. In
addition, relevant technical and financial data for lithium-ion BSS were considered.
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Table 2. Techno-economic information assumed in the simulation model [1].

Factor Figure

PV system degradation (%/year) 0.2
Hybrid PV-BSS inverter efficiency (%) 95

PV system power capacity (kWp) 1–10 (min to max)
BSS energy capacity (kWh) 5–15 (min to max)

BSS cycles (#) 8000
BSS power charge/discharge rate (%) 100

BSS usable rating (%) 95
Electricity pricing (type) Flat tariff

PV system cost, incl. VAT (EUR/kWp) 1 1300
BSS cost, incl. VAT (EUR/kWh) 2 600

O&M cost (%) 2
Discount rate (%) 4

Electricity sale price (EUR/kWh) 0.07
1 JRC (2019). PV Status Report 2019. Publications Office of the EU, Luxembourg. 2 IRENA (2019). Innovation
landscape brief: Behind-the-meter batteries, IRENA, Abu Dhabi.

4. Results

The influence of PV system capacity on the investment’s NPV for the two schemes
(i.e., full self-consumption and net billing) is illustrated in Figure 8, considering the “future”
electricity price and the “middle” consumption class (as the moderate cases for each
examined parameter). The influence of the BSS rating on the aforementioned techno-
economic indicator is demonstrated in a similar way in Figure 9.

Figure 8. Influence of the PV power capacity on PV-BSS NPV for the “future” electricity price and
the “middle” consumption class for (a) Scheme 1 and (b) Scheme 2.

The results demonstrate the existence of a certain PV system rating that maximises the
investment’s NPV under every scheme for each of the five countries in the Mediterranean
area, as shown in Figure 8a shows that a 4 kWp PV power capacity is the most appropriate
size for the full self-consumption scheme for four out of five countries, with Italy being
the exemption, as a 7 kWp PV system rating can be viewed as the most appropriate
related to the aforementioned parameters (i.e., electricity price and consumption class).
It must be noted that higher-than-optimal PV system ratings result in negative returns
for all five countries. This is a result of the inability of surplus PV production to be
utilised by the BSS and, therefore, redundant power capacity investments. In addition,
the high level of solar resources available in all countries cannot be fully utilised for the
benefit of the prosumer with lower-than-optimal PV system ratings, which constitute
cost-ineffective solutions.
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Figure 9. Influence of the BSS energy capacity on PV-BSS NPV for the “future” electricity price and
the “middle” consumption class for (a) Scheme 1 and (b) Scheme 2.

In contrast, Figure 8b illustrates that the net-billing scheme generally favours higher
PV system ratings when measured against the full self-consumption scheme, despite the
declining or moderately negative yields, mainly because of the prosumers’ electricity sales
gain. The outcomes show that a 7 kWp PV power capacity is the most suitable for France
and Portugal (with slightly negative returns), while 10 kWp is considered more suitable for
Cyprus, Italy, and Spain (with diminishing returns). Moreover, an observation can be made
that in the vast majority of cases, the outcomes depict a positive NPV (and subsequently,
a profitable investment), similarly to Figure 8a. Essentially, solely in a short number of
occasions, the investment is unsuccessful in breaking even, such as for low PV system
ratings (a statement valid for all countries); therefore, this technology’s appropriateness
related to the assessed countries can be confirmed.

Figure 9 reveals that the optimal BSS rating varies between the five countries, ranging
from 5 kWh to 11 kWh (thus, excluding the higher sizes of 13 kWh and 15 kWh) for
both scenarios. Specifically, a certain BSS energy capacity maximising the NPV of the
investment exists. Generally, higher- or lower-than-optimal BSS ratings decrease the
profitability of the investment, mainly as a result of unnecessary capacity expenses (in
combination with the high initial purchase cost) and the inability to utilise more available
PV production, respectively. Moreover, nearly all examined occasions (except of the very
large BSS ratings for the case of France) depict a profitable investment (i.e., positive NPV),
confirming the appropriateness of incorporating BSS with PVs in these Mediterranean
countries. Additionally, the comparison of the two different supporting schemes shows
that considerably higher NPVs are expected under the net-billing scheme for this specific
price of electricity (“future”) and class of consumption (“middle”) for all countries assessed.

