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A concept of using a private electric vehicle to optimize the
costs of electricity in household equipped with a PV power plant

Abstract. Nowadays, a dynamic increase in the number of households equipped with photovoltaic (PV) systems is observed, driven by the
willingness to optimize the costs of electricity purchase. Considering also the growing share of electric vehicles (EV) in the automotive market in
Poland, it is necessary to consider how to effectively integrate both areas. Therefore, the main objective of this paper was to develop a household
electricity management algorithm that would reduce the electricity consumption charges using PV system and EV. It also takes into account the daily
variability of electricity prices, which can also be a future element of electricity market transformation suitable for prosumers. The study showed
potential savings in electricity bills of up to several PLN per day.

Streszczenie. Obecnie obserwuje sie dynamiczny wzrost liczby gospodarstw domowych wyposazonych w instalacje fotowoltaiczng (PV), ktory
wynika z checi optymalizacji kosztéw zakupu energii elektrycznej. Majgc na uwadze réwniez rosngcy udziat pojazdéw elektrycznych (EV) w rynku
motoryzacyjnym w Polsce, nalezy zastanowic sig jak efektywnie zintegrowa¢ ze sobg oba obszary. W zwigzku z tym gtéwnym celem artykutu byto
opracowanie algorytmu zarzgdzania energig elektryczng w gospodarstwie domowym, ktéry zmniejszatby opfaty za jej pobranie, wykorzystujgc do
tego instalacje PV oraz EV. Uwzgledniono takze w nim dobowg zmienno$¢ cen energii elektrycznej, ktéra moze byc¢ takze w przysztosci elementem
transformaciji rynku energii elektrycznej dostosowanym do prosumentéw. W przeprowadzonych badaniach wykazano potencjalne oszczednos$ci w
rachunkach za energie elektryczng siegajace nawet kilkunastu ztotych dziennie. (Koncepcja wykorzystania prywatnego pojazdu elektrycznego

do optymalizacji kosztéw zuzycia energii elektrycznej dla gospodarstwa domowego wyposazonego w instalacje fotowoltaiczng).

Keywords: prosumers, dynamic energy prices, electric vehicles, energy management algorithms.
Stowa kluczowe: prosumenci, dynamiczne ceny energii, pojazdy elektryczne, algorytmy zarzgdzania energig elektryczna.

Introduction

Retail electricity prices in European countries have been
steadily rising due to increased costs of electricity
generation, mainly in conventional power plants [1]. This
growth is mainly driven by the surging prices of fossil fuels,
such as coal, lignite, oil and natural gas [2], but also by the
rapid increase in the prices of CO, emission permits under
the European emissions trading system (EU ETS) [3]. In the
case of Poland, both of the aforementioned factors are
extremely noticeable for the end users, mainly due to the
country's energy policy [4].

Therefore, end users are looking for opportunities to make
savings on their electricity bills, particularly in households.
These can be demonstrated, for example, by improving the
energy efficiency of buildings, especially those whose
heating is based on electricity [5]. One of the more popular
solutions for demonstrating savings on electricity bills is to
use households' own micro-sources for generating
electricity for their own consumption, most often based on
photovoltaic (PV) installations [6,7]. Such households then
become renewables self-consumer or in other words
prosumers. According to Directive 2018/2001 of the
European Parliament and of the Council of 11 December
2018 on the promotion of the use of energy from renewable
sources, it is "a final customer operating within its premises
located within confined boundaries or, where permitted by a
Member State, within other premises, who generates
renewable electricity for its own consumption, and who may
store or sell self-generated renewable electricity, provided
that, for a non-household renewables self consumer, those
activities do not constitute its primary commercial or
professional activity" [8]. It is important to note that it may
store energy as part of its activities. The most common and
at the same time the simplest solution is storing it via an
energy storage facility installed in the building [9,10].
Nevertheless, pursuing for alternatives, one should consider
other forms of battery energy storage. For instance, electric
vehicles (EV) can be considered as mobile energy storage
from the point of view of the power system [11, 12]. It
should be noted that their share of the EV market in Europe
is growing [13], and forecasts predict a sharp increase in
EVs at a time when vehicle manufacturers are moving more

boldly away from internal combustion engine cars [14,15].
This is due to the general trend of concern for air quality,
particularly in highly urbanised areas [15,16]. Moreover, the
development of electric vehicle market is positively
influenced by the decreasing cost of production and
purchase of batteries year by year [17]. All these factors
cause the emergence of new business models that use
electric vehicles as a backup power source - the so-called
Vehicle-to-everything (V2X) technology [18, 19]. This article
focuses on Vehicle-to-Home (V2H) technology solutions,
i.e. bidirectional flow of electric energy from the electric
vehicle to the household electrical system to use it for
personal purposes [20]. It should be emphasized that the
aforementioned solutions do not only concern the discharge
of the vehicle, but also effective management of vehicle
charging (aka smart charging) [21].

