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Abstract. This paper deals with the design of a suit-
able, transparent, and reasonably accurate methodology
for the economic evaluation of household photovoltaic
(PV) installations in the Czech Republic. The basis of
economic evaluations of household photovoltaic instal-
lations is a time model of energy balance from which
cash flows result. Therefore, a specific methodology of
the energy balance calculation is proposed to increase
accuracy, while at the same time, reasonably increas-
ing the energy balance model complexity by using the
Monte Carlo method (probability model). Following the
detailed analysis of the affecting factors and the compi-
lation of the methodology for the energy balance calcu-
lation, the main stochastic parameters were specified.
These specified stochastic parameters are estimated by
the Monte Carlo method in multiple scenarios. The
presented methodology of the energy balance calculation
s also used for direct calculation where the mean val-
ues of the same specified stochastic parameters (without
assumption of their probability) serve as the reference
values for one scenario. Pros and cons of the designed
methodology are demonstrated in a case study of an
ezisting household photovoltaic installation. The mean
values of the output parameters from the Monte Carlo
method scenarios are then calculated for subsequent re-
sults comparison of both methods and also with the real
(measured) values of the case study installation. Then
a cash flows for each year of the installation’s lifetime

are stated, and the internal rate of return (IRR) as an
economic evaluation criterion is calculated. The results
show that IRR differs between methods by about 2.5%
which may be crucial in such long-term projects on the
verge of profitability. The accuracy of the application
of the Monte Carlo method to the output parameters
is then discussed in the conclusion where some possible
recommendations for further work and project evalua-
tors are indicated as well.

Keywords
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hold, Mean Values, Monte Carlo Method, Pho-
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1. Introduction

Attempts to integrate renewable energy sources into
the energy grid can be found more and more frequently
[1L2]. This can be seen as a result of the development of
these sources, their ever-increasing efficiency, and bet-
ter availability. Thanks to this, they are integrated not
only into the centralized installations but also into the
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installations in the households of the end consumers [3]
who thus become prosumers (producers - consumers).

This increasing integration of renewables will bring
new opportunities, but also new challenges related to,
among other things, the effort to maintain the stabil-
ity of the energy grid threatened by the fluctuations
in the process of the generation of renewable electric
energy [4]. For installations in the households of the
prosumers, it is thus best to consume all the gener-
ated electric energy right in the place of production
to prevent the destabilizations of the energy grid by
fluctuations in generating electric energy as well as to
eliminate transmission losses [5} [6].

Although the decision to install these renewables in
the households of the end consumers is partly a moral
decision to reduce the electric energy consumption of a
particular household, it also needs to be economically
viable [3].

The economic viability of these installations can be
assessed in various ways, although in general, the most
accurate expression of the impact of the installation on
the energy savings of the household is crucial [5} [6] or
[7]. This can be achieved primarily by the reduction
of the household’s grid consumption as compared to
the state before the installation impacts (in case the
environmental impact is not considered). That means
the more generated electric energy will be consumed
right in the household and not delivered to the power
grid (which will be discussed in the case study section
in more detail) will equipotentially increase the income
from the installation. This is evaluated through the
energy balance of the installation which consists of:

Photovoltaic (PV) panels energy generation,

Household energy consumption,

e Energy accumulation in BESS (Battery Energy
Storage System) — in case it is integrated,

Potentially excess energy supplied to the grid.

The enumeration of these individual components of
the energy balance with adequate accuracy is thus the
core of economic evaluations. Generally, there is a
great deal of methodologies and methods of the eco-
nomic evaluations themselves which are not always
transparent or even unified. Currently, there is a trend
in using increasingly complex methods, such as ma-
chine (or more specifically - deep) learning described,
for instance, by [8, [, [I0], or Monte Carlo described
by [11l 12] or [I3] but these do not necessarily bring
any considerably increased accuracy and definitely re-
duce transparency. Compared to that, there are quite
transparent works that deal with mean values [I4] or

[I5] which may not always include the complexity of
the PV assessments [10].

