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Abstract: This paper focuses on the purpose to see if it is possible to increase the earnings associated
to the installation of PV systems in people’s homes. In accordance with this, a different way of
thinking was adopted, namely the investment in batteries to maximize the energy earnings. The
main problem of this classical approach is that the investment in those batteries is important. In this
way, a different perspective was taken into account, namely the use of the electrical vehicles. This
kind of vehicles is starting to become a real reality. In fact, the selling of these vehicles start to become
a solution for the ordinary people, and it is expected in a very near future to be a reality for most
of them. Thus, this study presents the use of a storage system based on the vehicle-to-home (V2H)
technology for the people’s homes. The V2H availability varies among prosumers profile regarding
the daily routines, weather conditions, and business aspects, besides other aspects. These profiles
were combined with different power panels with and without injection into the grid. The costs of
each configuration considering a residential consumer located in Portugal, as well as, their peak
solar hours in a year were estimated. From this study, it will be possible to verify that the obtained
economical results show that the usage of V2H as storage system based on batteries for modern
homes is very attractive.

Keywords: vehicle-to-home; photovoltaic-system; financial-analysis

1. Introduction

Many countries have concerns regarding greenhouse gas emissions, air quality, and
fossil fuels consumption and dependence. Energy production from coal is known as one of
the most polluters. An alternative is to produce energy from renewable sources such as
photovoltaic (PV) systems, especially for countries that have high levels of solar radiation
throughout the year. According to some studies, the decentralized energy production
reduces the distance between consumers and producers, which reduces the investments in
energy transportation and its losses, thus contributing to a more efficient electric grid. Due
to the latest advances in PV technologies at more affordable prices, the micro-generation
(uG) produced by PV systems of the usual consumer brought the well-known concept of
prosumer. From the point of view of the evolving energy systems, there are different types
of prosumers’ roles according to the next references. The paper presented in [1] examines
the literature on prosumer community based on smart grid structures by reviewing relevant
literature published from 2009 to 2018 with focus on two dimensions, namely prosumer
community groups and prosumer relationships. In [2], the optimal tariff in the presence
of heterogeneous prosumers is determined. The paper presented in [3] intends to give
an additional contribution to the subject by investigating the economic profitability of
different residential PV systems configurations regarding different Portuguese prosumer’s
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profiles. The study presented in [4] attempts to determine the importance of factors in the
development of energy production by prosumers from PV installations in Polish regions.

The different types of prosumers involve for example whether the prosumer injects
electricity in the grid, whether they use batteries, and whether they consume their own
energy produced i.e., self-consumption (SC). As opposed to SC, the prosumer could inject
all the PV energy production into the grid (being remunerated by a feed-in tariff) and
import the consumption demand from the grid. To inject energy into the grid, it is required
a bidirectional meter and usually a payment fee. Other equipment that are required to be a
prosumer are, besides the PV modules, an inverter and as optional some batteries. Thus,
for the ordinary residential consumer concerned with the electricity bill and environmental
problems, the main issue is to analyze their scenario and decide whether it is worth the
investment to be a prosumer or not.

The main variables regarding such assessment are [5]:

• Government incentives, regulation, fees, and feed-in tariffs;
• Estimated solar radiation and PV energy production;
• Energy consumption profile, peak and off-peak hours;
• Equipment required, capacity, their prices and lifetime;
• Type of prosumer: with or without injection in the grid, with or without storage (for

example batteries).

Many countries have new regulations and policies to promote the increasing of pro-
sumers which, in most cases, offer some financial support to encourage micro-generation.
Some examples can be found in the next bibliographic references. The paper presented in [6]
aims to review the different public policies used to promote the integration of photovoltaic
technology into smart grids, taking the case of Portugal as reference. The study presented
in [7] intends to demonstrate the profitability of photovoltaic prosumers installation in
Spanish households compared with other European countries. A profitability assessment of
residential PV prosumers in Spain was presented in [8]. Another similar study in residential
households across various geographic regions in San Diego was proposed in [9]. Several
countries created laws to cover electricity production aiming both SC and injection into
the grid. In Portugal, those laws specify two forms of decentralized energy production:
Production Unity for Self-consumption (UPAC) and Small Production Unity (UPP). This
decentralized micro-generation is beneficial for the electric grid and environment; however,
the investment cost for the typical residential consumer is the main concern. In this way,
several economic assessments have been realized over the last years, some of them being
associated with a specific country. Actually, this economic assessment is dependent on the
regulation of each country. These studies are also reliant on what is considered, namely, the
use of storage systems, whether the produced energy can be sold and on financial incen-
tives. So, studies associated to specific countries have been made, such as Portugal [3,6],
Spain [7,8], USA [9], Australia [10,11], Italy [12], Germany [13], Republic of Korea [14],
Taiwan [15], Peru [16] and Chile [17] and Namibia [18]. From the several studies, it was
concluded that SC is now a very interesting solution, being considered already profitable.
These studies also showed that to enhance SC of the PV prosumers, there is the need to
also consider battery energy storage systems (BESS) in the evaluation. In fact, the increase
in the PV energy self-consumption in residences that are connected into the grid due to
the BESS cost can be high. Two examples in which this increase was very accentuated are
shown in [19,20], wherein the increase was from 56% to 89% and 50% to 80% of the annual
PV generated energy. However, in this context of storage, the perspective is different since
it was verified that self-consumption is currently far from being profitable.

An additional element that has now started being considered in economic assessments,
which is expected to have an important role in the next years, is the proliferation of electrical
vehicles (EV). EVs are now becoming part of the electrical grid (especially in the smart-grids
context), since it can be more than just a load, that is, it can also be seen as a mobile storage
system. In recent years, the sales and market share of EVs has increased [21]. Some factors
include emission regulations, economic policies, oil prices, and resources depletion. These
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aspects have been pushing the automobile industries to seek alternatives to the internal
combustion engine (ICE) vehicles. The clean energy ministerial (CEM), which is composed
of many EV industry-leading countries, expects to reach a 30% sales share for EVs by
2030 [22]. Among all EV components, the batteries capacity is one of the main concerns.
This aspect impacts charging habits, travel autonomy, speed, and price. Moreover, batteries
are likely to impact the grid for the next coming years since many citizens will have EVs as
the leading consumer appliance. To illustrate, the average usable battery capacity of EVs
is 60.1 kWh [23], in contrast to the average daily electricity consumption of 30 kWh for a
United States residential customer in 2018 [22].