In order to minimize the negative economic effect
resulting from increasing electricity prices for households,
equipped with PV system and EV, an energy management
algorithm was proposed. It allows the user to decide the
appropriate energy flow depending on the current technical,
meteorological or economic conditions.

The design of the algorithm also considers the current
state of the law regarding the billing of end customers for
electricity, including prosumers, as presented in [22 - 24]. At
the same time, it was ensured that the algorithm could also
be suitable in case the end user would use a contract with
dynamic energy prices (varying throughout the day), which
is planned to be implemented with the next amendment of
the Polish Energy Law [25], adapting it to the Directive of
the European Parliament of 5 June 2019 on common rules
for the internal market for electricity [26].

The article is composed as follows. First, the simulation
model of the designed algorithm is presented. It focuses on
the description of its basic functions, and then presents the
process of creating a dynamic billing system for the
purchase and sale of electricity, in which prices vary every
hour. The assumptions for the benchmark household are
then presented in terms of: its energy demand, the tariff
used for electricity billing, the power characteristics of the
owned PV system and the EV. Based on adopted
assumptions and developed simulation model, the results
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for the specific examined case were gathered. Based on the
results obtained, conclusions were drawn and also
described.

Model of energy management algorithm

In order to minimize the electricity fees of a household
that has both its own PV and EV installation, an energy
management algorithm can be designed to dynamically
change the decision depending on the observed
environmental conditions. The developed algorithm should
be versatile so that many types of household electricity
billing methods can be applied to it. So, a mathematical
model of energy flows was developed and implemented in
the energy management algorithm. A main target of the
algorithm is to achieve the lowest possible electricity fee at
the end of the single day. The algorithm integrates all
elements of household's electrical infrastructure by defining
an electricity flow conditions between following elements:
- household’s buildings,
- a PV installation,
- an EV equipped with a high-voltage battery,
- a bidirectional wallbox-type charging station.

Figure 1 shows a model diagram of a household
alongside the various components of modern distributed
generation resources.

Energy
management
algorithm

Fig. 1. Diagram of modelled household equipped with PV and EV

Firstly, in the energy management algorithm an electricity
balance of the household’'s buildings at a given hour ¢ is
calculated according to equation (1).

) A¢ = Dp¢ — Epy

where: 4, — electricity balance, in kWh, D,, — household’s
electricity demand in hour t, in kWh, Ep,, — electricity
produced by a PV installation in hour ¢, in kWh.

Based on the calculated value 4, it can be determined
whether the household covers its demand from the
electricity produced by its PV installation (self-
consumption). Thus:

2 Ay > 0, Dy, not covered by electricity from PV
@) {At < 0,Dy covered by electricity from PV

After validating whether the household demand is
covered, it should be verified whether the electric vehicle

can be used in further energy management processes. It
should be noted that in this case the electric vehicle is a
mobile energy storage. So, in the next step of the algorithm
implementation, it is necessary to check if the electric
vehicle is present in the household in hour & If it is, then it
can be said that the electric vehicle is available. This
situation is represented by the variable EV,,: which takes
the following values:

1, EV available in household
EVapr = ,
(3) 0, otherwise
However, it should be remembered that the use of EV in
energy management processes only makes sense if a

positive economic effect is reached. This means that before
defining the actions that can be taken with an EV, i.e.
discharging or charging, it is first necessary to define the
economic conditions that will set the boundary conditions.
Three billing methods were developed in the model. First
two of them are polish tariff systems named G11 and G12.
G11 is a single-zone tariff for households and G12 is a two-
zone tariff for households, which means that there are two
rate zones in it: daily and nightly. Let S¢i' denote the
electricity rate of the G11 tariff, while Sgy2 and Sgy2 denote
the daytime and nighttime electricity rates of the G12 tariff,
respectively. The third of billing systems is developed for
paper purposes Dynamic Billing System (DBS). To its
develop, historical data of the power exchange prices and
volumes of electricity were used. By using historical data, a
day-ahead energy price behaviour profile can be created. It
should be noted that in the final implementations, the
algorithm should use advanced forecasting tools in order to
constantly update the profile. The method of calculating the
factors, which determine the electricity price profile is
described by equation (4), and the values obtained are

shown in Table 1.

DAH
SEN t

) o= S ST
24

where: SEi - electricity price in t-hour on the day-ahead

market, in PLN/kWh; k.- electricity price profile factor in ¢

hour.

