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UČENÍ TECHNICKÉ
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Ústav: Ústav energetiky
Vedoucı́ BP: doc. Ing. Tomáš Dlouhý, CSc.
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Anotace

Diplomová práce řešı́ problematiku optimalizace fotovoltaických systémů dle energetických potřeb
domácnostı́ v České republikce. Aplikovaný přı́stup vycházı́ z numerické simulace výkonu fotovoltaické
elektrárny a energetické spotřeby domácnosti.

V úvodnı́ části studie je stručně představena problematika fotovoltaických elektráren pro domácnosti,
solárnı́ch radiačnı́ch modelů a modelovánı́ energetických potřeb domácnosti. Na základě uvedené teorie
je následně implementován a verifikován radiačnı́ model, společně s parametrickým modelem energet-
ických nároků domácnosti.

Propojenı́m zmı́něných modelů výpočetnı́ logikou je zı́skán nástroj pro simulaci energetických toků
v domácnostech s fotovoltaickými systémy. Ten je dále použit pro vyhodnocenı́ vlivu velikosti solárnı́
elektrárny, bateriového úložiště a energetickcýh potřeb domácnosti na využitı́ vyráběné energie společně
s posouzenı́m prosté návratnosti fotovoltaického systému.

Závěrem práce jsou diskutovány zı́skané výsledky a zmı́něna obecná doporučenı́ pro projektovánı́
fotovoltaických systémů pro domácnosti.

Anotation

The diploma thesis addresses the issue of the optimization of photovoltaic systems in accordance
with the households energy needs in the Czech Republic. The applied approach is based on a numerical
simulation of the power output of a photovoltaic power plant and the energy consumption of a household.

Within the introduction, topics of photovoltaic power plants for households, solar radiation models
and modeling of household energy needs are briefly presented. Based on the theory, the radiation model
is implemented and verified, together with the parametric model of household energy requirements.

Connecting the mentioned models by computational logic, a tool for simulation of energy flows in
households with photovoltaic systems is obtained. Further it is used to evaluate the effect of the size of
solar array, battery storage and energy needs of the household, on the utilization rate of energy produced,
along with an assessment of the bare return on investment of the photovoltaic system.

In the end, obtained results are discussed and general recommendations for the household photo-
voltaic systems design are proposed.
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Chapter 1

Household photovoltaics

Approaching the 70th anniversary of first silicon based photovoltaic cell created in the United States,
1954, it is obvious that photovoltaic sector has undergone a great development. Within the last decade,
installed capacity of photovoltaic power plants increased rapidly, whereas the growth rate keeps further
accelerating, as it can be seen in Figure 1.1. The reason for such expansion lies in technological ad-
vancements, improving operating parameters of PV systems, while also decreasing the price. As a result,
photovoltaic power plants become a viable option not only for the utility and commercial scale, but also
in the residential sector.

If we focus more closely on residential photovoltaic systems, it is clear that they have significant
specifics. The primary functioning of the PV system is here in the sense of a decentralized source,
to cover owners self-consumption. In comparison with larger installations, the approach of maximizing
production is therefore not applicable, yet it is necessary to optimize the output of the PV plant according
to the consumption of the household.
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SOLAR PV MARKETS

Following a year in which global solar photovoltaics 
(PV) additions were stable or even contracted slightly, 

in 2019 the solar PV market increased an estimated 12% to 
around 115 GWi.1 The decade ended with strong demand in 
Europe, the United States and emerging markets around the 
world, more than making up for a substantial decline in China, 
the single largest market.2 Not including China, the global market 
for solar PV grew about 44% in 2019.3 The global total of 627 GW, 
which includes on- and off-grid capacity, compares to a total of 
less than 23 GW only 10 years earlier.4 (p See Figure 28.)

Demand for solar PV is spreading and expanding as it becomes 
the most competitive option for electricity generation in a 
growing number of locations – for residential and commercial 
applications and increasingly for utility-scale projects – even 
without accounting for the external costs of fossil fuels.5 In 
some markets, this is becoming the case for solar-plus-storage 
as well.6 In 2019, an estimated 18 countries added at least 1 GW 
of new capacity, up from 11 countries in 2018, and all continents 
contributed significantly to global growth.7 By the end of 2019, at 
least 39 countries had a cumulative capacity of 1 GW or more, up 
from 31 countries one year earlier.8

In several countries, solar PV already plays a significant role 
in electricity generation.9 By the end of 2019, 22 countries 
had enough capacity in operation to meet at least 3% of their 
electricity demand with solar PV, and 12 countries had enough 

SOLAR PHOTOVOLTAICS (PV)

FIGURE 28.   Solar PV Global Capacity and Annual Additions, 2009-2019

Note: Data are provided in direct current (DC).   
Totals may not add up due to rounding. 

Source: Becquerel Institute and IEA PVPS. See endnote 4 for this section. 

i For the sake of consistency, the GSR endeavours to report all solar PV  
capacity data in direct current (DC); where data are known to be in AC, that  
is specified in the text and endnotes. See endnotes and Methodological  
Notes for further details.
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KEY FACTS
   Solar PV markets saw more capacity 

installed than ever before, with the strong 
demand in Europe, the United States 
and emerging markets making up for a 
substantial decline in China.

   Corporate purchasing expanded 
considerably, and self-consumption 
(increasingly with battery storage) was 
an important driver for new distributed 
systems in some countries.

   The industry continued to face strong 
competition which, coupled with policy 
uncertainties, resulted in extremely low 
bids at some auctions and thin margins for 
developers and manufacturers; at the same 
time, competition and price pressures 
encouraged more efficient manufacturing 
and ongoing innovation.

   Solar PV accounted for high shares of 
electricity generation in countries including 
Honduras (10.7%), Italy (8.6%), Greece 
(8.3%), Germany (8.2%) and Chile (8.1%). 

107

Fig. 1.1: Solar PV global capacity and annual additions
REN21 (2020)
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1.1 Overview

Despite the residential photovoltaic systems accounting for less than a quarter of the total installed ca-
pacity, while this share is presumed to decrease, as stated by Olson and Baklen (2019), their importance
is high, nevertheless.

The main reason for that, is their potential as a local source of electricity, reducing the load on
the distribution network, if designed and operated properly. On top of that, local energy source allows
for partial independence from the electrical grid, stabilizing (owners) electricity prices and serving as a
back-up in the event of a blackout.

Speaking of residential solar systems, various configurations can be found. For clarification, it is
necessary to distinguish between on-grid, off-grid and hybrid systems.

• On-grid systems, as the name suggests, are fully reliant on their connection to the grid. Such ar-
rangement consists of solar panels and PV inverter only, lacking the battery storage. As a result,
electricity produced can be either directly utilized, or it needs to be sold to the grid. On a plus side,
on-grid systems are the cheapest available, however, falling behind due to lower produced electric-
ity utilization rate and absence of back-up. Because of the inverter being completely dependent on
grid, the system is rendered useless in case of black out.

• Off-grid systems, on the other hand, are completely independent on the grid, furthermore, they are
unable to operate in the presence of the grid. This setup contains all previously mentioned parts -
solar panels, inverter and battery pack, and thus can operate in detached areas. Due to the battery
storage, however, the system price is noticeably higher.

• Hybrid systems lie somewhat in between, being able to operate both, connected to a grid, or off-
grid. The advantage of such system is a higher PV electricity utilization, thanks to the batteries
and also the option to function in different regimes. A mode using the produced energy to optimize
self-consumption needs comes as a standard. However, hybrid systems even allow for charging
batteries from the grid, during the off-peak electricity price and discharging to the loads during
a high tariff.

Each of this systems has its upsides and downsides, mostly originating from its initial design and ap-
plication purpose. The choice of a specific system therefore depends primarily on the selected boundary
conditions.

In order to power a dwelling in a remote area, no other option than the off-grid system is applicable.
The selection for a grid connected application is not that simple.

Unless the household is located in an area, where blackouts occur frequently, both on-grid and hybrid
systems may be a viable option. The determining factor is electricity billing approach, whereas two
different options exist - a net metering and a feed-in tariff.

In general, for the net metering, all surpluses send to the grid is credited at the retail electricity price.
In other words, amount of electricity send to the grid is deduced from the total electrical consumption of
the household. Given the same ”value” of solar electricity, no matter whether it was directly consumed
or send to the grid, on-grid systems are a preferable solution in such case.

Regarding the feed-in tariff, surplus energy is credited at a rate notably lower than is the electricity
retail price. In such case, value of consumed PV electricity is higher, than the value of grid sold PV
electricity. Therefore, storing the surplus energy in a battery occurs as a viable option. For that reason,
hybrid systems are preferred in this case.

Provided the study being primarily focused on photovoltaic systems in Czech Republic, where
the feed-in tariff is applicable, hybrid systems only will be considered in the whole work. Another
reason for such choice is a higher potential for optimization, when it comes to hybrid systems.

10



Chapter 2

Goals and methodology

Targeting the hybrid PV systems with battery storage, it comes as no surprise, that the bigger the battery
is, the higher the utilization rate probably will be. Photovoltaic system design is yet not that simple.

As it was mentioned previously, residential PV systems should comply to the household energy
needs. Creating the system too big, results in increased costs and extended payback period, whereas too
small systems may be insufficient to properly meet the needs.

In addition to that, hybrid systems can be also connected to heat storage tanks, increasing the surplus
energy storage capacity.

All things considered, a techno-economic optimization is required to properly design PV system.
Many articles have already provided guidelines for that purpose, e.g. Vaz (2020), USA, or Angenendt
et al. (2019), Germany. Publications are, however, area specific and thus inapplicable in general means.
For that reason, it was decided to examine mentioned topic under conditions of the Czech Republic in
this study.

2.1 Adopted approach

In order to accurately evaluate and make full use of the potential of various hybrid photovoltaic system
setups, possibly even coupled with thermal storage, it was necessary to choose a fitting approach. Sim-
ple method of comparing PV power output with household electrical demand on monthly or daily basics
would fail to capture the mismatch between electricity production and consumption. Therefore, finer
resolution was needed. Readily available tools, however, were unable to fulfill the study requirements
and thus it was decided to implement the evaluation tool from a scratch.

Simulation model was decided to combine solar irradiation model, used to predict photovoltaic plant
power output, with household consumption model, accounting for the energy needs of the dwelling.
Although, not everything was possible to be simulated from the very beginning and thus the real world
data measurements were also needed.

Addressing the initial difficulty, simulation step was decided to follow the best obtainable data sets
resolution, that being 1 hour. Such value was also considered to provide reasonable ratio of computa-
tional time and results precision.

Once the simulation tool preliminary design was decided, computational logic was implemented, in
order to utilize PV system produced electricity efficiently. As such, both solar irradiation and household
energy demand models were combined into one.

Having the modeling tool established, test cases were designed next. In order to acknowledge the hy-
brid PV systems potential under various circumstances, diverse household types were included into the
study. The differentiation was done primarily based on the ways of covering their energy demands.

Once all the simulation components were prepared and evaluation criteria set, modeling run was
performed for each examined dwelling with various PV systems sizes. On top of that, optimized PV
setup for shortest bare payback time and best LCOE was determined for each household type.

11



Chapter 3

Radiation model

In order to perform comparison of various photovoltaic systems, it was necessary to create a radiation
model, so that the power output of solar array can be calculated through the day.

Given that the topic of modelling solar radiation incident to Earth’s surface was already well-researched
and extensively studied, in this work, only brief overview is provided, keeping in mind, that the radiation
model is rather a tool for further calculations, than the primary field of study.

3.1 Introduction

In general, solar radiation incident to earth’s surface is a result of complex interactions of solar rays
between the atmosphere and ground, whereas the determining factors can be divided into three groups.
First, Earth’s geometry, revolution and rotation, next, terrain and the last, atmospheric attenuation.

Regarding the first group, it is necessary to consider declination, latitude and solar hour angle, to
acknowledge the relative position of the Sun and the Earth. Next, to account for the terrain effects, el-
evation, surface inclination and orientation, and shadows needs to be estimated. Furthermore, elevation
can also be connected to the third group, atmospheric attenuation, as the thickness of atmospheric layer
above the surface affects the radiation intensity.

