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Abstract

This paper examines the household decision between installing batteries in a domestic photovoltaic installation and
utilizing the grid as a virtual battery to supply power to the house when necessary. The paper analyzes the advantages
and drawbacks of each option, both technical and economic, based on a standard photovoltaic installation with and
without a grid connection, helping the homeowner make the correct decision. To this goal, the paper applies a data
analytic procedure, simulating an operational process and comparing theoretical results with experimental data from
an existing domestic installation. The study concludes that there is no one-size-fits-all solution, as many factors come
into play in the analysis: the level of energy surpluses, the energy-selling price, battery cost and maintenance, the home
use, and the coverage factor by the actual storage system in the facility. Despite this apparent uncertainty, the article
provides practical rules to make the right decision between battery installation (real) and grid connection (virtual).

1. Introduction

Domestic photovoltaic installations are experiencing continuous
growth, driven by local and national subsidies for implementation,
lower electricity bills, and greater independence from the grid
[1-16]. Additionally, solar panels are capable of supplying
enough power to meet household energy demands [17-19]. Daily
intermittency due to the day/night cycle or cloudy day periods are
probably the more compelling arguments exhibited by detractors of
this type of installation [20-24]. Against this argument, developers
and technicians mention the chance to install batteries or to connect
the domestic installation to the grid, playing the role of a virtual
battery that supplies energy to the household when the PV system's
full coverage fails [16,25-31]. The virtual battery provides grid
support, which is unlimited, does not require a private installation
or a maintenance service, and is available all the time unless a
blackout occurs [32,33]. On the other hand, the virtual battery
operates according to grid regulations, which limit the energy
exchange capacity between the domestic photovoltaic installation
and the grid, depending on the grid operator management capacity
[16,34-37]. The economic balance is another controversial point
between virtual battery detractors and supporters [38-41]. Indeed,
in most countries, electric companies compensate for the energy

excess from private photovoltaic installations injected into the grid;
this is a current practice in well-developed countries, regulated by
law [10,39,42-45]. The law itself allows the companies to establish
the economic compensation for the injected energy through a
private contract with the photovoltaic installation owner. This
price is usually lower than the one charged by the company for
supplying the home with the built-in photovoltaic installation. In
this situation, the economic balance favors the electric company
and plays against the private profit interest. The price difference
between supplying and injection depends on every company and
national regulations [46-48]. If the difference is high, the virtual
battery may represent a barrier to the householder's decision to
implement such a configuration. An alternative scenario arises
from the company's legally protected decision to limit energy
injection to a maximum level or to provide financial compensation
only for a portion of the energy injected. This situation is based
on the argument that the grid cannot accommodate the excess
energy generated by photovoltaic (PV) installations [49-51]. As
a result, this situation leads to economic losses for the owner due
to the un-compensated portion of the energy injected into the grid.
Some drawbacks arise from the battery installation in a domestic
photovoltaic system, space for the battery set, initial investment,
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maintenance, periodic battery replacement, and professional
service labor for installation [52-56]. An accurate economic
analysis based on energy surplus, energy cost, capacity for grid
injection, and payment of taxes due to financial profit is mandatory
to evaluate the suitability of the battery installation. This paper
analyzes the factors influencing the energy exchange between
domestic installations and the grid, the economic balance resulting
from this exchange, and the battery investment payback time
for the battery lifespan. The analysis requires the data collection
from a specific installation, using a simulation process based on
standard domestic photovoltaic arrays, to make the appropriate
decision regarding battery installation or virtual battery use.

2. System Design

The system analysis development operates on a standard
household configuration incorporating a PV array, an optional
storage system, and a grid connection. To avoid scale factors, we
utilize analytic parameters instead of numeric ones, characterizing
the installation through the photovoltaic array peak power (PVp),
the battery capacity (C,, ), and the household energy consumption
(&,)- The prototype installation consists of a group of photovoltaic
panels oriented to the Equator and tilted at the location's latitude
to maximize solar energy collection. The PV array connects to
the battery block through a power inverter that prioritizes the