Table 1. Electricity price profile factors based on historical data
from polish power exchange day-ahead market

ke ke

¢ Summer Winter ¢ Summer Winter

day day day day
1 0,85 0,81 13 1,12 1,19
2 0,80 0,79 14 1,10 1,20
3 0,79 0,77 15 1,05 1,11
4 0,79 0,77 16 1,05 1,08
5 0,80 0,79 17 1,06 1,07
6 0,85 0,85 18 1,08 1,11
7 0,98 0,92 19 1,07 1,11
8 1,06 1,07 20 1,11 1,05
9 1,12 1,16 21 1,11 1,01
10 1,13 1,23 22 1,00 0,91
1 1,11 1,19 23 0,95 0,83
12 1,12 1,20 24 0,88 0,78

Thus, the electricity rate in hour f,
method is equal to:

in the DBS billing

5) Sene = ke - Savg

where: Sp/ - buy/sell price of electricity on the day-ahead
market in single-price system (for polish power exchange
index: TGeBase), in PLN/kWh; SE#3- buy/sell electricity rate
in hour t, in the DBS method, in PLN/kWh.

In order to evaluate whether the use of electricity stored in
an electric vehicle will help to achieve a positive economic
effect, certain threshold values of state of charge (SOC) of
the battery need to be defined. This is a necessary action to
establish the ranges within which an economic criterion will
influence whether or not the vehicle will yield energy to the
household. It was assumed that the EV battery would be
used within 15% - 90% of its net capacity (accessible to the
user), due to the optimization of its lifetime. Let SOCACT
denote the state of charge of the electric vehicle at
beginning of hour t. Therefore, if the EV is in a household
then:
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(S0CGax; 100%)

(S0CGp; SOCH1ax)

(SOCLCOWi 50C5P)
(0; SOCLow)

(6) /\ S0CAT €
A¢<0 AEVgy=1

where: SOCH,x - maximum SOC value, to which EV is
charged; SOCSp- the upper limit of the vehicle's SOC value,
which determines the charging method (PV, grid or both);
S0Cfyy, - the lower limit of the vehicle's SOC value, which
determines the charging method (PV, grid or both);

or:
(50CE5;100%)
(7) /\ SOCACT €4 (SOCE,; SOCER)

4:>0 AEVgy =1 (0; SOCLow)

where: SOCPp- the upper limit of the vehicle's SOC value,
which determines the household’s source of electricty (EV
or grid); SOCE,, - the lower limit of the vehicle's SOC value,
which determines the household’'s source of electricty (EV
or grid);

However, it is important to keep in mind the present
constraint, i.e. the maximum charging and discharging
power of the EV. Assuming that the vehicle charges at hour
t with a constant power equal to the maximum power, it is
possible to determine the volume of energy that can be
maximally delivered to or drawn from the vehicle:

(8) ERAY = Psk -t
where: E'¥- maximal value of electric energy that can be
delivered to or drawn from EV during charging and

discharging process in hour t, in kWh; PYAX - maximal
charging/discharging power, in kW.

Firstly, the actions of the algorithm during surplus of
produced energy from PV plant i.e. 4,< 0 are going to be
discussed. Let us start with circumstances where the EV is
not in the household i.e. EV,,:=0. At those conditions the
surplus electricity produced is sold to the power system.

Then, it is necessary to analyse the volumes of electricity
that flow between the different elements that make up the
household electricity system (PV, EV, demand). First, the
volume of energy that can be sold to the grid is defined. It
occurs when the following conditions exist:

4, <0
(9) EVaye = 1A SOCAT € (SOCG x5 100%)
EVaye =0
It is described by equation (10).
(10) ESEgLL,t = |4
A:=0

where: EfEsLL't - the volume of electricity sold to the power

system in hour ¢, in kWh.

The next case deals with the situation where there are
surplus PV electricity production i.e. 4,< 0, while the EV is
located in the household and its SOC is in the range:
S0CAT € (SOCSp; SOCKax). Then the vehicle is charged
from the surplus electricity produced by the PV installation:

Ar<O AEVgy =1

porv {181 < e
Ve ERFEf if 1A 2 EFSE

(11)

Ege
SOCAT" = SOCAT + =2~

n

(12)

SOCACTe (SOCGpiSOCHax)
ACT  _ . ACT?
(13) Eivesr = Cn - SOCE

where: SOCAS" - the state of charge of the electric vehicle
at hour t+1 after charging only from PV surplus; Ef51y, —
electric energy stored in the electric vehicle in the hour t+71
after charging only from PV surplus, in kWh ; C,- EV battery
capacity, in kWh; EZfY- volume of electric energy delivered
to the EV from surplus PV plant generation in hour ¢, in
kWh.

Another case analyzed involves a scenario where the EV
is located at the household site, the PV system is
generating surplus (4, < 0), but the SOC of the EV is in the
range (SOCfoy;SOCSp). So, the algorithm chooses the
charging method for the EV depending on end user's
method of billing electricity.

- For tariffs G11 and G12
In the case of tariff billing, the vehicle will be charged

using both electricity from surplus PV production (4,<0)
and energy from the electricity grid.