The main drivers of atmospheric attenuation are scattering and absorption of solar rays, caused by

• air molecules, especially ozone, carbon dioxide and oxygen,

• aerosols, thus solid and liquid particles, and

• clouds, therefore condensed water (strongest attenuation).

Based on these effects, overall global radiation reaching the given surface, can be divided into three
components. Namely

• beam radiation, also called direct solar radiation, which, as the name suggests, reaches the surface
directly, without being reflected or scattered,

• diffuse radiation, accounting for the scattered part of global radiation, and

• reflected radiation, striking the given surface after reflection from ground.

12



Provided, that meteorological stations mostly measure only global radiation, sometimes also dif-
fuse radiation intensities on horizontal planes, the solar radiation incident on a tilted surface has to be
determined mathematically (empirically) from these values.

Previously mentioned beam radiation can be calculated from geometrical relationship between hori-
zontal and tilted surfaces, by utilizing relatively simple trigonometry. Ground reflected radiation may be
obtained with reasonable accuracy under simplifying assumption of ”isotropic sky”, expecting the sky
to be uniform over the whole sky dome. Unfortunately, the calculation of diffuse radiation is not that
straight forward, whereas the approach to this problem makes one of the key differences among solar
radiation models.

One of the fundamental models, on which majority of consecutive models are based, is the isotropic
sky model, developed by Liu and Jordan (1962), therefore referred to as Liu-Jordan model. Total solar
irradiance incident on tilted surface is in that case calculated by using the equation below, whereas diffuse
radiation is determined using a single uniform formula.

Fig. 3.1: Liu and Jordan

This approach was later largely replaced by more complex ones, as Klucher (1979) concluded that
Liu-Jordan model compares well to empirical data at low intensity conditions, found during overcast
skies, however underestimates the amount of solar irradiance under clear skies. Such observations were
confirmed many times since, recently by Li et al. (2017), whereas Muneer (1990), even recommended to
discontinue its use, due to poor performance.

In general, as mentioned by Jakhrani et al. (2012), utilization of Liu-Jordan model is only suggested
for prediction of solar irradiation in cloudy weather conditions, thus estimating available solar radiation
incident on the tilted surfaces in overcast skies.

Overall, isotropic sky models remain in use, mainly for its simplicity and low computational com-
plexity, while for some geographical locations and weather conditions, it still provides reasonable results.

As the research in the field of modeling solar radiation progressed, isotropic approach, often con-
sidered oversimplifying, was replaced with more advanced approach, accounting for anisotropy of the
sky. Reasoning behind this progression can be derived from the idea, that in reality, tilted surface facing
the sun receive more diffuse radiation than the surface of the same tilt in the opposite direction.

Anisotropic sky models differ from isotropic ones in the manner of computing diffuse radiation
inclined on tilted plane, whereas based on number of ”components” used to calculate diffuse radiation,
anisotropic models can be divided into various sub-categories. For simplicity, only ”three components”
models will be discussed further, with a single exception, Hay and Davies (1980) model, being ”two
components” one.

In case of ”three components” anisotropic models, diffuse radiation is, as the name suggests, divided
into three components. In particular, sky diffuse radiation (also called isotropic diffuse radiation), cir-
cumsolar diffuse radiation and horizon diffuse radiation. Visual representation of these constituents of
diffuse radiation can be seen in Figure 3.2.

13



Fig. 3.2: Diagram of the multiple components of the clear sky
Brownson (2020b)

Regarding the ”three components” anisotropic models, the two quite often used, are HDKR and Perez
model. Speaking of HDKR model, it originates from another ”three components” model, developed
by Temps and Coulson (1977). This model was further improved by Klucher (1979), who significantly
increased its accuracy by introducing a function to account for the degree of a cloud cover. Subsequently,
Reindl et al. (1990) utilized the term referring to horizon diffuse radiation from Klutcher’s model, adding
it to ”two components” model by Hay and Davies (1980), which already contained terms for circumsolar
diffuse radiation and isotropic diffuse radiation.

This newly established model was then often referred as HDKR anisotropic sky model, where
the acronym HDKR stands for names Hay, Davies, Klucher and Reindl. The final equation to calcu-
late global solar irradiance on tilted surface is provided below.

Fig. 3.3: HDKR

14



Another option for modeling solar radiation incident on tilted surface provides already mentioned
Perez model, similarly to HDKR, being also ”three components” anisotropic model. The main difference
between these two (and in general among Perez and all other models, on that matter) is, that previously
presented models separated isotropic, circumsolar and horizon components explicitly, whereas Perez
introduced a more complex model, utilizing empirical coefficients for each of these terms.

These coefficients were derived from experimental data sets, obtained from measurements performed
in various cities, mainly in the USA, however, including also Geneva in Switzerland and Trappes and
Carpentras in France. As the experimental data sets varied, distinct variants of Perez model emerged in
years, namely Perez I, II, and III, published by Perez et al. (1987), Perez et al. (1988) and Perez et al.
(1990) respectively. The last quoted is the most widely accepted one.

The final equation for Perez model is to be seen in Figure 3.4, which, in its general form, is the same
for all three Perez models, while the diversity can be found in a way of calculating empirical coefficients
F1 and F2.

Fig. 3.4: Perez

It is not easy to straight-forwardly decide, which model to choose, as the performance of different
models vary under diverse conditions. Prior to such decision, a comparative study of numerous models
is often performed, to find the one providing the best match to given location, therefore, local weather
conditions. Such approach, although rigorous, is out of the scope of this work, while given the modeled
data usage for relative comparison, rather than absolute conclusions, is not considered necessary.

For those reasons, an approach utilizing prevailing suggestions from literature is adopted. As a com-
mon rule, it shall be mentioned, that anisotropic models should be preferred to isotropic ones, since the
isotropic sky models tend to under-predict total solar radiation inclined on tilted surface. Tian et al.
(2018). At the same time, generally recommended anisotropic model appears to be Perez III, by Perez
et al. (1990), indicated by TRNSYS (2014) and Yang (2016).

Regarding these implications, for further irradiance modeling, Perez III model was chosen, whereas
to be able to cross check its results, HDKR model was recruited.

For further references and in-depth explanation on the topic of the development and comparison of
various isotropic and anisotropic models, used to estimate global solar radiation on inclined surfaces,
please see the work of Loutzenhiser et al. (2007), Demain et al. (2013), Garcia and Huld (2013) and
Yang (2016).
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3.2 Model set-up

Despite the complexity and diversity of ways to model various components of global solar radiation,
each numerical model starts the initial calculation with the same approach to determine extra-terrestrial
solar radiation on horizontal surface.

To account for geographical location and orientation of given surface, necessary initial parameters are
latitude φ and longitude λ, slope (tilt) β and azimuth of the panel γ respectively. Using standard notation,
the slope is the angle formed between the panel plane and horizon plane, so that 0◦ indicates horizontal
orientation, whereas tilt of 90◦, vertical. Next, azimuth regards the orientation in which the panel faces,
while azimuth of 0◦ corresponds to due south and 90◦ to due west. Finally, latitude and longitude are
resembling the geographical location of the panel.

In addition to these parameters, time of the year and time of the day are required, to compute the po-
sition of sun with regard to chosen location. Based on these values, available extra-terrestrial solar
radiation for given location and time, can be then calculated.

First, solar declination δ, being the latitude at which the solar rays are perpendicular to the earth’s
surface at solar noon, needs to be determined using the formula by Cooper (1969),

δ = 23.45 sin (360
284 + n

365
) (3.1)

where n stands for the day of year, while n = 1 indicates 1st of January.
Next, location of the sun in the sky, given by solar hour angle ω has to be calculated, in a way

suggested by Antonio and Hegedus (2010),

ω = 15 (ts − 12) (3.2)

where ”15” stands for the sun movement through the sky, being 15◦ per hour, and ts represents the solar
time in hours, while at solar noon, ts = 12 and thus ω = 0◦.

Fig. 3.5: Declination δ, latitude φ and solar hour ω angle
Brownson (2020a)
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In the Figure 3.5, all three previously mentioned angles are depicted.

• Declination angle δ, reaching from the equator to the imagined connection between Sun and Earth
centres. Its value seasonally vary from -23.45◦ to 23.45◦, due to the tilt of Earth axis, Earth’s
rotation alone and also its revolution around the Sun. Limit values are achieved during winter and
summer solstice respectively, whereas zero values during equinoxes.

• Latitude angle φ, ranging from -90◦ (North Pole) to 90◦ (South Pole), zero at equator, referring to
”observer position” highlighted with red dot. That is in contrast to the declination angle, which is
independent of the location on the planet.

• Solar hour angle ω, varying in range 〈0◦, 360◦) through the day, while the zero value is reached
once the sun is in its highest position in the sky that day, from the observer point of view.

Given that the solar time differ from the civil time, its value needs to be determined, as a function of
civil time tc, longitude of desired location φ, time zone in hours to the GMT Ze and ”equation of time”,
accounting for Earth’s orbit and axial tilt, E.

Reasoning behind this step is, that majority of time dependent data, such as solar radiation and
electric load are provided in the local or universal time.

ts = tc +
λ

15
− Zc + E (3.3)

Value of E can be further calculated using empirical equation, Antonio and Hegedus (2010), as follows,

E = 3.82 (0.000075 + 0.001868 cosB − 0.032077 sinB

− 0.014615 cos 2B − 0.04089 sin 2B)
(3.4)

where B is calculated using the day of the year, n.

B = 360
n− 1

365
(3.5)

Now, that the collector surface position and orientation is known, angle of incidence θ, characterizing
the angle between Sun’s beam (direct) radiation and the normal to the panel plane, can be obtained using
the equation below,

cos θ = sin δ sinφ cosβ − sin δ cosφ sinβ cos γ

+ cos δ cosφ cosβ cosω + cos δ sinφ sinβ cos γ cosω

+ cos δ sinβ sin γ sinω

(3.6)

where δ stands for declination angle, φ for latitude, β for tilt, γ for azimuth and ω for hour angle.
If we consider the slope of the panel to be zero, Equation 3.6 simplifies to a form provided beneath,

where the particular angle of incidence for such case is called the zenith angle θz . Physical representation
of this angle is the value between vertical line and line to the Sun. That being 0◦ once the Sun is directly
overhead and 90◦ when it is at the horizon.

cos θz = cosφ cos δ cosω + sinφ sin δ (3.7)

Depiction of zenith angle and previously mentioned declination and latitude angles can be seen in
Figure 3.20.
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Fig. 3.6: Declination δ latitude φ and zenith θz angle
Green Rhino Energy (2016)

Given that all necessary geometrical relations are known by now, the extra-terrestrial normal radia-
tion, is to be computed next. It can be assumed, that the Sun output is constant over time, however, due to
the eccentricity of Earth’s orbit, amount of solar irradiance striking the top of atmosphere varies through
the year. To account for this effect, extra-terrestrial normal radiation needs to be described as a function
of a day of the year, as proposed by Whiteman and Allwine (1986),

Gon = Gsc (1 + 0.033 cos
360n

365
) (3.8)

where Gsc refers to solar constant, being 1.366 kW/m2.
Next, extra-terrestrial horizontal radiation, incident on the horizontal surface at the top of the atmo-

sphere can be calculated as follows.
Go = Gon cos θz (3.9)

Once the extra-terrestrial radiation is determined, using the clearness index kT , global horizontal
radiation on Earth’s surface can be obtained as provided below.

kT =
G

Go
(3.10)

Clearness index refers to radiation attenuation by the atmosphere and clouds, before the solar rays reach
the surface of the Earth. Its value ranges from 0 to 1, whereas the typical values lie between 0.25 for
a very cloudy day and 0.75 during a very sunny day.

