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АННОТАЦИЯ 

KЛЮЧЕВЫЕ СЛОВА 

  



ABSTRACT 

The objective of this Diploma thesis is to design a photovoltaic system for a specific 

family house located in the Czech Republic. 

The theoretical part is focused on the basic info about the photovoltaic system 

components and their parameters which affect the system power production. 

The practical part is dedicated to the actual design of the photovoltaic system, it 

introduces several suitable variants of the system, calculates its energy generation and 

compares it to the house power consumption in 15-minute intervals of average day for 

each month. In the end the work briefly presents the economic evaluation of the 

designed systems. 

KEY WORDS 

decentralized power source, renewable energy source, residential power system, 

photovoltaic system,   
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INTRODUCTION 

The photovoltaic (PV) systems nowadays play an important role in the Europe’s energy 

sector transition towards low emission future. The reason for this action is to limit the 

global warming by limiting the mean global temperature rise to 2°C above pre-

industrial levels. To achieve this, one of the objective of European Union is to cover 

20% of the final energy consumption from renewable energy sources by 2020. [1] Each 

member country, including the Czech Republic, has committed to reaching its own goal 

according to the possibilities of the country with respect to its current renewable energy 

generation and its potential. The Czech Republic has committed to achieve 13% of 

renewable energy share in gross final consumption. To achieve its objective, each EU 

country has adopted a National renewable energy action plan which specifies the 

actions intended to take to meet the targets. The National renewable energy action plan 

of the Czech Republic [2] from 2012 has set the target of renewable energy share in 

gross final consumption to 14% by 2020. While the Czech Republic has already in 2015 

exceeded its target, the new action plan is supposed to raise the target to 15,9%. One of 

the measures to achieve this goal is introduction of new subsidy program Nová zelená 

úsporám which brings financial subsidies to, among other, photovoltaic power plants on 

roofs of family house. 

This work deals with the design of photovoltaic system for the specific family house in 

the Czech Republic. In the first part the location specifics and its suitability for 

installing PV system is presented. It describes the subsidy program in the Czech 

Republic which applies to the installations of PV systems from 2016 along with all the 

requirements which need to be met to comply with the program.  

The next part is dedicated to the family house intended for installation of the system. It 

presents local irradiance and temperature conditions along with the house power 

consumption and used appliances. Moreover, it optimizes the house power consumption 

to achieve the highest possible direct usage of the energy produced by the PV system. 

Furthermore, the work presents the various components necessary for building a safe, 

reliable and efficient photovoltaic system. The main components of PV systems are 

described along with their main characteristics which effect the behavior and energy 

generation of the system during changing conditions. The important part which the 
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work also deals with, are the specifics of components which need to be borne in mind in 

order to ensure their safe and reliable operation when being connected to form the PV 

system. The work also presents necessary protection and connecting elements of the 

system. 

Finally, several variants of the PV systems are designed for the family house according 

to its specifics. For each of this systems, all the components are chosen. Using the 

information presented in previous chapters, the energy generation of the presented 

systems is calculated and compared to the house power consumption in 15-minute 

intervals for average working and weekend day of each month. In the end, the work 

briefly presents the economic evaluation of the system variants over their lifetime. The 

more in-depth economic evaluation is part of the Czech thesis which builds on the 

conclusions from this work. 
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1. CONDITIONS FOR PV SYSTEMS IN CZECH REPUBLIC 

1.1 WEATHER CONDITIONS 

There are two major weather aspects affecting the output power of the PV system, solar 

irradiance and air temperature. The Czech Republic is an inland country located in 

temperate latitudes of the northern hemisphere. The climate of the Czech Republic can 

be described as mild but variable locally and throughout the year. The climate of 

various regions of the country is significantly different, the main sources of these 

differences are, among others, altitude, wind flow, pressure distribution and the 

inclination of surfaces. 

1.1.1 SOLAR IRRADIANCE 

"Solar irradiance (or irradiation) is the power per unit area (usually W/m2) produced by 

the Sun in the form of electromagnetic radiation." [3] In the Figure 1 the yearly sum of 

global irradiance on optimally inclined south oriented PV module in Europe is 

presented. Using the information presented in the figure, it is possible to compare the 

values for the considered location with other parts of Europe. The yearly sum of global 

irradiance for Czech Republic is between 1200 and 1300kWh/m2. To obtain the same 

amount of irradiance as in the most suitable places in the South of Europe the area 

almost twice as big is needed.  It is necessary to add that places with solar irradiance of 

that high values as 2200kWh/m2 and more, are located on the very South of Spain, Italy 

and Turkey. Most of the South counties are in the range of 1600 to 1900kWh/m2 of 

yearly sum of global irradiation, which is still 30-46% more than in the considered 

location. The annual amount of sunshine hours in the Czech Republic ranges from 1331 

to 1844 hours according to the Czech Hydrometeorological Institute (CHMI). This 

observation signalizes that the considered area isn’t the most suitable for installing PV 

modules but there’s one more aspect which plays a significant role in the amount of 

power which can be harvested from the sun using PV system, the air temperature.  
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Figure 1 | Solar Irradiation and solar electricity potential. Source: PVGIS 

1.1.2 AIR TEMPERATURE 

High air temperature negatively affects the operational temperature of the PV systems 

by reducing the efficiency of energy conversion of the PV modules. 

The average air temperature values for the whole Europe are presented in Figure 2 and 

Figure 3. Temperature during winter (represented by January in Figure 2) and summer 

(July in Figure 3) in the Czech Republic are significantly lower compared to the 

Southern countries. The lower temperature reduces the difference in power outputs 

between the considered locations and the locations more suitable for installing PV 

systems in terms of the amount of solar irradiance. 
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Figure 2 | Daily average air temperature in January. Source: PVGIS 

 

Figure 3 | Daily average air temperature in July. Source: PVGIS 
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1.2 SUBSIDY PROGRAM 

The considered project is subject to the subsidy program Nová zelená úsporám (New 

Green to Savings), namely the subsidy category C - Efficient use of energy resources, 

sub-category C.3 Installation of solar thermal and photovoltaic systems. The objective 

of the program is to improve the environment in the Czech Republic by reducing 

greenhouse gas emissions through the improved energy efficiency of buildings, the 

support of residential development with very low energy performance and the efficient 

use of energy sources. All the information about the subsidy program is available in [4]. 

1.2.1 GENERAL REQUIREMENTS FOR GRANTING THE SUBSIDY 

From the basic requirements which need to be fulfilled in order to be granted the 

financial subsidy, only the requirements which are directly tied to the considered 

variants of the photovoltaic system in this work are described in this chapter. 

 The considered object for installation of the PV system must meet the definition 

of “family house” prior to the installation of the system (in the default state) and 

after completing the installation. 

 The financial subsidy may be provided only to the measures implemented which 

weren’t subject to earlier subsidy from state budget or other public sources. 

 Only one application can be applied per object (family house), the application 

may include a combination of measures from multiple sub-categories of the 

subsidy program. 

 In case the applicant does not use the products and materials for the installed 

systems listed in the List of products and technologies, he is required to prove 

the technical characteristics of the products and materials upon completion of 

the applied measure. 

 The amount of financial subsidy for one applicant is limited to a maximum value 

of 5 million CZK. 

 The applicant is required to provide expert technical supervision of 

implementing the system. 
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1.2.2 THE SPECIFIC REQUIREMENTS OF THE SUBSIDY CATEGORY C 

Eligible applicants are owners or constructors of houses, physical or legal persons. 

Applying is possible before, during or after completion of the implementation of 

subsidized measures. Subsidy is in a form of fixed monetary amount and depends on the 

type of the implemented PV system, the total amount to one application is limited to a 

maximum of 50% of properly documented eligible expenses, which include "expenses 

directly related to the supply and installation of supported measures into the building". 

[4] 

 The subsidy for PV systems applies to the systems connected to the distribution 

grid after 1. 1. 2016. 

 Applying to the subsidy program is possible only once for each house for the 

duration of the program. The exception is a combination of system for hot water 

(C3.1 / C3.2 / C3.3), with a PV system with accumulation to the batteries (C3.5 / 

C3.6). 

In the following table a list of maximum amount of subsidy for each type of system is 

presented. The amount of subsidy is applicable only up to the 50% of the total expenses. 