GRID _ pMAX DPV
(14) Ecue = Epve — Egpve
(15) s0cATe(soctyy:s0CGp)

GRID EDPV

S0CAT" = SOCACT + —CCH" + ’é”
n n

(16)

Efftis = Cn-SOCHT"
where: EGF'P- the volume of electricity drawn from the grid
that is used to charge the EV in hour t, in kWh; SOCAST"'-
the state of charge of the electric vehicle at hour t+171 after
charging from PV surplus and grid; Ef57Y; - electric energy
stored in the electric vehicle in the hour t+1 after charging
from PV surplus and grid, in kWh.

- ForDBS

For the DBS method of billing the end user for electricity
and noted PV surplus, firstly it is necessary to check the
energy price in the day-ahead market in hour t i.e. SPEs.
Then it should be analysed if there is a reason to charge the
vehicle with more energy using grid power or to use only
energy from the surplus PV.

DPV i £ cDBS DAH
17) EDBS _ { Egvi, if Sent > Savg
CHt = ) GRID DPV i £ cDBS DAH
Ecue + Egver  if Sent < Savg
ACT [y . (o
(18) S0cATe(soCtyyS0CGp)

ACT1r ACT E(‘Pg"g
SOCAT™ = SOCAT + ===

n

ACTr1r _ . ACT111
EEV,t+1 - CTL SOCt+1

(19)

where: EZF; — volume of electric energy that is being
delivered to EV in DBS billing method in hour t, in kWh;
SOCACT"- the state of charge of the electric vehicle at hour
t+1 after charging from PV surplus and grid, while end user

is using DBS; Ef¢1}} - electric energy stored in the electric
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vehicle in the hour t+1 after charging from PV surplus and
grid, while end user is using DBS, in kWh.

The last case when 4, < 0 refers to when the SOC of the
vehicle is less than the minimum SOC value that
determines the way the vehicle is charged. In other words,
below the SOCS,,, value, the vehicle is always going to be
charged from the grid and from surplus production from PV.
Thus, the energy supplied to the vehicle from the grid will
be calculated according to equation (14), and the EV
charge level and stored energy is:

(20) socfTe (0;50CkHy)
GRID EDPV
SOC/S = socpeT + <t L
Cn Cn
ACT, ACT,
(21) EEV,tﬁ—l =C,-S0C, "
where: SOCtAflTL — the state of charge of the electric

vehicle at hour t+1 after charging from PV surplus and grid,
when SOC is lower than the value, which determines the
charging method; Eﬁﬂil - electric energy stored in the
electric vehicle in the hour t+71 after charging from PV
surplus and grid, when SOC is lower than the value, which

determines the charging method.

The second main operation of the algorithm scenario
deals with situations where there is an unbalanced demand
for electricity in the household i.e. 4,> 0. In case the electric
vehicle is not in the household i.e. EV,, =0, the demand is
covered from the electricity grid. Let ESf'? denote this

value. Therefore:

(22)

EGRE = 14:|

A;>0 A EVgy, =0

However, if the EV is located on the household site, it
should be considered to use its battery capacity as mobile
energy storage to support demand covering. In the first
case of such a situation, it has to be assumed that the
SOCHCT is greater than the threshold value of SOCZ,. Then
the EV yields its stored energy to supply the household.
Therefore:

2;>0 AEVgy =1

(23) :
EDISB :{ |At|'lf |At| < Eé'WVA,g(
OB if 1Al 2 ERAY
ACT; ACT EEDéStB
(24) /\ S0Cpyy ™ = SOCLT ——-=
SOCACTe (S0Chp;100%) "
ACTp4 ACTp,
(25) EEV,Zil =Cy- SOCt+1TD
where: SOC/S™* - the state of charge of the electric

vehicle at hour t+71 after discharging its capacity to cover

household’s demand, E;ffﬂll — electric energy stored in the

electric vehicle in the hour t+17 after discharging its capacity
to cover household’s demand, in kWh ; EZ/%2- volume of
electric energy delivered from EV to the household in hour ¢,

in KWh.

The next case considered is when the measured SOCACT
of EV is within the threshold range (SOC2,,,; SOCE,) and an
unbalanced electricity demand occurs (4, > 0). Then the
method of billing the consumer for electricity must be
analyzed and actions are taken based on it.