With regard to the extent of the measured NPV, the results show the highest values for
the case of Spain, followed by Italy, Cyprus, Portugal, and, finally, France. Interestingly, the
aforementioned results seem to follow the pattern of the electricity price, as Italy and Spain
have the highest retail electricity prices (very similar), followed by Cyprus, and, finally,
France and Portugal (nearly identical). Furthermore, the higher PV production as a result
of the greater availability of solar resources tends to favour the cases of Cyprus (Nicosia),
Spain (Madrid), Portugal (Lisbon), and Italy (Rome) over France (Lyon), resulting in larger
NPVs in general. It must be noted that southern locations in France (with more available
solar resources compared to Lyon) are expected to benefit, with more positive results than
those obtained in the present analysis.
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Figure 10. Impact of both PV system and BSS rating on PV-BSS LCOE considering the “future”
electricity price and the “middle” consumption class for (a) Cyprus, (b) France, (c) Italy, (d) Portugal,
and (e) Spain.

Concerning another important techno-economic indicator, Figure 10 exhibits the
influence of both PV system rating and BSS rating on the LCOE for the moderate cases of
the “future” electricity price and the “middle” consumption class for each country under
study. Generally, lower PV system ratings and, most importantly, higher BSS ratings result
in the highest observable LCOE values, which are mainly attributable to the expensive initial
investment cost of BSS, which significantly impacts the techno-economic purposefulness
of the hybrid system. Overall, on most occasions, the calculated LCOE values are higher
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than the current retail electricity price in each country (clearly showing the importance
of appropriate system sizing). Nonetheless, the lowest LCOE values (and thus, the most
competitive PV-BSS investments) fall in a range close to the optimal PV-BSS size (i.e., the
optimal PER), as associated with the highest achievable NPV.

Interestingly, optimally sized PV-BSS are not only a viable solution from an economic
point of view but also a competitive option with electricity purchase from the grid. The
results demonstrate that such systems have already reached grid parity in Cyprus, Italy,
Portugal, and Spain, while they are also relatively close to grid parity in France. Particularly,
for systems under full self-consumption, a generally lower PER is favoured when compared
to the net-billing scheme, which is associated with a specific LCOE lower than the retail
electricity price in Cyprus, Italy, Portugal, and Spain, as previously mentioned. With
respect to net-billing, as larger PV system sizes are favoured, the most practical PER tends
to increase, resulting in a higher LCOE. In any case, these LCOE values are slightly higher
than the current retail electricity price in each country; therefore, under these conditions,
grid parity is not reached.

Moving to larger PV system and BSS ratings results in a slight increase in the LCOE for
all countries under consideration. Overall, the outcomes illustrate the essential influence of
the supporting strategy encompassing the residential PV-BSS operation on its ideal sizing
towards not only the greatest-achievable NPV (as previously mentioned) but towards
minimum LCOE as well. In addition, it can be observed that France is characterised by the
highest LCOE values for all system combinations compared to the other countries, mainly
as a result of the considerably lower PV production of the region under assessment. On
the contrary, ceteris paribus, the other four Mediterranean countries take advantage of a
greater level of solar resources; thus, hybrid PV-BSS tend to be more competitive.

Figure 11 exhibits the impact of both PV system rating and BSS rating on the PV-
BSS SCR, taking into account the moderate cases of the “future” electricity price and the
“middle” consumption class for each country under study. Relatively similar observations
can be made for all countries, although some minor differences can be noted for the case of
France (due to lower PV production stemming from lower availability of solar resources).
Overall, extremely high SCR values can be observed for combinations of low PV system
ratings (i.e., 1 kWp and 4 kWp) and high BSS ratings, implying that more PV production
is utilised. Although increasing the BSS rating increases the SCR, a statement valid for
all five countries, for high PV system ratings (i.e., 7 kWp and 10 kWp), the SCR tends to
reduce due to higher PV production and, subsequently, more extra PV production that the
BSS is unable to utilise.