 

Subsidy 

Category 
System Type 

Amount of  

Subsidy 

[CZK] 

C.3.3 Solar PV system for direct water heating  35 000 

C.3.4 
Solar PV system without electricity accumulation with accumulation of 

surplus energy into heat and with energy usage over 1 700 kWh.year-1 
55 000 

C.3.5 
Solar PV system with electricity accumulation and energy usage over 

1 700kWh.year-1 
70 000 

C.3.6 
Solar PV system with electricity accumulation and energy usage over 

3 000kWh.year-1 
100 000 

Table 1 | Maximum amount of subsidy according to the type of system. Source: novazelenausporam.cz 
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In order to be granted the subsidy, the system needs to comply with requirements 

dependent on the type of the system. For each system the requirements are as follows: 

C.3.3 - Solar PV system for direct water heating  

 PV system equipped with technology for efficient optimization according to the 

load (e.g. MTTP) 

 the efficiency under standard test conditions (STC) at least 15% for mono- and 

polycrystalline modules and 10% for thin film amorphous modules 

 the system must not be connected to the distribution grid 

 the coverage of hot water consumption of at least 50%  

 hot water storage tank with minimal volume of 45l per 1kWp installed capacity 

of the PV system 

Requirements for the subcategory of PV systems connected to the distribution grid 

(C.3.4, C.3.5 a C.3.6). 

 installed capacity of maximum 10kWp 

 System connected to the distribution grid 

 inverter with minimal 94% Euro efficiency and technology for Maximum Power 

Point Tracking (MPPT) with minimal adaptation efficiency of 98% 

 the efficiency under standard test conditions (STC) at least 15% for mono- and 

polycrystalline modules and 10% for thin film amorphous modules 

 utilization rate of generated electricity to cover consumption at the place of 

production of at least 70% of the total theoretical yield of the system which 

takes into account the climate conditions, characteristics of the PV modules, 

including orientation, distribution losses, inverter and other components 

parameters – determined by exact calculation according to the simplified 

equation (1.1) 

  𝑄𝑃𝑉,𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑖𝑛𝑠𝑡 • 1000 [kWh/rok] (1.1) 

 device for optimization of self-consumption of produced energy – automatic 

system management according to the current energy production and 

consumption with priority to use the produced energy for actual power 

consumption and accumulation of surplus energy 
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C.3.4 - Solar PV system without electricity accumulation with accumulation of surplus 

energy into heat and with energy usage ≥ 1 700 kWh per year 

 mandatory accumulation of surplus energy into hot water 

 the volume of the hot water tank or storage tank of 80 liters per 1kWp of 

installed capacity of the PV system 

C.3.5 - Solar PV system with electricity accumulation and with energy usage ≥ 1 700 

kWh per year 

 mandatory accumulation of surplus energy into batteries 

 battery energy storage capacity of at least 1,75 kWh per 1kWp of installed 

capacity of the PV system 

C.3.6 - Solar PV system with electricity accumulation and energy usage ≥ 3 000 kWh 

per year 

 mandatory accumulation of surplus energy into batteries 

 battery energy storage capacity of at least 1,75 kWh per 1kWp of installed 

capacity of the PV system 

1.2.3 ACCUMULATION SYSTEM REQUIREMENTS 

The additional document to the subsidy program published in February 2016 specifies, 

among other, the requirements for batteries and hot water storage. Certain restrictions 

are established in order to ensure that only batteries suitable for the PV systems are 

used. 

BATTERIES 

It is not permitted to use nickel-cadmium (Ni-Cd) and all lead-based “start-up” 

batteries. The document also emphasizes that in the system design the manufacturer 

recommended depth of discharge should be considered in order to maintain the battery 

service life and therefore the sustainability of the project. In case of using “modern 

technology batteries allowing high amount of deep discharge cycles without a 

significant loss of capacity” it is possible to reduce the minimum limit for marginal 

battery capacity to 1,25 kWh/kWp. Appropriate battery technologies are lithium based 

batteries, such as lithium-ion, LiFePO4, LiFeYPO. The lowered limit cannot be applied 
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to lead-based batteries, including gel, AGM and traction acid battery types, Ni-MH and 

Ni-Fe. [5] 

HOT WATER STORAGE 

In case the minimum hot water storage volume requirements in subcategory C.4 are 

significantly higher than volume necessary for hot water usage according to number of 

household members and hot water applicable standards, the limit can be lowered 

according to the requirements of the standard but not lower than 120 liters. The 

requirement of minimum 70% usage of produced energy by the PV system has to be 

fulfilled. [5] 
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2. OBJECT SPECIFICATIONS 

In this chapter, the information about the house, its power consumption, location and 

weather conditions are introduced. While designing residential power supply system, 

knowing all these information is crucial for choosing the correct system components 

and accurate economical evaluation of the system. 

The considered object is newly reconstructed family house located in village Stéblová 

in the outskirts of Pardubice, city in the Czech Republic. The reconstruction began in 

2012 and the last significant interior changes were made in November 2015. The house 

is insulated with polystyrene with thickness of 140cm. The usable floor area of the 

house is 138m2 of which 96m2 is living area. The living area contains 4 rooms and a 

kitchen connected to a dining room. Furthermore, the house includes four rooms in the 

partly underground cellar area of around 42m2 which are used as a storage space and 

technical room with boiler pumps and switchboard. The house is regularly inhabited by 

two persons, both of them are working full-time, therefore their presence is limited only 

to the weekends and evenings of working days.  

 

Figure 4 | Location of village Stéblová is highlighted by the red marker. Source: Google Maps 
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2.1.1 SOLAR IRRADIATION 

 

Figure 5 | Yearly sum of incident irradiation on horizontal surface in Czech Republic. Source: PVGIS 

As shown in the Figure 5, the yearly sum of irradiation for the considered location is 

around average for the Czech Republic. The irradiation data were obtained 

as a long-term average for 15-minute intervals for average day of each month for 

azimuth of 20° and inclination of 30°. The data were obtained from PVGIS database 

and are presented in Appendix 1. The average monthly irradiance sums are presented in 

the following table. 
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Graph 1 | Average monthly irradiance (surface with 20° azimuth and 30° inclination) 

2.1.2 TEMPERATURE 

The daily temperature profile estimation, needed for the estimation of PV system 

temperature losses during the day, is carried out according to the Formula 2.1. With this 

method, it is possible to estimate the temperature at any time of the day using the 

minimum and maximum daily temperature. 

It assumes that the daily temperature profile might be described using three different 

cosine functions for three periods of the day: 

 from midnight to sunrise (tdawn),  

 from sunrise to time of peak temperature (tpeak),  

 from tpeak to midnight. [6] 

The resulting temperature profiles for average day in January and June are presented in 

Graph 2 and Graph 3. 
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T(t) = 𝑇𝑚 − 𝑇𝑎 ∙ cos(
π ∙ (𝑡𝑑𝑎𝑤𝑛 − 𝑡)

(24 + 𝑡𝑑𝑎𝑤𝑛 − 𝑡𝑝𝑒𝑎𝑘)
) for 0 < t < 𝑡𝑑𝑎𝑤𝑛 [⁰C] 

(2.1) 
T(t) = 𝑇𝑚 − 𝑇𝑎 ∙ cos(

π ∙ (𝑡𝑝𝑒𝑎𝑘 − 𝑡)

𝑡𝑝𝑒𝑎𝑘 − 𝑡𝑑𝑎𝑤𝑛)
) for 𝑡𝑑𝑎𝑤𝑛< t < 𝑡𝑝𝑒𝑎𝑘 [⁰C] 

T(t) = 𝑇𝑚 − 𝑇𝑎 ∙ cos(
π ∙ (24 + 𝑡𝑑𝑎𝑤𝑛 − 𝑡)

(24 + 𝑡𝑑𝑎𝑤𝑛 − 𝑡𝑝𝑒𝑎𝑘)
) for 𝑡𝑝𝑒𝑎𝑘< t < 24 [⁰C] 

where T(t) 

𝑇𝑚 

𝑇𝑎  

𝑡𝑑𝑎𝑤𝑛 

𝑡𝑝𝑒𝑎𝑘  

 

temperature at time t 

mean daily temperature, 𝑇𝑚 =
(𝑇𝑚𝑖𝑛+𝑇𝑚𝑎𝑥)

2
 

amplitude of daily temperature variation, 𝑇𝑎 =
(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)

2
  

time of dawn 

time of peak temperature, 𝑡𝑝𝑒𝑎𝑘= 15 h 

 

  

 

Graph 2 | Estimated daily temperature profile for average day in January 
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Graph 3 | Estimated daily temperature profile for average day in June 

2.2 HOUSE APPLIANCES 

As part of the reconstruction, all of the appliances were replaced with the high efficient 

ones. The lighting is mostly provided by the LED light sources. The list of devices and 

appliances is given in the table below. The house is fully electrified, electricity is used 

for cooking, water heating, cooling of the house and partially for its heating as well. 