- For tariffs G11 and G12
In the case of tariff billing, EV will not be used in household
electricity demand balancing processes. Therefore:

(26) EGRE = 14|

(27) socg“czi(Tsoc,f’DW;socgp)
SOC,"" = SOCAT

(28) Egyiay = Cn SOCLT™

where: SOC/""- the state of charge of the electric

vehicle at hour t+17 during unbalanced demand period, while
using tariff billing system,; Eﬁﬂﬁq - electric energy stored in
the electric vehicle in the hour t+71 during unbalanced
demand period, while using tariff billing system, in kWh.
However, a special case may occur when the EV user
wants to recharge the EV to the SOCNEY level. So the
increase of the electricity demand by the value of the
energy supplied to the vehicle EASY has to be taken into

account:

(29) AY = A, + EXSH
(30) EXFH = (SoctE —socie™y - ¢,
EEl < BN
(31) Egt = |47
(32) Epy.ivy = Co - SOCHEY
where: AY — unbalanced electricty demand in household,
which includes EV chargning in hour ¢, in kWh; E;fﬁ’l -

electric energy stored in the electric vehicle in the hour t+71
after charging its capacity, while household’'s demand is
unbalanced, in kWh; ESRIP’ - volume of electric energy, that
has to be delivered from the grid to household in hour {, in
kWh.

- For DBS

In the case of DBS billing, it is possible to use the EV
battery capacity to optimize household electricity demand.
However, it is necessary to compare the energy purchase
price at hour t with the average price available in the day-
ahead market. If this price is higher than the average, the
EV should be discharged. Otherwise, the demand will be
covered from the grid or there will be a possibility to charge
the EV additionally - analogous to equations (29) - (32).

Hence:
(33) EDBS {E,f-"}iB, if SEn: > Sksg!
DIS,t — GRID/ i £ cDBS DAH
Exne if Senit < Savg
AC’ . S S.
(34) SOCATE(SOCLow:SOCTp) AERfs,= ERyy
Act, ERve
D2 _ ACT ,
S0C, P = SO0C Y ———
Gy
AC’ . S _ G
(35) soct TG(SOCEDW,SOCZP(?T{\Eggt)—(:ggff”
SOCACTozr _ SOCE™,if Egye =0
41 NEW ;¢ pXCH
SOCey"if Egve >0
. ACTpz ;¢ DBS _ rDISB
36 FACTD _ Cn+SOCy °%if Episy = Egvy
(36) EVit+l ™ ACTpyr ¢ pDBS _ EGRIDI
Cn-SOC, ., °* ,if Episy = Enpg

where: ERfS, — volume of electric energy that is calculated in

DBS billing method, while demand of household is
unbalanced in hour t, in kWh; S0C/ ™ - the state of
charge of the electric vehicle at hour f+71 after discharging
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its capacity to cover household’s demand in DBS method;
SOC{LCITDZ’- the state of charge of the electric vehicle at hour
t+1, while EV is not used for discharging purposes in DBS

method; E;lff‘fl - electric energy stored in the electric

vehicle in the hour t+7 during unbalanced demand period,
while using DBS billing system, in kWh.

The last case relates to a situation, where there is an
unbalanced household energy demand and the SOCACT is in
the (0;SOCE,,,) range. It can be described analogously to
the case characterized by equations (26) - (32). Therefore,
further consideration of this case is omitted.

Once all energy flow cases have been characterized and
the decisions to be made by the designed algorithm have
been defined, the economic aspects must be analyzed. In
this model, the primary objective is to minimize the
electricity fees, while the end user can use three billing
systems. So, based on the electricity input flows, the cash
flows have to be defined and calculated. It is assumed that
the energy drawn from the grid by the household for tariff
billing will be settled using the rates that apply with the
respective retailer and Distribution System Operator (DSO).
In the case of selling surplus energy from PV installations to
the grid, the rate S2:1/' will be applied, which results from the
single-price index on the day-ahead market. For the DBS
billing method, the sale price is not distinguished from the
purchase price of energy at a given hour t. For all billing
methods, the algorithm is designed to calculate the daily
cash flow.

Let E;, . be the billing volume of energy drawn from the
grid consumed by the end user in hour f. Its value can be
equal to one of the volumes belonging to the set of all
electricity flows in which energy is withdrawn from the grid -
equation (33). Let E;_, denote the volume of energy sold to
the grid by the final customer in hour t, which is needed for
settlement. In this case, however, there is only one energy
volume in the designed algorithm that fulfills the
assumptions. It is described by the equation (34).

Let E;. . be the billing volume of energy drawn from the
grid consumed by the end user in hour t. Its value can be
equal to one of the volumes belonging to the set of all
electricity flows in which energy is withdrawn from the grid -
equation (37). Let E;_, denote the volume of energy sold to
the grid by the final customer in hour t, which is needed for
settlement. In this case, however, there is only one energy
volume in the designed algorithm that fulfills the
assumptions. It is described by the equation (38).