power supply to the household electric input, the battery, and
the grid. This configuration enables the system to operate either
disconnected or connected to the grid, depending on the working
conditions (island-type photovoltaic inverter). The power inverter
equips a transmitter module, via WIFI, to share all collected data
with the system operator through the specific application accessible
via Internet or cellular app. The battery block is a lithium-ion cell
array consisting of n elements arranged in series and m elements
in parallel. The system layout features a control unit equipped with
a built-in power analyzer and a power supply discriminator. This
system design allows for supporting household energy demand,
facilitating energy exchange with the battery block, or injecting
current into the grid as needed. Figure 1 shows the prototype system
layout. The installation includes a control unit, which collects all
the necessary information from the prototype. Among the collected
data, we can mention the power, voltage, and current supply from
the PV array, the energy exchange between the PV system and
the battery block, the battery operating voltage and exchange
current, the energy demand from the household installation, the
power injection to the grid or the energy collected from it, and the
operating time. With all these relevant parameters, the control unit
evaluates the installation performance and calculates the energy
efficiency.
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Figure 1: Prototype System Layout

3. Energy Balance

The energy balance comes from the power input/output signal
collected by the power analyzer and the operating time of every
system component, considering as a component every household

appliance, the photovoltaic system, the battery block, and the grid.
Figure 2 shows the configuration layout for the energy balance
evaluation.
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Figure 2: Energy Balance System Configuration

According to this configuration, the equation governing the energy
balance is:

E=(PV,+ (1)

The terms between parentheses correspond to the photovoltaic
input power, the battery, the grid power exchange, and the
household power consumption. At is the calculation time interval.
The sign indicates a bidirectional flow with + for the input signal
and — for the output. If the battery plays the role of a power supply
system, Equation 1 converts into:

P

grid

~ P, )At

bat -

B,=P. ,+F PV,

bat grid

2

And for the battery acting as a storage system:

B =PV +P

bat — in grid I)hs (3)
In the first case (Equation 2), the grid may receive injected power
or not, depending on the energy balance between the PV array,
battery, and household consumption. If the photovoltaic and
battery power supply exceeds the household demand, the power
injection into the grid is positive; otherwise, it is null. In the
second case (Equation 3), the power injection into the grid and the
energy storage in the battery depend on the balance between the
PV power supply and household energy demand. If the balance is
positive, the battery receives the energy surplus as long as it is not
completely charged; when this event occurs, the energy surplus is
injected into the grid.
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Figure 3: Control Unit Operational Flow Chart

J Data Analytic Eng Decision Making, 2025

Volume 2 | Issue 2 | 3



Figure 3 shows the operational flowchart that rules the control
unit to select the energy flow in the global circuit. The battery
charging algorithm is derived from previous work, which enables
determining the battery state-of-charge (SOC) through an online
process that considers the battery state-of-health (SOH) [57].

4. Economic Analysis
The energy balance is relevant in decision-making regarding
physical battery installation, but it is not the only critical factor.
Indeed, economic analysis emerges as a key factor in determining
whether the system should equip a physical or virtual battery.
Regarding the control unit operational flow chart shown in Figure
3, we notice that the energy flow to the house depends on the
household power demand and photovoltaic energy generation,
since the energy balance between these two components conditions
the battery and grid energy injection or power supply. In current
practice, the power injected into the grid depends on factors like
the availability of power injection, the maximum compensated
power injection, the price paid by the local electric company for
the injected power, and the taxes associated with the grid power
injection. On the other hand, the cost of energy imported from
the grid depends on the electric energy pool, the daily electricity
auction, the time of day, and taxes. Considering all these factors,
we can base the economic analysis on the following relation:

24 o 24
C=2| (G -gu-dn) k- Xf(6-am) ] @

i=1 =1
The terms included in Equation 4 correspond to:
¢, Photovoltaic energy supply
¢,.- Household energy demand
&bat™: Battery charging energy
fg: Grid energy supply
¢, Battery energy supply
¢*: Grid injected energy compensation cost
c¢: Grid energy supply cost
/& Grid injection energy factor

The grid injection energy factor corresponds to the fraction of
energy that can be injected according to the regulations of the
electric distribution company that operates in the area.

The superscript “+” in Equation 4 means that only the terms with
positive contributions are considered for calculation, while we
discard null or negative terms. The subscript i corresponds to an
hourly interval, since we base the economic analysis on an hourly
daily electric energy auction. Equation 4 may require adjustments,
depending on country regulations, because the daily electric
energy auction may differ from the adopted hourly basis; in such
a case, the subscript i corresponds to the new time interval for the
electric energy auction. According to the new time interval, we
should adjust the summation term.