This paper proposes a compromise alternative be-
tween increasing complexity and adequate accuracy of
energy balance calculation with the use of the Monte
Carlo Method (MCM) for stochastic factors expression
with emphasis on transparency and simple applicabil-
ity.

Due to the fact, that solar incident radiation (and
followingly electric energy generation) varies in differ-
ent countries and thus is difficult to formulate a uni-
versal methodology, the focus is paid on the Czech
Republic. The Czech Republic was relatively slow in
the integration of PV installations (especially in house-
holds) and after a huge initial rise of installed power
(up to the end of 2013) caused by larger installations,
there was stagnation. The rising trend in the installed
power of PVs can be seen again from 2021 [I7]. This is
caused by increasing financial support, decreasing costs
as well as increasing electric energy prices. Following
this, the proper economic evaluation and related in-
vestment return period are gaining importance. The
presented methodology may have a practical impact
and can help stakeholders with an evaluation of fur-
ther projects.

The risk assessment of each installation is quite spe-
cific and should be included in net present value calcu-
lations. On the other hand, inflation is a more or less
general parameter and therefore for net present value
calculations can be used any common prediction. The
presented methodology with the use of internal rate of
return as an evaluation criterion is most suitable for
project comparison with each other while inclusion in
specified net present value calculations is also possible.

2.  Theoretical Background

As was indicated in the Introduction, the most accurate
expression of the impact of the photovoltaic installation
on the energy savings of the specific household is cru-
cial for the economic evaluation. To achieve this there
is a need to express the energy balance (in terms of
methodologies or models) and its calculation (in terms
of methods) as accurately as reasonably achievable.
From an economic point of view, there are two situ-
ations:

e The power supply to the distribution grid (in case
the production of the photovoltaic panels exceeds
the consumption of a household + potential ca-
pacity of the BESS).

e The energy savings given by the difference between
gross and net consumption from the grid (depend-
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ing on the potential State of Charge of the BESS
and actual PV generation).

Therefore, it depends not only on the amount of en-
ergy produced but also on the fact whether this energy
is meant to be used for direct (indirect — from battery)
consumption or to be supplied to the grid. The timing
needs to be taken into account too. It can generally be
said there is a need for an energy balance time model.
It follows energy savings and the excess energy amount
can then be deduced from the energy balance.

The complexity of the energy balance model is the
most important part here. The more complex mod-
els are more computationally intensive, which does not
necessarily mean they proportionately increase the ac-
curacy as described by [16] for solar irradiation or by
[I8] directly for photovoltaic cells. Here a compromise
seems to be the most advantageous solution.

In simplified calculations, the mean values [19] can
be used. This method is computationally undemand-
ing, but it will probably not be accurate enough es-
pecially for the installations functioning on the verge
of profitability. A simple solution of integrating the
Monte Carlo Method can provide higher accuracy with
only a small increase in computational demandingness.
The conditioning of the calculations, which is unique
for each installation (country, region, etc.), is impor-
tant here and it is described in detail in section 3.

3. Proposed Calculation

Methodology

According to the central limit theorem, a normal distri-
bution is considered for the expression of the expected
probability density of the ambient temperature, solar
energy, and electric energy consumption of the house-
hold when applying the Monte Carlo Method. In the
case study, there will be also used the mean values of
the probability distributions as a reference for calcu-
lated results. Therefore, mean values are considered to
be the same model, but the mean values of the men-
tioned parameters are used instead of the stochastic
ones.

The assumed time step concerning the increasing
complexity of the calculation and data availability is
1 hour of the year which also seems to be short enough
as mentioned by [I6]. Only a one-year hourly energy
balance is calculated, and the energy balances of other
years are then expressed concerning the changing effi-
ciency of the photovoltaic panels.

There is also assumed an integrated BESS, which
can be omitted from the following equations in the case
where the BESS is not available.

3.1. Energy Balance Time Model

and Economic Evaluation
Criterion

Equation is proposed for the energy balance calcu-
lation based on the previously mentioned components.