 

  Appliance Brand Product name 
Energy 
Class 

Power 
Consumption 

[W] 

Max 
Power 
Cons. 
[W] 

Voltage 
[V] 

Fuse 
Current 

[A] 

 
TV Panasonic TX-47AS740E A++ 48 

 
230 

 

 
Microwave oven Siemens HF25G5L2 

 
900/1300 (gril) 1990 230 10 

 
Oven Siemens HB63AB521 A 

 
3650 230 16 

 
Induction hob Electrolux EHL7640FOK 

 
2300/3200 7400 230 

 

 
Cooker hood Electrolux EFC90244x E 120 

 
230 5 

 
Refrigerator Siemens KG49EAI40 A+++ 176 kWh (p.a.) 

 
230 10 

 
Washing machine AEG Lavamat 86560TL A++ 2200 

 
230 

 

 
Pump -lower water 

   
1000 

   

 
Pump - well 

   
1000 

   

 
Waterworks 

   
1500 

   

 
A/C unit living room Toshiba 

 
A+ to A++ 1440 

   

 
A/C unit (2x) kitchen, bedroom Toshiba 

 
A+ to A++ 575 

   

HDO 
Electric boiler Dražice OKHE 125 B 2000 

 
230 

 

Heating (currently not being used) 
  

7500 
   

Table 2 | House appliances 
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2.3 POWER CONSUMPTION 

The measuring of power consumption is held continuously in 15-minutes intervals. The 

power consumption data for years 2014 and 2015 were obtained from the distributor. In 

this chapter the monthly and daily consumption in selected periods is analyzed. In the 

power consumption the type and efficiency of the appliances used is reflected as well as 

the number of people being present, the duration of their presence and their habits. The 

total power consumption in 2014 was approximately 3,5 MWh, in 2015 3,8 MWh. 

The provider of the electricity is ČEZ Distribuce, the tariff used is D45d for direct 

heating. The reserved power is 3×25A. In the Czech Republic the special system for 

mass consumer consumption control - HDO (Mass Remote Control) is used by 

electricity distributors to actively control the consumption. For this purpose special 

tariffs with two rates of power prices (tariffs) are used. As a result, consumers benefit 

from lower electricity prices, while distributors and grid operators from the ability to 

control the load.  

 

HDO Switching Times 

Working Days Weekends 

00:00-00:45 00:00-01:35 

01:45-08:40 02:30-03:30 

09:40-12:35 04:30-11:00 

13:30-18:25 12:00-18:25 

19:24-24:00 19:25-24:00 

Table 3 | HDO switching times 

2.3.1  JANUARY CONSUMPTION 

For more in-depth analysis the Consumption in High and Low Tariff along with 

minimal and maximal temperature for each day in January 2014 and 2015 is presented 

in the following table and graphs. 
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    2014 2015 

Day Month 
Day 

of the 
Week 

Temperature 
[°C] 

High 
Tariff 
[kWh] 

Low 
Tariff 
[kWh] 

Consumption 
[kWh] 

Day 
of the 
Week 

Temperature 
[°C] 

High 
Tariff 
[kWh] 

Low 
Tariff 
[kWh] 

Consumption 
[kWh] 

min max min max 
1 1 3 0 5 1,342 14,363 15,705 4 -2 3 1,791 16,805 18,596 

2 1 4 -3 4 1,042 10,594 11,636 5 -3 4 1,893 17,33 19,223 

3 1 5 -3 8 2,419 13,688 16,107 6 0 4 2,554 14,637 17,191 

4 1 6 0 10 1,396 14,225 15,621 7 -2 4 2,374 13,923 16,297 

5 1 7 0 7 3,203 15,472 18,675 1 -4 2 1,328 5,001 6,329 

6 1 1 -1 9 0,678 7,282 7,96 2 -5 1 0,65 5,698 6,348 

7 1 2 0 11 0,51 5,884 6,394 3 -4 -1 1,466 10,397 11,863 

8 1 3 0 12 1,652 7,297 8,949 4 -1 8 2,872 19,357 22,229 

9 1 4 0 11 1,904 7,95 9,854 5 3 10 2,564 15,158 17,722 

10 1 5 0 8 0,899 8,52 9,419 6 2 15 3,625 20,348 23,973 

11 1 6 -1 8 1,077 12,785 13,862 7 1 5 2,577 18,513 21,09 

12 1 7 -5 5 1,073 10,026 11,099 1 4 7 0,267 7,387 7,654 

13 1 1 -6 5 0,16 5,968 6,128 2 5 12 0,235 2,986 3,221 

14 1 2 -1 3 0,144 2,454 2,598 3 -1 12 1,189 13,478 14,667 

15 1 3 -3 4 0,748 9,89 10,638 4 -2 6 1,982 11,682 13,664 

16 1 4 -1 5 0,168 8,524 8,692 5 -1 8 1,651 12,201 13,852 

17 1 5 -3 5 2,543 12,817 15,36 6 0 4 1,819 12,953 14,772 

18 1 6 -3 8 1,241 15,712 16,953 7 -2 4 1,519 11,491 13,01 

19 1 7 5 12 2,313 10,985 13,298 1 -2 2 0,621 6,274 6,895 

20 1 1 2 10 0,775 6,817 7,592 2 -1 3 1,25 6,959 8,209 

21 1 2 -2 2 0,736 7,412 8,148 3 -1 4 1,799 13,502 15,301 

22 1 3 -4 -1 0,864 6,82 7,684 4 4 7 2,858 15,976 18,834 

23 1 4 -4 -2 1,24 10,958 12,198 5 -1 4 2,507 15,504 18,011 

24 1 5 -8 -1 2,86 19,11 21,97 6 -1 0 1,322 14,571 15,893 

25 1 6 -14 -6 2,882 16,754 19,636 7 -1 3 1,877 15,357 17,234 

26 1 7 -13 -3 2,089 16,879 18,968 1 -1 3 1,378 14,008 15,386 

27 1 1 -4 -2 0,698 9,963 10,661 2 0 3 0,751 6,14 6,891 

28 1 2 -5 -1 0,731 10,181 10,912 3 0 4 0,243 2,954 3,197 

29 1 3 -5 -1 2,225 14,408 16,633 4 0 4 0,241 4,545 4,786 

30 1 4 -3 4 2,427 17,055 19,482 5 -3 4 1,102 9,661 10,763 

31 1 5 1 5 2,503 12,965 15,468 6 -4 3 2,132 18,739 20,871 

Table 4 | Power consumption January 2014, 2015 

 

Graph 4 | Daily consumption, minimum and maximum temperature, January 2014 
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Graph 5 | Daily consumption, minimum and maximum temperature, January 2015 

The graphs of daily consumption in January show that consumption during the weeks 

always grows towards the end of the week. This phenomenon is caused due to the 

accumulation of heat in central heating circuit after using the wood stove at the 

weekends along with increased time of presence of persons occupying the house. In 

2014 indirect dependence of power consumption on the outdoor temperature can be 

seen. In the fourth week during the prolonged period of low temperatures the 

consumption slightly rose, that might be caused by using the air-conditioning for 

additional heating. Interesting fact is, that the consumption in 2014 fell to its monthly 

minimum and in 2015 to its second monthly minimum both the second January 

Tuesday. Furthermore, in 2014 the lowest year consumption was recorded at this day. 