Similarly, Figure 12 displays the impact of PV system rating and BSS rating on the
PV-BSS SSR, as regards the moderate cases of the “future” electricity price and the “middle”
consumption class for each country under study. Relatively similar observations can be
made for all countries, although differences can be noted again for the case of France.
Specifically, combinations of high PV system ratings (i.e., 7 kWp and 10 kWp) and high
BSS ratings result in extremely high SSR values. Interestingly, a clear tradeoff between SCR
and SSR can be observed, as increasing the PV system rating and the BSS rating generally
augments the SSR, with the highest values observed for the combinations of high PV system
ratings (i.e., 7 kWp and 10 kWp) and high BSS rating (11 kWh, 13 kWh, and 15 kWh).

Figures 13 and 14 provide a summary of the derived outcomes concerning the four ex-
amined techno-economic indicators with respect to the estimated optimal PER for the full
self-consumption scheme, taking into account the moderate hypotheses of the “middle”
consumption class and the “future” electricity class, respectively. It must be noted that
the green colour distinguishes the “positive” (most desirable) results, while the red colour
displays the “negative” (least desirable) resulted for each indicator separately. Generally,
high NPV and IRR, as well as low DPP and LCOE, are preferred from an investment point
of view. For both cases, the obtained results depict a financially rewarding investment (i.e.,
positive NPV) for all addressed cases regarding the full self-consumption scheme.
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Figure 11. Impact of both PV system and BSS rating on PV-BSS SCR considering the “future”
electricity price and the “middle” consumption class for (a) Cyprus, (b) France, (c) Italy, (d) Portugal,
and (e) Spain.
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Figure 12. Impact of both PV system and BSS rating on PV-BSS SSR considering the “future” electricity
price and the “middle” consumption class for (a) Cyprus, (b) France, (c) Italy, (d) Portugal, and
(e) Spain.
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Figure 13. Electricity price impact on techno-economic indicators related to optimal PER for the
“middle” consumption class for each country (full self-consumption scheme).

Figure 14. Impact of consumption class on techno-economic indicators related to optimal PER for the
“future” electricity price for each country (full self-consumption scheme).

With regard to the differing electricity price case (Figure 13), the highest DPP is
observed primarily for the case of France, followed by Portugal, mainly because of the
relatively lower electricity price compared to the other three countries, while this is also
applicable for the varying consumption class case (Figure 14). Similar observations can be
made for NPV and IRR, with PV-BSS in Spain and Italy benefitting due to the higher retail
electricity prices, followed by Cyprus. The DPP in Figure 13 generally decreases as the
electricity price increases, whereas both the NPV and IRR are considerably improved. An
additional contrast can be observed with respect to the extent of the calculated NPV, as the
highest values are demonstrated for the case of Spain, followed by Italy, Cyprus, Portugal,
and, eventually, France.

Considering the deviating consumption class case (Figure 14), similar observations
can be made. Generally, the DPP is decreased, given the increase in the consumption
class, except in one case for Italy and Spain, as the more expensive retail electricity price
deteriorates both the IRR and DPP indicators to a limited extent for the pair of “middle” and
“high” consumption class prosumers, respectively. This observation is mainly the result of
the fact that the more expensive price of electricity (relative to the other three countries)



Energies 2023, 16, 4073 19 of 27

seems to subsequently imply the suitability of a larger PV-BSS size (i.e., higher PER) for
these types of prosumers. In addition, the observations are also dependent on the prosumer
consumption profile. However, the obtained results can be still considered positive.

Moreover, it can be observed that the increase in consumption class results in diverse
optimal PERs, which result in different initial investment costs for each occasion and,
therefore, in distinct LCOE values for every case. This observation is in contrast to the
effect of the increase in electricity price (Figure 13), which generally shows the same (or at
least very similar) LCOE values among the different occasions for each country.

Correspondingly, Figures 15 and 16 provide a summary of the derived results with
respect to the four examined techno-economic indicators related to the estimated optimal
PER for the net-billing scheme in view of the moderate hypotheses of the “middle” con-
sumption class and the “future” electricity price, respectively. As previously mentioned, the
green colour distinguishes the “positive” results, and the red colour indicates the “negative”
results for each indicator separately. Similarly to Figures 13 and 14, the obtained results
depict a viable investment (i.e., positive NPV) under all addressed combinations for the
net-billing scheme for both cases.

Figure 15. Electricity price impact on techno-economic indicators related to optimal PER for the
“middle” consumption class for each country (net-billing scheme).