Contrary, as it was mentioned previously, the most commonly measured value is the global horizontal
radiation on the Earth’s surface, whereas, clearness index is generally unknown. Therefore, an opposite
approach is used, calculating clearness index by using known values of G and Go.
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To further divide global horizontal radiationG into its main components, the correlation of Erbs et al.
(1982) is used,

Gd

G
= 1− 0.09 kT for kT ≤ 0.22 (3.11)

= 0.9511− 0.1604 kT + 4.388 k2T − 16.638 k3T + 12.336 k4T for 0.22 < kT ≤ 0.8 (3.12)

= 0.165 for kT > 0.8 (3.13)

where based on the value of kT , specific equation is chosen to calculate the diffuse radiation Gd.
Lastly, prior to different models set up itself, as we still calculate in terms of irradiance on horizontal

surface, meaning that the ground reflected radiation equals zero, the beam radiation can be calculated as
follows:

Gb = G−Gd (3.14)

3.2.1 Perez model

As it was mentioned previously, from the broad scale of Perez models, Perez III, by Perez et al. (1990)
was chosen, calculating the global solar radiation striking the tilted surface as follows,

GT = GbRb +Gd [(1− F1) (
1 + cosβ

2
) + F1

a

b
+ F2 sinβ] +Gρg (

1− cosβ

2
) (3.15)

where β stands for the slope of PV module, Rb, (Eq. 3.18), for the ratio of beam radiation on the tilted
surface to beam radiation on horizontal surface, and ρg for ground reflectance, also called albedo. Fur-
thermore, F1 and F2 are circumsolar and horizon brightness coefficients respectively, while terms a, (Eq.
3.16), and b, (Eq. 3.17), are solid angles corresponding to the circumsolar part, as seen from the inclined
plane.

a = max (0, cos θ) (3.16)

b = max (cos 85, cos θz) (3.17)

Rb =
cos θ

cos θz
(3.18)

Values of F1 and F2 may be obtained as provided below,

F1 = max (0, f11 + f12 ∆ +
π θz
180

f13) (3.19)

F2 = f21 + f22 ∆ +
π θz
180

f23 (3.20)

based on empirical coefficients displayed in Table 3.1, whereas ∆ being calculated as follows.

∆ =
Gd

Go
(3.21)

Using the Table 3.1, appropriate coefficients are chosen based on so called bins of clearness ε. Its
value is obtained using the equation below,

ε =
(Gd +DNI)/Gd + 1.041 θ3z

1 + 1.041 θ3z
(3.22)

where DNI stands for Direct Normal Irradiance, being calculated as follows.

DNI =
Gb

cos θz
(3.23)
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Table 3.1 Perez III, empirical coefficients

ε f11 f12 f13 f21 f22 f23

〈1, 1.065) -0.008 0.588 -0.062 -0.060 0.072 -0.022
〈1.065, 1.23) 0.130 0.683 -0.151 -0.019 0.066 -0.029
〈1.23, 1.50) 0.330 0.487 -0.221 0.055 -0.064 -0.029
〈1.5, 1.95) 0.568 0.187 -0.295 0.109 -0.152 -0.014
〈1.95, 2.8) 0.873 -0.392 -0.362 0.226 -0.462 0.001
〈2.8, 4.5) 1.113 -1.237 -0.412 0.288 -0.823 0.056
〈4.5, 6.2) 1.060 -1.600 -0.359 0.264 -1.127 0.131
〈6.2,∞) 0.678 -0.327 -0.250 0.156 -1.377 0.251

3.2.2 HDKR model

To cross validate the results provided by Perez III model, Hay-Davies-Klutcher-Reindl model was em-
ployed. In order to calculate the global radiation on the tilted surface, two more factors have to be
determined for HDKR model.

First, anisotropy index, Ai, being the measure of atmospheric transmittance of beam radiation, used
to estimate the amount of circumsolar diffuse radiation.

Ai =
Gb

Go
(3.24)

And next, the horizon brightening coefficient, f , related to the cloudiness. Its value acknowledge
the fact, that more of diffuse radiation comes from the horizon than from the rest of the sky.

f =

√
Gb

G
(3.25)

Finally, the global solar radiation incident on the tilted plane can be computed according to the
equation below.

GT = (Gb +GdAi)Rb +Gd (1−Ai) (
1 + cosβ

2
) [1 + f sin3 (

β

2
)] +Gρg (

1− cosβ

2
) (3.26)

3.2.3 PV array power

Once the global solar radiation incident on PV surface is obtained, the power output of the photovoltaic
array can be calculated. However, to account for the real-world performance of PV module instead of
the performance under standard test conditions, a derating factor fPV needs to be introduced. Its value
regards effects of the soiling of the panels, wiring losses, partial shading, aging and so on, typically
reaching values around 0.8. Utilizing this fact, a true photovoltaic array power output can be calculated
as follows,

PPV = YPV fPV (
GT

GT,STC
) (3.27)

where, YPV stands for the rated capacity of the PV module and GT,STC represents the incident radiation
under standard test conditions, that being 1 kW/m2.

Furthermore, the module temperature, if known, may be addressed separately, yet for the sake of
simplicity, its influence will be included within the derating factor only.
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3.3 Model verification

Based on the theory presented in the previous sub-chapter, Perez III and HDKR solar radiation models
were build. To test the models performance and verify the results, it was necessary to provide the only
input variable, global irradiance on the horizontal plane, sampled through the year. For that purpose,
PVGIS-SARAH database was used.

PVGIS, Photovoltaic Geographical Information System is the part of EU Science Hub, under Eu-
ropean Commission, which provides information about solar radiation and photovoltaic system per-
formance. It contains various online tools and databases, while being publicly accessible. Previously
mentioned PVGIS-SARAH database, being located there, accommodates, among others, also required
measurements of global irradiance on the horizontal plane at a single hour time step. The only downside
is, that the entire database stores only values through the years 2005 to 2016.

However, considering the size of PVGIS-SARAH data set compared to its ”obsolescence”, while
also keeping in mind that the yearly variation of incident solar radiation is only within units of percent,
available data were assumed satisfactory for the given purpose.

3.3.1 Input values

As the database covers Europe, Africa, most of Asia, and parts of South America, having a spatial
resolution of 0.05◦ x 0.05◦ (∼ 5 km), test location needed to be specified. For that, the position of
latitude 50.094◦, longitude 14.334◦, and elevation 315 meters was chosen, representing site in the Czech
Republic, Prague, district n.6.

Furthermore, the photovoltaic array was stated as fixed mounted, with rated capacity of 1 kWp, tilt
of 38◦ and azimuth 0◦. Additionally, regarding the mathematical model, the derating factor was set to
0.8 and ground reflectance to 20 %. Lastly, for the sake of PVGIS online tool, PV module technology
was specified as crystalline silicon, system losses kept at a default value, 14 %, and mounting position
defined ”free standing”, allowing air circulation around the panels, thus providing natural cooling.

To verify the models performance, data of all 12 years were utilized within the calculation, which
not only provided a great sample for comparison of Perez III and HDKR results, however also allowed
for a cross validation with PVGIS online tool, which calculates an average monthly and yearly PV power
output based on whole PVGIS-SARAH data set.

3.3.2 Results comparison

The data predicted for given inputs were of two kinds, first, the total solar irradiance on a tilted surface,
and second, the power output of the photovoltaic array. For the sake of initial representation of mod-
els performance, all predicted values through the years were compared to PVGIS online tool reports,
those assumed to be ”correct”. (In further text referred as WEB data). As a result, a total irradiance
absolute/relative error and a photovoltaics power output absolute/relative error were obtained.

Additionally, it is important to note, that the results are provided in Coordinated Universal Time,
same as the data from PVGIS are sampled.

GTERR−A
= GTPREDICTED

−GTWEB
(3.28)

GTERR−R
=
GTPREDICTED

−GTWEB

GTWEB

(3.29)

PVPERR−A
= PVPPREDICTED

− PVPWEB
(3.30)

PVPERR−R
=
PVPPREDICTED

− PVPWEB

PVPWEB

(3.31)
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Since the entire data set contained 105 120 samples, out of which 50 205 were non-zero values, box
plot was chosen for the evaluation purpose. In order not to compromise the plot significance, zero values
were excluded.

Fig. 3.7: Total irradiance absolute (left) and relative (right) error

Fig. 3.8: Photovoltaics power output absolute (left) and relative (right) error

As it can be seen from both figures, (Fig: 3.7, 3.8), HDKR model provides generally closer fit to
the WEB data, then PEREZ model. For both it can be also assumed, that the error from total irradiance
prediction gets further expanded in PV power output prediction.

To better understand the error origins and effects on prediction precision, the complete data set was
divided into months, while the box plot was compiled with regard to an hourly predictions error.
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Fig. 3.9: Total irradiance absolute (top) and relative (bottom) error - January

Fig. 3.10: Photovoltaics power output absolute (top) and relative (bottom) error - January
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Fig. 3.11: Total irradiance absolute (top) and relative (bottom) error - March

Fig. 3.12: Photovoltaics power output absolute (top) and relative (bottom) error - March
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Fig. 3.13: Total irradiance absolute (top) and relative (bottom) error - June

Fig. 3.14: Photovoltaics power output absolute (top) and relative (bottom) error - June
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For the sake of clarity, only plots for January, March and June are presented in the chapter, whereas
the whole set can be seen in the Appendix A. These three months, however, provide a great representa-
tion of models performance, during all three ”periods”. winter, transition and summer.

As it can be observed, given the axis scales are kept identical for all the months, during winter,
the absolute prediction error is comparatively the greatest for both, the total irradiance and the photo-
voltaics array power output. Due to the low amount of solar radiation, also the relative error skyrockets
of the range. Through the transition period and furthermore in summer, the error rate drops down, both
in absolute and relative numbers.

What is common for all three data sets, is that the most recognizable relative errors occur during
the sunrise and sunset, while during the forenoon, both models tend to under predict and during the after-
noon, over predict. Overall, as previously implied from Figures 3.7 and 3.8, it can be noted, that HDKR
model produces better estimates than PEREZ model, with regard to PVGIS online tool.

Despite the info-graphic value of the presented figures, it remains unclear, what are the actual cu-
mulative errors and thus, whether the prediction provides reasonable data for further utilization. For that
reason, aggregated plots for monthly and yearly offsets are presented next.
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Fig. 3.15: Monthly total irradiance relative error
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Fig. 3.16: Yearly total irradiance cross comparison
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Fig. 3.17: Yearly total irradiance relative error
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Fig. 3.18: Monthly photovoltaics power output relative error
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Fig. 3.19: Yearly photovoltaics power output cross comparison
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Fig. 3.20: Yearly photovoltaics power output relative error
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As it can be deduced from the cumulative figures, despite of a slight error rate on the daily scale,
both relative and absolute errors tend to be reasonably small in an bigger scope. Both models tend to
over predict, with regard to WEB data, however in case of PEREZ model, that being around 2.8 % for
total irradiance prediction and 4.3 % for photovoltaics power output, whereas in case of HDKR model,
only 1.1 % relative error on a yearly basis for total irradiance prediction and 2.5 % error for PV power
output prognosis.

Based on these results, both models are considered to perform fairly well and with acceptable pre-
diction accuracy. Regarding the performance of both models, although HDKR initially being considered
only as a cross validation platform, it turned out to produce better fitting data. For such reason, it was
decided to utilize HDKR model instead of Perez III, for the following photovoltaics calculations.
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3.3.3 HDKR modeling examples

Provided that bare solar irradaition and PV production curves account for only half of desired model-
ing outcome, missing the demand side load curves, achieved results of HDKR model are just briefly
showcased.

Presented figures illustrate PV system of 1 kWp installed solar array, with tilt of 38◦ and azimuth 0◦,
as specified in the Subsection 3.3.1.
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Fig. 3.21: PV system production curve - January
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Fig. 3.22: PV system production curve - June
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Chapter 4

Household consumption profile

Having the radiation model selected and its implementation and performance verified, energy ”produc-
tion side” of the photovoltaics system optimization model was established. Consequently, it was neces-
sary to compile the energy ”consumption side”, thus the energy need profile of the average household
through the year.

4.1 Daily load profile

Through the years, numbers of household energy consumption studies were performed for various rea-
sons, all showing great similarity, once it came to household daily load profile. Generalized profile
regarding the EU average household by Almeida et al. (2011) is provided below, yet comparable results
were published by Andersen et al. (2017), Lee et al. (2014), Palmer et al. (2013) and many others.