We observe that the economic balance, C, depends on the

energy balance and the energy cost. This last term includes the
compensation for the injected energy and the payment for the
received energy from the grid.

5. Data Collection

The PV array data collection corresponds to the operating voltage
and current measured every second and averaged over a time
interval of one minute. We work with a time minute average since a
shorter interval does not provide relevant information regarding the
system performance evaluation. The control unit uses the voltage
and current to determine the PV power generation by applying
Ohm’s law. The data collection from the battery block includes
the operating voltage, inlet, and outlet current. We use these values
to determine the variation in the battery capacity. To this goal, the
control unit calculates the battery charge injection or extraction,
using the current value and working time. The data correspond to
a semidetached three-story house with a total surface of 238 m2,
inhabited by a family of four. The house distribution includes a
living room, kitchen, toilet, and a small hall on the first floor, four
bedrooms and two full bathrooms on the intermediate floor, and
an open attic space. A basement used as a garage, with a small
room for a workshop, completes the house structure. We obtain
the household energy consumption from the appliance power and
operating time. Since the working time and power consumption
of every appliance are different, we calculate the instantaneous
energy consumption through a distribution of built-in energy
meters. Since the hourly daily distribution of the household energy
consumption changes from day to day, we operate with daily
values over a year, computing the energy and economic balance
for every day. Electric energy consumption includes lighting,
current household electric appliances: entertainment devices, tools
and accessories, and an aerothermal energy unit for hot water,
heating, and air conditioning.

6. Evaluation Procedure

The evaluation procedure relies on a comprehensive system
analysis over an extended period, specifically a whole year, taking
into account the aggregate contributions to both the economic
and energy balances during this timeframe. The financial aspect,
or money balance, serves as the critical factor in determining the
suitability of a physical battery. Additionally, the energy balance
impacts the size of the physical battery, which in turn affects the
overall economic balance. According to the previous statements,
we proceed to disaggregate the collected data into four categories:
photovoltaic output power, household power consumption, battery
input/output power, and grid power injection/supply. The battery
and grid categories may act as a power source or sink, depending
on the energy balance in the system. Since data collection
uses a minute interval base, a non-current time lapse in energy
balance for commercial purposes, we use an hourly time basis for
economic balance evaluation. Nevertheless, to improve the quality
and accuracy of the analysis, we continue operating on a minute-
by-minute basis for the energy balance. The evaluation, therefore,
uses the following structure (Figure 4):

J Data Analytic Eng Decision Making, 2025

Volume 2 | Issue 2 | 4



PV array

o
2RHRRA,

X
':
et
0%
3%
(X

e
GO
e
S
KA
Sateted
K55
X
20X
S0seTes
X A
00
SO

e
55
5
otel
o%es
els
-
ol

........

House

Figure 4: Schematic View of the Evaluation Process Layout

The battery section on Figure 4 appears shadowed because the
physical battery is optional; in case the system operates under
virtual battery mode, the physical battery is not part of the layout.
The evaluation process includes two options: physical battery and
virtual battery. Based on this structure, the evaluation procedure is
as follows:

Option 1: Physical battery

*  The control unit collects data from the PV array output power
(P, and household power consumption (P, ) every minute

* The control unit evaluates the energy balance using the
expression: ¢ = ¢,,- ¢, (5). Sub-index i accounts for the
minute interval

*  The control unit checks the battery state of charge (SOC, )

The system determines the energy value from the classical
expression: ¢ = Pt (6), with P accounting for the power and ¢ for
the time (one minute)

Case A: £> 0, and SOC, , =100 (battery fully charged)
1. The energy excess (¢)) flows to the grid

2. ¢, is added to the power injection database: f;jd = Z fl @)
3. finj"dd is then compared with the maximum energy injection
allowed by the grid for the specific installation (finj’"“). The
maximum energy injection is a restriction imposed by the electric
company to avoid excessive money compensation for the energy
injection. This restriction depends on the zone and the operating
electric company

4.1f él.nj”"”’ < finj”’“, the system evaluates the economic compensation
for the injected energy at the auction price for the specific hourly
interval in which the system is operating, and records the datum
(R)

5. If & wd>F ma the gystem continues injecting power into the
inj Y \ gp

inj

grid, but the money compensation is skipped
6. The process continues for the hourly interval, adding the money

60
compensation Rj = Z R (8
i=1
7. The process repeats for the 24 hours in a day, and the 365 days in

12 (30 ( 60
ayear, obtaining: R = Z (Z[ Rl) J (9). In months with
1 d/m

m=1\_d=1 \ i=
more or fewer than 30 days, the upper index in the summation in
d changes accordingly.

