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Abstract: This article focuses on determining the optimum structure for a hybrid generation and
storage system designed to power a single-family housing estate, taking into account the different
number of electric vehicles in use and an assumed level of self-consumption of the generated energy.
In terms of generation, two generation sections—wind and solar—and a lithium-ion container storage
system will be taken into account. With regards to energy consumption, household load curves,
determined on the basis of the tariff for residential consumers and modified by a random disturbance,
will be taken into account, as well as the processes for charging electric cars with AC chargers,
with power outputs ranging between 3.6 and 22 kW. Analyses were carried out for three locations
in Poland—the Baltic Sea coast (good wind conditions), the Lublin Uplands (the best insolation
in Poland) and the Carpathian foothills (poor wind and insolation conditions). The mathematical
and numerical model of the system and the MOPSO (multiobjective particle swarm optimisation)
algorithm were implemented in the Matlab environment. The results include Pareto fronts (three
optimisation criteria: minimisation of energy storage capacity, minimisation of energy exchanged
with the power grid and maximisation of the self-consumption rate) for the indicated locations and
three electromobility development scenarios with determined NPVs (net present values) for a 20-year
lifetime. The detailed results relate to the inclusion of an additional expert criterion in the form of a
coupled payback period of no more than 10 years, a maximum NPV in the last year of operation and
a self-consumption rate of at least 80%. The economic calculations take into account the decrease in
PV installation capacity as a function of the year of operation, as well as changes in electricity and
petrol prices and variations in energy prices at purchase and sale.

Keywords: hybrid energy systems; energy storage; electromobility; multiobjective optimisation;
Pareto front; NPV

1. Introduction

Over the past 30 years, there has been a noticeable increase in the environmental
awareness of society, which has contributed to the currently observable energy transition.
One important aspect of this is the shift from emission-intensive electricity sources (e.g.,
coal and oil) to renewable energy sources (RES) (e.g., wind and solar). The intensive
development of RES technologies has meant that they can be installed both on the high-
and medium-voltage side (’utility power plants’), as well as on the low-voltage side, as
so-called small and microinstallations, referred to as distributed energy resources (DER). In
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the case of RES installations installed at or on residential properties, the main factor driving
their demand is the possibility of reducing the cost of purchasing energy from the grid. The
prerequisite for a rapid return on investment costs is to use as much of the generated energy
as possible for one’s own consumption (so-called self-consumption). Discharging surplus
energy to the grid and collecting energy shortfalls from the grid involves losing some of the
profit associated with the difference between the purchase and sale price of energy from
and to the grid. This means that the size of the RES installation should be tailored to the
needs of the residential building in question, e.g., on the basis of an analysis of the annual
energy demand and load characteristics. Additionally, in many cases, it is advisable to use
energy storage—in solar–wind systems, usually lithium-ion electrochemical batteries. A
large number of scientific papers have been published on the above topics. The review
below presents papers that contain interesting solutions, including the use of RES sources to
power individual consumers (including single-family housing estates and multiapartment
buildings) and the area of optimisation of the indicated types of systems often provided
with energy storage systems.

The paper in [1] describes and characterises the power market: the distributed energy
sources in the form of microinstallations that can operate in a system of energy clusters
and virtual power plants. The impact of the introduction of the power market on the
development of distributed energy sources, including hybrid systems with renewable
sources, was evaluated. A method for sizing a photovoltaic installation for a single-family
house in a way that reduces the annual cost of purchasing energy from the power grid
was presented in [2]. The paper in [3] uses model predictive control (MPC) to control
the components of the renewable installation. Artificial neural networks (ANNs) were
used to predict the energy yield of the photovoltaic installation. It was also assumed that
surplus energy is primarily used to heat water. The installation structure is optimised using
quadratic programming.

Wind farms are characterised by higher energy production in winter and the possibility
to also produce energy at night, while photovoltaic installations produce a high proportion
of energy in summer when the days are long and there is a lot of sunshine. The increasing
availability of modern technological solutions, such as photovoltaic roof tiles or small wind
turbines, allows for increasingly better integration of RES into residential infrastructure. It
has become possible to use hybrid (wind–solar) installations, which allow the amount of
energy produced to be equalised at different times of the day and year. The paper in [4]
presents the use of hybrid generation systems to increase energy efficiency. The article
proves that by using generators with small installations and micro-RES installations with
the possibility to control the energy flow in a cluster, large savings can be achieved. The
paper in [5] analyses the feasibility of an autonomous hybrid solar and wind system for
domestic use. It was verified that the averaged cost of electricity (LCOE) of a solar–wind
system coincides with the final cost of electricity on the grid. The results show that in the
location under analysis (Bulgaria), the electricity prices generated by stand-alone hybrid
systems are higher than the electricity prices for grid-connected consumers. The use of
stand-alone hybrid systems there is therefore only justified when there is no power supply
available from the grid. However, the results presented in the paper need to be verified in
the current energy situation in Europe.

One way to increase the self-consumption of energy is to use an additional energy
storage system (ESS) [2,6]. Owing to this, the surplus energy produced can be stored and
used when the energy demand of the consumer exceeds current production. As the current
cost of purchase of an ESS is high, it is important to select the storage capacity and the
appropriate energy exchange schedule so that its purchase does not have a negative impact
on the economic analysis of the investment. Additionally, an ESS can increase the reliability
of energy supply on the consumer side [7].