Fig. 4.1: Load profile of an average EU household
Almeida et al. (2011)

Figure 4.1 however represents only electricity related load profile, lacking a greater detail of hot
water heating and space heating data. Such energy needs have to be also addressed, in order to obtain
a complete household energy consumption profile.

31



Regarding a daily hot water heating, or rather domestic hot water (DHW) need, common patterns
can be also found in various studies, Medved et al. (2019), Lutz (2017), Knight et al. (2007), showing
a typical morning peak and later a smaller evening peak, as in Figure 4.2.

Fig. 4.2: Comparison of residential average daily DHW consumption profiles
Knight et al. (2007)

The same can be applied to generic demand profile of residential space heating, presented e.g. by
Sweetnam et al. (2018) or Palmer et al. (2013).

Fig. 4.3: Space heating demand profile
Sweetnam et al. (2018)
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Based on an in-depth analysis of daily load profiles, an average household consumption profile was
formed. In the model, energy needs of space heating, water heating, lighting, cooking, air conditioning,
electric appliances and ”other” are addressed separately, while ”electric appliances” were subdivided into
cold appliances, audiovisual, ICT and washing and drying. Such approach provides greater precision and
especially an option for additional introduction of demand seasonality and other modifications.

For the sake of clarity, space heating and water heating will be further referred as to thermal loads,
regardless of whether the actual heaters are powered by electricity or any other form of energy, e.g. by
gas or solid fuels. Likewise, lighting, cooking, air conditioning, electric appliances and ”other” purely
electrical appliances, will be referred to as electrical loads.

Load curves were however made, by using relative values and thus it was necessary to get the abso-
lute data of daily consumption. Provided that the case study location is specified in Prague, the Czech
Republic, appropriate inputs were obtained from Eurostat - database of European statistics, ODYSSEE-
MURE - database project containing detailed energy efficiency and CO2-indicators with data on energy
consumption, and the Czech Statistical Office.

Table 4.1 Average household yearly consumption in the Czech Republic, 2018

kWh/dwelling %

Space heating 14 070 69.57
Water heating 3 163 15.64
Cooking 1 291 6.38
El. appliances 1 198 5.92
Lighting 179 0.89
Air conditioning ∼ 0 ∼ 0
Other 324 1.60

Thermal loads 17 233 85.21
Electrical loads 2 992 14.79

Given the presented values, a load profile on average day at Czech Republic household was made,
while for the sake of simplification, the difference between the workdays and weekends was neglected.
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4.2 Demand seasonality

Considering that every day of the year is an average day, no matter, whether it is a workday, weekend or
a holiday, inevitably affects the precision of modeling, yet the effect is not marginal. On the other side,
seasonality effects on the residential sector energy demand are of a great importance and thus have to be
included.

In order to account for the demand variability during a year, data from an extensive survey by Zim-
mermann et al. (2012) on the topic of the domestic electrical product usage were utilized, seconded by
works of Atanasoae (2020), Watson et al. (2019), Rehman et al. (2016) and Leeuwen et al. (2015).

Fig. 4.4: Examples of relative seasonality effects; Zimmermann et al. (2012)
(No seasonality would result in straight line at vertical axis value = 1)
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4.3 Energy needs modeling

Having both, a daily load profile and seasonality researched, a household energy demand model was
built. As a combination of household energy needs through the whole day and seasonality effects, yearly
load profile of an average dwelling on hourly basis was obtained.

Resulting plots for winter, transition, and summer period can be seen in the next pages, represented
by months - January, April, and July.

In the Figure 4.5, the total demand for energy may be examined, where for winter and a transition pe-
riod, the space heating needs are dominating. That is not the case of the last plot, illustrating the summer
period.

Not to completely overlook the smaller additions to the load profile, in the Figure 4.6, the influence
of space heating is ignored, while in Figure 4.7, both, space and water heating imprint is avoided.
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Fig. 4.5: Household energy demand - January (top), April (middle), July (bottom)
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Fig. 4.6: Household energy demand, neglecting space heating
- January (top), April (middle), July (bottom)
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Fig. 4.7: Household energy demand, neglecting space and water heating
- January (top), April (middle), July (bottom)
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Chapter 5

Optimization modeling

Having both radiation model and household consumption model implemented, therefore knowing, PV
systems yields and household energy needs in a year, a desired model for photovoltaics system optimiza-
tion could be made.

5.1 Calculation approach

The general idea behind a model setup is fairly simple. As input data, average household is introduced,
requiring energy to cover its electrical and thermal needs. No matter what is the origin of such energy,
the demand has to be met. Considering various options used in a residential sector to fulfill energy
requirements, three different alternatives were taken into account.

• Household utilizing electricity only for cooking, cold appliances, audiovisual, information and
communication technologies, washing and lighting, whereas both water and space heating are
covered by either gas, a solid or liquid fuel burner. In such case, electricity consumption is quite
low and thus it comes at a single tariff, having the same price in the whole day. Further on, this
variant will be referred to as V1 El.App

• Household utilizing electricity for common electrical loads (same as above), plus also using an
electric accumulation water heater - electric boiler. Electricity is billed at a two-tariff rate, while
boiler operates only during a low tariff (LT), active 8 hours a day. Space heating is still covered by
either gas, a solid or liquid fuel burner. V2 DHW

• Household utilizing electricity for common electrical loads, water heating and space heating. For
the sake of simplicity, water heating and space heating is assumed to be a single system, sharing
both, a heating element and an accumulation tank. This variant is further subdivided based on
electricity tariff type.

– Accumulation heater, preparing heat prior to its consumption. Electricity billed at two-tariff
rate, heater operates only during the a low tariff, active 8 hours a day. V3.1 DHW+SH

– Accumulation heater, same as in previous option, yet the low tariff is active 20 hours a day.
V3.2 DHW+SH

In the calculation, no flow-through heaters are included. The reason for that is the operational nature
of the mentioned heaters, preparing hot water directly in time of demand. Such regime is incompatible
with the modeling resolution, as the time scope of matching photovoltaic surplus power against energy
needs of flow through boilers would allow for even surpluses, that would in reality occur at dissimilar
times to boilers energy demands, to be matched together within a single 1-hour modeling step.
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The choice of the various alternatives and complementary electricity tariffs was made according to
current situation in the Czech Republic, representing:

• Tariff D02d, without LT, for common electrical appliances.

• Tariff D25d, 8 hour LT, for district hot water boilers with accumulation.

• Tariff D26d, 8 hour LT, for space (and water) heating with accumulation.

• Tariff D57d, 20 hour LT, for space and water heating using hybrid heaters or heat pumps.

Through the countries, both the systems and billing tariffs may differ. In such case, the model input
values would need to be modified.

Also, the distribution of low tariff periods in the day might vary, often switching between a low tariff
(LT) and a high tariff (HT) on 30-minute basis. Provided that both radiation and household consumption
models work with 1-hour time step, LT distribution was adjusted.

Table 5.1 Tariffs used within the model, low tariff distribution

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00

8-hour LT LT HT LT LT LT HT HT HT HT HT HT
20-hour LT LT LT LT HT LT LT LT HT LT LT LT

12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

8-hour HT HT HT HT LT LT LT HT HT HT HT HT
20-hour LT HT LT LT LT LT LT HT LT LT LT LT

Now that the alternatives of household energy systems are set, it is important to focus on how they
are powered. Initially the dwelling is expected to be built without photovoltaics power station in mind,
thus designed to satisfy its energy needs in another way. From that point of view, any electricity later
supplied by photovoltaic system is considered an extra.

Speaking of PV system, in the whole study, always a set of solar panels, battery storage and PV
inverter is considered.
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5.1.1 Energy flow

If we now presume a photovoltaic power plant to be additionally installed to the household infrastructure,
it is important to set the rules, so that the solar electric power is utilized efficiently. For that reason, it is
important to prioritize its use, and thus the model logic goes in the following fashion.

At the beginning, the electrical demand and PV power output is estimated.

1. If PV power output is greater than the demand, the electric loads demand (no heaters) is covered
and surplus energy is

(a) used to charge the battery storage, unless it is full or the charging power would be above the
maximum allowed charging rate. In such case, the surplus energy is

(b) used to charge the heat storage, if present, unless it is fully charged (heated to the maximum
temperature). In case that none of the foregoing is applicable, the surplus energy is

(c) send to the grid.

2. If PV power output is lower than demand, all PV electricity is directly utilized, while electricity
still needed is

(a) covered from the battery, unless it is empty or the discharge current would be above the max-
imum allowed discharge rate. In such case, demand is

(b) covered from the grid, no matter the electricity tariff.

In parallel, thermal demand is examined.

3. If an accumulation heater is present, the heat demand is covered from a storage tank, while after-
wards, if it was not fully charged by PV surplus power,

(a) if a low tariff is active, the heater is turned on, to recharge the accumulation capacity, using
electricity from the grid. In another case,

(b) if a high tariff is active, the heater remains off.

Side notes:
System is considered to be single phase, neglecting the possibility of asymmetric load of individual
phases of a three-phase system.
System model is designed in a way, that accumulation heater has suitable power output, so that during
the year, there is always minimal 10 % of accumulation capacity reserve. That apply for the settings
prior to photovoltaics power station installation.
Heat storage capacity is denoted purely in kilowatt hours, thus being independent of space and water
heating systems temperatures.
All energy demands are covered at 100% efficiency, ignoring conversion and dissipation loses of elec-
trical and thermal systems. The only exception is battery storage charging and discharging, of which
the efficiency is set as an input parameter.
Regarding the aforementioned, even thermal systems for V3.2 DHW+SH are assumed to work at 100 %
efficiency, despite the fact that in case of using heat pumps, the coefficient of the performance is always
higher than 1, often in the range of 3 to 4.
No battery stored energy is used for heating purposes.
Discharging battery is independent of the electric tariff.
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Fig. 5.1: Model load curves and energy flows visualization
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In order to better illustrate energy flows logic, graphs showing the real operation of the model are
presented in Figure 5.1. Provided charts refer to photvoltaic system for household type V2 DHW, hav-
ing the specifications of 2.24 kWp solar array, 2.80 kWh battery storage, 10 kWh heat accumulation tank
and 1.28 kW heater. The data originate from the day in mid June.

Note: Both the state of the battery storage and the state of heat storage are plotted for the end of
computational step. Equal discharging and recharging the battery or the heat storage may happen within
single step, resulting in no visual change in plotted value. E.g. data points 11:00 to 13:00 for the accu-
mulation tank charge.

Flowing the aforementioned logic, the case of 1.(a) can be seen from the time points 04:00 to 08:00.
The PV production outweighs the demand of electrical loads and thus the surplus energy is used to charge
the battery storage.

Coming to the case 1.(b), once the battery storage is full, PV surplus electricity is used to run
the heater despite the active HT. Data points 09:00 and 10:00.

Furthermore, if the PV surplus energy can not be used either for heat storage or the battery storage
charging, excess energy is send to the grid. The case 1.(c), data points 11:00 to 13:00.

Regarding the case 2.(a), data points 15:00 and 17:00 to 20:00 can serve as an example. For all, PV
production is insufficient to cover the demands of electrical loads and thus the battery is discharged to
supply the electrical loads.

Speaking of the case 2.(b), the best example can be noticed at data points 21:00 to 23:00. No PV
energy is produced and the battery storage is drained. Under such conditions, electricity to cover the
demand of electrical loads is obtained from the grid.

Lastly the thermal demand case 3.(a) can be recognized from the data points 00:00, 01:00, 03:00 to
05:00 and even 16:00 to 18:00. Complementary to that, the case 3.(b) can be seen at data points 03:00,
06:00 to 08:00, 15:00 and 19:00 to 23:00.

From the visualization, it is also clear, that different cases may occur together during single step. For
example 1.(b) and 1.(c) at data points 11:00 to 13:00.

43



5.1.2 Design boundary conditions

Having the study area in the Czech Republic, especially, regulations to be eligible for a governmental
subsidy need to be followed. Even though the gain of a government support is not a necessary condition
for photovoltaic power plant operating permit, it is advantageous to focus in such direction. The logic
behind is that the subsidy covers up to 50 % of the expenditure, which significantly affects the financial
return of the system. For this reason, it is irrelevant to pay attention to systems ineligible for subsidies,
given that compared to the subsidized systems they have no chance to succeed.