In the context of EVs, a technological challenge emerged over the past years, which is
the vehicle-to-grid (V2G) technology concept wherein the energy might flow in both direc-
tions (charging and discharging mode) when the vehicle is connected to the grid. Several
studies have shown the applicability of this concept, namely in energy flow management in
buildings and electric grids, absorbing the excess of the renewable energy sources and sup-
porting the capacity of the infrastructures, among others. A study about the integration of
electric vehicles and management in the Internet of energy can be found in [24]. The paper
presented in [25] investigates the management of the EV battery through an optimization
approach capable to minimize the electricity supply costs for an Italian residential end-user
with PV, considering battery constraints such as driving habits. The study presented in [26]
proposes and analyzes a novel energy management system for buildings connected in a
micro-grid, by considering electric vehicles as active components of such energy scheme.
Centralized and distributed optimization models for V2G applications to provide frequency
regulation in power systems and electricity market can be found in [27].

Another aspect regarding the EVs′ batteries is related with their useful lifetime. Due
to the particularity of most static applications, batteries can be reused in those applications
at lower costs [28]. This reuse is due to the fact that in EVs the batteries are usually
replaced when their capacity is reduced up to a value of 70% or 80% [29,30]. So, studies
which analyzed the application of EVs batteries associated with the electric grid have
been presented in [31,32]. Their use was also verified in the context of the PV energy
self-consumption in residences. The maximum utilization of renewable energy sources
using gridable vehicles (GVs) for sustainable cyber-physical energy systems is presented
in [33]. In this paper, three models are described and results of the smart grid model show
the highest potential for sustainability. An economic evaluation of a PV combined energy
storage charging station based on cost estimation of second-use batteries is presented in [34].
The work presented in [35] proposes a methodology to maximize the self-sufficiency or
cost-effectiveness of grid-connected prosumers by optimizing the sizes of photovoltaic (PV)
systems and electrochemical batteries.

However, the EVs associated with PV energy self-consumption in residences can also
be used in the vehicle-to-home concept (V2H). This possibility has not been deeply studied,
especially under the economic point of view. This can eventually play a very important
role, by which the study of the V2H associated with the PV energy self-consumption
in residences may be relevant. The V2H is a recent concept for the operation of electric
vehicles. In this concept, the vehicle is connected to the house or building and it is able to
send or receive energy from the house when necessary, according to a predefined strategy.
This EV operation mode may change the energy demand resulting in a reduced amount
of energy cost to the consumer. The V2H may also operate as backup power resource if
properly incorporated in the home energy management system. The use of this concept
requires the use of bidirectional power converters in the EVs charging structure and proper
communication systems to change the operation mode when necessary [36].

Meanwhile, as energy consumption grows and energy efficiency concerns increases,
another concept about smart-grids (SG) has emerged. This seeks to integrate monitoring
systems and smart meters in order to manage energy demand and mitigate the impact
over the distribution network [37]. Over the past years, the distributed generation (DG)
approach (for example PV residential systems) has promoted the creation of new SG
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solutions since it is usually more efficient than traditional power plants using fossil fuel
considering the distribution from the source to the final consumer [38]. Moreover, DG is
more environment-friendly because it usually comes from dispersed renewable energy
sources. However, the intermittent nature of these renewable sources requires the grid to
be compensated by some means [38], where most solutions are expensive and consequently
do not fit most small-scale residential producers. Thus, EVs’ batteries may provide a
convenient solution to compensate for the grid due to the renewable source generation for
the small-scale producers. The gridable EVs (GEVs) (or the concept of connecting a group
of EVs to the grid) exchange energy with the grid in both directions: they can draw energy
from the power grid with the plug-in-function and also deliver energy back to the grid
via the bidirectional charger [35]. Thus, the V2H concept arises where the GEVs exchange
energy with residential grids. The V2Hs act also as a controllable load.

This work assesses the economic profitability of using V2Hs’ storage as an alternative
to individual packs of batteries. This analysis regards in which way the V2H, as storage
systems in the context of the PV energy self-consumption, can impact the profitability of
the renewable energy system in domestic homes. Therefore, this study will consider several
factors such as availability of the vehicle and battery state of charge. Regarding the cash
flow analysis, it takes into consideration regulation, fees, feed-in tariffs, solar radiation, PV
production, electricity consumption profile, equipment required, and type of prosumer.
The investment time is 25 years and the prosumer income over the years is the electricity
bill reduction due to the PV energy production and grid injection remuneration. The work
is sectioned as follows: vehicle-to-home (V2H) in the context of the household photovoltaic
self-consumption explains in detail the concept of V2H and its state-of-the-art. The adopted
methodology of this work is described in Materials and Methods, including: residential
photovoltaic setup which explains the equipment and costs in a residential PV system
setup regarding the Portuguese legislation; Portugal energy consumption and production
data samples illustrates the 2019 annual data sample provided by the Portuguese Energy
Regulatory Authority and Services [39] of energy consumption and PV micro-generation,
which will be the data used for this assessment; grid injection and feed-in tariff explains
the variables involving grid injection, its remuneration and fees; V2H usage profiles and
batteries shows that EV driver patterns from other researches are taken into consideration
in order to build different V2H usage profiles, thus it is possible to estimate when the
V2H battery will be available at home; the economic assessment of this work is based
on traditional financial variables that provide absolute and relative points of comparison
such as net present value (NPV), internal rate of return (IRR), profitability index (PI),
discounted payback period (DPP), and levelized cost of energy (LCOE), where economic
assessment section describes all of them in detail. Results of the economic assessment for
each usage profile and for different PV setups are shown in Results. These setups present
variations with and without grid injection and PV power. Finally, Conclusions discuss the
presented results.