Case B: >0, and SOC, <100 (battery partially charged)

1. If £>0, the energy excess flows to the battery until the battery
is fully charged

2. Once the battery is charged, the process continues from point
1 in case A, computing the available energy (¢ ) as the difference
between the energy balance and the battery input energy (¢, ).
Therefore: , = ¢ - ¢, (10)

Case C: £<0, and SOC, =100

1. The battery supplies the energy deficit (¢,), computed as: &=
5hs' fPV (11)

2. The process continues until the battery is exhausted (SOC, =0)
3. The control unit engages the grid connection to cover the energy
deficit

4. The control unit evaluates the energy price from the grid supply
at the setup selling price for the operating time interval, and
records the datum

5. The process continues for the hourly interval, adding the

60
calculated price Sj = Z Sl, (12)
i=l
6. The process repeats for the 24 hours in a day, and the 365 days
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12 (" 30 [ 60
in a year, obtaining: Sy = Z(Z(Z Sij j (13). In months
d ) m

m=1\_d=1 i=1
with more or fewer than 30 days, the upper index in the summation
in d changes accordingly.

Case D: £<0, and SOC, <100 (battery partially charged)

1. The battery supplies the energy deficit ()

2. The process continues until the battery is exhausted

3. The control unit engages the grid connection to cover the energy
deficit

4. The control unit evaluates the energy price from the grid supply
at the setup selling price for the operating time interval, and
records the datum

5. The process continues for the hourly interval, adding the
calculated price (Sj)

6. The process repeats for the 24 hours in a day, and the 365 days
in a year, obtaining the Sy value

Case E: <0, and SOC, =0 (battery totally discharged)

1. The control unit engages the grid connection to cover the energy
deficit

2. The control unit evaluates the energy price from the grid supply
at the setup selling price for the operating time interval, and
records the datum

3. The process continues for the hourly interval, adding the
calculated price (Sj)

4. The process repeats for the 24 hours in a day, and the 365 days
in a year, obtaining the Sy value

Option 2: Virtual battery

* The control unit collects data from the PV array output power
(P,), and household power consumption (P, ) every minute

* The control unit evaluates the energy balance ()

Case F: £>0

1. The energy excess (¢) flows to the grid

2. ¢ is added to the power injection database (é‘mj"d”’)

3. fmj"“’”’ is then compared with the maximum energy injection
allowed by the grid for the specific installation (énj’”“). The
maximum energy injection is a restriction imposed by the electric
company to avoid excessive money compensation for the energy
injection. This restriction depends on the zone and the operating
electric company

4.1f é‘inj“dd<fhy_'”“", the system evaluates the economic compensation
for the injected energy at the auction price for the specific hourly
interval in which the system is operating, and records the datum
(R)

5. 1f &, “>¢, ", the system continues injecting power into the
grid, but the money compensation is skipped

6. The process continues for the hourly interval, adding the money
compensation (Rj)

7. The process repeats for the 24 hours in a day, and the 365 days
in a year, obtaining the Ry value. In months with more or fewer
than 30 days, the upper index in the summation in d changes

accordingly.

Case G: >0

1. The control unit engages the grid connection to cover the energy
deficit

2. The control unit evaluates the energy price from the grid supply
at the setup selling price for the operating time interval, and
records the datum

3. The process continues for the hourly interval, adding the
calculated price (Sj)

4. The process repeats for the 24 hours in a day, and the 365 days
in a year, obtaining the Sy value. In months with more or fewer
than 30 days, the upper index in the summation in d changes
accordingly

The evaluation process ends by comparing the Sy value for the
two options, S, for the physical battery configuration, and S, for
the virtual battery mode. If Sy >Sy,, the physical battery option
is recommended; otherwise, the virtual battery mode is the most
suitable.