The problem concerning the optimisation of the selection of the type and structure of
RES and ESS installations for residential buildings is widely described in many scientific
papers. In the paper in [8], the aim of the optimisation is to minimise the costs of purchasing
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energy from the grid and the costs resulting from the ageing of the energy storage system.
The problem of the minimisation of energy purchase costs on an annual basis, with a
monthly balancing period, is described in [9]. Several scenarios that take into account
different sizes of PV installations and their placement on the roof of a single-family house
are presented. In both papers, a mixed-integer programming task was used to solve
the problem. An interesting solution is presented in [10]; it involves the use of a non-
cooperative game theory method to determine the optimal energy storage capacity and the
schedule of energy exchange between the power grid and a single-family home equipped
with renewable systems and energy storage to minimise energy purchase costs. The paper
in [11] presents the application of the particle swarm method for the optimisation of the
size of the components of a renewable installation comprising PV systems, electrochemical
energy storage and a small pumped-storage power plant using elevated rain water storage.
The minimisation of LCOE was used as an optimisation criterion. In the paper in [12],
evolutionary algorithms were used to optimise the energy exchange schedule of a single-
family house between the grid and the PV installation and the energy storage and an
electric car (V2G exchange). It was shown that the proposed optimisation can lead to
a significant reduction in household costs while increasing living standards. The paper
in [13] examines the concept of the “efficient house plus” (EHP), as defined by the German
Ministry of Climate, which envisages the production of energy in excess of a house’s needs
through renewable systems. Based on data collected from several EHPs, a model of an
EHP equipped with a photovoltaic installation, electricity storage and thermal storage is
presented, with the aim of reducing the household’s energy purchase costs.

Additional opportunities for efficient energy use are provided by Smart Grid tech-
nology, which involves the possibility of a two-way flow of information between a smart
energy meter located in the home and the distribution network operator. This enables more
efficient management of the energy demand of a residential building, e.g., by shifting the
load to off-peak hours [14–17]. A home energy management system (HEMS) based on
optimisation methods is presented in [14]. The main task set for the system is to minimise
the electricity bill, taking into account different energy tariffs. The paper in [15] presents
a home energy management system (HEMS) that includes a photovoltaic installation, an
energy storage and a smart energy meter. An energy management model involving the
monitoring of the charging and discharging of an energy storage facility and the control
of energy demand by shifting the load to off-peak hours is presented. The particle swarm
method (PSO) was used to optimise the model. In the article in [16], the particle swarm
optimisation (PSO) was used along with minimisation of the energy costs for a single-family
house equipped with a PV installation and an energy storage. This was carried out by
appropriately scheduling the electricity demand (shifting the load to off-peak hours) while
maintaining the comfort of the householders. The paper in [17] presents a so-called smart
home equipped with a PV installation and energy storage, where the main task of the
storage is to average the daily energy demand.

The intensive development of electromobility, especially the issue of integrating plug-
in hybrid electric vehicles (PHEVs) into a low-voltage electricity grid, introduces new
challenges and opportunities for distribution network operators and PHEV owners. An
algorithm for managing PHEV charging with the aim of minimising the total cost and
flattening the demand curve is presented in [18]. The results verify the effectiveness of the
proposed method in reducing the total costs with the management algorithm for PHEVs,
especially when energy from the PHEV storage is discharged (sold to the grid). In the
paper in [19], an electric car battery with bidirectional power exchange (V2G) capability
was used to store energy from a domestic photovoltaic installation. The presented research
demonstrates an algorithm for the energy management of the components of the installation
in order to minimise the demand for electricity from the power grid.

In the case of multifamily dwellings (blocks of flats and single-family housing estates),
the management of RES and ESS shared between households involves an even distribution
of the energy produced (all users gain the same profit) [20–22]. An additional aspect of this
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problem comes into play when there is an external developer in addition to the users of
the installation. It is then necessary to use methods of analysis that allow an intermediate
solution that maximises profit for both parties to be found [23,24]. The paper in [20]
provides a detailed analysis of the impact of PV installation, energy storage and electric
cars on reducing the energy demand from the grid (self-sufficiency) of a single residential
block in the UK. Various technical and economic models were used to help with the sizing
of the components. For the case study under analysis, it was shown that it is possible to
reduce energy demand by more than 30% by selecting components based on historical
meteorological data. The paper in [21] presents a solar–wind installation equipped with a
hybrid energy storage (supercapacitor and fuel cell) that powers 15 rural households. The
structure of the installation (number of individual components) is determined in such a
way as to minimise the total costs of the installation over a 20-year period. These costs
include investment costs, operating costs and costs for replacing equipment. Adaptive
Bacterial Foraging Optimisation (ABFO) was used for minimisation. The paper in [22]
presents a model for the optimal energy exchange between single-family houses equipped
with PV installations and energy storage. It employs the concept of the so-called Internet
of Energy, an online energy exchange platform controlled using the Internet of Things
(IoT) and smart meters. The aim of the collaboration algorithm of the systems is to obtain
the highest possible profit for all participants (households) included in the system. The
collaboration algorithm is based on a hybrid optimisation of harmony search (HS) and
variable neighbourhood search (VNS). In contrast, the paper in [23] analysed the issue of
the optimisation of energy storage capacity for a number of residential buildings, the aim of
which was the highest profit on the part of the electricity consumers and the photovoltaic
installation investor. For this purpose, the PSO method was used. The paper in [24], using
the example of a so-called apartment building, presents the problem of sharing renewable
energy among the residents of a multifamily building. The optimisation of the distribution
of the energy produced by the photovoltaic installation between the individual apartments,
the energy storage and the power grid was carried out using game theory. Two approaches
were considered: in the first one, the maximum profit of the residents (energy consumers)
was sough, and in the second one, the profit of the owner of the installation.

2. Description of the Facility and Characteristics of Its Electrical Load

The facility analysed is a single-family housing estate consisting of 24 terraced houses
of 122 m2, each (electricity consumers) with a hybrid generation system and energy storage.
An illustrative layout of the estate and generation system components is shown in Figure 1.

Figure 1. Mutual location of houses, garages (1a, 1b), gardens (2), streets (3), flower beds (4) and
hybrid generation/storage system area (5): 6—PV modules; 7—wind turbines; 8—energy storage
(own review).