Speaking of the governmental directives, aside from obligations of the applicant and requirements
on PV system efficiency, the most notable ones are

• to utilize at least 70 % of the theoretical PV system production for self-consumption, while

• the battery capacity needs to be at least 1.25 kWh per each kWp installed, in case of lithium based
batteries, SFŽP (2020).

5.1.3 Photovoltaic system optimization

Based on the calculation logic, an entire model was compiled, providing an option for an analysis of
various photovoltaic and household systems settings. For the purpose of a legitimate cross comparison,
PV power utilization efficiency was chosen, referring to how much of ”solar electricity” is utilized for
household needs, out of all electricity produced.

The computation itself commence with an iterative sequence, (Calc.1), figuring the optimum battery
storage capacity, for given solar array size and utilization efficiency. Within this initial step, only elec-
trical loads demand of common appliances is taken into account. Thermal needs are not included. Such
PV sizing approach corresponds to setup V1 El.App.

As a result of the simulation, best numerical estimate of a battery pack capacity, ideal for given con-
ditions is obtained, which however, does not necessarily corresponds to the obtainable battery sizes on
the market. Similarly, a solar array nominal power output may not match the realistically assemblable
power output of the solar array. In such case, in reality, a next higher variant should be chosen.

Example: Given the annual consumption of electrical loads, 2 992 kWh, as presented in Table 4.1,
and input solar array size, e.g. 2.992 kWp, PV power output and household electrical loads demand is
determined, based on which the battery storage size is calculated, so that the utilization efficiency of the
entire PV system match desired value, e.g. 70 %. Surplus energy is either stored in the battery or sold to
the grid.

Next, utilizing the previously obtained battery pack size and the same solar array size, another cal-
culation loop is executed, (Calc.2). The logic stays the same, with the exception, that the photovoltaic
surplus energy can be used for charging the heat accumulation tank, while also two-tariff billing is prac-
ticed. Such approach corresponds to variants V2 DHW, V3.1 DHW+SH and V3.2 DHW+SH.

Provided that distinct dwellings, may operate diverse heating systems, having various sizes of heat
storage tanks and included heaters, five different variants were used for every simulation example. Initial
condition for any heater-accumulation set was to ensure minimal 10 % of heat storage reserve through
the year, based on which, the individual cases were put together.

Once again, as a result of simulation, best numerical estimate of a heater and accumulation tank
combination is obtained, ideal for input conditions. That, however, does not necessarily corresponds to
the realistically obtainable products on the market.
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Entire Calc.2 is yet a bit more complex, than the initial one and therefore it is further subdivided into
Calc.2.1 and Calc.2.2.

First, the heater system to cover the household thermal loads is optimized as an stand-alone device,
disregarding PV power station, (Calc.2.1). Such method corresponds to the preceding statement, that
the dwelling is expected to be built without photovoltaics power plant in mind.

Example: Given the annual consumption of thermal loads, 17 233 kWh, as presented in Table 4.1,
and the demand profile, accumulation storage capacity is chosen, e.g. 15 kWh and accordingly, heater
power output calculated, so that the combination of both match the condition of minimal 10 % of heat
storage capacity reserve through the whole year. In case this condition can not be fulfilled, bigger accu-
mulation storage is chosen and the computational loop repeats.

Next, utilizing the accumulation heater setup from previous calculation, Calc.2.2 modeling run is
executed, allowing for PV surplus energy to be stored in a heat storage tank.

Additionally to aforementioned, another computational sequence is launched, with different setup.
To acknowledge both of the governmental subsidy conditions, as presented in the Section 5.1.2, required
ratio 1:1.25 of solar array size to battery storage size is set as boundary condition this time. Calculation
is performed for the same solar array sizes as previously, yet the criteria of desired 70 % utilization rate
is loosened.

Example: As for the original computational sequence, based on the input solar array size, e.g. 2.992
kWp, the battery storage size was calculated, so that the utilization efficiency of entire PV system match
desired value, e.g. 70 %. Same solar array size, 2.992 kWp, in now used for another computational
sequence, where the battery size is set in accordance with the 1:1.25 ratio, thus 3.74 kWh. As a result,
value of utilization rate is obtained.

Aside from mentioned change, no other adjustments were made to the simulation loop.
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5.2 Model parameters

Having the photovlotaics optimization model complied, utilizing procedures earlier declared, it is impor-
tant to distinguish universally applicable ”core parts” of the model, from individually adjustable inputs.

Key components of the simulation algorithm being the radiation model and household yearly load
profile model, both designed with study site located in the Czech Republic in mind. As such, the op-
erational framework was assembled to correspond the local conditions. It is assumed, that for similar
geopolitical regions, their functioning should not be compromised and thus the optimization algorithm
could be applicable without configuration changes.

If we now focus on actual input parameters, they can be divided into two categories. First, based
on study site location, radiation model a load profile model inputs, and second, physical photovoltaic
system inputs.

As previously covered in Chapter 3, Section 3.3, measurements of global irradiance on the hori-
zontal plane are needed for studied location, as well as its latitude and longitude. In order to run the
radiation model, also the de-rating factor, the slope and azimuth of referred solar array are necessary,
with the addition of ground reflectance value.

Table 5.2 Radiation model input parameters

Latitude 50.094◦

Longitude 14.334◦

De-rating factor 0.8
Slope 38◦

Azimuth 0◦

Ground reflectance 20 %

Fig. 5.2: Study site location
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Focusing the household load profile model, values of yearly consumption are the required input, and
thus the average values for the Czech Republic household are utilized.

Table 5.3 Load profile model input parameters

Space heating 14 070 kWh
Water heating 3 163 kWh
Cooking 1 291 kWh
El. appliances 1 198 kWh
Lighting 179 kWh
Air conditioning ∼ 0 kWh
Other 324 kWh

Lastly, regarding the optimization model as a whole, household and heater type need to be specified,
together with the electricity tariff, (Chapter 5, Section 5.1). Additionally, the depth of discharge, charging
and discharging efficiency and maximal charging and discharging rate of battery storage is required.

Table 5.4 Battery storage input parameters

Depth of discharge 80 %
Charging efficiency 90 %
Discharging efficiency 90 %
Maximal charging rate 0.5 C
Maximal discharging rate 0.5 C

Values specified for battery storage pack generally represent prevalent guidelines for lithium iron
phosphate cells, most commonly used in residential photovoltaic systems. The particular numbers how-
ever, should be specified based on actual battery manufacturer and his recommendations.

5.2.1 Economical parameters

In order to carry out a technical-economic comparison, electricity pricing and investment cost of photo-
voltaic power station need to be addressed. Speaking of expenses on PV system, it is important to bear
in mind, that the real price is highly dependent on the solar system type, its manufacturer, supplier, and
also household infrastructure readiness. For this reason, the pricing needs to be considered as indicative
only.

A further presented appraisal is based on the product range and pricing of a well established photo-
voltaic components suppliers in the Czech Republic - Krannich Solar and GBC Solino.

Table 5.5 PV systems components pricing, taxes included

Solar panels 7 CZK/Wp
Mounting construction 2.6 CZK/Wp
Hybrid asymmetric inverter 8 CZK/Wp
LiFePO4 battery 9 400 CZK/kWh
Battery management system 18 000 CZK/piece
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Additionally, project management, transportation, and assembly costs derived from a market research
suggest, that the realization (and margins) account for approximately 50 % of the total price.

Together with the state subsidy, covering up to 50 % of total expenditure, it is to be assumed that PV
system price consists only of the prices of individual components summed up.

Regarding electricity prices, the standard values corresponding to a two-year contract for households
are presented. Precisely, the values given in the price list of ČEZ, electricity supplier, applicable in
the distribution area of ČEZ Distribution.

On top of that, feed in tariff price is employed, presuming the surplus electricity to be sold to the grid.
For that case, the price list of electricity supplier, Nano Energies, is used.

Table 5.6 Total unit price for electricity, including tax on electricity and system services

HT LT

D02d 4.476 CZK/kWh - CZK/kWh
D25d 4.549 CZK/kWh 2.500 CZK/kWh
D26d 3.232 CZK/kWh 2.500 CZK/kWh
D57d 2.567 CZK/kWh 2.468 CZK/kWh

Feed-in 0.800 CZK/kWh 0.800 CZK/kWh

5.2.2 Examined variants

To encompass the broader perspective and obtain a wide range of results for the evaluation, each house-
hold setup was tested for various sizes of solar array, scaling its nominal power output accordingly to
electrical loads demand. Namely, the values of 0.5, 0.75, 1, 1.25 and 1.5 times the electrical loads re-
quirements divided by thousand were used.

Example: Given the electrical loads of 2 992 kWh annually and solar array coefficient, e.g. 0.75,
photovoltaic array size is estimated at 2 992 · 0.75 / 1000 = 2.244 kWp.

Additionally, PV systems were optimized in two different ways, to comply with government direc-
tives as presented in Chapter 1, Section 5.1.2.

First, to match the 70 % utilization rate for given solar array size, scaling the battery storage capacity,
and second, to keep the battery capacity to solar array nominal power output ratio at 1.25:1.

Coming back to first mentioned, it is important to note, that for the sake of clearer comparison, 70 %
utilization rate has to be achieved as a combination of PV electricity directly used for electrical loads and
PV electricity stored in batteries. Therefore, no surplus energy used for heating was accounted. Such
approach does not entirely follow the conditions of the subsidy, yet provides more valuable outcomes.

Lastly, an optimized PV system setups were examined for each of the household variant. First,
searching for the best yearly benefit in comparison to system price and second, aiming for the best
LCOE. Both while following the conditions of subsidy.
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5.2.3 Evaluation criteria

For the purpose of PV systems evaluation, among others, three leading parameters were inspected. Pho-
tovoltaic system price, its yearly benefit and overall levelized costs of electricity.

Generally is the LCOE criteria given by equation as follows,

LCOE =

∑n
i=1

It+Mt+Ft
(1+r)t∑n

i=1
Et

(1+r)t

(5.1)

where It stands for investment expenditures in a year t,Mt for operational and maintenance expenditures
in the year t, Ft for fuel expenditures in the year t, Et for electrical energy generated in the year t, r for
discount rate and n for expected service life. As a result of Equation 5.1, price of produced energy is
obtained.

In order to properly apply the criteria for residential photovoltaics, slight adjustments had to be done.
Given the free solar radiation, fuel costs were removed from the equation. Similarly under assumption
of negligible costs of maintenance and operation, neither Mt parameter was needed.

for the sake of simplicity, discount rate was set to zero, provided that in the case of a photovoltaic
systems, it is a risk-free investment, where even the alternative risk-free investments show close to in-
significant rates. As such, effect of time was eliminated from the equation, which should be remembered
for future interpretation.

Based on these changes, the LCOE equation was modified to the form provided.

LCOE =

∑n
i=1 It∑n
i=1Et

(5.2)

Due to the varying value of PV produced electricity in households however, further alterations were
necessary. To acknowledge mentioned issue, Equation 5.2 was remade as shown below,

LCOE =

∑n
i=1 It +Wb −Ws∑n

i=1Wc
(5.3)

where Wb regards the price of electricity bought from grid in the year t, Ws the earnings form PV elec-
tricity sold to the grid in the year t and Wc the total amount of electricity consumed in the year t. As
a result, unit price of household consumed electricity is achieved.

Established criteria illustrates the decrease in the household electricity price thanks to the photo-
voltaic system self-supply and also the sales of surplus electricity. Consequently, the lower the LCOE in
comparison to the original el. price is, the greater revenue does the examined PV plant generate over its
service life.