2. Vehicle-to-Home (V2H) in the Context of the Household Photovoltaic Self-Consumption

As mentioned in the previous section, one of the factors that has created most restric-
tions to the increase of household PV self-production is the cost of the storage systems.
Nowadays, a viable solution to this problem is to use the batteries of the EVs as storage
systems. In the last few years, EV manufactures have evolved to produce more efficient and
affordable electric cars jointly with the support of public policies and government incen-
tives. At the same time, SGs are growing, and the main goals are helping energy demand
management and reduce the impact on the energy distribution. The DG contributes to these
goals because it is usually produced from renewable sources and also because it reduces the
distribution losses between the source and the final consumer. Renewable energy sources,
however, do not have a continuous availability because they depend on weather conditions,
time of the day, etc., which can cause instability problems to the grid and consumers. Thus,
such systems require an auxiliary source of energy to compensate for the periods in which
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the renewable sources cannot provide the demanded energy. Expensive solutions usually
do not suit small-scale systems such as PV prosumers (Figure 1a). In this context, the
growing EV technology can fit the auxiliary source of energy using its batteries. The V2H
concept means the home can draw energy from the vehicle and also deliver energy back
by a plug-in-function by a bidirectional charger. It operates as a storage system and may
replace the need for buying a separate battery pack for the residential PV system.

It is expected that the V2H (Figure 1b) might be the future for spreading small-scale
PV prosumers, although they are at an early stage nowadays and only the first steps were
taken toward this reality. The first model of the Tesla Roadster (2008) had V2H capability
although the company removed it in the following upgrades. However, in the last few years,
automobile companies are considering introducing again this type of technology. In this
way, EVs can play a very important role in the context of the PV energy self-consumption
in residences. So, it is predictable that in some residences the investment in batteries
might change considering using the EVs batteries as energy storage system. EVs’ storage
may provide a convenient solution to compensate for the renewable source generation in
self-consumption residences.

The use of the EVs as a storage system will reduce the investment in the batteries that
are usually the most expensive equipment [3]. The use of EVs is expected to increase the PV
energy self-consumption in residences when compared with the solution without storage
systems. However, the decision about this solution requires a reliable profitability forecast,
otherwise prosumers might be very reluctant to move forward. So, this paper presents
an economic profitability study of the application of V2Hs’ storage as an alternative to
individual packs of batteries. In this study, it is considered in which way the consumer
uses its V2H. Depending on the EV usage profile, the V2Hs’ storage will be available or not
for the PV system to store PV surplus production. In addition, the V2Hs’ battery cannot
store the surplus if it is already full, therefore its state of charge (SoC) is considered in
the assessment. Likewise, the depth of discharge (DoD) is limited to a minimum value to
preserve the battery’s lifespan, which can vary according to the manufacturer.
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3. Materials and Methods

According to the report [40], in Portugal the annual availability of global solar radiation
varies between 1350 kWh/m2 and 1950 kWh/m2 and the production of renewable energy
provided from PV systems became very important; hence, regulations were implemented
to handle the increase in prosumers and for some governmental support to encourage
micro-generation. Therefore, the government created the law 153/2014 [40] to cover
energy production aiming SC and injection into the grid. The law specified two forms
of decentralized energy production: Production Unity for Self-consumption (UPAC) and
Small Production Unity (UPP). UPAC covers energy production from renewable or non-
renewable sources and connected or not to the Electrical Utility Grid (RESP). Surplus may
be injected into the grid. On the other hand, UPP covers renewable source production
where the entire electricity must be injected into the RESP. Since this work is related to
household PV self-consumption, the study is developed in the UPAC context.

4. Residential Photovoltaic Setup

A PV system consists of different components that work together to provide energy for
a home and/or grid. The PV solar panels absorb sunlight and output direct current (DC),
then a DC to alternate current (AC) inverter is required since most appliances are designed
to be connected to the AC grid. The inverter may consist of a hybrid inverter charger, which
besides converting DC to AC can also charge a battery plugged to it and manage inputs
from the battery bank or from the solar panels. Most hybrid inverters regulate the load in a
way that ensures the maximization of its energy output. Another PV system component is
the bidirectional meter, which is responsible for counting consumption and grid injection.
It is set between residential circuitry and the RESP. A production meter is also mandatory
in many countries, such as Portugal according to law 153/2014 [39].

Most PV mounting set in the market are composed by a PV panel and its structure,
micro-inverter, and connecting cables for AC-DC. If a battery pack is adopted, then the
system must provide a hybrid inverter separately. Additionally, a bidirectional meter is
necessary in case of grid injection as stated in [39].

In this analysis, the hybrid inverter is disregarded because the battery pack is not
considered. Instead, as described in the previous section, the V2H battery is considered
when the vehicle is at home. The V2H itself will provide an internal hybrid converter
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mechanism and this will be considered in our analysis. The price of the bidirectional watt
meter was also disregarded. A remark must be made regarding the bidirectional watt
meter. The Portuguese electrical distribution company is currently replacing the previous
analogue watt meters and deploying new digital versions with bidirectional metering
capabilities in all Portuguese territory. A 80% replacement rate was achieved until 2020
(European Union directive from 2009). In this way, the presented analysis ignored the
bidirectional counter acquisition costs, imposed by Portuguese law DL 153/2014, whenever
it is applicable.

This work assesses PV systems involving 0.5 kWp, 0.75 kWp, 1.5 kWp, and 3.45 kWp,
with and without grid injection, and with the usage of V2H battery when EV is available.
The component prices of each setup (0.5, 0.75, 1.5, 3.45 kWp) were taken from [41] and
provided in Table 1. The equipment lifespan is considered 25 years. The prices include the
installation of a complete residential photovoltaic plant.

Table 1. Condition estimated equipment and installation prices [41].

PV Power
(kWp)

Mounting or
Holding Device (€) Inverter (€) Cables and

Accessories (€) Labor to Install (€)

0.50 50 199 50 100
0.75 50 324 50 150
1.50 200 597 100 200
3.45 300 1393 100 300

5. Portugal Energy Consumption and Generation Data Samples

Consumption and generation distribution along the year were taken from an annual
sample provided by [42]. These samples contain normalized kilowatt-hour data for every
15 min over the entire year.