In accordance with the data published on the operator’s website (ENEA company) [25],
it was assumed that each house consumes 3500 kWh of electricity per year, according to the
load characteristics of the G11 tariff for individual consumers with a contracted capacity
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of no more than 40 kW determined for the entire year with a step of 1 h. To represent the
actual operating conditions of the consumers (24 houses), a random modification of the load
characteristic of each house was used in the form of noise, with a normal distribution with
mean value equal to µ = 0, variance equal to σ = 0.2 and amplitude equal to A = 0.2 kW.
Depending on the variant of calculations, power resulting from electric vehicle charging
processes was added to the house loads. Figure 2 shows the family of randomly modified
load characteristics of the G11 tariff as of 01.01.2021 (a) and the selected load characteristic
taking into account the charging of an electric vehicle (b).
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Figure 2. Load characteristics of the G11 tariff (ENEA company) for 01.01.2021: (a) randomly
modified for 5 houses; (b) for one house, taking into account the process of charging an electric
vehicle (own study).

3. Energy Flows in the Hybrid System: Energy Storage Operation Strategy

Figure 3 shows the general electrical structure of the analysed generation system with
an electrochemical energy storage designed to supply the consumer described in Section 2.
The PV and wind generator sections and the energy storage system are connected to the
hybrid inverter, which allows the system to be synchronised with the grid (on-grid system).
This means that in the case of a power deficit (taking into account the operation of the
storage system), energy is taken from the grid (purchase), and in the case of overproduction,
energy is transferred to the grid (sale).

Battery 
Management 

System

24  HOUSES ESTATE 
WITH EV

Main Inverter

Energy 
Storage

PV      
Modules

PPVPTW

PES

… 
… 
… 
… 

PL

LV Power 
Station 

Wind 
Turbines

Wind 
Turbines

PG = PL-PRES-PES

PRES = PTW + PPV

ES charging (PES > 0) when:
PRES > PL and SOC < 100 %

ES discharging (PES < 0) when:
PRES < PL and SOC > 0 %

Figure 3. General structure of a generation system with electrochemical energy storage designed to
supply a group of detached houses (terraced houses), taking into account the charging of electric
vehicles (own study).
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The generation system comprises two sections: a solar section and a wind section, with
a total capacity of Pn. The solar section consists of PV modules placed on the ground on a
support structure inclined to the ground at an angle of 37° degrees facing south. Vertical
axis wind turbines are installed on the north side of the area, so as not to obscure the PV
section, on masts with a height of hWT = 20 m a.s.l. The total rated output of the generation
system is PRESn and is the sum of the output of the PV PPVn section and PWTn section. The
energy storage used is a lithium-ion structure built in the form of a container with its own
inverter installed.

The consumers are powered, depending on the level of generation in the RES system,
the state of charge of the energy storage and the load level, by three sources: the RES
system, the energy storage and the power grid (hereafter referred to as the grid). The
momentary powers of individual elements of the system depend on the implemented
operation strategy of the energy storage. In the case under consideration, its purpose is to
limit the amount of energy transferred from the RES system to the grid and to increase the
self-consumption factor. The storage is charged only in the case of excess generation from
the RES section in relation to the load power (PRES > PL), and it is discharged in the case of
a power deficit in the system (PRES < PL), taking into account the current state of charge.
In situations where RES generation and energy storage discharge do not cover the load PL,
the power difference PG is taken from the grid. In the case of excess RES generation and full
charge of the energy storage, power PG is also transmitted to the grid. The energy storage
is not involved in processes of supervised energy trading, e.g., the sale of energy during
peak load periods, nor does it ever return energy to the grid. Taking the above into account,
the relationships between the electrical powers of the individual system components at
time t are described by the following relationships:

PRES(t) = PPV(t) + PWT(t) (1)

PG(t) = PL(t)− PRES(t)− PES(t) (2)

where PRES, PPV , PWT , PL, PES—instantaneous values of power generated in RES; solar
sections; wind sections; load, taken from the grid (+) or returned (−) to the grid; and
energy storage charging (−) or discharging (+). The nature of the analysis carried out as
part of the research is energy-related and requires the use of measurement data of wind
speed (vw), irradiance (Gr) and ambient temperature (Ta), as well as the development of
a mathematical and numerical model of the system under analysis. Only the elements
necessary in this context were implemented in the model, thus limiting the calculation
time, which is particularly important when considering the solution of a multicriteria
optimisation task.

On the basis of the relationships between (1) and (2), calculations of the power in
the system elements for any moment t can be performed, as well as taking into account
the entire period of analysis (one year); the total amounts of energy generated in the RES
ARES, taken from and returned to the AFG and ATG grid; and the energy sent to the ATME
and taken from the AFME storage. These values are used in the optimisation calculations
concerning the structure of the hybrid generation system, the details of which are discussed
in the further sections of this thesis.

4. Input Data and Model of the Generation System with Energy Storage
4.1. Measurement Data

The input data for the ongoing energy analyses of the system in Figure 3 include wind
speed (vW), irradiance (Gr) and ambient temperature (Ta). These data were obtained from
the NASA Langley Research Center (LaRC) POWER Project funded through the NASA
Earth Science/Applied Science Program. Data sets were obtained for three locations in
Poland (Figure 4)—A: Baltic coast (54.51° N, 16.86° E), B: Lublin Uplands (51.21° N, 23.39° E)
and C: Carpathian Foothills (49.58° N, 20.72° E). The indicated locations significantly differ
with regards to wind and solar energy resources. Figure 4 shows the location of the
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indicated points on a map of Poland. The data used have a one-hour resolution and cover
the period between 1 January 2021 and 31 December 2021 (one year). Average annual
irradiance, wind speed and air temperature for locations A, B and C in the year 2021 are
given in Table 1. The site load profiles, with an identical 1 h step, correspond to the G11
tariff published by the Polish operator, ENEA [25].

Table 1. Average annual values of climatic parameters in the analysed geographic locations.

Location Coordinates Irradiance
(W /m2)

Wind
Speed (m/s)

Air Temperature
(deg C)

A—Baltic coast 54.51° N, 16.86° E 121.8 5.4 8.9
B—Lublin Uplands 51.21° N, 23.39° E 128.1 4.3 7.9
C—Carpathian Foothills 49.58° N, 20.72° E 130.7 2.8 6.5

Figure 4. Locations in Poland for which optimisation calculations of the hybrid generation system
are carried out (A—Baltic coast, B—Lublin Uplands and C—Carpathian Foothills).