Total consumption in January 2014 reached 388,3 kWh, in 2015 424,0 kWh, an increase 

of 9,2%. According to the Czech Hydrometeorological Institute, the average 

temperature in Pardubice region in January was 1,4°C in 2014 and 2,3°C. in 2015  
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2.3.2 JUNE CONSUMPTION 
    2014 2015 

Day Month 

Day 
of 

the 
Week 

Temperature 
[°C] 

High 
Tariff 
[kWh] 

Low 
Tariff 
[kWh] 

Consumption 
[kWh] 

Day 
of 

the 
Week 

Temperature 
[°C] 

High 
Tariff 
[kWh] 

Low 
Tariff 
[kWh] 

Consumption 
[kWh] 

min max min max 

1 6 7 8 20 2,578 12,54 15,118 1 15 26 0,44 10,92 11,36 

2 6 1 9 19 0,431 11,809 12,24 2 14 27 0,35 3,45 3,8 

3 6 2 10 18 0,693 4,46 5,153 3 14 30 0,65 5,54 6,19 

4 6 3 10 21 0,221 3,935 4,156 4 9 24 0,26 3,5 3,76 

5 6 4 9 21 0,199 4,258 4,457 5 10 27 0,27 5,67 5,94 

6 6 5 9 24 0,227 2,674 2,901 6 16 32 0,66 12,8 13,46 

7 6 6 12 27 0,663 6,726 7,389 7 13 28 1,64 13,77 15,41 

8 6 7 13 31 3,451 13,634 17,085 1 12 24 0,52 4,92 5,44 

9 6 1 15 33 0,31 10,34 10,65 2 11 14 0,39 4,08 4,47 

10 6 2 16 34 0,606 7,36 7,966 3 9 20 0,43 4,15 4,58 

11 6 3 16 33 0,574 6,409 6,983 4 14 23 0,33 3,22 3,55 

12 6 4 14 26 0,222 3,896 4,118 5 15 31 0,32 3,58 3,9 

13 6 5 11 23 0,503 5,221 5,724 6 15 32 0,43 6,11 6,54 

14 6 6 10 19 0,682 10,095 10,777 7 17 27 0,32 7,32 7,64 

15 6 7 7 20 0,716 13,837 14,553 1 11 20 0,39 5,84 6,23 

16 6 1 10 22 0,439 3,987 4,426 2 9 20 0,32 3,23 3,55 

17 6 2 8 22 0,436 3,436 3,872 3 10 19 0,28 2,97 3,25 

18 6 3 9 25 0,217 3,505 3,722 4 11 19 0,37 3,36 3,73 

19 6 4 12 24 0,617 6,932 7,549 5 10 17 0,46 4,21 4,67 

20 6 5 11 17 2,573 9,72 12,293 6 10 17 2,04 16,65 18,69 

21 6 6 12 17 0,512 8,844 9,356 7 10 17 1,47 10,57 12,04 

22 6 7 12 20 3,034 16,144 19,178 1 11 21 0,63 6,78 7,41 

23 6 1 9 21 0,42 6,994 7,414 2 7 17 0,48 4,48 4,96 

24 6 2 11 22 0,219 3,117 3,336 3 9 18 0,48 3,71 4,19 

25 6 3 11 17 1,389 5,328 6,717 4 9 21 0,26 5,82 6,08 

26 6 4 11 19 0,206 4,342 4,548 5 15 25 0,28 3,52 3,8 

27 6 5 12 24 0,392 5,316 5,708 6 15 23 0,79 8,87 9,66 

28 6 6 15 27 1,291 15,274 16,565 7 10 21 1,06 13,37 14,43 

29 6 7 13 23 1,572 11,889 13,461 1 11 23 0,38 5,6 5,98 

30 6 1 10 19 0,348 8,39 8,738 2 12 27 0,28 4,49 4,77 

0 0 0     0 0 0 0     0 0 0 

Table 5 | Power consumption June 2014, 2015 

 

Graph 6 | Daily consumption, minimum and maximum temperature, June 2014 
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Graph 7 | Daily consumption, minimum and maximum temperature, June 2015 

In June the working days can be clearly distinguished from the weekends by the daily 

power consumption. While during the working days the power consumption reaches the 

levels around 5 kWh, during the weekends it is regularly in the 10-15 kWh range. The 

increase in consumption between 9th and 11th day of the month in 2014 suggests that 

the high temperatures might have caused that the air-conditioning was used for cooling 

purposes. Total consumption in June 2014 was 256,2 kWh, in 2015 209,5 kWh, which 

is a decrease of 18,2%. According to the Czech Hydrometeorological Institute, the 

average temperature in the Pardubice region for the month of June was 15.9°C in 2014 

and 16.2°C in 2015. 
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2.3.3 DAILY DIAGRAMS 

Thanks to the power consumption measurements provided in 15-minute intervals, the 

intraday power consumption analysis might be carried out. 

 

Graph 8 | Diagram of intraday consumption, Tuesday 20. 1. 2014 

 

Graph 9 | Diagram of intraday consumption, Saturday 25. 1. 2014 
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On Graph 8 and Graph 9 a comparison between consumption during the winter working 

day and the weekend day in January 2015 can be seen. During the working day, power 

consumption is only limited to the water heating controlled by the HDO system and 

time when residents are present which is usually in the evening. During the weekend 

days the power consumption characteristics is substantially different as the residents are 

mostly present during the whole day. 

 

Graph 10 | Diagram of intraday consumption, Monday 8th June 2014 

 

Graph 11 | Diagram of intraday consumption, Sunday 7th June 2014 
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The Graph 10 and Graph 11 show power consumption during the summer working and 

weekend day in June. The consumption is similar in its amplitude and time distribution 

to what can be seen in the previous two graphs for winter season. 

2.4 HEATING AND COOLING 

On the weekends the heating of the house is usually provided by a wood stove in which 

firewood is used. The stove is located in the living room and is equipped with a heat 

exchanger through which the water in the central heating circuit is heated. During the 

week, the air-conditioning unit is used to keep temperature at 19°C and used for heating 

to higher temperatures when the residents are present. The house is equipped with two 

outside air-conditioning units. The multi-split outdoor unit is connected to the two wall 

mounted indoor units in kitchen and bedroom. The other outside unit is connected to the 

floor mounted unit in the living room. 

 

Air-conditioning Units 

Location Type 

Heating Cooling 

COP 
[W/W] 

Output 
Power 
[kW] 

Power 
Consumption 

[kW] 

EER 
[W/W] 

Output 
Power 
[kW] 

Power 
Consumption 

[kW] 

kitchen + 
bedroom 

outside multi-split unit Toshiba RAS-M18UAV-E 
4,71 

5,6 1,19 
3,61 

5,2 1,44 

2 inside wall mounted units Toshiba RAS-M10SKV-E 0,7-5,2 0,02 1,1-3,2 0,02 

living 
room 

outside unit Toshiba RAS-10SAV2-E 
4,27 

3,2 0,725 
4,2 

2,5 0,575 

inside floor mounted unit Toshiba RAS-B10UFV-E 0,9-4,8 0,025 1,1-3,1 0,02 

Table 6 | Air-conditioning Units 

To describe the air conditioning heating and cooling efficiency the manufacturers were 

until 2013 using a nominal ratio for heating (COP – known as Coefficient of 

Performance) and nominal ratio for cooling (EER – Energy Efficiency Ratio). These 

values are presented in the data sheet of the air conditioning units and can be seen in 

Table 6. The nominal efficiency indicates how efficient the air conditioning unit is 

when operating at full load in nominal conditions. Due to the fact that these conditions 

aren’t often achieved, the more accurate description of the air conditioning efficiency 

was introduced – the Seasonal Coefficient of Performance (SCOP) for heating and 

Seasonal Energy Efficiency Ratio (SEER) for cooling.  It gives a more accurate 



38 

 

measure of the efficiency because it indicates how efficient the operation of the air 

conditioning unit is over an entire cooling or heating season. [7] 

Toshiba, the manufacturer of the used air conditioning units, provides an online tool [8] 

which allows to obtain SCOP and SEER coefficients for specific combinations of 

outside and inside units dependent on temperature. Both coefficients are presented in 

Graph 12 and Graph 13. 