E; = (QS'L’ N Sc) “en - epy — e,
If Tti < 25°C €pv = €purated
Otherwise ¢,, = epurated — (Tt — 25) - crye
1)

where FE; (kWh) is the hourly energy balance, Qg;
(kWh/m?) is the hourly solar energy absorbed by PV
panels, S, (m?) is the total cells surface, e, (—) is the
inverter efficiency, e,, (—) is the photovoltaic efficiency,
E;. (kWh) is the hourly household energy consump-
tion, epyrated (—) is the rated photovoltaic efficiency,
crse (1/K) is the temperature/efficiency coefficient and
2 (—) is a number of PV panels. To derivation and cal-
culation of the (S7) is dedicated section 3.1.1). The
value of 25 °C and its impact on PV efficiency is dis-
cussed in section 3.1.2).

In addition to the energy balance the energy accu-
mulated in the BESS (State of Charge) SoC; (kWh)
needs to be calculated for every step (hour). Three
situations can occur:

o If E;<0 SoC;=E;- (14 1=¢8855) 4 SoC;_,
BESS is discharging.

[ If Ei S 0 SOCZ = SOCi_l
BESS is in the same state.

[ If Ei Z 0 SOCi = Ei . (1 + 1_“%) +SOCZ'_1
BESS is charging.

where eppgs (—) is the efficiency of the BESS
charge/discharge cycle. In case the BESS has no free
capacity left the excess of F; is supplied to the grid
and, conversely, in case the BESS is empty the lack of
FE; is consumed from the grid.

The CF (t) for every year is calculated from Eq. (2).
CF(t) = Es (t)- Ps (t)+ (Ey (t) = En (1)) - Pp (1), (2)

where FEs (t) (kWh) is the annual amount of energy
supplies to the grid, Ps (t) (EUR/kWh) is the purchas-
ing price of the supplied energy, E, (t) (kWh) is the
annual gross consumption, E, (t) (kWh) is the annual
net consumption, Pp (t) (EUR/kWh) is the price of
delivered energy from the grid and ¢ (year) is the year
of the project lifetime.

The internal rate of return (IRR) is proposed as an
evaluation criterion thanks to the possibility of its com-
parison with other projects. IRR inclusion is shown in

Eq. .

T,

(OF(1).(1+ IRR)™" —IN =0, (3)

t=

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 3



VINS, M. et al.

VOLUME: 22 | NUMBER: 4 | 2024 | DECEMBER

where CF (t) (EUR) are the annual cash flows, IN
(EUR) is the initial investment costs, ¢ (year) is the
specific year during the lifetime of the installation and
T, (years) is the lifetime of the installation according
to [20].

20,000 scenarios are demonstratively calculated here
(due to the sufficient expression of observed phenomena
— which is discussed later) by the Monte Carlo Method
and 1 direct scenario by the mean values. The mean
values of the Monte Carlo scenarios are then calculated
and compared with the mean values calculation results
and also with the real values in the first years of the in-
stallation’s lifetime in the case study. For better trans-
parency of the results of individual scenarios, includ-
ing histograms of results and representation of prob-
ability distributions, see [2I]. Our previous work [21]
calculated only 10,000 scenarios by MCM, which led
to a relatively large deviation in household consump-
tion calculation. The impact of doubling the number
of scenarios is discussed later as well.

1) Solar Energy Estimation

There are a lot of factors that can be included, as de-
sceribed, for instance, by [22]. For the purpose of the
paper discussed in section 2 and Introduction, the fol-
lowing method with direct parametrization is selected.

According to [23], the intensity of incident solar ra-
diation I (kW/m?) on the photovoltaic panel is calcu-
lated as the sum of the intensities of diffuse and direct
solar radiation according to Eq. (4).

I=1p+1Ip, (4)
where Ip (kW /m?) is the intensity of direct solar radi-
ation which is not reflected or absorbed and re-emitted
when passing through the atmosphere and I'p (kW /m?)
is the intensity of diffuse solar radiation, which is re-
flected from particles contained in the atmosphere (wa-
ter droplets, dust, etc.) and thus changed its direction,
as described by [23].