Due to the one-hour step of the analysis, it was assumed that the i-th number of the
measurement data sample corresponds to time t = i h from the beginning of the analysis,
i.e., from 0:00 on 1 January 2021. The models of the system components developed and
characterised below are in discrete form—the i-th sample is denoted by the symbol (i).

4.2. Wind Turbine Model

In energy analyses, the wind turbine is modelled using its power characteristic
PWT = f (vw(hWT)) related the output electrical power PWT , with the wind speed v(i)w
at the rotor centre height hWT. The characteristic given in discrete form describes the out-
put powers given for total wind speeds v(i)W ∈ (vcutin; vcut−out) , where vcut−in and vcut−out

are the turbine start and shutdown speeds, respectively. The power P(i)
WT for any wind

speed v(i)W lying between two characteristic points A(v1, P1) and B(v2, P2) is determined on
the basis of the following relationship [26]:

P(i)
WT =


Pv1 +

(Pv2−Pv1)
v2−v1

(
v(i)w − v1

)
for vcut−in ≤ v(i)w < vwn

PWTn for vwn ≤ v(i)w < vcut−out

0 for other

(3)

where v1, v2—wind speed from the wind turbine power discrete characteristics, where
the wind speed (v(i)W ∈ 〈v1, v2〉) falls in between; Pv1 and Pv2—wind turbine power values
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corresponding to wind speed v1 and v2; and vwn—wind speed which enables reaching the
wind turbine rated power PWTn.

In accordance with (3), linear interpolation is used to determine power PWT . Figure 5
shows the discrete power characteristic of the wind turbine with the above-described
characteristic points and the linearly interpolated characteristic area (green section).

Vcut-in VW V

P

PWTn

Vcut-out

A(v1,P1) 

PWT
B(v2,P2)

Figure 5. Graphical representation of the determination of wind turbine power PWT for wind speed
vW based on the discrete power characteristic (own study).

Due to the strong dependence of wind speed on height above ground level, the
measurement data were converted to the actual height of the turbine according to the
exponential relationship [27]:

v(i)WT = v(i)w

(
hWT
hM

)α

(4)

where v(i)WT—converted wind speed (i-th sample) for the rotor centre height (m/s), v(i)w —wind
speed (i-th sample) at the measurement height (10 m above sea level) (m/s), hWT—height
of installation of the wind turbine rotor centre (m), hM—height of wind speed measurement
(m) and α—coefficient related to the roughness (type) of soil.

4.3. Model of PV Modules

In order to analyse the operation of PV modules, a two-diode model of photovoltaic
cells was used. The model is described by the following relationships [28]:

I = Iph − Is1

[
e

q(U+RS I)
N1 NkBT − 1

]
− Is2

[
e

q(U+RS I)
N2 NkBT − 1

]
− U + RS I

RP
(5)

Iph = Iph0
Gr

Gr0
− α(T − TSTC) (6)

where I, U—current and voltage on the PV cell terminals, Iph0—solar current generated at
the actual irradiance Gr and at the PV module surface temperature T, Iph0—solar current
generated at irradiance Gr0, Gr—actual irradiance on the PV cell surface, Is1, Is2—saturation
currents of the first and second diode, N1, N2—coefficients of quality of the first and second
diode, RS—series resistance, RP—parallel resistance, k—Boltzmann constant, T—PV cell
temperature and q—electron elementary charge.

The cell surface temperature T is determined on the basis of an empirical formula
presented in the paper in [29]:

T = Ta + ω

(
0.32

8.91 + 2vw

)
Gr (7)
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where Ta—ambient temperature (synchronised with the irradiance and wind speed data),
Gr—irradiance on PV module surface, vw—wind speed at the height of the PV installa-
tion and ω—coefficient of the PV system mounting method (ω = 1—standalone system,
ω = 1.2—on a flat roof and ω = 1.8—on a sloped roof).

Modelling the modules and their interconnection groups involves solving a system of
Equations (5)–(7)) using the Newton–Raphson method, determining a family of current–
voltage characteristics for different irradiances (in the range between 50 W

m2 and 1500 W
m2

with a step of 50 W
m2 ) and ambient temperatures Ta, determining the maximum power

Pmax = f (Gr) and approximating, with the mean square method, the module power for
any irradiance Gr, which allows for the modelling of the operation of the MPP tracker
system. For the i-th sample of irradiation Gr, the power generated by the module is read
from the determined characteristic Pmax = f (Gr), which, with a known number of modules,
also means the power of the photovoltaic system PPV.

4.4. Energy Storage

The energy storage model used in the analyses takes into account the energy capacity
AES; the limitation of the charging (PmaxchES) and discharging (PmaxdchES) power (current)
values; the energy conversion efficiency in the charging and discharging cycle, which
also includes the efficiency of inverters ηES; the self-discharge process (PSDCH); and the
allowable depth of discharge. Figure 6 shows a general model of the energy storage taking
into account the parameters indicated above.

Energy 
Storage
Energy 
Storage

ηES

pES pCH 

pES pDCH 
ηES

pSDCH 

Figure 6. Model of the energy storage system working together with the hybrid system (own study).

The discrete energy storage model determining the energy stored in the storage for
the i-th time step considering the previous state (step i− 1) takes the following form:

A(i)
ES =

A(i−1)
ES + ηESP(i)

ES ∆t energy storage charging

A(i−1)
ES − P(i)

ES
ηES

energy storage discharging
(8)

where P(i)
ES—the average power of the energy storage taken from or returned to the grid

(at the output of the power electronic systems) for the i-th step and ηES—the charging and
discharging efficiency of the energy storage.

4.5. Converter Systems

The most important parameter of converter systems in power analyses is their effi-
ciency. In the model analysed here, this is captured in the form of efficiency characteristics
as a function of the ratio of system output power to rated power.