The consumption (see Figure 2) and production/generation (see Figure 3) profiles
considered were UPAC with a surplus selling contract. This profile can vary among
three different classes (A, B, or C). Profile UPAC Class C was chosen since this category
must have power equal or less than 13.8 kVA and annual consumption equal or less than
7140 kWh, which includes residential consumers.

The average annual consumption in 2019 for UPAC class C was 3506 kWh [37], which
is also used to perform our analysis. To obtain the average annual production for a certain
region, [21] it can use Equation (1), where E is the total energy generated in one year, C_pv
is the capacity of the PV system (0.5, 0.75, 1.50, or 3.45 kWp for the proposed study), T_ps is
the total number of peak solar hours in a year and e is the loss factor and allowance for PV
array which is 0.18 [21]. To obtain T_ps, we retrieved different values of global horizontal
irradiation (kWh/m2) across Portugal from [43], resulting in an average of 1600 kWh/m2.
To convert this value to hours, we divided it by 1000 kWh/m2 (given that a peak sun-hour
is an hour during which the intensity of sunlight is 1000 watts per square meter) resulting
in 1600 h (which is equivalent to an average of 4 h per day at 1000 kWh/m2).

E = Cpv · Tps · (1− e) (1)

Other relevant information about the consumption and injection profiles are regarding
the period of the day where they happen. This is true especially when it is considered in
different hours of the day where the V2H’s battery is available at home. Figure 4 illustrates
the annual total consumption and injection along the hours of the day. The respective sums
result in the value of 1000.

All data shown in this section are used to perform the financial analysis of this study.
It supposes that these annual profiles and average consumption and production remain the
same over the 25 years.
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6. Grid Injection and Feed-In Tariff

The UPAC remuneration due to the energy provided for the RESP is specified by the
law [40]. This law also states that the PV system must be equal to or less than the contracted
power of the prosumer. Equation (2) describes the remuneration R_m for month m, where
E_m is the energy in kilowatt-hour injected in the grid each month and OMIE_m is the
average Iberian electricity market closing price for Portugal (daily market) in the month
m. In this study, the assessment considers the average monthly price for 2019 in Portugal,
which is 0.05745 €/kWh. This value is assumed over 25 years of investment. The average
price is provided by the Iberian Energy Market Operator in its 2019 price report [44].

Rm = Em ·OMIEm · 0.9 (2)

Regarding the fees for a UPAC to operate, Table 2 shows the values according to [39].
This table does not consider power greater than 5 kW since it is not regarded in this
work. Additionally, a periodic inspection is required. For PV systems less than 1 MW, this
inspection must occur every 10 years. The inspection price is 20% of the registration fee.

Table 2. Registration fee to operate as UPAC with and without surplus injection.

PV Power (kWp) With Surplus Injection (€) Without Surplus Injection (€)

0–1.5 30 0
1.5–5 100 70

The normal low voltage (BTN) consumer in Portugal can choose among three different
metering cycles (one, two or three periods during the day). In this analysis we chose two
periods (peak and off-peak). The peak period corresponds to 8 am until 22 pm and the
off-peak from 22 pm to 8 am. These periods are constant for the whole year and for any day
of the week. The off-peak period has a lower energy price compared to the peak period.
Table 3 and Figure 5 show the peak and off-peak values of some electricity retailers in
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the continental region of Portugal. These values were taken from [45] and are constantly
updated. This study assumes a contracted power of 10.35 kVA.

Table 3. Peak and off-peak values of Portugal Continent electricity retailers assuming a contracted
power of 10.35 kVA [45].

Company Peak (€/kWh) w/o Tax Off-Peak (€/kWh) w/o Tax

Endesa 0.181 0.111
Iberdrola 0.195 0.119
Galp 0.200 0.093
Muon Electric 0.174 0.081
Gold Energy 0.174 0.081
YLCE 0.187 0.100
EDP 0.172 0.101
Ptlive 0.187 0.102
Luzboa 0.185 0.100
Average (with Tax) 0.2262 0.1213
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7. V2H Usage Profiles and Batteries

To evaluate how much and when a prosumer can use their EV’s storage, it is required
to understand when the vehicle is available at home. Moreover, the EV’s storage must be
available in the periods when there is solar radiation. When the storage is not available,
the possibility for the prosumer is to self-consume the energy produced at the moment
and, if the production exceeds the consumption, inject it in the grid being remunerated
by the feed-in tariff. However, since the cost of retailer energy is more expensive than
the price received for the injection in the grid, it is preferable to store the surplus to use
later for self-consumption in order to reduce the electricity bill, increasing in this way
the profitability of the PV system. Thus, understanding V2H driver journey patterns
enables defining periods when the vehicle—and therefore EV’s storage—will be available
at home. In this context, the battery SoC says how much energy is available to draw and its
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complement—DoD—says how much is available for storage. The SoC parameter is useful
in this analysis work to consider the energy required for the V2H trips. That is, to reserve
an amount of kilowatt-hour in the battery which is not drawn or storage by the PV system.
This amount is only used for journeys. This work considers a DoD of 50%.