When the sky is completely cloudy, only diffuse ra-
diation falls on the surface of the photovoltaic panel,
and when the sky is completely clear, it is the sum of
diffuse and maximum direct radiation (for a specific
hour of the day). According to [23], these components
are calculated in Eq. and .

Ip =Iy.exp (—f) . (sin (h) . cos () + cos (h) . 5)

ssn (). cos(a—ag)),

where Iy = 1 360 W/m? is solar constant,Z (—) is
the atmospheric pollution coefficient shown in Tab.
e (—) is the coefficient of the dependence of the height
of the sun above the horizon and the altitude of the

given place and is calculated in Eq. @, h(°) is the
height of the sun above the horizon, a (°) is the angle
of inclination of the sunlit surface from the horizontal
plane, a (°) is the azimuth of the sun and as (°) is the
azimuth angle of the normal of the illuminated surface,
described by [23].

9.38076 - [sin (h) + (0.008 + sin ()|
=T 2.0015- (1 — H -107%)
+0.91018,

(6)

where H = 303 m is the altitude of the installation
[23].
Ip =0.5- (14 cos(a)) - Ipp + 0.5r-

(I =cos(@) - (Ipn+ Ipn),
where Ip;, (kW /m?) is the intensity of diffuse radiation
incident on a horizontal surface calculated in Eq. ,
r = 0.2 is the albedo, and Ip;, (kW/m?) is the intensity

of direct solar radiation incident on a horizontal surface
calculated in Eq. (9)), described also by [23].

Ton = 0.33 - (10 - (10 exp ({))) ~sin(h), (8)

9)

(7)

A4
Ipy, = Iy - exp (_5> -gin (h),

Tab. 1: Assumed Z values.

Month Zcity
January 3.1
February 3.2
March 3.5
April 4.0
May 4.2
June 4.3
July 4.4
August 4.3
September 4.0
October 3.6
November 3.3
December 3.1

According to [23], the total theoretical (maximal)
energy of the clear sky incident radiation on the panel
during the day Qsdaytheor (kWh/m?) is obtained by
integration of I according to Eq. .

Ts

QSdaytheor = / IdTv
T,

"

(10)

where 7, (h) is the time of sunrise and 75 (h) is the
time of sunset. The theoretical time of direct sunlight
(without clouds) is calculated in Eq. , as described

by [23].
(11)

According to [24], to calculate the total actual energy
of solar radiation incident on the panel during the day

Ttheor = Ts — Tr,
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Qsday (kWh/m?), it is necessary to use the balance Eq.
.

T

QSday = : QSdaytheor + (1 - ) : QDday>

(12)
where 7 (h) is the number of hours of direct sunlight
and Qsday (KkWh/m?) is the total daily energy of diffuse
radiation incident on the panel and is calculated in Eq.

(13), as described by [24].

QSday = / IDdT-

[

Ttheor Ttheor

(13)

The variable for the solar energy estimation is 7 (h)
which is estimated from the data obtained from [25].
The daily solar energy is flowingly divided to normal
distribution to the hours of the solar day to obtain Qg;
(kWh/m?). The presented equations for solar energy
estimation are standardized for the Czech Republic.

2)  Ambient Temperature Estimation

The efficiency of the photovoltaic panels is also influ-
enced by their temperature, which creates a paradox
that with the higher daily energy of solar radiation, the
panel can produce less electric energy than at the lower
daily irradiation energy due to a decrease in its effi-
ciency with increasing temperature [26] which has a lin-
ear character expressed by the temperature/efficiency
coefficient shown in the Tab. [3| for the specific case
study.