(37)

— GRID r;GRID pGRID!
EG+,t - {ECH,t 'EHH,t »~“HH,t }

(38) Eg_r = E.S}‘)gLL,t

Thus, the billing fee for the end user in hour ¢ for the G11
tariff O¢4, . is described as follows:

(39)  Ogi1e = Egyc Sin' + Opso,c, for consumption
11t = —(EG—,t . Sg,ng),for selling surplus

For the G12 tariff — daily rates:

(40) /\ oD = {EG+,t * SEnp + Opsoyt
G12,t _(EG_'t . Sgﬁng

For the G12 tariff — nightly rates:

/\ oV — {EG+,t * SEnz + Opso
G2t

“ (- B

teT,

For DBS method:

Egyr* SENt + Opsoy
—(Eg—¢ - SERY)

where: Og11 ¢ - the cash balance for the end user settled in
the G11 tariff in hour t, in PLN; 02;, . - the cash balance for
the end user settled in the G12 tariff in daily hour ¢, in PLN;
02+~ the cash balance for the end user settled in the G12
tariff in nightly hour t, in PLN Opgs .- the cash balance for
the end user settled in DBS method in hour t, in PLN; Opg,-
the fee paid to DSO by end user according to rules
described in network code in hour {, in PLN; T,;- set of daily
hours in the G12 tariff; T,,- set of nightly hours in the G12
tariff.

It is worth mentioning that in case of settlement using the
DBS method, distribution fees were assumed as for the
G12 tariff (rates depending on day and night hours).

In the case of a conditions, where an electric vehicle is

charged from surplus production from a PV plant (ER}Y) or

is discharged for household needs (EZ/F) then the charge
for energy drawn/sold is 0 as there is no flow of energy from
or to the grid. Based on equations (39) - (42), the 24-hour

cash balance for the end user can be calculated:

(42) Opps,t = {

(43) 0(2;1}}11 = z Oc11t
t=1
Ta T
(44) 02 = Oize+ Y Ol
t=1 t=1
24
(45) 012)1}?’; = Z Opgs,¢
t=1

where: 024"~ 24-hour cash balance for the end user

setteled in G11 tariff, in PLN; 02#%- 24-hour cash balance
for the end user setteled in G12 tariff, in PLN; 033%- 24-hour
cash balance for the end user setteled in DBS method, in
PLN.

Results

In order to verify correctness of proposed algorithm,
simulations were performed for assumed benchmark
household. It is assumed that household is located in
central Poland - in the Lodzkie voivodeship — and is
equipped with all aforementioned necessary elements of
energy management infrastructure.

i e e -— e

10 12 14 16 18 20 22
Hour [h]

—PV Generation Summer * PV Generation Winter
—Household's Demand Summer * Households' Demand Winter

0 N

0 2 4 6 8

Fig. 2. Household demand and generation profiles from PV
installations

The average daily electricity demand of a household
was assumed as 10.62 kWh, and its profile was specified
using the coefficients established for the use of standard
profiles, according to the Distribution Grid Operation and
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Maintenance Code [27]. Then, the energy generation profile
of the 2,5 kW PV system was determined. For this purpose,
the sector software HomerPro [28] was used. Figure 2
shows the profiles of energy demand and energy
generation from PV installation during summer and winter
days.

Table 3. contains input data implemented in simulation.
The necessary price rates were taken from the distribution
tariff and the tariff for sale of electricity to household
customers, prepared by the local Distribution System
Operator (DSO) - PGE Dystrybucja [29] and the retailer of
ex-officio - PGE Obrot [30].

Table 3. Input parameters in the simulation model

Parameter Value Unit
SOCAT 50 [%]
SOCACT 80 [%]
Dy 10.5 [kWh]
PV installation capacity 25 [kW]
SOCEax 90 [%]
50CSp 70 [%]
SOCEw 60 [%]
sock, 80 [%]
SOChy 50 [%]
Net battery capacity 37 [kwh]
Time of EV’s departure from 5 ]
the household
Time of EV’s arrival to the 8 ]
household
Distance  traveled  durin
absence in household 9| 60 [km]
PRAE 3.6 kW]
SgLt 0.4295 [PLN/kWh]
SEn 0,4668 [PLN/KWh]
sg;va 0,2935 [PLN/kWh]
. . 06:00 — 13:00
Duration of the day tariff 15:00 — 22:00 [-]
Duration of the night tariff 288 _ (1)288 [-]
SERs | Shar 0.69 [PLN/kWh]

where: SOC#ET
day, SOCAST

summer

- initial SOC value (at midnight) for a
- initial SOC value (at midnight) for a

winter day, D; — daily electricity demand.