 

Graph 12 | SCOP coefficient for used air conditioning units 

 

Graph 13 | SEER coefficient for used air conditioning units 
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2.5 WATER HEATING 

The preparation of hot water is provided by an electric boiler with power of 2kW. The 

water is stored in an insulated enamel-lined steel tank with capacity of 125 liters. The 

heating is controlled by thermostat with the ability to set the desired temperature in the 

range of 5-74°C. The optimal temperature suggested by the manufacturer (ECO mode) 

is 60°C. However, to provide sufficient amount of hot water the thermostat is being set 

to 67°C. The duration of water heating from 10 to 60°C declared by the manufacturer is 

3,6 hours. The heater is connected to the Mass Remote Control (HDO) and therefore the 

heating only occurs at a time of reduced power rates. 

The power consumption for water heating was estimated from the average day power 

consumption diagrams for each month according to the HDO switching on times. The 

exact switching times which are the same throughout the year and differ for working 

and weekend can be seen in Graph 14 and Graph 15. Therefore, to obtain the 

consumption for water heating, the repetitive consumption peaks were subtracted from 

the consumption characteristics. It is assumed that the consumption for other purposes 

than water heating has during the peaks a linear characteristic. The power consumption 

with distinct consumption for water at working day in January is shown in Graph 16. 

From the presented data in Table 7 it can be seen that the consumption for water heating 

during the average weekend days is at least double the consumption during the average 

working days. In total, consumption for water heating during the weekends accounts for 

441kWh, whereas during the working days for 407kWh. 
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Graph 14 | Average working day power consumption for each month 

 

Graph 15 | Average weekend day power consumption for each month 
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Graph 16 | Power consumption of average working day in January 

Water heating 
consumption Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Working day kWh 1,78 1,96 1,97 1,66 1,66 1,99 1,51 1,63 1,71 1,76 1,66 1,78 

Weekend kWh 4,17 4,50 4,04 4,11 3,70 4,17 3,94 3,71 3,09 3,75 3,54 4,07 

Table 7 | Water heating consumption for average day in each month 

2.6 SOLID FUELS CONSUMPTION 

As a fuel for the wood stove, oak and beech firewood in form of split logs is used. It is 

being purchased early enough to be stored in the shed next to the house for around a 

year to dry out. During the heating season 2014/20151 was according to the estimation 

of the residents burned around 5 square meters of stacked split logs of beech and oak 

firewood. The wood is being purchased for a price of 1 000CZK/m3. Supplier 

unfortunately doesn’t provide the wood specifics as calorific value and water content. 

Therefore, average values are used. After being kept under a roof, the wood reduces its 

water content to 20% in a half a year to a one year. [9] It is estimated that half of the 

wood is oak wood and the other half beech wood. 

Using the calorific value for oak wood of 15,9MJ/kg and its specific weight of 480kg 

per square meter of stacked split logs and 15,5MJ/kg and 469kg/m(s)3 for beech wood 

                                                 

1 heating season in the Czech Republic lasts according to the czech standards from September to May 
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respectively, the calorific value in kWh per square meter of stacked split logs is 

calculated. Taking into account the amount of the wood burned during 2014/2015 

winter, all together the 10 348kWh of heat was produced. The nominal efficiency of the 

wood stove is 85%, considering that it usually doesn’t operate at its peak efficiency, the 

expert estimation of Ekowatt company for the real efficiency is around 75%. Therefore, 

the heat effectively used for heating is around 7760 kWh per the 2014/2015 winter. [10]  

In the Czech Republic a special measure is used to determine the need of heating for 

each month of heating season. It also allows to compare the amount of heat needed to an 

average values. This measure uses so called “heating degrees”. The amount of heating 

degrees for each month is calculated according to the following formula. [11] 

D(22) = (22 − T13) ∙ N13 [-] (2.2) 

where D(22) 

N13 

 

 

T13 

amount of heating degrees for indoor tepmperature of 22°C 

the amount of days with temperature lower than 13°C (average 

temperature for opening and closing the heat supply, according 

to the Czech standard n. 194/2007) 

average temperature of the days with lower temperature than 

13°C 

  

 

The heating degree values for the 2014/2015 heating season and an average heating 

season are obtained from the online heating degrees calculator of TZB-info website. 

[10] Using the obtained values, the 2014/2015 heating season is compared to an average 

heating season. Therefore, the amount of heat needed for the house heating during an 

average heating season is obtained.  

The heating degrees for the indoor temperature of 22 °C, average temperatures for the 

2014/2015 heating season and an average heating season can be seen in Table 8. The 

heat from the wood is recalculated to individual months of an average heating season 

using the heat degrees. 
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Heating season 2014/2015 Average season 

heating to 
22°C 

Average 
Temp 
[°C] 

Heating 
days 

Heating 
degrees 

Heat 
from 
wood 
[kWh] 

Average 
Temp 
[°C] 

Heating 
days 

Heating 
degrees 

Heat 
from 
wood 
[kWh] 

January 2,3 31 611 1315,1 -0,5 31 709,3 1526,6 

February 1,4 28 577,2 1242,3 0,4 29 614,3 1322,2 

March 5,4 31 515,6 1109,7 4 31 539,7 1161,6 

April 9,1 27 355,8 765,8 9,5 30 382,6 823,5 

May 13,5 21 176,4 379,7 13,5 8 73,1 157,3 

June         16,5       

July         19       

August         19       

September 15,4 7 66,2 142,5 14,5 3 27,5 59,2 

October 10,7 22 272,7 586,9 10,5 31 381,3 820,7 

November 7,3 30 440,1 947,2 5 30 527,7 1135,8 

December 2,9 31 591 1272,0 1 31 653,6 1406,7 

Year avg/total 7,56   3606 7761,2 9,37   3909,1 8413,6 

Table 8 | Calorific value of firewood calculation 

2.7 AREA FOR SOLAR MODULES PLACEMENT 

The basic prerequisite of effective utilization of the solar system is suitable orientation 

and inclination of the surface for placement of the PV modules alongside with the least 

possible amount of shading. Part of the roof has ideal parameters for installing the 

modules. It is oriented towards South with azimuth of approximately 20° (South 0°, 

West 90°) and inclination of 30°. The roof surface is made out of fiber cement tiles. The 

plan and the measurements of the part of the roof oriented towards South can be seen in 

the following figure. 

 

Figure 6 | The plan of the part of the roof situated to the South 
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3. COMPONENTS OF PV SYSTEM 

Having knowledge of the various PV system components and their operating principles 

is crucial for choosing the correct type and set of parameters of each component. This 

chapter provides information about PV components available as well as basic 

characteristics of their operation and its effect on the whole system. 

3.1 PV SYSTEM TYPES 

The components needed for safe, reliable and efficient operation of a PV system are 

dependent on the operational mode of the whole system. There are two basic types of 

photovoltaic systems regarding its operational mode which are suitable to be 

implemented on the roof of a family house: 

 Off-grid standalone systems. This type of system is totally independent and 

supplies all the required energy. The excess solar energy is stored in batteries to 

be used during time with not enough solar irradiation. It usually includes backup 

electricity source such as diesel generator for longer periods of not sufficient 

irradiation. These systems are suitable for places with no access to the power 

network or with electricity prices high enough for the system to be profitable, 

which is not the case of the family house considered in this work. Therefore, 

these systems won’t be mentioned in this work. 

 On-grid systems work in parallel with the power network and provide savings of 

power supply costs. In most cases they don’t use batteries due to their high 

prices. This system is also suitable for the considered family house.  

3.2 PV MODULE 

Direct conversion of sunlight into DC electricity is provided by a PV cell. Numerous 

PV cells are electrically connected in series and parallel circuits to form a PV module or 

panel2 with desired voltage, currents and power levels. The The standard panel usually 

has 36 or 72 cells connected in series to produce voltage high enough to charge 12V, 

resp. 24V battery. With an individual cell having voltage of just under 0,6V the 

                                                 

2 According to [4], terms module and panel are often used interchangeably. According to the American 

National Electric Code, a panel is technically a group of modules.  
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operating voltage of the series connection at maximum power is about 18V for 36 cells 

and 36V for 72 cells. The PV modules use a protective laminate sealing to protect the 

cells against degradation from environmental factors and weather. 