Attempts to estimate the temperature of the panel
more accurately would be computationally very de-
manding, as this temperature depends on a large num-
ber of factors, such as the ambient temperature, hu-
midity, energy of incident radiation, wind speed, etc.,
which may again become a subject of an independent
research study and is well described by [26]. There-
fore, in the following calculations, the temperature of
the panels is considered as the ambient temperature. It
is assumed that the effect of peak temperatures will be
mitigated in 1-hour calculation steps. For this purpose,
it is necessary to express and calculate hourly ambient
temperatures.

In reference [27] is deduced and quantified, based on
the conclusions of [28], that the expected temperature
at a specific hour can be calculated in Eq. and
, considering only hours of a day with a positive
energy balance (solar day), when the temperature is
approximately sinusoidal.

) T
Tyi = Tonin + A - sin <(7’i —Tpt1) - B+ @) ;o (14)

where A and B are the supporting temperature con-
stants.

A= Tmax — ﬂllin; B = 90/ (145 - Tr+1) ; (15)

where Ty; (°C) is the ambient temperature in the i-
hour, Tynipn (°C) is the minimal temperature of the day,
Tinae (°C) is the maximal temperature of the day and
7; (h) is the hour of the day. The input minimal and
maximal temperatures were obtained from the data
from [25].

3) Household Consumption Estimation

The estimation of household consumption (considered
for a family house) was performed based on the sta-
tistical annual consumption data by hours from the
Sonnen customer analysis portal for the case study in-
stallation. Therefore, in the specific case study as a
result of lower variability of consumption within the
following groups, the days of the calendar year were
divided into four typical groups, for which the stan-
dard deviations and mean values of consumption are
subsequently calculated from a representative sample
of days (1 per calendar week). This procedure assumes
the knowledge of the consumption statistics at hourly
intervals for the whole year (minimum). If these data
are not available, the consumption estimation can be
made based on the estimations or more complex mod-
els of the daily use of the individual appliances and the
sum of their outputs as described for instance by [29].

Assumed groups of days of a calendar year:

e working week May — September,
e weekend May-September,
e working week October — April,

e weekend October-April.

This distribution takes into account the differences
in consumption during the absence of people in the
house during the working week and, conversely, the
presence at weekends, as well as the differences between
the heating and non-heating seasons.

In this paper, an estimation of the consumption of a
household was performed based on the statistical data
gathered from the Sonnen customer analysis portal.

4) Electric Energy Prices Estimation

The final price of electric energy for end consumers
varies according to suppliers, tariffs, products, and dis-
tribution rates. Generally, it can be said that the end
consumer’s electric energy price is divided into the mar-
ket part (unregulated) and the distribution part (reg-
ulated) [30]. Simply said their ratio according to [31]
is more or less 1:1 for the households. This ratio will
of course change with changes in the prices of both
components which brings another uncertainty. On the
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other side, for rough and comparing calculations to dis-
tant future prices seems the assumption that electric
energy price for end consumers will be double to its
market component adequate. This assumption should
be revalidated in the future.

For the proposed price analysis, a common contract
concluded for 3 years with price fixation at the time
of conclusion (with automatic extension for 3 years)
is chosen and will be the most likely option for such
evaluated installations.

Thanks to the price fixation for every three years, it
is likely that the large price deviations from the future
seasonal (caused by high PV penetration) and other
EU electric energy market fluctuations during shorter
periods (see Fig. [1]) will be filtered out. Final assumed
market prices are then shown in Fig. 2] with annual ap-
proximation. It is important to note that the prices are
stated in EURs with 2020 value. Due to the primary
assumed purpose of this evaluation method to compare
projects with each other and followingly selected eval-
uation criterion, is effect of inflation omitted here.

200 1

150 4

in EUR2020/MWh

50 4

Average monthly baseload prices EU27 & CH,NO, UK

0
2024 2029 2034 2039 2044 2049

= Central

Fig. 1: Electric energy market component prices estimation
(monthly) for baseload [32].

200 4

-
&
S

in EUR2020/MWh
.
Q
S

T

2045

Average baseload price EU27 & CH,NO, UK

50

2025 2030 2035 2040 2050

—— Central M Range single markets

Fig. 2: Electric energy market component prices estimation

(yearly) for baseload [32].