Speaking of photovoltaic system lifespan, assessment period was determined 15 years, as given in-
terval corresponds to general PV system service life. Such choice may not be entirely rigorous, as the
solar panels often come with the 25-year performance warranty. On the other hand, life span of system
battery storage and inverter corresponds to a maximum of 15 years. Beltran et al. (2020); Narayan et al.
(2018)

Given these components comes as the most expensive part of the system, the service life is therefore
linked to them. Once their lifespan is over, it is surely an option to replace them with new ones, in order
to extend PV system operational life. Nonetheless, it is highly debatable what will be the state of PV
market in 15 years and thus the components replacement was not included in the simulation.
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Regarding the ”benefit” criteria, it was designed as an alternative to well established LCOE, offering
a different point of view. Its value combines the savings thanks to the self-produced electricity covering
the energy demands, with earnings due to selling the surplus energy to the grid. Electricity utilized for
self-consumption is then credited in accordance with immediate electricity tariff, whereas surplus sold
to the grid is credited in conformity to the feed-in tariff.

Linking the values of system price and its benefit inevitably leads to the price performance ratio,
which in other words determines system bare payback time. Such benchmark can be easily used to cross
compare completely dissimilar systems setups, yet it is important to keep in mind, that it favors invest-
ments with fast rate of return.

Overall, neither of the proposed criteria accounts for effects of time, regarding the discount rate,
the inflation and especially the development fluctuations of electricity prices. Such influences would be
hart to predict for the entire service life of the photovoltaic system, while in-depth assessment would be
necessary. For that reason simplifications were adopted, not to exceed the scope of the study.
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Chapter 6

Results and discussion

Having the simulation performed, obtained results follow, subdivided into sections based on household
variants. For each, charts illustrating different PV systems performance is provided. In the left column,
results corresponding to setup for 70 % utilization rate are presented, whereas in the right column, results
corresponding to solar array size to battery capacity at 1:1.25 are showcased. Further in the text, these
cases will be referred to as 70% UT and 1:1.25 RT

Regarding the statement from Chapter 5, Subsection 5.1.3, that for each household type and photo-
voltaics system combination, five different heater & accumulation tank combinations will be tested, it
was found out, that the different variants of the assemblies do not show significant differences. For that
reason, no related results are presented. (For heater & storage combinations studied, see Appendix B.)

The explanation for such a finding lies in the way of designing these systems. Due to the search
for the smallest storage tank with the smallest heater, which would meet the criteria of 10 % of thermal
storage capacity reserve through the year, assemblies were created with similar operational means. No
matter the fact, that based on the first eligible heater & storage combination, four more variants with
a bigger accumulation capacity yet a weaker heater were created and tested, all modeling results ended
alike.

This outcome, however, has an overlap into the real-world, where the choice of household heating
systems follows similar rules as in the mathematical model. Speaking of which, real systems are also
designed having a reserve while the emphasis on price leads to purchase of smallest acceptable one.

Based on the aforementioned, it is possible to say that as long as the heating system is somewhat
optimized to cover the household thermal demand, its exact scale does not play a crucial role if combined
with the PV system.

On the other hand, that is only applicable in the case of ”uncontrolled” thermal systems, where the ac-
cumulation tank serve as PV surplus storage, yet is not communicating with photovoltaic power station.
Provided, that both systems would be connected through a control unit, it would be possible to increase
potential for PV surplus energy utilization, by adjusting the heater functioning, whereas bigger storage
tanks would presumably offer better options for optimization.

Considering the charts provided below, in contrast to an initial claim from Chapter 5, Subsection
5.2.2, only PV sizes of 0.5/1000, 0.75/1000 and 1/1000 of household electrical loads demand were
included in the comparison of final results.

The reason behind was the impossibility to achieve 70 % utilization rate in V1 El.App, with solar
array size at 1.25/1000 or 1.5/1000 of electrical loads demand, regardless of the battery size. Concerning
the variants V2 DHW, V3.1 DHW+SH and V3.2 DHW+SH, desired utilization can be achieved, how-
ever due to the inadequacy of the system price in such case, mentioned solar array setups were cut out of
final comparison anyway.
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6.1 V1 El.App

Household utilizing electricity only for cooking, cold appliances, audiovisual, information and com-
munication technologies, washing and lighting, whereas both water and space heating are covered by
gas, solid or liquid fuel burner. Electricity billed at single tariff, D02d , having the same price through
the whole day.
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Fig. 6.1: Means of utilizing PV plant electricity, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Comparing both 70% UT and 1:1.25 RT variants, it can be clearly seen in Figure 6.1, that the for-
merly mentioned perfectly match desired utilization rate, however in case of PV size 1.50 kWp and
battery capacity 0.94 kWh, condition of 1 kWp : 1.25 kWh is not met. Similarly, in 1:1.25 RT chart,
case of PV size 2.24 kWp, battery capacity 2.80 kWh and PV size 2.99 kWp, battery capacity 3.74 kWh,
condition of minimal 70 % utilization rate is not satisfied.

Due to an identical electrical demand and solar array size, directly utilized PV electricity stays
the same in corresponding setups, no matter the variant. The only difference here is hence caused by
the battery storage size. That is the one compensating for the increase in PV energy output, keeping
the utilization rate on required value in case of 70% UT.
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Fig. 6.2: Means of covering el. loads demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.3: PV system price and profit, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.4: Household LCOE, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Speaking of the Figure 6.2, the effect of increasing the overall PV system size can be related to
decreasing dependency on the grid. Accordingly, in Figure 6.3, system price rises while also the an-
nual system benefit grows. (The value of the system benefit accounts for financial savings thanks to
the reduced grid electricity need and the income from electricity sold to the grid.)

Within the Figure 6.3, a comparison of the system price and benefit over 15-year period is demon-
strated. Neither inflation, nor an electricity price increase over the years are taken into consideration.
Similar can be said also of Figure 6.6, showing levelized cost of electricity of various setups.

Given the evaluation parameters results, it can not be unequivocally said, whether it is better to design
bigger system, showing lower LCOE, or smaller system with shorter bare payback time, under conditions
of V1 El.App.
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6.1.1 Optimized variant

In order to determine the optimal PV system setup for V1 El.App, calculation was performed two more
times, optimizing for the best ratio of a photovoltaic plant price and an annual system benefit first, and
next for the smallest household levelized cost of electricity.

Table 6.1 Optimization results

Optimization System setup Utilization Yearly Payback
criteria kWp; kWh efficiency benefit period

System payback p. 1.27; 1.59 83.95 % 5 132 CZK 10.78 years
Household LCOE 2.04; 2.55 70.00 % 7 039 CZK 11.08 years
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Fig. 6.5: PV system price and profit, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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Fig. 6.6: Household LCOE, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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6.2 V2 DHW

Household utilizing electricity for common electrical loads (same as previously), plus also using an elec-
tric accumulation water heater - electric boiler. Electricity is billed at two-tariff rate, D25d, while boiler
operates only during the low tariff, active 8 hours a day. Space heating is still covered by either gas, solid
or liquid fuel burner.
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Fig. 6.7: Means of utilizing PV plant electricity, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Analyzing Figures 6.1 and 6.7, studied PV systems stay the same in both occurrences. In the latter,
however, surplus electricity is also used for district water heating, consequently increasing the utilization
rate. The inclusion of an electric boiler in a photovoltaic system thus significantly improves the balance
of electricity self-consumption, while it entitles formerly excluded systems 1:1.25 RT, 2.24 kWp; 2.80
kWh and 1:1.25 RT, 2.99 kWp; 3.74 kWh to a subsidy application.
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Fig. 6.8: Means of covering el. loads demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.9: Means of covering thermal demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Examining Figures 6.2 and 6.8, proportions of the bars show no change in general means. Still, in
Figure 6.8, differentiating in accordance with a high and low electricity tariff can be seen. Due to the
overall lower prices in two tariff billing, household relative energy costs are reduced. On the other hand,
from the point of PV system profit, this influence is negative. In comparison to single tariff billing,
”PV direct” or ”Battery stored” energy covering the demands during a low tariff rate is now valued at
a reduced price, ultimately decreasing the photovoltaic system benefit.

Additionally, charts regarding the sources of household heat demand covering are provided in Fig-
ure 6.9. Given the boiler operating exclusively at low tariff, no HT/LT distinction is applied, whereas
the ”PV surplus” energy is credited at low tariff price.
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Fig. 6.10: PV system price and profit, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.11: Household LCOE, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

By combining the positive and negative effects of the DHW inclusion to the system of a photovoltaic
power plant, a yearly profit is obtained. Unfavorable effects of reduced electricity value can be seen by
comparison of Figures 6.3 and 6.10. For both, the ”PV system price” stays the same while cumulated
”PV system benefit after 15 years” it is clearly decreased in the latter one. Contrarily, setting the ”PV
system benefit after 15 years” of Figure 6.3 side by side with ”PV + Heat system benefit after 15 years”
of Figure 6.10, a slight beneficial effect of combining PV system with DHW system is noticeable.

The same conclusion can be reached by comparing the annual profitability of the system, also shown
in the mentioned figures. for the sake of clearer comparison, numerical values regarding the aforemen-
tioned are provided within Table 6.2.

Examining Figure 6.11, interesting contrast may be seen for setups 70% UT and 1:1.25 RT. In
case of the former, household LCOE rises with PV system size increase, whereas in case of the latter,
the opposite is true. Such effect can be linked to the battery storage capacity and its influence on the
system price.
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Table 6.2 Comparison of V1 El.App and V2 DHW PV systems price, profit and payback period

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

PV system price 53 189 CZK 87 303 CZK 130 284 CZK
V1; PV annuall benefit 5 303 CZK 7 668 CZK 9 993 CZK
V2; PV annuall benefit 4 988 CZK 6 939 CZK 8 987 CZK
V2; PV+DHW annuall benefit 5 782 CZK 7 901 CZK 10 007 CZK
V1; PV payback period 10.03 years 11.39 years 13.04 years
V2; PV payback period 10.66 years 12.58 years 14.50 years
V2; PV+DHW payback period 9.20 years 11.05 years 13.02 CZK

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

PV system price 61 892 CZK 83 837 CZK 105 783 CZK
V1; PV annuall benefit 5 717 CZK 7 497 CZK 9 131 CZK
V2; PV annuall benefit 5 178 CZK 6 772 CZK 8 321 CZK
V2; PV+DHW annuall benefit 5 757 CZK 7 785 CZK 9 548 CZK
V1; PV payback period 10.83 years 11.18 years 11.59 years
V2; PV payback period 11.95 years 12.38 years 12.71 years
V2; PV+DHW payback period 10.75 years 10.77 years 11.08 years

* Values in italic originate from systems unqualified for subsidy, thus should serve as indicative only.
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6.2.1 Optimized variant

In order to determine the optimal PV system setup for V2 DHW, calculation was performed two more
times, optimizing for the best ratio of a photovoltaic plant price and an annual system benefit first, and
next for the smallest household levelized cost of electricity.

Table 6.3 Optimization results

Optimization System setup Utilization Yearly Payback
criteria kWp; kWh efficiency benefit period

System payback p. 1.81; 2.56 97.64 % 6 647 CZK 10.68 years
Household LCOE 3.54; 4.42 77.58 % 10 695 CZK 11.39 years
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Fig. 6.12: PV system price and profit, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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Fig. 6.13: Household LCOE, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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6.3 V3.1 DHW+SH

Household utilizing electricity for common electrical loads, water heating and space heating. Both water
heating and space heating is assumed to be a single system, sharing a heating element and an accumula-
tion tank. The electricity is billed at a two-tariff rate, D26d, while heater operates during the low tariff
only, being active 8 hours a day.
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Fig. 6.14: Means of utilizing PV plant electricity, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Introducing the space heating on top of water heating and electrical loads, the utilization potential is
further increased. The outcome of such setup can be observed examining Figures 6.7 and 6.14, yet the
effect is not that significant. The reason behind is the space heating demand seasonality and relatively
small PV systems studied.

Due to the discrepancy in the main heating demand period (winter) and PV system peak produc-
tion period (summer), interconnection of these two systems does not show a major benefit. It is up to
question, what result would be achieved in combination of a space heating and electrical loads solely,
however, given this composition being used very rarely, if at all, such case was not examined.