More specifically, as illustrated in Figure 15, for the differing electricity price case, the
highest DPP is observed again for the three cases of France, followed by Portugal. This is
mainly a result of the relatively lower electricity price compared to the other three countries,
while this is also applicable to the varying consumption class case, as shown in Figure 16.
Similar remarks can be made for NPV and IRR, with PV-BSS in Spain and Italy benefitting
due the higher electricity prices, followed by Cyprus.

Furthermore, the rise in the electricity price generally decreases the DPP, as shown
in Figure 15, while NPV and IRR are also considerably enhanced. The comparison of the
magnitude of the computed NPV provides the same categorisation as previously mentioned,
with PV-BSS in Spain demonstrating greater NPV, followed by Italy, Cyprus, Portugal, and,
eventually, France. It must also be noted that greater NPV values can be noticed for the net-
billing scheme in juxtaposition to full self-consumption in general, mainly because higher
PV power capacities are favoured by net billing due to excess PV production remuneration,
even at a much lower rate than the retail electricity price (considering no remuneration of
grid export in the full self-consumption scenario).
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Figure 16. Impact of consumption class on techno-economic indicators related to optimal PER for the
“future” electricity price for each country (net-billing scheme).

The results of the varying consumption class case, as visualised in Figure 16, indicate
that the DPP is generally reduced with an increase in the consumption class, with a small
exemption for the case of Cyprus. This is mainly a result of the higher level of solar
resources characterising Cyprus and particularities in consumption profiles leading to
a slightly higher optimal PER for the “middle” compared to “low” consumption class
prosumers. However, they can be still considered positive results. Furthermore, NPV and
IRR are also considerably enhanced for all countries under study with the increment of the
electricity price.

As for the PER sizing indicator, the derived outcomes with respect to the ideal PER
(related to the greatest NPV reached) are summarised in Tables 3 and 4.

Table 3. Ideal PER for the “middle” consumption class for both schemes.

Country Electricity
Price

Full Self-
Consumption

Net-
Billing

Cyprus
Present 0.6 1.0
Future 0.6 1.1

Extreme 0.6 1.1

France
Present 0.8 1.4
Future 0.8 1.4

Extreme 0.8 1.4

Italy
Present 0.4 1.1
Future 0.6 0.9

Extreme 0.6 0.9

Portugal
Present 0.8 1.4
Future 0.6 1.0

Extreme 0.6 1.0

Spain
Present 0.4 1.1
Future 0.4 1.1

Extreme 0.4 0.9
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Table 4. Ideal PER for the “future” electricity price for both schemes.

Country Consumption Class Full Self-
Consumption

Net-
Billing

Cyprus
Low 0.6 1.0

Middle 0.6 1.1
High 0.6 0.9

France
Low 0.8 0.8

Middle 0.8 1.4
High 0.8 1.4

Italy
Low 0.6 1.0

Middle 0.6 0.9
High 0.5 0.8

Portugal
Low 0.8 0.8

Middle 0.6 1.0
High 0.6 1.0

Spain
Low 0.6 1.4

Middle 0.4 1.1
High 0.6 0.8

In particular, Table 3 corresponds to a fixed “middle” consumption class with differing
electricity prices (country-specific).

Similarly, Table 4 relates to a fixed “future” electricity price (country-specific) with
varying consumption classes.

Concerning the full self-consumption scheme, a likeness among the ideal PER values
for every state can be observed for the pair of these parameters, i.e., electricity price (Table 3)
and consumption class (Table 4) with a slight deviation in the case of France. Specifically,
for the four other countries, the vast majority of the optimal PER values vary in the range of
0.4–0.6 kWp/kWh, while for France, a higher ratio of 0.8 kWp/kWh is preferred. Overall,
it can be concluded that for all possible cases with regard to the price of electricity and the
prosumer’s consumption level in Cyprus, Italy, Portugal, and Spain, a hybrid PV-BSS with
a BSS energy capacity approximately twice the PV power capacity is suggested under full
self-consumption, while a slightly higher system analogy should be preferred in France.