The purchase price for 1 MWh of electric energy
supplied to the grid by photovoltaic panels in house-

holds is calculated according to the currently valid CEZ
Group methodology as 40% of the market electric en-
ergy prices (excluding VAT), which are fixed for 3 years
[33]. The assumed energy prices are shown in Tab.

Tab. 2: Assumed prices for electric energy grid deliveries mar-
ket component and supplies [32] [33].

Market price Supply price

Date | RUR,020/MWh) | (EUR2020/MWh)
1. 1. 2020 180 72
1. 1. 2023 150 60
1. 1. 2026 75 30
1. 1. 2029 68 7.2
1. 1. 2032 70 28
1. 1. 2035 7 288
1. 1. 2038 71 20.6
1. 1. 2041 70 28
1. 1. 2044 75 30
1. 1. 2020 180 7
1. 1. 2023 150 60
1. 1. 2026 75 30

4. Case Study

It is commonly assumed that the economic lifetime of
the household photovoltaic installations is related to
the lifetime of the installed photovoltaic panels. In
most cases, it is 20 or 25 years (depending on manu-
facturers). In the presented case study, the lifetime is
assumed 25 years and during this time the efficiency
decreases linearly by 10% in the first 10 years and by
another 10% in the remaining lifetime to 80% of the
rated efficiency as noted in the manufacturer’s list [34],
which is also commonly referred by [35].

An existing installation was chosen for the case study
thanks to the easy availability of parameterization,
component prices, and the possibility of comparing the
results with the real energy balance of the installation.

The subject of the case study is a family two-story
house (with a habitable attic) with a total living area
of approximately 350 m?, with three permanent resi-
dents. The house is insulated with a 5 cm thick layer of
polystyrene. Heating is provided by a gas boiler (floor
heating on the ground floor, otherwise radiators), and
water is heated by a combination of a gas boiler and
electricity (usually generated by photovoltaic panels).

Important components and their selected technical
parameters will be described in the next sections as
well as the initial assumptions.

4.1.  Assumptions

The following assumptions must be made for the un-
equivocalness of the calculations:
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e Own sources financing (loan financing is not con-
sidered).

— In the case of loan financing, there is a need
to take into account the prediction of interest
rates.

e The temperature of the panels is the same as
the ambient temperature (generalized to hourly
steps).

e Proper installation and no manufacturing defects.
e Panel inclination 45 ° and orientation to the south.

e The effect of weather conditions (instead of ambi-
ent temperature) is neglected.

e Zero residual value of components at the end of
the installation lifetime.

e Installation lifetime is 25 years (reduction of panel
efficiency after ten years to 90% and after twenty-
five years to 80%) according to the manufacturer’s
data.

e The increasing installed power of the household
during the lifetime of the installation is neglected.

e A perfectly symmetrical three-phase consumption
and supply to the grid is considered.

e Commissioning as of 1 January 2020.

e Maximum BESS and inverter efficiency are con-
sidered.

— In case the power/efficiency curve of the in-
verter is available, it should be included in
calculations.

e DC appliances directly powered by photovoltaic
panels are not considered.

e The CEZ Group is the electricity supplier (see en-
ergy prices estimation methodology).

4.2. Installation Components

Solarwatt ECO 60M panels in the number of 16 pieces
are installed as photovoltaic panels. Selected technical
parameters are shown in Tab.

A battery-connected SONNEN Hybrid 8.13/5 in-
verter is installed as a monoblock. Selected technical
parameters are shown in Tab. [4]

The K2 system is installed as a fastening system.
Selected technical parameters are shown in Tab.

Tab. 3: Selected technical parameters of the installed photo-
voltaic panels [34].

285 Wp (for 25 °C and 1 000

Rated power W /m?)