5. Multicriteria Optimisation of a Hybrid Generation System with Energy Storage to
Supply a Housing Estate Consisting of Terraced Houses

Actual optimisation problems are often complex in nature, leading to the search for
solutions which simultaneously satisfy two or more often conflicting criteria [30]. Efficient
determination of a solution in such a case requires the use of multicriteria optimisation
methods looking for solutions in the set of all admissible solutions X—those that are not
dominated by other solutions [30]. In the case of M of the analysed criteria, solution x1
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dominates solution x2 (x1 � x2) when it is not worse in all criteria and there is at least one
criterion in which solution x1 is better than solution x2 ( f (x1)B f (x2)).

In this approach, the optimisation task boils down to determining the so-called Pareto
front [30,31], which is a set of solutions from which, using expert knowledge, one final
solution can be determined. The optimisation problem indicated above can be expressed
mathematically as [30] 

min / max fm(x), m = 1, 2, . . . , M
at gj(x) ≥ 0, j = 1, 2, . . . , J

hk(x) = 0, k = 1, 2, . . . , K

(9)

where m, j, k—indices, M—number of optimised criteria, J—number of inequality con-
straints, K—number of equality constraints, N—number of decision variables and
x = {x1, x2, . . . , xN}—vector of decision variables.

In order to solve the multicriteria task presented in this way (9), evolutionary methods
are suitable, as they allow a set of solutions to be processed in one step and thus make it
possible to determine a set of points in one run, rather than a single point belonging to the
Pareto front [28].

The problem solved in this paper is the search for the optimal structure and operating
parameters of a hybrid generation system with RES and energy storage in the case of
a known geographical location and load characteristics of the facility being powered in
terms of minimising the energy capacity of the energy storage (k1), minimising the energy
exchanged with the power grid (k2) and maximising the self-consumption factor (k3). The
decision variables in the case under consideration are the number of PV modules with
rated power PPVn − x1, the number of wind turbines with rated power PWTn − x2 and the
number of electrochemical battery modules with unit capacity AnES − x3. The criteria listed
above can be expressed in the following form:

k1(x) = AES = x3 · AnES (10)

k2(x) = |AFG(x) + ATG(x)| (11)

k3(x) =
ARES − ATG

ARES
(12)

where AES—total net energy capacity of the energy storage system, ARES—electricity gen-
erated in the PV and wind sections during the analysed period (one year), AFG —electricity
taken from the grid and ATG—electricity transferred to the grid from the hybrid system
during the analysed period (one year), determined from the following relationship:

ARES =
8760

∑
i=1

(
P(i)

PV + P(i)
WT

)
∆t (13)

AFG =
8760

∑
i=1

(
P(i)

L − P(i)
PV − P(i)

WT − P(i)
ES

)
∆t; ∀i : P(i)

L − P(i)
PV − P(i)

WT − P(i)
ES > 0 (14)

ATG =
8760

∑
i=1

(
P(i)

L − P(i)
PV − P(i)

WT − P(i)
ES

)
∆t; ∀i : P(i)

L − P(i)
PV − P(i)

WT − P(i)
ES < 0 (15)

The storage charging and discharging power results from the instantaneous state of the
system (PPV and PWT powers and state of charge (SoC)). Its value is limited by maximum
power PESmax, which results from the discharge and charge with the maximum current of
1C. This allows for a long storage life [32].
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The solved optimisation task has the following form:
min(k1(x), k2(x), k3(x))
at PPVmax − PPVn ≤ 0

PTWmax − PTWn ≤ 0
AESmax − AES ≤ 0

(16)

where PTWmax—maximum power of installed turbines, PPVmax—maximum power of in-
stalled PV cells and AESmax—maximum energy storage capacity.

In order to determine the values of the criterion functions from k1 to k3, in each
optimisation step, full energy calculations are performed for a specific configuration of the
generation system (power of the PV section, wind section and energy storage capacity). The
calculations use the models of the system components presented in Section 4 of this article.

6. Description of the Tests Carried Out and Results Obtained

In order to solve the problem indicated above, the MPSO multicriteria method was
used, which has been characterised in detail in the paper in [33]. Its basic parameters
(Table 2) were established experimentally and led to obtaining repeatability of the quality
of determined solutions (Pareto fronts) in the analysed task.

Table 2. Parameter values of the MPSO method used to analyse the considered examples.

No. Parameter Name Parameter Value

1 Number of particles 200
2 Repository size (in particles). 100
3 Maximum number of generations 1000
4 Inertia coefficient 0.2
5 Personal confidence factor 2
6 Swarm confidence factor 0.3
7 Number of hypercubes in each dimension 5
8 Maximum velocity (search space percentage) 50
9 Uniform mutation percentage 0.05

The study involved 12 numerical experiments involving the optimisation of the struc-
ture of the system from Figure 3 for 3 locations (point 4) and for 4 load scenarios considering
different levels of electromobility development:

• Scenario 0: houses have no electric vehicles (reference variant);
• Scenario I: half of the houses have an electric vehicle (12 EVs) with an average energy

intensity of 18 kWh/100 km and an average daily mileage of 30 km;
• Scenario II: each house has an electric vehicle (24 EVs) with the energy intensity

indicated above and a daily mileage of 30 km;
• Scenario III: each house has an electric vehicle (24 EVs) with the energy intensity

indicated and an average daily mileage of 50 km.

In the calculations, 500 W PV modules, vertical axis wind turbines with a rated power
of 5 kW and lithium-ion storage sections with a net unit capacity of 10 kWh were used. The
maximum charging and discharging power for an energy storage system with a capacity
greater than or equal to 20 kWh is 20 kW. The energy storage systems are built in the
form of a container (including the cooling and heating system), and their rated net energy
capacities are multiples of the 10 kWh modules. The details of the modules, turbines and
energy storage systems are given in Tables 3–5.
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Table 3. Parameter values of the PV modules used in the calculations.

No. Parameter Name Parameter Value Unit

1 PMPP(STC) 500 W
2 UMPP(STC) 61.8 V
3 IMPP(STC) 8.08 A
4 UOC(STC) 75.2 V
5 ISC(STC) 8.59 A
6 Isat(STC) 18.62 µA
7 RS 0.521 Ω
8 RSH 302.3 Ω
9 αI 0.06 %/°C

10 αU −0.36 %/°C

Table 4. Parameter values of the wind turbines used in the calculations.