7. Experimental Development

The methodology mentioned earlier has been tested in an
experimental installation, as shown in Figure 1. The system
operates according to the following configuration:

* A photovoltaic array of 9 kWp, divided into two sub-arrays of
4.5 kWp. One of the sub-arrays is oriented East, while the other
faces West. The PV panels' tilt is 40° (East and West). The two
sub-arrays merge in a single inverter. The operating voltage of
every sub-array is 360 VDC, with a maximum input current of
12.5 A. Because of the East-West orientation of the PV array, the
maximum combined output power is 6.75 kW

* A lithium-ion battery block of 5.04 kWh energy capacity,
operating at 360 VDC. The battery layout consists of 10 elements
connected in series. Each component has a capacity of 140 Ah
operating at 36 VDC.

* An inverter of 7 kW equipped with a double MPPT unit for sub-
array control. The inverter is a triple-configured unit controlling
the PV array, the battery block, and the household connection.

* A household of three stores with conventional appliances and an
aerothermal unit for sanitary water, heating, and air conditioning.
The aerothermal system's power peak is 6 kW, but it currently
operates at a lower power demand, depending on the hot water,
heating, and refrigeration requirements.

* An aerothermal system for household sanitary hot water, heating,
and air conditioning supply. The aerothermal system operates at
a peak power of 6 kW for heating or air conditioning. Hot water
supply only requires a maximum power of 5.6 kW

* A control unit that selects the aerothermal unit operational mode,
heating or air conditioning, depending on the season of the year,
winter or summer Because the use of the aerothermal unit and
household appliances and accessories is not regular every day of
the year, we have computed the energy consumption, averaging
over a week. Since weekly energy consumption changes with the
time of the year, we apply the weekly energy use evolution for
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the entire year. On the other hand, we alternate between heating
and air conditioning use; heating operates from October to May,
and air conditioning is activated from June to September, which
in turn influences the corresponding weekly energy consumption.
Regarding the influence of household appliances and accessories
on energy use, we notice a regular trend with slight variation from
one season to another; therefore, we adopt a uniform evolution of
weekly energy consumption throughout the entire year.

8. Experimental Data

Once we collect the experimental values, we notice the low
differences between weekly data for specific periods of the year;
therefore, we group values into the following periods:

* Period 1: From 1st of February to 30" of April

* Period 2: From 1st of May to 31% of July

* Period 3: From 1st of August to 31* of October

* Period 4: From 1st of November to 31 of January

The evaluated parameters corresponding to these periods are
PV energy supply, household energy consumption, daily energy
balance, daily battery supply, remaining battery energy, grid
supply, and grid injection. Daily battery supply and battery energy
remaining correspond to the physical battery installation option,
while grid supply and injection apply for both configurations,
physical and virtual battery mode. Energy balance refers to the
difference between PV supply and household consumption. Grid
injection corresponds to the energy balance surplus, and grid
supply to the energy required to compensate for the energy balance
deficit.

Figures 5 to 13 display the experimental results for the evaluated
parameters during the afore-mentioned periods.

Tables 1 to 9 correspond to the standard deviation in collected data
for the parameter’s evolution shown in Figures 5 to 13.

--------- September =«==<December = - =June March
7000
6000
=
55000
=
24000
a
>
203000
(O]
c
(O]
> 2000
o
1000
0 ———e’ ~—————
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 5: Daily Pv Energy Supply
Hour 1 2 3 4 5 6 7 8 9 10 11 12
(%) 0 0 0 0 0 0 1.7 4.9 4.0 2.7 2.1 34
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 43 34 1.2 4.3 2.0 3.0 0 0 0 0 0 0

Table 1: Average Deviation of Daily Pv Energy Supply
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March ====- December = « =June ceececees September

n
7000 . .
6000
’«E—‘
~— 5000
c
.2
£ 4000
]
Z
9 3000
&
T 2000
[SN]
1000
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 6: Daily Household Energy Consumption
Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 3.6 4.7 1.7 3.3 4.9 5.8 2.1 2.4 43 3.5 2.0 1.9
Hour 13 14 15 16 17 18 19 20 21 22 23 24
o(%) 5.7 4.1 4.7 3.1 2.1 4.8 2.0 3.0 2.5 4.2 3.5 2.5
Table 2: Average Deviation of Daily Household Energy Consumption
March ====- December === « = June seecceees September
7000 .
6000 ./
5000
4000
3000
= 2000
=
=~ 1000
3
‘_% 0 7/ \ }5
® 1000 © 7,449 1011 12 13 v Mk 4
> / ’ NeaN
82000 -f/ Day hour \
[0}
& -3000
-4000
-5000 . .
A\ W
-6000 ~
Figure 7: Daily Energy Balance
Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 4.6 3.2 1.9 5.9 2.6 5.3 2.7 5.7 4.4 33 33 5.6
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 3.7 54 4.8 2.1 2.7 3.1 1.9 5.5 4.9 3.0 3.2 3.5