Rated efficiency 17.6 % (for 25 °C)

€pvrated
Operation -40 ... +85°C
temperature range
Ambient temperature 40 ... +45°C
range
T t ffici
emperature/efficiency -0.42 %/K

coefficient c /e

Photovoltaic cells 60 monocrystalline cells

Cell dimensions 157 x 157 mm
Total cells surface S¢ 1.47894 m?2
Total rated power 4.560 kWp

Tab. 4: Selected technical parameters of the installed photo-
voltaic panels [36].

Inverter
Rated power 5.5 kW
Rated voltage 400 V
Rated frequency 50 Hz
Rated
charging/discharging 2.5 kW
power
Maximal efficiency 96 %
BESS
Capacity 5 kWh
Usable capacity 4.5 kWh
Technology LiFePOy4
Depth of discharge 90 %
Working cycles 10,000
Maximal efficiency 98 %

Tab. 5: Selected technical parameters of the installed fastening
system [37].

Placement Sloped roof

Suitable for all standard

Photovoltaic panels photovoltaic panels

Material Stainless steel 1.4301

Connection to the roof Screws connection

4.3. Total Price and Subsidy

The total price of the installation, including assembly,
is 13,422 EUR incl. VAT and the non-refundable in-
vestment subsidy from the new green savings program
for photovoltaic installations in households is 6,539
EUR (added to the first year of economic evaluation).

5. Results

In this section, the results of the calculations by the
Monte Carlo Method as well as by the mean values are
presented. All calculations are made in MS Excel. MS
Excel toolbox Crystal Ball produced by Oracle com-
pany is used for the Monte Carlo Method inclusion.
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In Tab. [B the mean values calculated from the
Monte Carlo scenarios, direct calculation results, and
real (measured) energy balance of the installation in
2020-2022 are shown. The results of the energy balance
are shown only for the first three years of the lifetime
due to the commissioning of the installation and the
subsequent possibility of comparison. The decreasing
efficiency of the photovoltaic panels during the years is
included in C'F(t) calculations and illustrated in Fig.
Bl

Tab. 6: Results.

Mean . Real
Direct mean
values (mea-
Parameter values
from calculation sured)
MC values
Fy(1) 10,078 kWh 10,121 kWh 9,372 kWh
E,(1) 6,376 kWh 6,267 kWh 5,692 kWh
Es(1) 531 kWh 127 kWh 598 kWh
Total
generation 4,233 kWh 3,981 kWh 4,302 kWh
1
C(F()l) EUR 7,909 EUR 7,935 EUR 7,906
Eq4(2) 10,078 kWh 10,121 kWh 11,834 kWh
En(2) 6,413 kWh 6,305 kWh 8,050 kWh
Es(2) 526 kWh 126 kWh 468 kWh
Total
generation 4,191 kWh 3,941 kWh 4,252 kWh
2
C(F()Q) EUR 1,357 EUR 1,382 EUR 1,396
E4(3) 10,078 kWh 10,121 kWh 9,260 kWh
E.(3) 6,450 kWh 6,344 kWh 5,677 kWh
Es(3) 520 kWh 124 kWh 682 kWh
Total
generation 4,148 kWh 3,901 kWh 4,265 kWh
3
C(F()?;) EUR 1,344 EUR 1,368 EUR 1,339
IRR 9.46 % EUR 9.72 % ~

7,200
7,100
7,000
6,900
6,800
6,700 —o—Mean

6,600 * MCM
6,500

6,400

Net energy consumption (kWh)

6,300

6,200

1 6 11 16 21
Installation lifetime (years)

Fig. 3: Net consumption during the installation lifetime —
method comparison.
6. Discussion

It is important to note here again that the energy bal-
ance calculation or even the photovoltaic project evalu-
ation itself has no unified methodology (except general
assessment principles), see [38, B9]. There are a lot
of factors that affect the energy balance (mentioned

in sections 3.1.1) — 3.1.4)) and their inclusion, or the
degree of inclusion depends directly on the project eval-
uator. Moreover, these parameters are to some extent
unique for each installation. A lot of papers which
are dealing with energy balance calculations or sub-
sequent problems where there is a need for the energy
balance calculation of the photovoltaic installations are
not transparent and/or they use only a very simplified
energy balance model and/or they don’t take into ac-
count the whole household, which increases the diffi-
culty of finding relevant references. Furthermore, the
verification of the results as well as the accuracy eval-
uation can be complicated.