No. Parameter Name Parameter Value Unit

1 PTWn 5 kW
2 vcut−in 2.5 m/s
3 vn 12 m/s
4 vcut−o f f 60 m/s
5 Wind class IIa -
6 Tower height 12 m/s
7 Rotor diameter 5.4 m

Table 5. Parameters of the section (10 kWh net) of energy storage used in the calculations.

No. Parameter Name Parameter Value Unit

1 Type of storage NMC -
2 Rated voltage 44.4 V
3 Minimum voltage 51 V
4 Maximum voltage 40 V
5 Rated energy 12.5 kWh
6 Continuous discharge current 120 A
7 Continuous charge current 120 A
8 Maximum instantaneous discharge current 180 A
9 Maximum instantaneous charge current 180 A

Figure 7 shows the power characteristics of the wind turbine used.
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Figure 7. Power characteristics of the type of wind turbine used.
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Vehicle charging processes are taken into account by the addition of a constant power,
with a value and duration ensuring that the vehicles are topped up to SoC = 100%, at
randomly determined times in the afternoon and at night. The maximum charging powers
for each vehicle, depending on the charger (3.6; 7.4; 11 or 22 kW), are selected at random.
The results of the optimisation of the variants indicated above for location A, in the form of
Pareto fronts in the three-dimensional space k1, k2 and k3, are shown in Figure 8.

Figure 8. Pareto fronts in the space of optimisation criteria Ω(k1, k2, k3) for location A and load
scenarios taking into account different electromobility development: (a) 0; (b) I; (c) II; (d) III.

Each of the designated Pareto fronts contains 100 solutions, from which the selection
of the final one requires the application of expert knowledge and an additional criterion.
Taking into account the end-user requirements for the type of generation systems analysed,
it was assumed that economic aspects were the key determinant for the installation of
generation systems with RES. Therefore, for each solution, given a system lifetime of
20 years, NPVs (net present values) were established using the following relationship [34]:

NPV(k) =
k

∑
t=1

CFt

(1 + r)t − I0 (17)

where t—year index (for analyses t = 0, 1, 2, . . . , 20 was assumed, whereby the year “0”
is the investment year), r—rate of return (discount rate) determined on the basis of loan
interest levels, CFt—net cash flows in year t, I0—investment cost (in the year 0) and k—year
of determination of the NPVs.

The economic calculations take into account the expected change in electricity and
fuel prices over the following years and the annual decrease in energy generation from PV
systems. In the 10th year of operation, the batteries in the energy storage are replaced, the
value of which is 0.7 of the investment cost of the energy storage. The parameters adopted
for the economic calculations are shown in Table 6.
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Table 6. Economic parameters used to establish NPV ratios.

No. Parameter Name Value Unit

1 Unit price of the PV installation 1042 EUR/kW
2 Unit price of the wind section 2500 EUR/kW
3 Unit price of the storage installation 730 EUR/kWh
4 Petrol price 1.42 EUR/l
5 Energy purchase price (from the grid) 375 EUR/MWh
6 Energy sales price (to the grid) 104 EUR/MWh

7 Annual decrease in energy generation in the
PV system 0.38 %/a

8 Annual increase in energy prices 2 %/a
9 Annual increase in fuel prices 2 %/a

10 Average fuel consumption of a car 8 l/100 km
11 Unit price of plot 94 EUR/m2

12 Area of plot for the hybrid system 500 m2

Further analysis in each Pareto front is carried out on the set of solutions that meet the
payback condition of no more than 10 years from the start of operation. In order to select the
final solution of the task, for individual locations and scenarios, two additional parameters
(expert criteria) were considered: minimum payback period (basic criterion—minimised)
and NPVs after 20 years of operation per house (supplementary criterion—maximised).

For location C only, due to low wind and solar resources, some of the results include
solutions with payback times of more than 10 years. Exemplary solutions for locations A
to C, taking into account the four calculation scenarios (electromobility development), are
shown in Tables 7–9. For each location and scenario, the final solution (the best from the
perspective of the adopted additional criterion) is highlighted in grey in the tables.

Table 7. Exemplary optimisation task solutions for the hybrid generation system with energy storage
for location A and the final solution determined from the Pareto front using the expert criterion (the
grey colour row).

No. PPV (kW) PWT (kW) k1 (kWh) k2 (MWh
per Year) k3 (%)

ARES
(MWh per

Year)

Year of
Return (-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Scenario 0 (without EV)
1 15.5 20 360 19.9 92.5 81.4 9 15.6 11.5
2 16.0 15 260 25.2 97.4 65.5 8 15.7 13.8
3 19.0 15 140 27.2 93.7 68.6 6 10.5 18.5
4 24.0 15 80 29.2 89.4 73.7 4 7.2 20.0

Scenario I (12 EV, 30 km/day/EV)
1 30.5 20 310 33.4 96.2 96.8 9 19.2 15.1
2 29 25 360 30.2 91.9 112.1 8 17.5 15.7
3 19.0 20 160 44.6 94.4 85.0 6 12.5 19.4
4 30 20 100 45.7 88.9 96.8 5 9.4 20.7

Scenario II (24 EV, 30 km/day/EV)
1 48.5 25 470 30.2 93.6 131.5 9 20.9 15.3
2 30.0 25 190 47.5 93.6 112.6 7 13.4 16.6
3 42.0 25 140 52.6 85.3 124.9 6 12.6 23.6
4 16.0 20 40 71.6 88.2 81.9 5 11.9 23.3

Scenario III (24 EV, 50 km/day/EV)
1 25.0 25 290 68.1 97.8 107.5 12 14.5 8.9
2 43.0 25 200 63.6 93.8 125.9 8 14.2 15.1
3 25.0 25 120 75.0 91.1 107.5 7 14.4 18.8
4 20.5 20 60 94.0 91.7 86.5 6 14.7 21.0
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Table 8. Exemplary optimisation task solutions for the hybrid generation system with energy storage
for location B and the final solution determined from the Pareto front using the expert criterion (the
grey colour row).