Table 3: Average Deviation of Daily Energy Balance
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----- December == « =June «e:+-+e-+ September

3500
3000
— 2500
=
= 2000
Qo
2
2 1500
2
©
© 1000
500
0 T~ A
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 8: Daily Battery Supply
Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 1.8 2.5 2.4 2.9 1.7 1.5 0 0 0 0 0 0
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 0 5.7 2.5 4.7 32 43 0 0 0 0 0 0
Table 4: Average Deviation of Daily Battery Supply
s =June seeceeees September
5000 -
4500
4000

= 3500

Battery energy remain (Wh
(Y - N N w
o (O] o [ o
o o o o o
o o o o o

500

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour

Figure 9: Daily Battery Energy Remaining

Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 4.2 1.8 3.6 2.8 5.1 3.8 32 1.5 4.3 2.5 3.6 4.5
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 3.0 2.8 33 2.1 5.7 0 0 0 0 0 0 0

Table 5: Average Deviation of Daily Battery Energy Remaining
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......... September

6500
6000
5500
5000
4500
g 4000
> 3500
& 3000
2 2500
5 2000
1500
1000
500
0 -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 10: Daily Grid Supply (Physical Battery Configuration)
Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 0 0 0 0 0 0 0 4.6 2.4 53 2.1 4.6
Hour 13 14 15 16 17 18 19 20 21 22 23 24
o(%) 1.9 6.0 0 0 0 0 0 0 0 0 0 0
Table 6: Average Deviation of Daily Grid Supply (Physical Battery Configuration)
March ====- December == « =June ceceecees September
6500
6000
5500
5000
4500
g 4000
> 3500
& 3000
£ 2500
5 2000
1500
1000
500
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 11: Daily Grid Supply (Virtual Battery Configuration)
Hour 1 2 3 4 5 6 7 8 9 10 11 12
o(%) 1.5 43 2.1 3.9 2.1 59 2.1 3.9 0 0 0 0
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 0 4.9 4.5 6.0 4.5 54 4.9 2.2 4.2 5.8 6.0 3.8

Table 7: Average Deviation of Daily Grid Supply (Virtual Battery Configuration)

J Data Analytic Eng Decision Making, 2025 Volume 2 | Issue 2 | 10



March ====- December == « =June ceeceeces September

6500
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5500
5000
4500
g 4000
g 3500
£ 3000
2 2500
T 2000
© 1500
1000
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0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 12: Daily Grid Injection (Physical Battery Configuration)
Hour 1 2 3 4 5 6 7 8 9 10 11 12
(%) 0 0 0 0 0 2.7 5.4 1.9 0 0 0 0
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 0 0 0 0 3.6 1.6 5.5 3.1 5.7 4.2 4.2 2.8
Table 8: Average Deviation of Daily Grid Injection (Physical Battery Configuration)
March ====- December == - =June seeceeee- September
6500
6000
5500
5000
4500
g 4000
g 3500
S 3000
2 2500
2 2000
© 1500
1000
500
0 . B S
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Day hour
Figure 13: Daily Grid Injection (Virtual Battery Configuration)
Hour 1 2 3 4 5 6 7 8 9 10 11 12
(%) 0 0 0 0 0 0 0 1.6 1.9 2.7 4.7 3.1
Hour 13 14 15 16 17 18 19 20 21 22 23 24
(%) 5.8 3.7 0 0 0 0 0 0 0 0 0 0

Table 9: Average Deviation of Daily Grid Injection (Virtual Battery Configuration)
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We notice that all deviations are in the 1.0 to 6.0 range, indicating
that all data included in a group remain in a narrow margin around
the represented value. The zero values in the deviation refer to
null data of the corresponding parameter. Regarding the evaluated
parameters, the most interesting analysis corresponds to the
comparison between grid supply and injection with physical and
virtual battery modes. Indeed, the difference in grid supply and
injection indicates the physical battery contribution to the system

performance. On the other hand, grid injection depends on the
presence or absence of a physical battery and the power supply
to the system by said battery. Retrieving values from the database
collection, we can obtain the average daily global grid supply and
injection data for the physical and virtual battery configurations.
Table 10 shows the results for the four periods mentioned before.
The values in Table 10 correspond to the representative month of
the tested period, as shown in Figures 10 to 13.