In contrast, divergent remarks can be made about the net-billing scheme, as variations
among the five countries can be observed. Specifically, as shown in Table 3, an increase in
the electricity price results in a decrease in the optimal PER for Italy, Portugal, and Spain,
while a minor increase and a constant level are observed for Cyprus and France, respectively.
In addition, as shown in Table 4, the increase in the consumption class decreases the optimal
PER for Italy and Spain (due to the expensive electricity prices, which are much higher
than the electricity sale price), while it increases for Portugal and even so more for France
(due to the low electricity prices, which are closer to the electricity sale price). As for the
status of Cyprus, an optimal PER value close to 1 kWp/kWh with some slight variations
is noted for both examined cases. In addition, higher optimal PER values can be noticed
in general when comparing net billing to the full self-consumption scheme, indicating
that higher PV power capacities are favoured mainly because of the availability of grid
export remuneration.

5. Discussion

As demonstrated by the aforementioned results, the vast majority of all examined
occasions exhibited the profitability of investments in residential PV-BSS in all of the
five addressed countries in the Mediterranean area. This statement is valid for both
supporting schemes addressed in this study, namely full self-consumption and net billing. It
is particularly important that this observation stands even for full self-consumption, which
can be regarded as the “worst-case scenario” for PV system deployment due to the absence
of any remuneration for excess PV production. The competitiveness of residential PV-BSS
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in the examined countries mainly stems from the considerable availability of solar power,
which allows for significant PV output and, consequently, adequate amounts of energy to
be utilised by the BSS for the benefit of the prosumers. Moreover, the high electricity price
is another important factor crucially impacting the techno-economic feasibility of such
hybrid assets. The latter is expected to be further enhanced with future expense deductions
in PV and BSS elements.

Furthermore, the supporting strategy encompassing hybrid PV-BSS operation has a
considerable influence on its optimal sizing with respect to maximum NPV, as the outcomes
verified. A likeness among each country’s most suitable PER for either hypothesis for the
full self-consumption scheme can be noted. Intercountry differences and generally higher
values are noticed for the net-billing scenario (in comparison to full self-consumption).
Interestingly, residential PV-BSS, when optimally sized, are not simply an economically
viable solution but also a competitive option to the acquisition of grid electricity. Notably,
the results demonstrate that optimally sized residential PV-BSS have already reached grid
parity in Cyprus, Italy, Portugal, and Spain. They are also relatively close to grid parity in
France, which generally exhibited the least competitive results among the five countries.
These observations are in contrast with the results presented in [3], which demonstrated
that residential PV-BSS grid parity is not feasible yet under the conditions at the time
in a nearly identical set of countries. However, that study used a modification of the
LCOE indicator, mostly focusing on the current (high) BSS costs (among other examined
parameters differing from those use in this study).

Coming back to this analysis, it is important to note that the optimal sizing of PV-BSS
is dependent on the compensation mechanism under which the system operates, as the
results depict. Particularly, for systems under full self-consumption, a generally lower
PER is favoured when compared to the net-billing scheme. Given the currently high BSS
installation costs, investing in higher PV power system ratings than BSS energy ratings is
currently more economically competitive. Moreover, the results show that the supporting
strategy encompassing residential PV-BSS operation has a crucial influence on its ideal
sizing related not only to the highest achievable NPV but also towards minimum LCOE.

Generally, lower PV system ratings and, most importantly, higher BSS ratings result in
the highest LCOE values. This is an observation mainly attributable to the expensive initial
investment cost of BSS, which significantly impacts the techno-economic purposefulness of
the hybrid system. Overall, in most cases, the calculated LCOE values are higher than the
current retail electricity price in each country, clearly showing the importance of appropriate
system sizing.

With regard to the magnitude of NPV, the results indicate the highest values for
Spain, followed by Italy, Cyprus, Portugal, and, eventually, France. Interestingly, the
aforementioned sequence seems to follow that of electricity price, as the highest electricity
prices are noted for Italy and Spain (similar), followed by Cyprus, and, finally, France and
Portugal (nearly identical).

In addition, the results illustrate that the estimated techno-economic indicators are
enhanced in almost all cases, given the growth of the electricity price and/or the consump-
tion class of the prosumer. Specifically, both NPV and IRR tend to grow, and DPP tends to
decline, clearly showing that the techno-economic practicality of PV-BSS is directly affected
by the aforementioned examined parameters. Furthermore, it can be observed that in view
of the increase in the price of electricity or of the level of consumption, optimal PER is
generally reduced. Therefore, a recommendation with regard to refraining from needless
excess system capacity investments can be provided. The significance of self-sufficiency in
the near future for residential prosumers is also emphasised.