Previous research studies regarding EV usage patterns [46–48] consider variables such
as first journey start time, final journey finish time, state of charge (SoC) among others.
They enable the extraction of patterns from drivers and estimate periods in which EVs will
be available at home. The research [42] conducted in Ireland in 2016 with 72 EVs presents
the first journey start time with a peak hour around 8:00 and another peak hour around
6:30 pm for final journey finish time, on weekdays. On the weekends, the peak hours for
first and final journeys are, respectively, around 10:30 am and 7:00 pm. Considering only
start time journeys (not necessarily first or final) the research shows three main peak hours
on the weekdays at 8:30 am, 1:30 pm and 5:00 pm, and on the weekend a peak hour at
2:00 pm with a bell-curve shape. The greatest proportion of recorded trips per vehicle per
day ranges from 2 to 5. Regarding the EVs battery SoC, 58.7% of charge events happened
when the SoC was above 50%, 25.5% when it was above 80%, and only 6.29% when it
was below 20%. After the charging events, the SoC was 100% in almost all cases. Another
related study involving 141 EVs in the United Kingdom (UK) occurred in 2011–2012 [45].
Regarding the private EVs (41 in total), the analysis of SoC per time of day shows that
the average SoC for any time of the day is always above 60%. The average number of
journeys per day is 1.76. The EVs usage peak hours are between 7:30 am and 9:00 am and
from 5:00 pm–8:00 pm which is conforming to usual daily commuting due to working
schedule. Another research published in 2018 took place in Beijing with 41 private EVs [48].
As expected, the first trip′s start time occurs around 7:00 am–8:00 am and the final trip
finishes around 6:00 pm–8:00 pm. The average number of trips per day is 3.96 and the
biggest proportion is two trips per day. The work also states that the charge consumption
is far below the nominal capacity of the battery. According to the study, the reasons are:

• The battery is not 100% charged when the charging process finishes (In 33% of charge
events the SoC is below 90% after charging) and;

• Second, most drivers charge the battery when the SoC is not even close to the battery depletion.

One of the main concerns of EV owners is the batteries degradation and respective
lifetime. Thus, when using the EVs’ batteries for storage in V2H applications the main
concern of most owners is the accelerated degradation of the batteries due to the increased
charging and discharging cycles. In fact, in V2H applications the batteries will reduce
their lifetime and the question is how long the batteries can last before a sudden death.
Several recent studies have been dedicated to EVs batteries lifetime. Some of the following
examples can be found in the literature. The review presented in [30] contributes to what is
already known by connecting measurement data, driving data, and V2G operations to the
battery cycle aging model. A pattern-driven stochastic degradation model for the prediction
of remaining useful life of rechargeable batteries is proposed by [49]. An analytical model
of capacity fading for lithium–sulfur cells can be found in [50]. Another study about aging
monitoring for lithium-ion batteries is proposed in [51]. A study about correlating the
optimal size, cycle life estimation, and technology in the selection of batteries is proposed
in [52]. A study about electric vehicles battery wear cost optimization is proposed by [53].
Another study about cycle aging cost model for battery energy storage systems considering
an accurate battery life degradation is proposed by [54].

A recent study indicates that in battery cell aging tests, a mean of 50% SoC is deter-
mined as optimal for enhancing battery cell life [30]. This study also indicates that the
lowest battery cell cycle depth provides the longest lifetime, and the highest cycle depth
provides the shortest life expectancy. Moreover, usually for V2G operations the lowest
cycle depth value is around 5%, which provides the highest number of equivalent full
cycles. It is also considered that most battery cells become unreliable after cells reach 80%
of the original capacity. Considering the study presented in [30] and considering that
most EV manufacturers assure battery cells guarantee up to 8 years, which is the average



Energies 2023, 16, 1218 12 of 21

time for most owners to replace the EV by a new one, it is easy to calculate that a total of
5840 (365×2×8) cycles are expected for daily two cycles for 8 years. According to this study,
it is possible to perform more than 6000 equivalent full cycles before the cells reach 80% of
the original capacity considering that the daily average SoC is around 40% to 60%. Higher
cycle depth will degrade the equivalent full cycles and lower cycle depth will improve the
equivalent full cycles. In these conditions, it is reasonable to accept that EV battery cells
will be available for at least 8 years.

Considering this information, this study seeks to consider different EV usage profiles
in order to evaluate V2Hs as battery storage during the period they are available at home.
The battery capacity for this analysis was taken from an electric vehicle database [23],
which is constantly updated. Thus, the value considered is the average of usable battery
capacity of full EV: 60.1 kWh (August 2020). In the calculations performed in this work, an
batteries efficiency of 85% was considered. Even considering the efficiency of the batteries,
it still make sense to store the surplus in the batteries, since, according to the data available,
the price paid for injecting energy into the grid is 0.05745 €/kWh (see first paragraph
of Section 6), while that the cost of energy production is 0.1213 €/kWh (Table 3). This
difference is large enough to compensate for the loss of batteries efficiency.

In this work, some vehicle usage profiles were analyzed considering the different
range of hours along the week, as can be seen in Table 4. These profiles try to simulate
real usage situations based on previously mentioned research. In the Results section, the
profiles are also compared to two other references: when the V2H is either always or never
available at home.

Table 4. Vehicle-to-Home usage profile: periods in which the vehicle is off home.

Profile Hours Day

weekday morning from 8:00 am until 1:00 pm Monday to Friday
weekday afternoon from 1:00 pm until 6:00 pm Monday to Friday

weekday from 8:00 am until 6:00 pm Monday to Friday
weekday evening from 6:00 pm until 11:00 pm Monday to Friday

weekend from 6:00 am until 0:00 am Saturday, Sunday

8. Economic Assessment

The consumed and produced energies are sampled every 15 min over the year, as
described in the subsection, Portugal Energy Consumption and Production Data Samples.
It is required to account the surplus or shortfall energy in every sample and handle this
amount: either store surplus to V2H’s battery or drain shortfall from the V2H’s battery,
either inject surplus into the grid or waste it, and either supply shortfall from the grid or
from the V2H’s battery. The approach which takes these decisions into account is illustrated
in an activity diagram in Figure 6. Given that the EV is at home, the V2H battery may or
may not be sufficient to provide the energy consumed by the house, this depends on the
remaining energy that the battery had when the EV arrived at home and how much of that
energy has already been consumed since the car arrived. In the work, it was considered
a battery capacity of 60.1 kWh, and 50% of this value as the remaining amount of energy
that can be drawn from the battery when the EV is at home. Taking into consideration
these aspects, the determination of the amount of energy that is considered in this study is
done in accordance with the flowchart presented in Figure 6. Through that flowchart, it is
possible to see the criterion that was considered to determine the amount of storage energy.
For example, if the vehicle is all the day in house, not all the hours will be considered, since
meantime the battery will be fully charged, and it does not have capacity to store more
energy. The same regarding the discharging process.
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Figure 6. Activity decision diagram for every 15 min sampled energy.