Period 1 March Period 2 June Period 3 September Period 4 December
Battery Physical Virtual Physical Virtual Physical Virtual Physical Virtual
config.
Grid supply |22.274 36.473 26.503 34.808 22.649 34.754 29.235 46.270
(kWh)
Grid 19.638 22.274 18.945 26.503 18.228 22.526 12.903 12.903
injection
(kWh)
Grid 2.636 14.199 7.558 8.305 4.421 12.228 16.332 33.367
imbalance
(kWh)

Table 10: Grid Supply and Injection for Physical and Virtual Battery Configuration

We observe that grid supply exceeds grid injection throughout the entire year, regardless of the battery configuration used. This situation
indicates a positive imbalance from the grid-to-system, as shown in Table 10 and Figure 14.
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Figure 14: Grid-To-System Imbalance for The Tested Periods

We observe that the grid-to-system imbalance nearly matches for
physical and virtual battery configuration in period 2 (May through
July). This situation shows a low or negligible influence of the
battery on the system configuration. On the other hand, in period
1 (February through April), the two curves diverge, showing an
increasing difference in the grid-to-system imbalance as we move
back from June to March, indicating the influence of the physical
battery on the system performance. In periods 3 (August through
October) and 4 (November through January), the evolution of
the grid-to-system imbalance diverges from August to January,
reflecting the influence of the physical battery on the system

performance. The physical battery configuration influence on the
system performance depends on the grid imbalance difference; the
greater the difference, the higher the impact. Therefore, according
to data in Table 10, we notice that the maximum influence
corresponds to period 4 (November through January), with a grid
imbalance difference of 17.035 kWh, and the minimum to period
2, where the grid imbalance is only 0.747 kWh.

9. Economic Analysis
Using data from Table 10, we may convert the grid imbalance
into economic profit or debt. Considering the current price for
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importing energy from the grid, and the money compensation for
grid energy injection, we determine the profit-making balance. In
the present case, the current price and money compensation are

0.1815 €/kWh and 0.1 €/kWh; therefore, applying data from Table
10, we obtain (Tables 11 and 12):

Month January February March April May June
Income (€) 87.71 58.91 58.91 58.91 56.84 56.84
Outcome (€) 70.25 121.28 121.28 121.28 144.31 144.31
Balance (€) 17.45 -62.37 -62.37 -62.37 -87.47 -87.47
Month July August September October November December
Income (€) 56.84 54.68 54.68 54.68 87.71 87.71
Outcome (€) 144.31 123.32 123.32 123.32 70.25 70.25
Balance(€) -87.47 -68.65 -68.65 -68.65 17.45 17.45
Table 11: Economic Balance of Tested Installation (Physical Battery Configuration)
Month January February March April May June
Income (€) 38.71 66.82 66.82 66.82 79.51 79.51
Outcome (€) 251.94 198.59 198.59 198.59 189.53 189.53
Balance (€) -213.23 -131.77 -131.77 -131.77 -110.02 -110.02
Month July August September October November December
Income (€) 79.51 67.58 67.58 67.58 38.71 38.71
Outcome (€) 189.53 189.24 189.24 189.24 251.94 251.94
Balance(€) -110.02 -121.66 -121.66 -121.66 -213.23 -213.23

Table 12: Economic Balance of Tested Installation (Virtual Battery Configuration)

Adding the values for the whole year, we obtain (Table 13):

Battery configuration Physical Virtual
Incomes (€) 774.39 757.84
Expenses (€) 1377.49 2487.89
Balance (€) -603.10 -1730.05

Table 13: Yearly Economic Balance

We observe that in both battery configurations, the economic
balance is negative, indicating that we spend more money
obtaining energy from the grid than we earn from grid energy
injection. Nevertheless, the negative economic balance is higher
in the virtual battery configuration, which leads us to recommend
using a physical battery for this type of installation. Comparing
the yearly economic balance for the two battery configurations,
we obtain a monetary profit of 1126.95€. Considering the current
cost of a 5-kWh lithium battery unit, around 3365 €, the battery
investment payback time is 3 years. Since the expected battery
lifespan is 10-20 years, the economic profit may reach up to 13450
€, for a 15-year battery lifespan, and constant current price and
compensation money for grid energy supply and injection. The
developed economic analysis depends on the current price for
energy supply from the grid and economic compensation for grid
injection, which is characteristic of every country. The analysis
also depends on the battery cost and the need for financing the

battery block investment. Since these parameters are variable,
it is hard to estimate the battery investment payback time and
economic profit under different conditions than those established
in the present study. Nevertheless, we have developed a simulation
to provide additional data for the final decision-making.