Table 6.4 Comparison of V2 DHW and V3.1 DHW+SH PV energy utilization rate

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

V2; Total utilization rate 98.81 % 93.28 % 88.54 %
V3.1; Total utilization rate 99.68 % 97.02 % 93.71 %

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

V2; Total utilization rate 99.97 % 92.02 % 82.89 %
V3.1; Total utilization rate 100.00 % 96.35 % 91.21 %
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Fig. 6.15: Means of covering el. loads demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.16: Means of covering thermal demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.17: PV system price and profit, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.18: Household LCOE, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Looking at the Figures 6.8 and 6.15, the only disparity to be seen is the change in the ”Electricity
value” due to the different pricing of tariffs D25d and D26d. Aside from that, the photovoltaics systems
underwent no changes, while the low tariff periods stay the same.

A more significant change can be observed when comparing Figures 6.9 and 6.16, where because
of the space heating load addition in a current household type, a relative amount of the thermal demand
covered from PV system decreased.

Analyzing the economic evaluation of PV setups under the conditions of V3.1 DHW+SH, again, the
negative effect of a lower electricity value goes against the positive effect of an increased utilization rate.
To properly judge the outcome, numerical values are provided in Table 6.5, seconded with Figure 6.18.

Table 6.5 PV systems price, profit and payback period under V3.1 DHW+SH

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

PV system price 53 189 CZK 87 303 CZK 130 284 CZK
PV annuall benefit 3 797 CZK 5 397 CZK 7 019 CZK
PV+DHW+SH annuall benefit 4 615 CZK 6 514 CZK 8 324 CZK
PV payback period 14.01 years 16.17 years 18.56 years
PV+DHW+SH payback period 11.52 years 13.40 years 15.65 CZK

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

PV system price 61 892 CZK 83 837 CZK 105 783 CZK
PV annuall benefit 3 980 CZK 5 290 CZK 6 540 CZK
PV+DHW+SH annuall benefit 4 559 CZK 6 482 CZK 8 226 CZK
PV payback period 15.55 years 15.85 years 16.17 years
PV+DHW+SH payback period 13.58 years 12.93 years 12.86 CZK
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6.3.1 Optimized variant

In order to determine the optimal PV system setup for V3.1 DHW+SH, calculation was performed two
more times, optimizing for the best ratio of photovoltaic plant price and annual system benefit first, and
next for the smallest household levelized cost of electricity.

Table 6.6 Optimization results

Optimization System setup Utilization Yearly Payback
criteria kWp; kWh efficiency benefit period

System payback p. 2.89; 3.61 91.85 % 7 998 CZK 12.86 years
Household LCOE 3.88; 4.85 85.83 % 10 108 CZK 13.04 years
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Fig. 6.19: PV system price and profit, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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Fig. 6.20: Household LCOE, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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6.4 V3.2 DHW+SH

Household utilizing electricity for common electrical loads, water heating and space heating. Both water
heating and space heating is assumed to be single system, sharing heating element and accumulation
tank. Electricity is billed at two-tariff rate, D57d, while heater operates during the low tariff only, being
active 20 hours a day.
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Fig. 6.21: Means of utilizing PV plant electricity, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Switching from 8-hour LT two tariff billing to 20-hour LT two tariff billing, an important change
happens in the heater & accumulation assembly. Provided that the low tariff is running for 20 hours
a day, requirements on both, heater and storage tank change. There is no longer need to accumulate
the heat for lengthy periods of high tariff, and thus the necessary size of thermal storage tank is reduced.
Similarly, as the heater is allowed to run for the greater part of the day, lower power output is sufficient.
(See the Appendix B. for a proof.) The said setup corresponds to hybrid or heat pump systems.

Speaking of uncontrolled systems, the outcome of such modification is adverse. Given the reduced
storage tank volume combined with heater running for greater part of the day, capacity for PV surplus
utilization is decreased. The result can be seen by comparing Figures 6.14 and 6.21, or more precisely,
from Table 6.7.

Table 6.7 Comparison of V3.1 DHW+SH and V3.2 DHW+SH PV energy utilization rate

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

V3.1; Total utilization rate 99.68 % 97.02 % 93.71 %
V3.2; Total utilization rate 94.00 % 87.38 % 83.74 %

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

V3.1; Total utilization rate 100.00 % 96.35 % 91.21 %
V3.2; Total utilization rate 95.19 % 86.57 % 79.78 %

64



 0
 800
1 600
2 400
3 200
4 000
4 800
5 600
6 400
7 200
8 000

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

1.50; 0.94 2.24; 3.17 2.99; 6.53

El
ec

tr
ic

ity
 v

al
ue

 [C
ZK

/y
ea

r]

Sh
ar

e 
of

 e
l. 

co
pn

su
m

pt
io

n

PV size [kWp]; Battery capacity [kWh]

 From PV drectly at HT  From PV drectly at LT

 Form battery at HT  Form battery at LT

 From grid at HT  From grid at LT

 Direct PV el. value  Battery el. value

 Grid bought el. value  Grid sold el. value

 0
 800
1 600
2 400
3 200
4 000
4 800
5 600
6 400
7 200
8 000

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

1.50; 1.87 2.24; 2.80 2.99; 3.74

El
ec

tr
ic

ity
 v

al
ue

 [C
ZK

/y
ea

r]

Sh
ar

e 
of

 e
l. 

co
pn

su
m

pt
io

n

PV size [kWp]; Battery capacity [kWh]

 From PV drectly at HT  From PV drectly at LT

 Form battery at HT  Form battery at LT

 From grid at HT  From grid at LT

 Direct PV el. value  Battery el. value

 Grid bought el. value  Grid sold el. value

Fig. 6.22: Means of covering el. loads demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.23: Means of covering thermal demand, having PV system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.24: PV system price and profit, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)
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Fig. 6.25: Household LCOE, having the system set up for
a 70 % utilization (left) or with solar array size to battery capacity at 1:1.25 (right)

Examining the Figure 6.22, a crucial difference from Figure 6.15 can be recognized. Due to the
extended periods of low tariff, also the majority of electricity obtained by PV plant is supplied at a low
tariff rate. As mentioned previously, such issue diminish the PV system profits, yet given the price
per kWh for D57d tariff, at HT: 2.567 CZK/kWh; at LT: 2.468 CZK/kWh, neither supplying the PV
electricity at HT would fundamentally improve the balance.

On top of that, if a heat pump is used in the system, the assumption of 100 % efficient conversion of
electricity into heat is not appropriate. Considering the usual coefficient of performance of heat pumps
in the range of 3 to 4, out of single unit of electricity about 3.5 units of heat are produced. Such behavior
is however not implemented within the model, where only one-to-one electricity to heat conversion is
employed.

Under ideal conditions, it may be presumed, that the heat pump would utilize the same amount of PV
surplus, as in one-to-one conversion, yet producing three to four times more heat. In such case the PV
system profit and LCOE would stay unchanged. That might be considered the theoretical best of both
values (for given case). In reality though, the heat production needs to somewhat meet the heat demand
and thus it is expected, that the profit would be lessened while the LCOE would rise.

The effect of decreased electricity price and lowered utilization rate can be seen from the comparison
of Figures 6.18 and 6.25, Figures 6.17 and 6.24, or more accurately, comparing Tables 6.5 and 6.8.
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Table 6.8 PV systems price, profit and payback period under V3.2 DHW+SH

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

PV system price 53 189 CZK 87 303 CZK 130 284 CZK
PV annuall benefit 3 120 CZK 4 520 CZK 5 895 CZK
PV+DHW+SH annuall benefit 3 769 CZK 5 225 CZK 6 636 CZK
PV payback period 17.05 years 19.31 years 22.10 years
PV+DHW+SH payback period 14.11 years 16.71 years 19.63 CZK

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

PV system price 61 892 CZK 83 837 CZK 105 783 CZK
PV annuall benefit 3 295 CZK 4 447 CZK 5 527 CZK
PV+DHW+SH annuall benefit 3 733 CZK 5 220 CZK 6 563 CZK
PV payback period 18.79 years 18.85 years 19.14 years
PV+DHW+SH payback period 16.58 years 16.06 years 16.12 CZK

* Values in italic originate from systems unqualified for subsidy, thus should serve as indicative only.
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6.4.1 Optimized variant

In order to determine the optimal PV system setup for V3.2 DHW+SH, calculation was performed two
more times, optimizing for the best ratio of a photovoltaic plant price and an annual system benefit first,
and next for the smallest household levelized cost of electricity.

Table 6.9 Optimization results

Optimization System setup Utilization Yearly Payback
criteria kWp; kWh efficiency benefit period

System payback p. 2.43; 3.04 84.67 % 5 570 CZK 16.05 years
Household LCOE 1.97; 2.46 89.60 % 4 698 CZK 16.13 years
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Fig. 6.26: PV system price and profit, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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Fig. 6.27: Household LCOE, having the system optimized for
shortest bare payback period (left) or smallest LCOE (right)
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6.5 Results evaluation

In order to easily analyze the overall performance of various PV system setups, summary of the payback
periods and LCOE change is provided in the Table 6.10. Additionally, values regarding the optimized
PV systems for all four household types are presented in Table 6.11 and Table 6.12.

Table 6.10 Summary comparison of payback periods and LCOE of individual systems

System setup 1.50; 0.94 2.24; 3.17 2.99; 6.53
70% UT kWp; kWh kWp; kWh kWp; kWh

PV system price 53 189 CZK 87 303 CZK 130 284 CZK
V1 El.App payback period 10.03 years 11.39 years 13.04 years
V2 DHW payback period 9.20 years 11.05 years 13.02 years
V3.1 DHW+SH payback p. 11.52 years 13.40 years 15.65 years
V3.2 DHW+SH payback p. 14.11 years 16.71 years 19.63 years

V1 El.App LCOE change -0.389 CZK/kWh -0.612 CZK/kWh -0.438 CZK/kWh
V2 DHW LCOE change -0.363 CZK/kWh -0.338 CZK/kWh -0.215 CZK/kWh
V3.1 DHW+SH LCOE chng. -0.053 CZK/kWh -0.035 CZK/kWh +0.018 CZK/kWh
V3.2 DHW+SH LCOE chng. -0.011 CZK/kWh +0.029 CZK/kWh +0.101 CZK/kWh

V1 El.App LCOE change -8.69 % -13.67 % -9.79 %
V2 DHW LCOE change -11.36 % -10.58 % -6.73 %
V3.1 DHW+SH LCOE chng. -2.06 % -1.36 % +0.70 %
V3.2 DHW+SH LCOE chng. -0.45 % +1.17 % +4.09 %

System setup 1.50; 1.87 2.24; 2.80 2.99; 3.74
1:1.25 RT kWp; kWh kWp; kWh kWp; kWh

PV system price 61 892 CZK 83 837 CZK 105 783 CZK
V1 El.App payback period 10.83 years 11.18 years 11.59 years
V2 DHW payback period 10.75 years 10.77 years 11.08 years
V3.1 DHW+SH payback p. 13.58 years 12.93 years 12.86 years
V3.2 DHW+SH payback p. 16.58 years 16.06 years 16.12 years

V1 El.App LCOE change -0.157 CZK/kWh -0.638 CZK/kWh -0.696 CZK/kWh
V2 DHW LCOE change -0.265 CZK/kWh -0.357 CZK/kWh -0.405 CZK/kWh
V3.1 DHW+SH LCOE chng. -0.022 CZK/kWh -0.045 CZK/kWh -0.058 CZK/kWh
V3.2 DHW+SH LCOE chng. +0.019 CZK/kWh +0.018 CZK/kWh +0.024 CZK/kWh

V1 El.App LCOE change -3.51 % -14.25 % -15.55 %
V2 DHW LCOE change -8.29 % -11.17 % -12.68%
V3.1 DHW+SH LCOE chng. -0.85 % -1.75 % -2.25 %
V3.2 DHW+SH LCOE chng. +0.77 % +0.73 % +0.97 %

* Values in italic originate from systems unqualified for subsidy, thus should serve as indicative only.