No. PPV (kW) PWT (kW) k1 (kWh) k2 (MWh
per Year) k3 (%)

ARES
(MWh per

Year)

Year of
Return (-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Scenario 0 (without EV)
1 23 20 280 27.1 96.2 66.2 10 3.9 2.8
2 31 20 230 24.7 93.1 75.3 9 16.2 11.5
3 17 10 110 45.6 100.0 39.5 6 10.4 17.9
4 24 20 70 35.7 88.2 67.3 5 9.0 18.2

Scenario I (12 EV, 30 km/day/EV)
1 52.5 30 270 37.7 87.5 118.5 9 12.0 7.9
2 43.5 25 240 38.2 93.9 98.5 8 17.1 16.6
3 36.0 25 170 45.0 93.0 90.5 7 13.0 18.5
4 23.0 20 40 66.3 88.9 66.2 6 12.6 19.2

Scenario II (24 EV, 30 km/day/EV)
1 71.5 25 410 39.4 91.8 128.5 10 5.5 4.1
2 52.5 20 130 64.0 88.9 97.8 9 6.0 5.6
3 36.0 30 170 56.6 91.4 100.9 8 19.3 18.2
4 31.0 25 90 69.0 89.9 85.1 7 16.3 20.4

Scenario III (24 EV, 50 km/day/EV)
1 52.5 40 330 60.7 92.0 139.3 10 8.6 6.2
2 56.0 35 270 64.2 92.6 132.7 9 18.4 14.7
3 35.5 40 160 82.8 86.9 121.1 8 20.2 18.0
4 33.0 35 80 100.5 81.5 108.1 7 17.2 21.1

Table 9. Exemplary optimisation task solutions for the hybrid generation system with energy storage
for location C and the final solution determined from the Pareto front using the expert criterion (the
grey colour row).

No. PPV (kW) PWT (kW) k1 (kWh) k2 (MWh
per Year) k3 (%)

ARES
(MWh per

Year)

Year of
Return (-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Scenario 0 (without EV)
1 33.5 50 170 33.4 92.3 65.7 11 13.8 8.8
2 40.5 60 180 31.9 87.0 79.1 10 15.4 10.8
3 32.0 40 100 36.6 94.2 58.2 9 14.0 12.0
4 34.0 35 90 36.7 94.7 57.5 8 13.3 12.6

Scenario I (12 EV, 30 km/day/EV)
1 54.0 85 3080 21.7 100.0 108.4 13 22.9 9.6
2 58.0 95 2480 19.5 97.2 118.6 12 19.7 10.7
3 59.0 65 1580 29.2 98.7 102.3 11 15.1 10.8
4 57.0 95 930 28.5 93.2 117.5 9 15.1 11.5

Scenario II (24 EV, 30 km/day/EV)
1 62.0 115 5100 17.3 100.0 134.6 15 21.5 6.7
2 59.5 115 4140 19.3 100.0 131.9 14 24.1 7.7
3 54.0 115 3630 23.9 98.8 125.9 13 21.8 8.7
4 56.5 125 3350 20.5 98.7 134.4 12 16.5 9.4

Scenario III (24 EV, 50 km/day/EV)
1 76.5 150 5640 22.5 99.1 170.8 15 24.8 6.9
2 72.5 150 4930 23.9 99.7 166.4 14 23.7 8.5
3 73.5 150 4450 24.7 99.2 167.5 13 24.1 9.8
4 82.0 140 3300 27.4 97.4 171.0 12 26.3 13.2

Additionally, Tables 10–13 provide a comparison of the final solutions (grey rows from
Tables 7–9) for Scenarios 0, I, II and III and different locations of the generation system.



Energies 2023, 16, 4132 16 of 21

Table 10. Optimisation task solutions for the hybrid generation system with energy storage for the
location of scenario 0 (without EV).

PPV
(kW)

PWT
(kW)

k1
(kWh)

k2 (MWh
per Year)

k3
(%)

ARES
(MWh per

Year)

Year of
Return

(-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Location A
24.0 15 80 29.2 89.4 73.7 4 7.2 20.0

Location B
24.0 20 70 35.7 88.2 67.3 5 9.0 18.2

Location C
34.0 35 90 36.7 94.7 57.5 8 13.3 12.6

Table 11. Optimisation task solutions for the hybrid generation system with energy storage for
scenario I (12EV/30 km/day).

PPV
(kW)

PWT
(kW)

k1
(kWh)

k2 (MWh
per Year)

k3
(%)

ARES
(MWh per

Year)

Year of
Return

(-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Location A
30 20 100 45.7 88.9 96.8 5 9.4 20.7

Location B
23.0 20 40 66.3 88.9 66.2 6 12.6 19.2

Location C
57.0 95 930 28.5 93.2 117.5 9 15.1 11.5

Table 12. Optimisation task solutions for the hybrid generation system with energy storage for
scenario II (24 EV/30 km/day).

PPV
(kW)

PWT
(kW)

k1
(kWh)

k2 (MWh
per Year)

k3
(%)

ARES
(MWh per

Year)

Year of
Return

(-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Location A
16.0 20 40 71.6 88.2 81.9 5 11.9 23.3

Location B
31.0 25 90 69.0 89.9 85.1 7 16.3 20.4

Location C
56.5 125 3350 20.5 98.7 134.4 12 16.5 9.4

Table 13. Optimisation task solutions for the hybrid generation system with energy storage for
scenario III (24EV/50 km/day).