3.2.1 PV CELL TECHNOLOGIES 

 

Figure 7 | Monocrystalline, polycrystalline and thin-film PV module. Author:  Luke Boyden 

PV Cells are made from semiconductor materials, the most common semiconductor 

used is silicon. There are, however, more methods to produce silicon cells and the 

differences among them along with the possibility to use other types of semiconductors 

vastly affect the performance and price of PV modules. 

MONOCRYSTALLINE SILICON 

Monocrystalline silicon solar cells are the most efficient due to the usage of very pure 

silicon. On the other hand, they are generally the most expensive, due to the difficult 

and precise manufacturing process. The cells are produced by slicing pure crystalline 

silicon ingot into wafers. The ingot is made by Czochralski process during which a 

single silicon seed crystal is placed in a crucible of molten silicon and then drawn out 

slowly while being rotated. [12] [13] 

Panasonic claims in its statement, that in 2014 it has produced monocrystalline cell with 

efficiency of 25,6%.  A year later it has announced commercial-sized prototype module 

created out of those cells with a world-record conversion efficiency of 22,5 %. 
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The results of the test were confirmed by the renowned Japanese National Institute of 

Advanced Industrial Science and Technology (AIST). [14]  

POLYCRYSTALLINE SILICON 

Polycrystalline silicon cells, also referred to as multicrystalline silicon cells, are less 

efficient and also less expensive to produce compared to monocrystalline cells. They are 

made from many small silicon crystals rather than single crystal ingot. This technology 

is the most frequently used in PV systems.  

THIN-FILM TECHNOLOGY 

The least expensive and also the least efficient of the mentioned technologies is the 

thin-film technology. The thin-film cells are, however, less susceptible to low light 

conditions and shading, and have better temperature coefficient. High worldwide 

demand for affordable PV technologies led to increasing interest in thin-film solar cells. 

Thin-film cells are being more frequently used in buildings and solar-powered gadgets 

as calculators and watches. The most common materials are amorphous silicon (a-Si), 

copper indium (gallium) diselenide (CIS, CIGS) and cadmium telluride (CdTe). This 

material can be coated on nearly any shape and size, offering a wide variety of 

applications. 

The most efficient research solar cells manufactured to date can be seen in the Graph 

17. However, the solar cells used for commercially available modules usually don’t 

reach efficiencies this high. 



48 

 

 

Graph 17 | Most efficient research solar cells to date. Source: NREL 

3.2.2 PV MODULE PERFORMANCE 

The performance of PV module is rated according to its maximum DC power output in 

Wp (Watt-peaks). The power output depends on the surface area and type of the solar 

cells in the module and is laboratory tested under Standard Test Conditions (STC), 

which are 1000 W/m2 of incident solar irradiance, cell or module temperature of 

25 ± 2 °C and air mass of 1,5. Modules used in today’s PV systems are typically rated 

between 100 and 300 Wp. [13] 

MODULE EFFICIENCY 

The efficiency of solar module indicates which portion of the incoming solar irradiance 

is converted to electric power on the output of the PV module. The nominal efficiency 

found on the data sheets of PV modules is specified under STC. It can be calculated 

according to the following formula. 

  

η =
P𝑚𝑎𝑥

𝐴
 [%] (3.1) 

where Pmax 

A 

maximum (peak) power of the module 

module surface area 
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The module efficiency is dependent on irradiance level and temperature. The 

approximate efficiency for crystalline silicon cells at specific irradiation and constant 

temperature can be calculated according to the following formula. [15] 

  

η(G) ≈ η𝑛 [1 + 0,04 ∙ ln(
G𝑖

𝐴 ∙ 1000
)] [%] (3.2) 

where ηn 

G𝑖  

A 

module nominal efficiency 

instantaneous solar Irradiance 

module surface area 

and 1000 represents an irradiation of 1000W/m2 

  

 

Moreover, the PV module efficiency of crystalline solar cells decreases with increasing 

temperature. Therefore, crystalline modules achieve their greatest efficiency at low 

temperatures. The efficiency at specific temperature and constant irradiance is 

calculated according to the following formula. 

  
η(T) ≈ η𝑛[1 − k𝑇  ∙ (25°C −T𝑐𝑒𝑙𝑙)] [%] (3.3) 

where Tcell 

kT 

 

cell temperature 

power temperature coefficient (negative value) 

  

  

The power temperature coefficient can be found on the data sheet of the PV module and 

the value for crystalline silicon panels is approximately -0,45%/°C. For amorphous 

panels the efficiency actually rises at low irradiance, the power temperature coefficient 

might be up to +1,4%/°C. [15] 

The combination of the mentioned effects can be calculated according to the Formula 

3.4. 

η(G, T) = η𝑛[1 + 0,04 ∙ ln(s)] ∙ [1 − k𝑇  ∙ (25°C −T𝑐𝑒𝑙𝑙)] [V] (3.4) 

     

PVGIS EFFICIENCY CALCULATION 

A different approach to determine the PV module efficiency is taken in an online PV 

performance calculator PVGIS. This approach, however, needs very detailed PV 
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module specifications or experimental data. Therefore, it will be only briefly presented 

in this work. 

The efficiency dependent on irradiance and temperature is calculated according to the 

Formula 3.5. [16] 

η𝑃𝑉𝐺𝐼𝑆(G, T) = η𝑛 ∙ η𝑟𝑒𝑙(G, T) [%] (3.5) 

where η𝑛 

η𝑟𝑒𝑙(G, T) 

PV module nominal efficiency 

relative efficiency according to the irradiance G and 

temperature T 

 

  

The relative efficiency is then calculated according to the following formula. 

ηrel(G, T) = 1 + k1 ln(G
′) + k2(ln(G

′))2 + (Tcell − 25)[k3 + k4 ln(G
′) + k5 ln(G

′)]

+ k6(Tcell − 25)2 [-] (3.6) 

where k1 − k6 

 

𝐺′ 

 

 

coefficients describing the irradiance and temperature 

dependence 

𝐺

1000
 

 

  

The coefficients k1 to k6 need to be obtained from detailed PV module specifications 

(such as ideal diode thermal voltage, PV cells series resistance, ideality factor, etc.). 

These values are however usually not specified on module data sheet. More precise 

method is to obtain the coefficients experimentally. 

The coefficient values presented in [17] for a mainstream multi-crystalline silicon 

module can be seen in the following table. 

 

Coefficient k1 k2 k3 k4 k5 k6 

  -0,01 -0,027 -0,0041 -0,000021 -0,0001 -0,000003 

Table 9 | PVGIS efficiency calculation coefficients 

OPERATING TEMPERATURE 

The cell/module operating temperature is estimated according to the ambient 

temperature and the incident irradiance. [6] 
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𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + (INOCT − 20) ∙
𝐺𝑖
800

 [V] (3.7) 

where Tcell 

INOCT 

𝐺𝑖  

Tamb 

 

cell temperature 

installed normal operating cell temperature 

instantaneous incident solar irradiance 

ambient temperature 

 

  

This estimation might be inaccurate especially at higher temperatures due to the 

increased heat convection which is not considered in this formula. Therefore, the 

estimated temperature might be higher than the actual cell temperature. 

The INOCT or ‘installed’ nominal operating cell temperature is cell temperature based 

on nominal operating cell temperature (which can be found in module data sheet) 

adapted to the mounting configuration of the PV module. [18] The estimated INOCT 

value according to the mounting configuration can be seen in Table 10. For the direct 

roof mounting the NOCT should be raised by 18⁰C. The standoff values in centimeters 

were calculated from the original values in inches and represent the gap between the 

roof and the PV modules corresponding to a certain temperature raise. 

 

Mounting INOCT Value 

Rack Mount INOCT = NOCT - 3⁰C 

Direct Mount INOCT = NOCT + 18⁰C 

Standoff INOCT = NOCT + X⁰C 

-in cm X 

2,54 11 

7,62 2 

15,24 -1 

Table 10 | INOCT estimation according to the mounting configuration of the PV modules. Source: Fuentes, 

Martin K., A Simplified Thermal Model for Flat-Plate Photovoltaic Arrays 

PVGIS OPERATING TEMPERATURE 

The PVGIS calculator uses different approach to the cell temperature calculation. [16] 

Instead of PV module data sheet values it uses laboratory tested and literature based 

temperature coefficient. 
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𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + 𝑘𝑇 ∙ G [V] (3.8) 

where 𝑘𝑇  temperature coefficient  

= 0,035°C/(W/m2) for free standing modules – laboratory tested 

= 0,05°C/(W/m2) for building integrated modules - literature 

  

PERFORMANCE CHARACTERISTICS 

Output characteristics for a PV module is represented by a Power and a I-V curve 

(Figure 8). It represents the current and voltage dependency under STC conditions.  