10. Simulation

The simulation process modifies one of the relevant parameters,
keeping all others unchanged. The modified parameter rotates until
covering all relevant parameters. Non-relevant parameters remain
unchanged during the simulation process. Relevant parameters are
battery investment payback time, net economic balance, and grid
supply and injection incomes and expenses for physical and virtual
battery configurations.

Figure 15 illustrates the battery investment payback time as a
function of the battery block investment.

J Data Analytic Eng Decision Making, 2025

Volume 2 | Issue 2 | 13



4.0

3.5

3.0

2.5

2.0

1.5

1.0

Payback time (years)

0.5

0.0

2500.00 2750.00 3000.00 3250.00 3500.00 3750.00 4000.00

Battery block investment (€)

Figure 15: Battery Investment Payback Time vs Battery Cost

We observe a linear dependence between the battery investment
payback time and the cost of the battery block, as shown in the
Equation PBT = 0.009BI (14), where PBT represents the battery
investment payback time and BI represents the price of the battery
block. The relationship has a regression coefficient, R*= 1, with a
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zero error of 104, Equation 14 provides a useful tool to determine
the battery investment payback time as a function of any battery
block cost. Figures 16 and 17 illustrate the battery investment
payback time considering the energy cost supplied by the grid and
the grid injection price.
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Figure 16: Battery Investment Payback Time vs. Energy Price from Grid Supply
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Figure 17: Battery Investment Payback Time vs. Grid Injection Price

Curves in Figures 16 and 17 correspond to the following expressions:

(Fig.16) — PBT =93.951EC> —51.797EC+9.2916 (R> =0.9986)

(15)
(Fig.17) — PBT = —0.4378EC +3.0292 (R* =1)

Equation 15 enables installation designers and household users to estimate the battery investment payback time, depending on the energy
cost from the grid or the grid injection price.
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Figure 19: Economic Balance vs. Grid Injection Price

Figures 18 and 19 display the economic balance as a function of
the energy cost supplied by the grid and grid injection price.

As expected, the incomes for constant energy cost supplied by
the grid remain unchanged for the physical and virtual battery
configuration, since there is no dependence between them. A
similar situation occurs for the expenses and grid injection price.
Regarding the expenses for variable energy cost supplied by the
grid and the incomes for variable grid injection price, we observe
a linear dependence for both battery configurations (physical
and virtual). On the other hand, the net economic balance does
not depend on the grid injection price (Figure 19) but increases
linearly with the energy cost supplied by the grid (Figure 18);
therefore, this last parameter is more influential in the system
economic performance than the grid injection price, which shows
no influence on it.

11. Conclusions

Selecting physical or virtual battery configuration for a household
installation depends on parameters such as the battery block
investment, the energy cost supplied by the grid, and the grid
injection price. Among these parameters, the energy cost is the
most relevant to the system's economic performance. The grid-to-
system energy imbalance, computed as the difference between grid
supply and injection to and from the household energy system,
shows a low or negligible influence of the battery on the system
configuration (physical or virtual) for periods near summer;
however, for winter, the influence of the physical battery is high. In
year periods like spring and autumn, the physical battery shows an
intermediate impact on system energy performance. The economic
profit shows that the incomes from a constant energy cost supplied

by the grid do not change for both physical and virtual battery
configurations, indicating no direct dependence between them.
A comparable scenario appears for the outcomes related to grid
injection pricing. When examining the expenses, we observe a
linear relationship evident for both battery configurations (physical
and virtual) concerning variable energy costs from the grid and
the incomes influenced by variable grid injection prices. On the
other hand, the net economic balance does not depend on the grid
injection price but increases linearly with the energy cost supplied
by the grid; therefore, this last parameter is more influential in
the system economic performance than the grid injection price,
showing no influence on it.
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