Comparing the results derived from this research with those obtained in [1], on which
this study was based and extended by incorporating additional elements and examining
more countries (among others), strengthens the validity of the approach. In addition, the
resulting viability of residential PV-BSS when optimally sized is verified by comparison to
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the results found in the literature [3,5,18,37]. For example, PV-BSS feasibility in Germany
was demonstrated in [20]—a statement that is not applicable to the case of Ireland.

Higher PV power and lower BSS capacities are generally promoted as optimal so-
lutions for optimal PV-BSS sizing, as concluded in [25], while the authors of [32] noted
the ability of higher BSS capacities to increase self-consumption. Both statements are
also supported by the results obtained in this research. Furthermore, the outcomes of the
lifetime performance assessment of residential PV-BSS for all USA states reported in [37]
confirmed that properly sized PV-BSS indeed compete with utility prices, given the proper
incentives, similarly to the conclusions with respect to properly sized PV-BSS reported for
the countries examined in this study.

The economic analysis of PV-BSS presented in [19] demonstrated that system prof-
itability is highly affected by fiscal aspects, which are an unimportant factor for optimal
system configuration. However, the results in this research (as introduced in Section 4)
highlight the significance of the examined parameters (i.e., electricity price and consump-
tion level), as well as the impact of the supporting scheme on the PV-BSS sizing and, in turn,
on its economic viability. Interestingly, this statement does not match with the conclusions
presented in [25], which implies that optimal PV-BSS sizing is not affected by the analysed
tariff structure. On the contrary, the importance of system sizing for self-consumption,
self-sufficiency, and overall system economic efficiency is also noted in [31], similarly to
this study.

Furthermore, a 400 EUR/kWh break-even BSS cost, which is lower than the current
market price and, thus, the value considered in this study, was derived in [36] within a
multiyear sizing methodology for residential BSS. However, this study demonstrated the
competitiveness of PV-BSS, even with the current market prices. In addition, in contrast
to the results reported in [36], the practicality of current market components, even for
low-energy-demand consumers, was depicted here, especially with regard to the addressed
Mediterranean countries, which benefit from high levels of solar resources.

It is important to note that all the abovementioned studies deployed their optimisation
models addressing the highest system NPV, as in this study. This underlines the impor-
tance of this indicator and thus, evincing the appropriateness of the approach followed in
this work. However, most of the aforementioned studies were heavily focused on other
parameters (such as geographic location, weather conditions, PV-BSS costs, PV production,
and load consumption particularities [17,18]), neglecting particularly important parameters
(as demonstrated by our results), i.e., electricity price and consumption class. Overall, the
aforementioned studies were focused on different parameters affecting PV-BSS viability
than those considered in this research and were based on other assessment models. This
research was focused on the most effective parameters influencing the feasibility of residen-
tial PV-BSS, i.e., electricity price and consumption class, as parameters somehow neglected
in the literature. In addition, we provided a thorough evaluation framework considering
system operation under pertinent compensation mechanisms. Stemming from the above,
a statement on the need for further support (e.g., mostly in the form of subsidies for the
reduction in the initial BSS investment cost) to enhance residential PV-BSS competitiveness
by mainly reducing their DPP can be made.

It is noteworthy that country-related particularities are responsible for the observed
discrepancies when contrasting the study’s outcomes between the two schemes for each
country. It can be concluded that there is a distinct ideal PER for any single state, which
is dependent on the compensation mechanism and affected by the examined factors. The
ideal system size consequently influences the financial productivity of the investment.
These differences mainly regard the dissimilar consumption profiles due to prosumers’
diverse habits in the addressed states, along with the differentiation in electricity costs and
PV generation. For example, the Italian, Portuguese, and Spanish sites are characterised
by a longer daylight duration than the Cypriot sites, and as a consequence, they benefit
from an extended profile of PV production. On the other hand, Cyprus leans toward taking
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advantage of greater solar irradiation, especially in contrast to France, which has the lowest
level of solar resources among all five examined countries.