Quickly examining the values of systems payback period and LCOE, clear correlation can be seen.
If the bare payback time outreaches the assumed lifespan of photovoltaic system, LCOE for given house-
hold type increases in comparison to LCOE of household without PV system. The same is also applicable
other way round.
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Table 6.11 Payback period optimized systems comparison

Household System setup PV system Profit Payback
variant kWp; kWh price per year period

V1 El.App 1.27; 1.59 55 330 CZK 5 132 CZK 10.78 y
V2 DHW 1.81; 2.26 71 005 CZK 6 647 CZK 10.68 y
V3.1 DHW+SH 2.89; 3.61 102 834 CZK 7 998 CZK 12.86 y
V3.2 DHW+SH 2.43; 3.04 89 402 CZK 5 570 CZK 16.05 y

Household System setup Utilization LCOE LCOE
variant kWp; kWh rate change change

V1 El.App 1.27; 1.59 83.95 % -0.482 CZK/kWh -10.77 %
V2 DHW 1.81; 2.26 97.64 % -0.311 CZK/kWh -9.73 %
V3.1 DHW+SH 2.89; 3.61 91.85 % -0.057 CZK/kWh -2.21 %
V3.2 DHW+SH 2.43; 3.04 84.67 % +0.019 CZK/kWh +0.77 %

Table 6.12 LCOE optimized systems comparison

Household System setup PV system Profit Payback
variant kWp; kWh price per year period

V1 El.App 2.04; 2.55 77 960 CZK 7 039 CZK 11.08 y
V2 DHW 3.54; 4.42 121 844 CZK 10 694 CZK 11.39 y
V3.1 DHW+SH 3.88; 4.85 131 828 CZK 10 108 CZK 13.04 y
V3.2 DHW+SH 1.97; 2.46 75 795 CZK 4 698 CZK 16.13 y

Household System setup Utilization LCOE LCOE
variant kWp; kWh rate change change

V1 El.App 2.04; 2.55 70.00 % -0.616 CZK/kWh -13.76 %
V2 DHW 3.54; 4.42 77.58 % -0.418 CZK/kWh -13.08 %
V3.1 DHW+SH 3.88; 3.88 85.83 % -0.066 CZK/kWh -2.56 %
V3.2 DHW+SH 1.97; 2.46 89.60 % +0.017 CZK/kWh +0.69 %

Comparing the values from Tables 6.10, 6.11 and 6.11, it is fairly noticeable that the systems de-
signed for V2 DHW show the best bare payback period. Out of such observation, it may be concluded,
that the benefit of using the DHW storage tank for PV surplus utilization outweighs the decline in the
electricity value, compared to V1 El.App. That can not be said of PV systems under conditions of
V3.1 DHW+SH, where despite the general increase in PV energy utilization (see the Table 6.4) negative
effect of reduced electricity price prevails, extending the payback period. This adverse trend is even more
pronounced in the PV systems for V3.2 DHW+SH, resulting in the worst performance out of all studied
household types and PV system combinations.

On the other hand, examining the LCOE criteria, it can be seen that the household type V1 El.App
profits the most from the combination with photovoltaic system. The reason behind is fairly simple,
given by the highest absolute price of electricity out of all studied variants.
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Visualizing the results for clearer comparison, Figures 6.28, 6.29 and 6.30 are provided. In addi-
tion to the established marking, OPT P.P. and OPT LCOE is used here, standing for systems ”Opti-
mized for the shortest Payback Period” and ”Optimized for lowest LCOE”. In order to better distin-
guish between household types, V1 El.App is colored yellow, V2 DHW blue, V3.1 DHW+SH red and
V3.2 DHW+SH green.

Within the first figure, all subsidy-eligible variants are organized by their payback period. It comes as
no surprise, that for each household type, the first of its kind presented is always the optimized one. Por-
trayed results further support the claims, that the V2 DHW generate the fastest bare return rate, closely
seconded by V1 El.App. Both households types combined with PV systems stand above the other vari-
ants, if constructed properly. As a deterrent example of faulty design, variants V1 El.App; 70% UT;
2.99; 6.53 and V2 DHW; 70% UT; 2.99; 6.53 may serve.

Figures 6.29 and 6.30 display outputs of LCOE criteria, where for both, results are sorted in accor-
dance with absolute LCOE change (compared to the household without photovoltaic system). Confirm-
ing the aforementioned conclusions, household type V1 El.App is proved to have the best potential for
LCOE decrease, both in absolute and relative numbers. Speaking of the latter, V2 DHW does not lag
behind.

Regarding the V3.1 DHW+SH and V3.2 DHW+SH, both households types provide unsatisfactory
results, once connected with a photovoltaic system. For the second mentioned, such investment would
even increase the LCOE overall. Such outcome is mainly caused by the low electricity price in a first
place, whereas assuming only ”uncontrolled” systems also plays its role.
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Fig. 6.28: Household setups comparison based on the bare payback period
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Fig. 6.29: Household setups comparison based on the absolute LCOE change
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Fig. 6.30: Household setups comparison based on the relative LCOE change
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Generally speaking, investment in simple hybrid photovoltaic system with battery storage can by only
justified in case of either households with high electricity price, or above-average electrical demands (not
focused in the study). Under such conditions, it is certain to repay the costs of the system prior to its end
of life.

Regarding the two studied approaches to PV system sizing, if focused on quick payback time, rather
a smaller photovoltaic setups should be preferred. On the other hand, if the investor has sufficient funds,
optimizing the PV system for the lowest LCOE may prove itself worth it. Such concept provides slightly
increased payback period, yet over the system service life brings higher absolute benefit. Contrarily, in
relative values, PV system benefit compared the to system price is lower (bare return on investment).

Table 6.13 Absolute vs relative benefit of optimized PV systems

Household System Service life Absolute Realtive
variant price benefit bare benefit bare benefit

V1 El.App; OPT P.P. 55 330 CZK 76 974 CZK 21 644 CZK 39.12 %
V1 El.App; OPT LCOE 77 960 CZK 105 578 CZK 27 618 CZK 35.43 %
V2 DHW; OPT P.P. 71 005 CZK 99 699 CZK 28 694 CZK 40.41 %
V2 DHW; OPT LCOE 121 844 CZK 160 422 CZK 38 578 CZK 31.66 %

Aside from these suggestions, it would be hard to provide more precise guidelines for PV systems
size, solely based on household consumption, as the electricity billing tariff seemingly plays a crucial
role. Also, more extensive study focused on each household type PV system setups would be necessary
is that case.

On top of that, design of photovoltaic power plant may not always follow strictly economic indica-
tors. For example the added value of potential back-up power source, or the effect of stabilizing users
energy prices for the future may also justify ”non-optimal” systems.

All in all, from the study it is possible to get a basic idea of suitable variants of photovoltaic systems
for average households types, which can serve as a starting point for choosing a specific system for
a particular household.
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6.6 Broader perspective

As it can be seen from the achieved results, PV system revenue is highly dependent on electricity prices,
whereas only a slight change crucially affects the system benefits. A parallel to that can be seen in gas
heated households, where the unit value of thermal energy is even lower. For that reason it is ques-
tionable, whether it is worth investing in modifying gas heated accumulation tanks to act as PV surplus
utilization capacity. In such cases, small photovoltaic hybrid system may prove itself more valuable and
less technically challenging.

It is also important to note, that only simple ”uncontrolled” PV + heat systems were considered,
which do not utilize the full potential of such combination. Adding a basic control unit to adjust the
heater operation in accordance with PV system production can lead to a considerable increase in the
utilization rate and a decrease in energy bills.

Neither the combination of PV plant and plug-in hybrid or battery electric vehicle was investigated,
which may serve as large PV surplus utilization capacity. Especially, once the option to discharge battery
of electromobile for household needs becomes more widespread.

Speaking of cycling the battery pack, no matter whether it is part of the vehicle or standalone storage,
each cycle wears out the battery, not to mention its natural aging. To perform exhaustive analysis of PV
systems, both these effects needs to be considered and included within the calculation. On top of those,
depth of discharge, charging and discharging rate and operational temperature considerably affects the
battery life.

It is to be noted, that through the study, PV system service life was not excessively investigated due
to the complexity of such task.

No matter that, results obtained during the work may serve as a guidance for a photovoltaic systems
design, under the legislation and environmental conditions in the Czech Republic. Thanks to the base
line - modeling of PV power plant output and household energy demands with an 1-hour time step -
acquired results stand high above the ”informed guess”, comparing the annual household consumption
with an annual photovoltaic system production. Despite its obvious inappropriateness, such approach is
often used to make decisions, leading to false assumptions and an improper design.

6.7 Further work

Given the limited time, not all available model capabilities have been used to its fullest. Interesting fields
of study would be comparing the performance of once optimized PV setups in different locations of
Czech Republic. Also evaluating the effect of deviation of the system size from the optimized variant by
1 %; 5 %; 10 %... on the overall payback period of the system might provide valuable findings. Least
but not last, the impact of simulation step size on obtained results and their precision may be examined.
All of these would be achievable without any modifications to the current model.

The simulation tool however, was implemented with a high degree of versatility, allowing for further
expansions. Therefore the household variant with electrical vehicle may be easily implemented and
studied. Similarly, if further developed, potential of controlled PV + heat systems can be investigated.
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Appendix A. - Radiation model validation figures

79



Fig. A.1: Total irradiance absolute (top) and relative (bottom) error - January

Fig. A.2: Photovoltaics power output absolute (top) and relative (bottom) error - January
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Fig. A.3: Total irradiance absolute (top) and relative (bottom) error - February

Fig. A.4: Photovoltaics power output absolute (top) and relative (bottom) error - February
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Fig. A.5: Total irradiance absolute (top) and relative (bottom) error - March

Fig. A.6: Photovoltaics power output absolute (top) and relative (bottom) error - March
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Fig. A.7: Total irradiance absolute (top) and relative (bottom) error - April

Fig. A.8: Photovoltaics power output absolute (top) and relative (bottom) error - April
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Fig. A.9: Total irradiance absolute (top) and relative (bottom) error - May

Fig. A.10: Photovoltaics power output absolute (top) and relative (bottom) error - May
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Fig. A.11: Total irradiance absolute (top) and relative (bottom) error - June

Fig. A.12: Photovoltaics power output absolute (top) and relative (bottom) error - June
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Fig. A.13: Total irradiance absolute (top) and relative (bottom) error - July

Fig. A.14: Photovoltaics power output absolute (top) and relative (bottom) error - July
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Fig. A.15: Total irradiance absolute (top) and relative (bottom) error - August

Fig. A.16: Photovoltaics power output absolute (top) and relative (bottom) error - August
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Fig. A.17: Total irradiance absolute (top) and relative (bottom) error - September

Fig. A.18: Photovoltaics power output absolute (top) and relative (bottom) error - September
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Fig. A.19: Total irradiance absolute (top) and relative (bottom) error - October

Fig. A.20: Photovoltaics power output absolute (top) and relative (bottom) error - October
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Fig. A.21: Total irradiance absolute (top) and relative (bottom) error - November

Fig. A.22: Photovoltaics power output absolute (top) and relative (bottom) error - November
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Fig. A.23: Total irradiance absolute (top) and relative (bottom) error - December

Fig. A.24: Photovoltaics power output absolute (top) and relative (bottom) error - December
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Appendix B. - Heater & accumulation tank assemblies

Table B.1 Heater & accumulation tank setups

Household
variant

Setup n.1
kW; kWh

Setup n.2
kW; kWh

Setup n.3
kW; kWh

Setup n.4
kW; kWh

Setup n.5
kW; kWh

V1 El.App - - - - -
V2 DHW 2.220; 7.5 1.276; 10 1.271; 12.50 1.267; 15 1.262; 17.5
V3.1 DHW+SH 12.421; 45 12.285; 50 12.251; 55 12.225; 60 12.203; 65
V3.2 DHW+SH 9.218; 7.5 8.468; 10 7.718; 12.50 6.968; 15 6.218; 17.5

For each household variant, Setup n.1 was determined as the smallest possible to fulfill the condition
of 10 % thermal reserve through the year, out of total storage tank capacity. Rest of the setups originate
from the initial one, whereas the accumulation capacity was increased by a single step.

(In order to save computational time, in case of V2 DHW and V3.2 DHW+SH, heater power output
step was designed 0.5 kW, whereas in case of V3.2 DHW+SH, 5 kW.)
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