PPV
(kW)

PWT
(kW)

k1
(kWh)

k2 (MWh
per Year)

k3
(%)

ARES
(MWh per

Year)

Year of
Return

(-)

I0 (thous.
EUR)

NPV20
per House

(thous.
EUR)

Location A
20.5 20 60 94.0 91.7 86.5 6 14.7 21.0

Location B
33.0 35 80 100.5 81.5 108.1 7 17.2 21.1

Location C
82.0 140 3300 27.4 97.4 171.0 12 26.3 13.2

Figures 9–11 show the changes in NPVs as a function of the year of operation of the
systems for the final solutions (calculations carried out for the data in Tables 9–12) for
locations A, B and C and scenarios 0, I, II and III, respectively.
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Figure 12 provides a comparison of the rated power Pn of the system, the energy
storage capacity AME and the percentage share of the power of PV and wind sections for
the final solution, as well as the locations considered and the electromobility development
scenarios. The dotted lines in the figures indicate the average values.
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Figure 9. Changes in NPVs (per house) as a function of year of operation for the final solutions of
the optimisation task for location A of the system and load scenarios taking into account different
development of electromobility: (a) 0; (b) I; (c) II; (d) III.
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Figure 10. Changes in NPVs (per house) as a function of year of operation for the final solutions of
the optimisation task for location B of the system and load scenarios taking into account different
development of electromobility: (a) 0; (b) I; (c) II; (d) III.
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Figure 11. Changes in NPVs (per house) as a function of year of operation for the final solutions of
the optimisation task for location C of the system and load scenarios taking into account different
development of electromobility: (a) 0; (b) I; (c) II; (d) III.
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Figure 12. Comparison of selected parameters of the final solutions for optimising the structure of a
hybrid generation system with energy storage, depending on location and electromobility scenario:
(a) rated power of the system; (b) usable energy storage capacity; (c) percentage share of the PV
section power in the rated power of the system; (d) percentage share of the wind section power in the
rated power of the system.

7. Summary

The multiobjective particle swarm optimisation used in this research, as one of the
population heuristic methods, allows for the determination of the entire set of solutions con-
stituting the Pareto front within a single run of the algorithm. However, its characteristics
lead to variations in the results in different runs of the algorithm. Therefore, preliminary
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tests were carried out to determine the parameters of the MPSO algorithm which would
lead to the reproducibility of the quality of the obtained sets of solutions. The selection
of the final solution from the set of Pareto-optimal solutions was conducted taking into
account the so-called expert criterion using two additional conditions: minimisation of the
payback period of the investment and maximisation of the profit after 20 years of operation.

A significant challenge to the current states and structures of power grids in many
countries is the development of electromobility, associated with the increase in the number
of motor vehicles being charged from the domestic (low-voltage) grid. Research shows
that this will significantly disrupt existing load profiles, increasing the disproportion be-
tween electricity demand during the daytime and afternoon/evening periods. Particularly
high energy demand is anticipated during periods with less or no PV system generation.
However, research carried out indicates that it is possible to achieve a very high (well over
80%) self-consumption rate in the type of hybrid system analysed, not only through the
use of energy storage but also by incorporating sufficient wind generator capacity into the
system. The inclusion of the minimisation of the amount of energy exchanged with the grid
as part of the optimisation criteria and the currently observed price disproportion between
energy purchased from the grid and that sold to the grid (the research assumed a ratio of
3.6:1—based on analysis of official data from Towarowa Giełda Energii between July 2022
and August 2022) are leading to solutions that are increasingly self-sufficient in terms of
the electricity generated and consumed.

Even different locations within one country have different wind and solar energy
potentials; this results in the necessity to design hybrid generation systems with differ-
ent structures in terms of PV and wind section power and storage capacity in order to
achieve their equal functionality. This paper demonstrates that for three locations in Poland
(A—Baltic coast, B—Lublin Uplands and C—Carpathian Foothills) and the considered
scenarios related to the number and daily mileage of home-charged electric vehicles, the
structures of hybrid systems that are final solutions to the optimisation task considered
differ significantly.

The smallest wind section capacities in the optimised structure of the hybrid system,
regardless of the scenario of electromobility considered, were obtained for location A. At
location C, the rated outputs of the system were significantly higher than at the other
locations. In terms of the selection of energy storage systems, the largest energy storage
capacities were required, for each scenario, at location C, and the smallest at location A. This
is due to the partial overlap between the load characteristics, including vehicle charging (the
highest loads) and the daily deterministic trend of wind turbine energy generation. It can
therefore be concluded that an increase in the share of wind generators in the rated output
of small-scale generation systems can lead, with an increase in the number of electric cars
being charged at home, to an increase in the self-consumption rate and an improvement
in the economic balance of the system. This applies, of course, to locations that guarantee
good or very good wind conditions. The differences in energy storage capacities in the final
solutions between locations A and C were, for any scenario involving EV charging, very
large and reached up to 8000% (Figure 12b).

The differences in the payback period for the extreme (in terms of energy resources)
locations A and C are also significant. Depending on the scenario, the period varies from
4 (location A) to 12 (location C) years. This also entails differences in profit after 20 years of
operation—for the worst (in terms of energy resources) location C, the differences relative
to location A ranged between 37% and 59%. When analysing the payback period for any
scenario of locations A and B, the final solutions give satisfactory results, with the period
varying from 4 to 7 years. From an economic point of view, this is a very good result, which
puts these types of systems in a good position in the context of skyrocketing electricity
and fuel prices, as well as partial independence from the grid. In comparison with other
solutions belonging to the Pareto front, the return on investment within a few years is very
good, as the set of solutions established through optimisation also includes systems that do
not pay for themselves, even within the assumed 20-year period.
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The shortest payback period and the highest profits per house (after 20 years of
operation) were obtained for location A. A particularly good fit of the system structure was
obtained for scenario 2, for which the profit was the highest, reaching EUR 23,300, and the
payback period is only 5 years.

In the task under consideration, no attempt was made to develop an algorithm for
internal billing of individual consumers (houses). The energy calculations were performed
globally—for one consumer, with a load characteristic representing the sum of the loads of
individual houses using a random variation of the profiles for houses and the power and
charging hours of electric vehicles. An important issue is also the inclusion of a storage
operation strategy that allows a group of consumers to actively participate in energy trading
during short billing periods. This should enable the economic balance of hybrid generation
systems with an energy storage system to be further improved. At present, however, it is
difficult to determine whether the payback period will be shortened or whether the profit
after 20 years of system operation will increase.
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