In the study, we have considered that the V2H battery can never be below 50% of its
capacity. Thus, in the worst possible case scenario, the user would have 50% of the car′s
battery charged when leaving in the morning. Thus, there are situations where the EV is
fully charged and other situations not, but at least 50% of full charge is guaranteed.

To evaluate the proposed household photovoltaic system, this study considered an
investment period of 25 years, a discount rate of 4%, maintenance and operation costs
of 1% over total value invested [55] and depreciation factor of 0.75% per year [56]. The
depreciation factor range is typically between 0.5% and 1.0% as indicated in [57]. The
salvage value of assets after the investment period is proportional to its remaining lifetime.
The economic parameters are NPV, IRR, PI, DPP, and LCOE as explained next.

In this study, the NPV is the sum of all income and costs of the project converted to
present value by the discount rate during the period of the investment, as seen in Equation (3).
The first sum represents all incomes where REV_i is the revenue at year i calculated in
Equation (4) by gross revenue (G_i) minus maintenance and operation costs (MO) as a
percent of total investment (I_ti) until year i. The second sum is all investments (INV) for
every year i and in the last sum SAL is the salvage value at the end of the investment period
(year n). A NPV less than 0 is rejected.

NPV =
n

∑
i=1

REVi

(1 + a)i −
n−1

∑
i=0

INVi

(1 + a)i +
SAL

(1 + a)n (3)

REV = Gi −MO · Iti (4)

The IRR parameter compares the profitability of the investment with the discount rate.
Therefore, in Equation (3) we substitute IRR for a and find IRR for NPV = 0 (See Equation (5).
If IRR > a then the investment is viable.

NPV(a = IRR) = 0 (5)
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The PI parameter is the ratio between the incomes and outcomes of the cash flow,
considering their current value (Equation (6)). If PI > 1 then the investment is worth it. The
PI provides a relative quantity to compare whilst NPV is an absolute value.

PI =

n
∑

i=1

REVi
(1+a)i +

SAL
(1+a)n

n−1
∑

i=0

INVi
(1+a)i

(6)

The DPP parameter provides the time required to recover the investment values over
the years. All cash flows are converted to present value. DPP is used in Equation (7). If
DPP is less than the period of the investment, n, then this is indicative that the investment
is feasible.

DPP

∑
i=1

REVi

(1 + a)i +
SAL

(1 + a)n =
n−1

∑
i=0

INVi

(1 + a)i (7)

The LCOE parameter (see Equation (8)) informs the production cost of electricity in
Euro per kilowatt-hour. It provides the cost of operating the PV project. This is a useful
relative quantity to compare the price in Euro per kilowatt-hour with energy retailers. The
costs and energy production are converted to present value. In Equation (8), E_i represents
energy production for year i in kilowatt-hour. We should discount the salvage value from
INV_i which is implicitly included in it.

LCOE =

n
∑

i=1

INVi+MO·Iti
(1+a)i + SAL

(1+a)n

n
∑

i=1

Et
(1+a)i

(8)

9. Results

Each PV setup, namely: 0.5 kWp, 0.75 kWp, 1.5 kWp, and 3.45 kWp was assessed
separately in the respective Tables 5–8. Each one is analyzed with and without injection
and with different EV usage profiles. It is visible that most scenarios are financially viable
regardless of the injection and the availability of the vehicle. The exception case is the
hypothesis where V2H is never available and there is no surplus injection into the grid, for
any PV power. In this case, the NPV and PI parameters are less than zero and DPP is greater
than 25 years (period of investment). This hypothesis is for comparison purposes only, as
well as the always available one. The latter shows the best possible scenario although it is
not feasible because no consumer will pursue a V2H to leave it at home all the time.

Table 5. Economical results for 0.5 kWp PV setup.

Grid Injection V2H Occupied Periods NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True always available 1802.8181 34.25 5.2024 4.1177 0.0089
True sat–sun 6:00 am–0:00 am 1318.9493 26.77 4.0745 5.0687 0.0089
True mon–fri 1:00 pm–6:00 pm 1260.4150 25.85 3.9380 5.1737 0.0089
True mon–fri 6:00 pm–11:00 pm 1179.3703 24.59 3.7491 5.3317 0.0089
True mon–fri 8:00 am–1:00 pm 1117.8690 23.62 3.6058 5.4625 0.0089
True mon–fri 8:00 am–6:00 pm 575.4659 14.88 2.3414 8.3146 0.0089
True not available 78.3057 5.73 1.1825 19.0799 0.0089
False always available 1845.5565 36.95 5.6255 3.7267 0.0082
False sat–sun 6:00 am–0:00 am 1196.9573 26.20 3.9999 5.1391 0.0082
False mon–fri 1:00 pm–6:00 pm 1118.4953 24.89 3.8032 5.3002 0.0082
False mon–fri 6:00 pm–11:00 pm 1222.0437 26.62 4.0628 5.0909 0.0082
False mon–fri 8:00 am–1:00 pm 927.4203 21.66 3.3244 6.0926 0.0082
False mon–fri 8:00 am–6:00 pm 200.3591 8.47 1.5022 14.0678 0.0082
False not available −466.0565 NaN −0.1681 −1.0000 0.0082
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Table 6. Economical results for 0.75 kWp PV setup.