A purpose of assuming two different values of the initial
SOC was to demonstrate the impact of the DBS billing
system on the algorithm’s actions. which are shown in the

Table 4:
Table 4. Tags and description of decisions made by the algorithm
A
Tag Decision Meaning in the algorithm
Electricity produced by the PV
Sell installation is returned and sold to the
L grid because the household’s demand
1% electricity to has been in a given hour covered and
the grid ,
the battery's SOC exceeds the
maximum allowable level.
No fees because the EV is charged by
1% f%hrir%ee E,\\// electricity produced by the PV
installation.
1% Charge EV | A fee for electricity drawn by the
™ | fromthe PV | charging station to charge the EV in a
ud and the grid | given hour.
Draw from A fee for electricity equal to household's
W the grid demand in a given hour.
Draw from No fees because household's demand is
a the EV covered by the EV.
where: A — algorithm’s decision.
12

Results for the summer day for all settlement systems are
summarised in the Table 5. During the night, when
household’s demand cannot be covered by the PV, energy
is drawn from the grid. In the morning, when there occur a
PV surplus and the EV is not available in the household’s
area, electricity is sold to the grid. When the EV is back and
its state of charge SOCACT € (SOCfyy; SOCSp), it is charged
simultaneously from the PV installation and the grid. In the
afternoon, when there still occurs a PV surplus and the
household’s demand is covered, the EV is charged solely
from the PV installation. In the evening, when the SOCACT €
(S0CEp; SOCi4x) and electricity produced by PV is
insufficient to cover the household’s demand, the EV’s
battery is discharged. When the household was billed in the
DBS system the EV discharging last longer due to the fact
that SOCAT > SOCSp,. That action allowed to generate
savings in a single day settlement regarding DBS system.
For input data adopted in this simulation, billing in the G11
tariff became the most beneficial at the end of the day.
When comparing the G11 and G12 tariffs, the difference
was 0,26 PLN and was mainly due to more electricity
consumed from the grid in the daily hours, nearly 8 kWh. In
contrast, the difference between the G11 tariff and the DBS
method was 3.62 PLN. This indicates an important issue,
which is the adjustment of the appropriate billing method
depending on the needs of the household. Another problem
was also raised which is the effective management of
electricity in a household with an EV. It was assumed that a
monthly electricity supply of 316 kWh would be needed to
cover the demand of the household and 502 kWh of energy
to charge the vehicle. So, for example, the monthly
electricity charge in the G11 tariff would be about 574,84
PLN. As a result of the algorithm, this fee could be reduced
by 238,8 PLN.

Next, the simulations for a winter day were performed.
The results carried out for a winter day are shown in the
Table 6. Electricity produced by the PV installation in winter
is lower than the household’s demand the whole day
through, so there is no possibility to donate PV surplus to
cover household’s demand. While settlement in the tariff
systems, the household draws electricity from the grid every
hour of the day. In opposite to the previous case, G12
turned out to be more beneficial than G11 due to
consuming higher amount of electricity during the day. As
shown in Table 6., actions taken in DBS system are slightly
different than in the tariff systems. During the afternoon
peak, when electricity rates became higher than daily
average, the algorithm decides that electricity, for covering
household’s demand, will be drawn from the EV. Thanks to
that, available energy was managed better than during
settlement in the tariff systems. However, looking at the
final settlement on that day, G12 tariff system turned out to
be the most beneficial billing method.

To compare the profitability of the developed algorithm,
simulations were carried out for an assumed household with
an electric vehicle but no PV installation. The calculations
assume that the EV is used in the same manner every day.
The household’'s demand (for its self-consumption) is also
the same every day. The simulation results for the summer
month have shown that the savings can be up to 34 PLN for
G11 tariff and 43 PLN for G12 tariff. For the same
assumptions simulations were performed for the winter
month. The simulation results showed that by implementing
an appropriate infrastructure and management algorithm it
is possible to generate savings of 26 PLN in G11 tariff and
50 PLN in G12 tariff.
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Table 5. Results for the summer day