The main limitation of this study can be considered its reliance on accurate and mostly
high-resolution power demand data. These are usually difficult to acquire for the case of
residential consumers and, generally, absent from the literature in an official form. However,
in case of the availability of high-quality data in a format usable by the simulations, these
can be easily exploited by the developed simulation model for result acquisition. Another
limitation of this study regards its focus on a set of countries of a particular region. However,
the methodology can be exploited for any country, as well as any prosumer consumption
level. The absence of a sensitivity analysis regarding PV and BSS cost can be viewed as
another limitation. Nonetheless, as numerous studies have been focused on these factors,
this study was focused on highly impactful parameters that are usually neglected in the
literature, i.e., electricity price and consumption class.

With regard to the contribution of the derived results, they can be beneficial to a wide
range of interested parties. Notably, individual electricity customers and operators can
obtain useful insights for PV-BSS investment decisioning. Professionals and operators in
the fields of renewables and energy storage can provide accurate sizing and effective con-
sultation to their customers by utilising the methodology presented herein and its findings
in a business context. Lastly, policymakers can consider this techno-economic evaluation
for the design of more appropriate and cost-effective supporting mechanisms. This is
particularly important for the further deployment of clean technologies, as policymakers
are entities responsible for the development of action plans in support of green transition.

Regarding the latter, this work realises the importance, as well as the interconnection
between economics and the policy implications of residential PV-BSS. Stemming from
the aforementioned results, a statement on the need for further support (e.g., mostly in
the form of subsidies for the reduction in the initial BSS investment cost) can be noted.
This is particularly important in order to further enhance the residential competitiveness
of PV-BSS, assisting in their further deployment. Overall, the present study can assist
policymakers in identifying the critical parameters affecting the techno-economic feasibility
of behind-the-meter PV-BSS to clearly realise related particularities and their implications
and, finally, to better focus on more appropriate support mechanisms.

In the context of future work, the techno-economic practicality of residential PV-BSS
when operated with non-flat pricing, e.g., time-of-use (ToU) tariffs, should be examined.
This is particularly important as policies tend to shift away from flat pricing to mostly
cost-oriented and more flexibility-enabling, approaches. On this basis, the impact of the
control mode of PV-BSS on their techno-economic feasibility should also be examined,
enabling comparison between different pricing models and control modes for the benefit of
the prosumer. Finally, considering the importance of assessing the environmental impact
of such assets, the analysis of the carbon footprint and potential source depletion of PV-BSS
is an area of increased research interest. This is particularly important, especially in the
context of formulating a comprehensive method for the techno-economic, operational, and
environmental assessment of hybrid PV-BSS.

6. Conclusions

In this research work, we implemented a simulation model utilising real data for the
calculation of the ideal PER (related to the greatest NPV reached) with respect to residential
PV-BSS sizing, focusing on two different factors, i.e., electricity price and consumption
class (as parameters considerably influencing the investment’s techno-economic feasibility)
under two different scenarios, namely full self-consumption and net billing (as pertinent
supporting schemes under which the system operates). In addition, the proficiency of
the hybrid system for each case with regard to self-consumption and self-sufficiency was
quantified. Furthermore, four widely exploited techno-economic indicators impacted by
system sizing and the aforementioned parameters and supporting schemes were also
estimated. Although this research work addressed five countries in the Mediterranean area
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as case studies and was based on real country-related data, it is easily replicable for any
country and/or prosumer type.

This study can serve as a basis for residential PV-BSS sizing, as well as techno-economic
evaluation considering relevant schemes. By implementing a holistic methodology for the
sizing and operational and economic assessment of residential PV-BSS in the Mediterranean
area, we concluded that PV-BSS sizing is significantly impacted by the supporting scheme
regarding maximum financial gains for the five Mediterranean countries addressed as
case studies. The results confirm the fiscal viability of residential systems in the examined
countries, although with different competitiveness levels according to an intercountry
comparison, mainly due to country-related particularities. The most suitable PER was also
similar among the examined countries for the two examined hypotheses (electricity price
and consumption class) for the full self-consumption scheme, although differences and
generally higher optimal PER values were noted for net-billing. Finally, recommendations
for avoiding unnecessary excess system capacity investments can be imparted. The results
reported herein verify that there is a distinct optimal PER for each country, which is
dependent on the assisting strategy and affected by the examined factors, which affect the
techno-economic practicality of the investment.
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