 The open circuit voltage (Voc) is the maximum voltage of the module when no 

current is being drawn from the module. It is used to determine the maximum 

circuit voltage. 

 The short circuit current (Isc) is the maximum current output of a module 

which occurs when the panel is short circuited. It is used to determine maximum 

available circuit currents and size overcurrent protection devices and system 

conductors. 

 The maximum power point (MPP) indicates the maximum power output of PV 

module and is given by the product of the maximum power voltage (Vmp) and 

the maximum power current (Imp). 

 

Figure 8 | PV module I-V and P-V curve. Source: Electrical Construction & Maintenance website 



53 

 

IRRADIANCE AND TEMPERATURE DEPENDENCY 

The modules rarely operate under STC conditions. The electrical output vary depending 

on temperature and irradiance. The irradiance changes affect mostly the module current 

since it’s directly dependent on the irradiance. On the other hand, the voltage changes of 

single PV module are only minor. However, since the PV generators usually consist of a 

number of modules, the voltage change might be significant. 

 

Figure 9 | PV module (50W) I-V curve irradiance dependency. Source: Electrical Construction & Maintenance 

website 

The Figure 9 shows the irradiance dependency of single 50W PV module I-V curve. 

While with the change of irradiance between 200 and 1000 watts per square meter the 

module current change is directly dependent, the voltage change is only around 15 % 

and is usually neglected in the calculations. From the information above, the formula for 

short-circuit current as a function of irradiance can be formed. 

ISC(G)

ISC(GSTC)
=

G

GSTC
 [-] (3.9) 

where GSTC 

ISC(GSTC) 

equal 1000 W/m2 

short-circuit current at standard test conditions, available on 

data sheet 

  

The module voltage is significantly affected by the module temperature. The lower the 

temperature, the higher the voltage and vice versa. The change of the module voltage 
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determines the minimum and maximum voltage of the PV array and therefore it 

shouldn’t be neglected while designing the entire PV system. Especially with several 

modules connected in series. The current increases only slightly with increasing 

temperature. In the summer the power output might be 35% less at high temperatures 

than under STC. In order to minimize this loss, the PV modules should be installed in a 

way which allows them to dissipate heat easily. 

 

Figure 10 | PV module I-V curve temperature dependency. Source: Electrical Construction & Maintenance 

website 

The module data sheets usually provide information about current and voltage 

temperature dependency in form of voltage and current temperature coefficients as 

percentage of mV or mA per °C. Typical values for crystalline modules are shown in 

the Table 11. The percentage of change refers to the value at STC. 

 

Temperature Coefficient 
Crystalline Silicon 
Modules 

High Performance 
Modules 

Open-circuit Voltage -0,3 to -0,55%/°C -0,25 to -0,29%/°C 

Short-circuit Current +0,02 to +0,08%/°C +0,02 to +0,04%/°C 

MPP Power -0,37 to -0,52%/°C -0,30 to -0,38%/°C 

Table 11 | Temperature coefficients for crystalline modules. Source: Planning & Installing Photovoltaics 

Systems 

Knowing the open-circuit voltage temperature coefficient, the open-circuit voltage at 

specific cell temperature can be calculated according to the following formula. 
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∆VOC
∆T

= 𝑘𝑇,𝑉𝑜𝑐 [%/K] (3.10) 

where   ∆VOC = VOC(Tcell) − VOC(TSTC) 

∆T = Tcell − TSTC 

  

 𝑘𝑇,𝑉𝑜𝑐 temperature coefficient for open-circuit voltage   

 TSTC = 25°C   

  

The open-circuit voltage at a particular temperature is calculated according to the 

Formula 3.11. 

V𝑂𝐶(𝑇) = 𝑉𝑂𝐶(𝑇𝑆𝑇𝐶) + (𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑆𝑇𝐶)(𝑉𝑂𝐶(𝑇𝑆𝑇𝐶) ∙ 𝑘𝑇,𝑉𝑜𝑐) [V] (3.11) 

     

FILL FACTOR 

The fill factor of a PV cell/module is a quotient of maximum power output and 

theoretical maximum power which is a product of short-circuit current and open-circuit 

voltage. For crystalline solar cells/modules, the filling factor is around 0,75, for 

amorphous modules around 0,5-0,7. [15] 

FF =
𝑉𝑀𝑃𝑃 ∙ 𝐼𝑀𝑃𝑃

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
=

𝑃𝑀𝑃𝑃

𝑉𝑂𝐶 ∙ 𝐼𝑆𝐶
 [-] (3.12) 

 

Figure 11 | Fill factor of PV cell/module. Source: Solmetric 
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SHADING 

If a single solar cell is shaded it doesn’t generate any current. Instead, it becomes an 

electricity load and current produced from other illuminated solar cells in series 

combination is then driven through the shaded cell. This current is converted into heat. 

If the current is high enough, the shaded solar cell can heat up to an extent that causes 

the cell to be damaged. This situation can be prevented with connecting a forward-

biased bypass diode in parallel to the cell. This bypass diode then prevents the current to 

flow through the shaded cell. Ideally, if every cell in PV module has its own bypass 

diode, the shading tolerance would be the highest. In practice, however, bypass diodes 

are usually connected across 18 to 20 solar cells, due to manufacturing reasons. Hence, 

modules with 36 cells connected in series have two bypass diodes. The bypass diode 

then, with one cell being shaded, causes all bypassed cells connected in series to this 

cell to be out of operation. The bypass diodes are usually housed in the module junction 

box.  

 

Figure 12 | Shaded solar cell with bypass diode. Source: R. Haselhuhn 

3.2.3 INTERCONNECTION OF PV MODULES 

PV modules are connected in series (string) and parallel combination to form a PV 

array, or PV generator, of desired voltage, current and power levels. The number of 

modules connected in series determines the PV generator output voltage which is the 

sum of voltages of all connected modules. The current of the string is determined by the 

lowest output current of any module in the string. The parallel connection of strings 

then determines the output current of the PV generator and it is again sum of currents of 
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all strings connected, the output voltage is equal to the lowest string voltage. Hence, to 

avoid power loss, only the same type of modules should be connected. 

 

Figure 13| I-V curve of series and parallel combination of PV modules. Source: alternative-energy-

tutorials.com 

3.3 INVERTERS 

 

Figure 14 | PV inverters. Source: clean energy reviwes 

The inverter converts DC power produced by the PV generator into AC power that can 

be used to power the appliances. PV systems of power up to 5kWp are generally built as 

single-phased systems [15], where the single-phase inverter is connected to one phase of 
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the house power grid. With larger systems the three-phased inverters or multiple single 

phased inverters are used to connect the PV generator to the three-phase supply system. 

Almost all inverter manufacturers offer directly integrated data capture functions either 

as standard or an optional add-on. The data can be either shown directly on the inverter 

display or sent to a PC. This enables monitoring and evaluation of the PV system. The 

usually measured data cover following values: 

 input: voltage, current, power 

 output: voltage, current, power, frequency 

 inverter operating time 

 volume of generated energy 

 device status and faults 

3.3.1 GRID-CONNECTED INVERTERS 

In grid-connected PV systems the inverter is connected to the utility distribution grid. 

This allows the surplus power generated by the PV generator to be fed into the utility 

power grid and on the other hand, when the power is needed it can be drawn from the 

utility grid.  

3.3.2 MPP TRACKER 

In order to use the most of the electricity generated, the inverter shall work in the 

maximum power point (MPP) of the PV generator. As mentioned in Chapter 3.2.2, the 

MPP changes according to irradiance and temperature. Therefore inverters are equipped 

with MPP Trackers (MPPT) which uses electronic circuits to adjust the output voltage 

of the PV generator to correspond to the voltage at the MPP. The MPP Tracker is 

essentially an electronically controlled DC converter. [15] 

3.3.3 INVERTOR PERFORMANCE 

As well as other components of the system, the invertor works with certain efficiency. 