Tariff systems DBS
t 4, A A | SOCET | Ogae | Oghyy | 4 dg | SOCHT | Opgg,
[h] [kWh] [kWh] [%] [PLN] | [PLN] [kWh] [%] [PLN]
0 0.3 4 0.3 50 0.25 0.16 4 0.3 50 0.24
1 0.26 4 0.26 50 0.22 0.14 4 0.26 50 0.21
2 0.24 LA 0.24 50 0.21 0.13 4 0.24 50 0.2
3 0.22 4 0.22 50 0.2 0.13 .4 0.22 50 0.18
4 0.16 % 0.16 50 0.16 0.11 I 0.16 50 0.15
5 0.06 4 0.06 42 0.09 0.07 .4 0.06 42 0.09
6 0.05 % 0.05 33 0.08 0.09 Wz 0.05 33 0.1
7 -0.05 1$ -0.05 | 24 -0.04 | -0.04 | 1% -0.05 | 24 -0.04
8 021 | 11w [ 339 |35 229 | 254 [ qpwwa [ 339 |35 3.6
9 -0.64 | 11#w | 296 | 47 201 [222 [ x| 296 [47 3.18
10 058 | 11w [ 302 |59 205 | 227 [ ppwwa [3.02 |59 3.21
1 -1.2 TL#N 24 72 1.64 1.81 1N 24 72 2.56
12 -0.37 | 1w 0 73 - - 18 0 73 -
13 -0.21 19 0 74 - - 139 0 74 -
14 113 | 1 0 78 - - 1 0 78 -
15 073 | 1w 0 80 - - 14 0 80 -
16 -0.4 13 0 82 - - 138 0 82 -
17 012 | 1@ 0 82 - - =) 0 82 -
18 0.5 =) 0 81 - - 18 0 81 -
19 056 | 1& 0 80 - - =) 0 80 -
20 0.63 4 0.63 80 0.47 0.51 = 0 79 -
21 064 [ v 064 |80 047 [052 [1&m |0 78 -
22 0.55 4 0.55 80 0.41 0.24 .4 0.55 78 0.45
23 0.42 % 0.42 80 0.33 0.2 I 0.42 78 0.33
S [PLN] 10.84 | 111 14.46
where: S — sum, in PLN; A — electricity exchanged between the grid and household, in kWh;
Table 6. Results for the winter day
Tariff systems DBS
t 4, A Ag SOCAT | Oga1y 051/2"_2 A Ag SOCAT | Opps.
[h] [kWh] [kWh] [%] [PLN] | [PLN] [kWh] [%] [PLN]
0 0.27 ¥ | 027 80 0.23 0.15 4 0.27 80 0.22
1 0.24 L | 0.24 80 0.21 0.13 4 0.24 80 0.2
2 0.22 ¥ | 0.22 80 0.2 0.13 ¥ 0.22 80 0.18
3 0.22 I~ | 0.22 80 0.2 0.13 I~ | 022 80 0.18
4 0.24 L | 0.24 80 0.21 0.13 4 0.24 80 0.2
5 0.28 I~ | 0.28 72 0.23 0.15 4 0.28 72 0.23
6 0.36 L¥ | 0.36 63 0.29 0.31 4 0.36 63 0.38
7 0.42 ¥ | 042 54 0.33 0.36 4 0.42 54 0.47
8 0.42 & | 042 54 0.33 | 0.36 1& |0 53 -
9 041 [ v [ 041 |54 032 [035 [1@m |0 52 -
10 037 | v [037 |54 029 [032 [1& |0 51 -
1 0.32 L | 0.32 54 0.26 0.28 & | 0 51 —
12 039 [ v [039 |54 031 [034 [1&a |0 50 -
13 0.46 I~ | 0.46 54 0.35 | 0.21 I~ | 0.46 50 0.46
14 0.48 L¥ | 048 54 0.37 0.22 4 0.48 50 0.45
15 0.54 ¥ | 0.54 54 0.41 0.45 I~ | 0.54 50 0.6
16 0.61 L | 0.61 54 0.45 0.5 4 0.61 50 0.66
17 0.63 ¥ | 0.63 54 0.47 0.51 4 0.63 50 0.71
18 0.65 L | 0.65 54 0.48 0.53 4 0.65 50 0.73
19 0.65 L¥ | 0.65 54 0.48 0.53 4 0.65 50 0.7
20 0.63 I~ | 0.63 54 0.47 | 0.51 I~ | 063 50 0.66
21 0.55 L | 0.55 54 0.41 0.45 ¥ 0.55 50 0.54
22 0.46 ¥ | 0.46 54 0.35 | 0.21 I~ | 0.46 50 0.34
23 0.37 ¥ | 0.37 54 0.29 0.18 4 0.37 50 0.28
S [PLN] 7.94 7.44 8.19

Conclusions

The aim of this paper was to design a household energy
management algorithm that considered the integration of
both PV installation and EV. By using it, the end user,

actually a prosumer, can demonstrate savings in electricity
bills. It was indicated that a key aspect of optimal demand
balancing is a correctly designed algorithm that defines an
electricity flow in a whole V2H infrastructure. It should be
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understood that the strategy has to be correctly adapted to
the electricity’s demand and its distribution over time.

One of the elements in the V2H infrastructure was an
electric vehicle that, from the point of view of conducted
considerations - was mobile energy storage. Including
electric vehicles in the electricity billings may be cost-
effective, provided that users will use the EV’s battery in an
appropriate and recommended manner. The authors mean
that the V2H concept has also disadvantages such as an
accelerated battery’'s aging process that results from
increased frequency of charging and discharging cycles.
That aspect has also a further negative impact on the
secondary automotive market.

None of the technologies that interfere with an operability
of an electricity grid can be deployed in a large scale
without an appropriate legal policy. Concerning polish
regulations, the most significant barrier to the wide V2H
deployment is a lack of acknowledging an EV’s battery as
an “energy storage”. As a result, there is no possibility to
integrate such type of energy storage with the electricity
grid using a bidirectional charging station.

To cap it all, regardless pros and cons of the V2H
technology, this concept is a muse of the future, due to
bringing invaluable advantages to the national electricity
system, which are securing electricity supplies on a
domestic level and ensuring the stability of the electricity
network.
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