Grid Injection V2H Occupied Periods NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True always available 2578.0148 34.66 5.2682 4.0892 0.0125
True sat–sun 6:00 am–0:00 am 1908.9143 27.32 4.1605 5.0098 0.0125
True mon–fri 1:00 pm–6:00 pm 1883.9103 27.04 4.1191 5.0397 0.0125
True mon–fri 6:00 pm–11:00 pm 1717.6794 25.20 3.8438 5.2549 0.0125
True mon–fri 8:00 am–1:00 pm 1670.0913 24.68 3.7651 5.3223 0.0125
True mon–fri 8:00 am–6:00 pm 856,4866 15.42 2.4180 8.1768 0.0125
True not available 167.4491 6.57 1.2772 17.1082 0.0125
False always available 2620.7533 36.56 5.5658 3.7524 0.0118
False sat–sun 6:00 am–0:00 am 1704.5571 26.00 3.9696 5.1629 0.0118
False mon–fri 1:00 pm–6:00 pm 1649.6616 25.36 3.8740 5.2404 0.0118
False mon–fri 6:00 pm–11:00 pm 1760.3204 26.65 4.0668 5.0879 0.0118
False mon–fri 8:00 am–1:00 pm 1363.0490 22.00 3.3746 6.0389 0.0118
False mon–fri 8:00 am–6:00 pm 272.4572 8.24 1.4747 14.1770 0.0118
False not available −670.4634 NaN −0.1681 −1.0000 0.0118

Table 7. Economical results for 1.5 kWp PV setup.

Grid Injection V2H Occupied Periods NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True always available 4277.5114 31.51 4.7955 4.3340 0.0232
True sat–sun 6:00 am–0:00 am 3239.3104 25.39 3.8743 5.2345 0.0232
True mon–fri 1:00 pm–6:00 pm 3419.9254 26.46 4.0345 5.1072 0.0232
True mon–fri 6:00 pm–11:00 pm 2681.3175 22.06 3.3792 6.0271 0.0232
True mon–fri 8:00 am–1:00 pm 3092.0134 24.51 3.7436 5.3463 0.0232
True mon–fri 8:00 am–6:00 pm 1585.1735 15.32 2.4065 8.2096 0.0232
True not available 437.2157 7.52 1.3879 15.2023 0.0232
False always available 4186.4213 30.17 4.5873 4.4510 0.0242
False sat–sun 6:00 am–0:00 am 2688.1345 21.57 3.3035 6.0986 0.0242
False mon–fri 1:00 pm–6:00 pm 2808.9664 22.27 3.4070 5.6646 0.0242
False mon–fri 6:00 pm–11:00 pm 2223.3988 18.84 2.9052 6.5905 0.0242
False mon–fri 8:00 am–1:00 pm 2335.4674 19.51 3.0013 6.4600 0.0242
False mon–fri 8:00 am–6:00 pm 274.6532 6.20 1.2353 18.0456 0.0242
False not available −1381.0709 NaN −0.1834 −1.0000 0.0242

Table 8. Economical results for 3.45 kWp PV setup.

Grid Injection V2H Occupied Periods NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True always available 6612.4169 26.35 4.0152 5.1182 0.0454
True sat–sun 6:00 am–0:00 am 5370.0002 22.54 3.4487 5.6246 0.0454
True mon–fri 1:00 pm–6:00 pm 5996.7810 24.47 3.7345 5.3501 0.0454
True mon–fri 6:00 pm–11:00 pm 4303.7385 19.23 2.9625 6.5166 0.0454
True mon–fri 8:00 am–1:00 pm 5709.3263 23.59 3.6034 5.4706 0.0454
True mon–fri 8:00 am–6:00 pm 3873.1875 17.87 2.7662 7.1697 0.0454
True not available 1463.8829 9.81 1.6675 12.2092 0.0454
False always available 5054.7726 21.77 3.3369 6.0702 0.0447
False sat–sun 6:00 am–0:00 am 3294.0386 16.15 2.5229 7.5734 0.0447
False mon–fri 1:00 pm–6:00 pm 4136.1489 18.87 2.9122 6.5906 0.0447
False mon–fri 6:00 pm–11:00 pm 2064.4142 12.02 1.9544 10.2234 0.0447
False mon–fri 8:00 am–1:00 pm 3693.8757 17.45 2.7078 7.2640 0.0447
False mon–fri 8:00 am–6:00 pm 1032.7938 8.27 1.4775 14.1605 0.0447
False not available −2544.3731 NaN −0.1763 −1.0000 0.0447

As expected, in general, the PV setup with grid injection overtake the same PV setup
that do not have injection. This is because the cost required for enabling injection is low: a
higher fee compared to with injection (see Table 2) and also because bidirectional meter cost
is disregarded because this study considers that the bidirectional meter is already provided.
Thus, the prosumer needs to inject into the grid a sufficiently small quantity to overcome
the injection investment. Nevertheless, there are few exceptions: for 0.5 kWp and 0.75 kWp
PV setup, with V2H always available and mon–fri 6:00 pm until 11:00 pm without injection
are more profitable than with injection. Considering V2H is always available, the battery is
always available and therefore injection occurs only when the battery is full. As the battery
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capacity is higher in the context of a residential PV system setup, the battery will be full
only when PV generation is at a high rate (i.e., greater power capacity). That is why for
1.5 and 3.45 kWp PV setup the injection occurs, and its amount is sufficient to become
more profitable than without injection. For 0.5 kWp and 0.75 kWp PV setup profile from
mon–fri 6:00 pm until 11:00 pm the system must inject energy into the grid; however it is
not enough to overcome the injection investment.

Amongst feasible profiles (discarding always and never available), the one which has
the highest NPV and lowest DPP is the profile from mon–fri 1:00 pm until 6:00 pm with
injection and 3.45 kWp PV setup. The highest IRR and PI is achieved by sat–sun 6:00 am
until 0:00 am with injection and 0.75 kWp PV setup. These two are the most financially
viable profiles.

Other economic perspectives can be shown by how much is saved every month for
each scenario. In other words, this represents the impact over the electricity bill for the
prosumer each month. This is shown in Figures 7 and 8.
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Nevertheless, higher savings (per month) does not mean a more profitable setup
because investment costs vary, and these costs are not accounted for in average monthly
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savings. Without injection (Figure 8), when the V2H is not available, no savings occur
because all PV generation is wasted, since neither injection nor battery are available.
Moreover, from average monthly savings figures, it is clear that differences between V2H’s
battery availability becomes more impactful for higher PV setups. For example, profiles
from mon–fri from 1:00 pm–6:00 pm, 6:00 pm–11:00 pm, and 8:00 am–1:00 pm all consist
of a six-hour period and considering 0.5 kWp and 0.75 kWp PV setup, their savings are
roughly the same, but for 1.5 kWp and 3.45 kWp the saving differences are more visible.