The proposed methodology in this paper is not the
most complex one but it includes all the main af-
fecting factors (with some above-mentioned simplifica-
tions, discussed in sections 3.1.1) — 3.1.4)). However,
the methodology in combination with [21] is fully trans-
parent and it tries to analyze the accuracy of differ-
ent methods of enumeration of the included stochastic
factors. Following this, the energy balance data were
obtained from an existing photovoltaic installation in
the Czech Republic, commissioned at the end of 2019,
which is not common and is valuable for comparison
with reality. Then the parametrization of the presented
equations tailored to the situation in the Czech Repub-
lic (and followingly to a specific case study) is carried
out to make the paper more readable, and transpar-
ent and maintain its potentially practical impact on
PV projects evaluation utilization in reaction to cur-
rent renewable energy situation in Czech Republic. In
general, the presented equations (of incident solar ra-
diation) are much more complex. This geographically
focused type of study is not particularly unusual, see
[40], 41].

Thanks to the measured and relevant data acquisi-
tions the calculations can be simply verified and de-
viations in results quantified. Furthermore, the pro-
posed integration of the Monte Carlo Method can be
evaluated. These results should be valuable for fur-
ther studies where the model and methodology of the
energy balance calculation need to be selected.

7. Conclusion

As is obvious from Tab. [f] the application of the MCM
is more accurate when it comes to the energy supplies
to the grid as well as to the total energy production
using the photovoltaic panels. There is increased accu-
racy by 5% in total generation and even more in grid
supplies. On the other hand, there can be very similar
results by MCM and mean values in household energy
consumption which additionally quite differs from the
measured values. It is important to notice that the
weather conditions are rather stochastic in nature, but

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 8
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household energy consumption has a rather determin-
istic character. This can be seen in Tab. [6] in more
detail. Total PV panels production varies relatively
little between years and the advantage of MCM appli-
cation is obvious, household energy consumption can
differ by ~ 20% the very next year and MCM appli-
cation is not very beneficial in comparison to simple
mean values calculation. In addition, there can oc-
cur any hardly predictable “black swans” such as the
COVID-19 pandemic and subsequent lockdowns (this
is most likely the case of E, (2) deviation) which can
have a significant impact on household consumption.

The division of the computational steps into hours
seems to be optimal and, likely, any further reduction
of the computational steps would not have a dramatic
effect on accuracy. The situation is similar for several
simulation scenarios, perhaps the number of scenarios
might be reduced here (below 10,000), and carrying out
a sensitivity analysis might be worth further consider-
ation in this sense. Our previous work [21I] assumed
10,000 scenarios and the only more visible difference
with doubling the number of scenarios is in the rela-
tively imprecise calculation of household consumption
where seems to be sufficient mean values method.

Concerning previously mentioned results, there can
be made final recommendations to future evaluators:

e Use MCM and proposed calculation methodology
for PV panel’s electric energy generation calcula-
tion,

e Verify the real reduction in PV panels generation
declared by the manufacturer during years (as-
sumed PV panels degradation in case study proba-
bly does not coincide with a real decline in electric
energy generation),

e Use the greatest possible household consumption
statistics with the application of the mean values
calculation method or use any more complex be-
havioral model mentioned for instance in section

3.1.3).

Despite the above reservations, it seems that the pro-
posed methodology of calculation, also improved by the
integration of the MCM, met the set goal which was
the formulation of transparent methodology and rea-
sonably increasing the energy balance calculation ac-
curacy (except for the household energy consumption
which was discussed above). The IRR differs between
methods by about ~ 2.5% which may be crucial in such
long-term projects on the verge of profitability. But it
is important to notice again, that the final internal rate
of return will be strongly affected by market and dis-
tribution electric energy prices (and their ratio) which
are very difficult to predict.
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