Actually, the results in both monthly savings and in economic parameters show that
profiles consisting of six-hour periods during the weekday perform similarly to each other,
regardless of whether the period is during morning, afternoon, or evening. On the other
hand, the ten-hour period during weekdays does underperform the others significantly for
all PV setups.

Results Considering Individual Packs of Batteries

This section presents the economical results of considering individual packs of bat-
teries instead of EV batteries. In this analysis similar assumptions for batteries efficiency,
investment period, discount rate, maintenance and operation costs, and depreciation factor
per year were considered for the residential photovoltaic installation. Table 9 presents the
investment costs in three different battery packs according to [41].

Table 9. Investment costs in three different battery packs according to [41].

Capacity (kWh) Investment Cost (€)

3.3 1625.0
6.6 4060.0
9.9 5370.0

Similarly to the results presented in Tables 5–8, now Tables 10–13 demonstrate the
economical results considering 0.5 kWp, 0.75 kWp, 1.5 kWp, and 3.45 kWp as PV setup
with and without grid injection. According to the performed calculations, in case of using
individual battery packs, none of them are economically viable.

Table 10. Economical results for 0.5 kWp PV setup (individual battery packs).

Grid Injection Battery Description NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True battery pack of 3.3 kWh −153.516 3.25 0.9253 −1 0.0423
True battery pack of 6.6 kWh −2994.94 −4.78 0.3328 −1 0.0922
True battery pack of 9.9 kWh −4522.12 −7.43 0.2202 −1 0.1191
False battery pack of 3.3 kWh −369.206 2.11 0.8176 −1 0.0415
False battery pack of 6.6 kWh −3207.65 −5.89 0.2806 −1 0.0914
False battery pack of 9.9 kWh −4731.85 −8.65 0.1798 −1 0.1183

Table 11. Economical results for 0.75 kWp PV setup (individual battery packs).

Grid Injection Battery Description NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True battery pack of 3.3 kWh −357.9542 2.35 0.8394 −1 0.0458
True battery pack of 6.6 kWh −3199.3818 −5.16 0.314 −1 0.0958
True battery pack of 9.9 kWh −4726.561 −7.75 0.2088 −1 0.1227
False battery pack of 3.3 kWh −573.6434 1.22 0.7391 −1 0.0451
False battery pack of 6.6 kWh −3412.087 −6.29 0.2637 −1 0.095
False battery pack of 9.9 kWh −4936.2894 −9.01 0.1695 −1 0.1219
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Table 12. Economical results for 1.5 kWp PV setup (individual battery packs).

Grid Injection Battery Description NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True battery pack of 3.3 kWh −968.9314 0.12 0.6479 −1 0.0566
True battery pack of 6.6 kWh −3810.359 −6.26 0.2654 −1 0.1065
True battery pack of 9.9 kWh −5337.5382 −8.70 0.1785 −1 0.1334
False battery pack of 3.3 kWh −1284.3436 −1.33 0.54 −1 0.0576
False battery pack of 6.6 kWh −4122.7872 −7.69 0.2113 −1 0.1075
False battery pack of 9.9 kWh −5646.9896 −10.32 0.1361 −1 0.1344

Table 13. Economical results for 3.45 kWp PV setup (individual battery packs).

Grid Injection Battery Description NPV [€] IRR [%] PI DPP [Years] LCOE [€/kWh]

True battery pack of 3.3 kWh −2232.1979 −3.27 0.4153 −1 0.0788
True battery pack of 6.6 kWh −5073.6255 −8.39 0.1886 −1 0.1287
True battery pack of 9.9 kWh −6600.8048 −10.72 0.1272 −1 0.1556
False battery pack of 3.3 kWh −2447.8871 −4.38 0.3538 −1 0.078
False battery pack of 6.6 kWh −5286.3308 −9.73 0.1505 −1 0.1279
False battery pack of 9.9 kWh −6810.5331 −12.36 0.0959 −1 0.1548

10. Conclusions

In this paper, an economical study for residential PV system investments with a
different approach regarding battery costs was presented. Instead of considering the
classical use of battery banks, the using batteries from electric vehicles (EV) in the context
of the vehicle-to-home (V2H) was considered. The results presented in this work were very
attractive toward the usage of V2H as battery supplies for modern homes. The main reason
is due to the high expenses regarding batteries in residential setup. Without this particular
cost, the overall financial result becomes viable in most scenarios. The obtained economical
results showing the usage of V2H as battery supplies for modern homes is very attractive.
In fact, with this change in thinking important earnings can be obtained, making residential
PV system investments much more attractive.

One aspect that influences the earnings is the way of life of the residential driver. In
fact, the availability of the electrical vehicle in the houses is fundamental, the function being
whether or not the driver (electric vehicle) is at home. In this way, scenarios with different
patterns were considered. One of them was when the V2H was either always or never
available at home. This was used for comparison purposes only. The other V2H usage
patterns considered were to represent real scenarios: a residential consumer who uses
its vehicle on the weekdays for a six-hour period, ten-hour period, and on the weekends.
From the obtained results, it was possible to conclude that the six-hour weekday and the
weekend profiles (sat–sun 6:00 am–0:00 am and mon–fri 1:00 pm–6:00 pm) outperform
the ten-hour weekday profile. In fact, these two profiles allowed to obtain the best IRR
parameter with values of 27.32% and 27.04% for the 0.75 kWp PV setup and considering
grid injection. Without the consideration of grid injection, these values slightly decrease,
namely to 26% and 25.36%. The worst scenario is the one that considers ten-hour weekday
(mon–fri 8:00 am–6:00 pm) with a value of 6.20% for the 1.5 kWp PV setup. Under the
point of view of the energy earnings, that is, not considering investment, the best solution
is the one associated to the six-hour weekday (mon–fri 1:00 pm–6:00 pm) with a value for
the 3.45 kWp PV setup. Besides that, this study showed that this context can increase the
profitability of the PV systems allowing to increase their adoption.
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