The efficiency describes the losses caused by current conversion, transformer (in 

inverters which are equipped with transformer) and the power switching devices. 
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CONVERSION EFFICIENCY 

The conversion efficiency describes the losses caused by converting DC current to AC 

current. The conversion efficiency is highly dependent on the input power. It is also 

dependent on the inverter’s input voltage. However, this effect isn’t as significant. 

  

ηcon =
PAC,inputreal

PDC.inputreal
 

[%] (3.13) 

TRACKING EFFICIENCY 

The quality of the inverter MPP Tracker adjustment is dependent on the speed of the 

tracking, which affects whether the irradiance peaks of short duration can be utilized. 

  

ηTR =
PDC,inst,input,real

PPV.inst,max
 [-] (3.14) 

where 𝑃𝐷𝐶,𝑖𝑛𝑠𝑡,𝑖𝑛𝑝𝑢𝑡,𝑟𝑒𝑎𝑙  

𝑃𝑃𝑉.𝑖𝑛𝑠𝑡,𝑚𝑎𝑥  

instantaneous real input power 

maximum instantaneous PV generator power 

  

STATIC EFFICIENCY 

Static efficiency is the product of conversion and tracking efficiency. The efficiency 

stated as the nominal efficiency on the invertor data sheet usually only represents the 

efficiency during operation in the invertor’s nominal range. In many cases the 

maximum efficiency is also stated, it usually represents efficiency during partial (50-

80%) load of the inverter. However, the inverter usually operates in lower load range 

and different voltage level. Therefore, efficiency characteristic curves provide better 

picture of actual operating efficiency. 
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Figure 15 | Efficiency curve of Sunny Boy 2.5-1 VL-40 inverter. Source: SMA 

EURO EFFICIENCY 

In order to carry out more accurate PV system yield calculation and allow comparison 

of different inverters based on their efficiency, the European standard of efficiency 

measurement was introduced.  It is obtained as a weighted average of inverter 

efficiencies at different power load based on their frequency in the Central European 

climate. The Euro efficiency takes into account six different efficiencies at different 

power output and is calculated according to formula 4.9. [15] It takes into account that 

most power in Central European climate is generated at the 50% power range of PV 

generator power rating and is assumed for 48% of the operating time over the year. 

ηEuro = 0,03 ∙ η5% + 0,06 ∙ η10% + 0,13 ∙ η20% + 0,1 ∙ η30% + 0,48 ∙ η50% + 0,2 ∙ η100% [%] (3.15) 

where ηx% inverter efficiency at x% of power range 

 

  

However, the Euro efficiency is usually calculated only at nominal voltage of the 

inverter, while the actual voltage vary during the operation. Hence, for the calculation 

purposes the Euro efficiency should be lowered accordingly. 
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3.4 LOAD MANAGER 

The load manager provides the ability to use the generated power more efficiently. It is 

set by the user to switch on and off specific loads to use the surplus generated power. 

The controlled devices are usually heating devices which can be operated independently 

without strict requirements to their time of operation. These might represent water 

boiler or house heating. Other appliances, such as washing machine and dish washer 

might be also controlled but these require to be set according to the behavior of the 

residents. 

3.5 BATTERIES 

Batteries are not a necessary component of grid-tied PV systems. However, due to the 

fact that solar irradiance is usually high during hours when consumption is low, they 

provide higher utilization of energy produced by the PV generator. Primarily the energy 

consumption should be optimized as much as possible for when the solar irradiance and 

therefore produced solar power is high. However, this optimization can in some cases 

dramatically decrease comfort of the residents. 

Batteries are constructed by connecting cells in series and parallel. In the battery cells, 

electrical energy is converted into chemical while the battery is being charged, the 

opposite process takes place during discharging. The batteries are rated according to the 

power and energy capacity. Other important specifications are: 

 charge-discharge efficiency, 

 life span - stated in number of cycles, 

 depth of discharge - specifies the extent to which the battery is able to be 

discharged, 

 self-discharge – how much of the energy is lost by the time the battery is not 

being used, 

 energy density, 

 operating temperature. [19] 

To compare different types and technologies of batteries the various specifications need 

to be taken into account. The battery comparison is done according to the price of an 

energy unit accumulated and used according to the following formula. 
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PriceperkWh = 
𝑃𝑟𝑖𝑐𝑒

𝐶 ∙ V ∙ 𝑆𝐿(𝐷𝑂𝐷) ∙
DOD
100

∙ 𝜂𝐶/𝐷

 [CZK] (3.16) 

where C 

V 

DOD 

SL(DOD) 

𝜂𝐶/𝐷 

battery capacity in Ah 

battery nominal voltage 

depth of discharge in percent 

service life in cycles at DOD 

charge-discharge efficiency 

  

3.5.1 BATTERY TYPES 

Not all battery types are suitable for usage in PV systems and as described in 

Chapter 1.2.3, some of the nickel-cadmium (Ni-Cd) and lead-acid batteries do not 

comply with the Czech subsidy program Nová zelená úsporám. In this chapter only the 

types which do comply with the subsidy program are described. 

The main important parameters regarding batteries are their capacity, service life and 

depth of discharge (DOD). The capacity of battery is a measure of electrical energy 

storage potential. It can be measured in amp-hours (Ah) or wat-hours (Wh). The amp-

hours represent the amount of current in amperes which is the battery able to provide 

over one hour. The watt-hours are obtained by multiplying the battery capacity in amp-

hours with its average voltage. [20] The service life of battery is specified in a number 

of charge-discharge cycles before the capacity drops to 80%. [21] The depth of 

discharge represents the amount of used energy compared to the amount of energy 

available at full charge. [20] The battery service life is dependent on the battery depth of 

discharge during its lifespan. The manufacturers therefore usually provide the service 

life as a function of depth of discharge. 
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Figure 16 | Service life of lead-acid battery as a function of depth of discharge. Source: Trojan T-105 battery 

data sheet 

LEAD-ACID BATTERIES 

There are several types of lead-acid batteries. Shallow cycle batteries also called 

“start-up” batteries, such as automotive batteries, are not suitable for PV systems. These 

batteries are cheap but are designed to provide high amount of current for short period 

of time (e.g. when starting a car) and to be maintained mostly at full charge. 

The PV systems require batteries that are able to provide small to moderate amount of 

current over long periods of time. These batteries are referred to as deep cycle batteries. 

There are several types of deep cycle lead-acid batteries – wet-cell (flooded), AGM 

(absorbed glass mat) and gel, depending on their electrolyte form. The wet-cell type 

requires maintenance in form of refilling the electrolyte with distilled water. The other 

differences of AGM/gel to flooded type are approximately double investment costs, 

shorter life cycle, slower self-discharge rate, higher efficiency in charging and 

discharging. [22] 

Compared to lithium-ion batteries, the lead-acid batteries are less expensive but provide 

shorter service life and smaller depth of discharge. They are usually suitable for smaller 

PV installations. 
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LITHIUM-ION BATTERIES 

Lithium-ion batteries are very lightweight and energy and power dense. On the other 

hand, the manufacturing complexity cause the batteries to be expensive to produce, the 

other major drawback is capacity loss with deep discharging and high charge levels. 

Depending on the material used for anode, cathode and electrolyte, the parameters of 

lithium-ion batteries can change dramatically. 

Advantages of lithium-ion batteries: 

 no memory effect, 

 high open circuit voltage, 

 low self-discharge rates (5-10% per month). 

Disadvantages of lithium-ion batteries: 

 costs, 

 capacity loss with high temperatures and high charge levels, 

 capacity loss with deep discharges, 

 cell capacity diminishes due to charging deposits resulting in lowering battery 

ability to deliver current. [12] 

3.6 CHARGE CONTROLLER 

The charge controller provides fundamental tasks for achieving optimized operation of 

batteries. High-quality charge controllers can make significant difference in extending 

the service life of the batteries. The tasks which the charge controller carries out are 

following: 

 providing optimum charge to the batteries, 

 over-discharge protection, 

 overcharge protection, 

 preventing unwanted discharging, 

 information about battery state of charge. [15] 

Many inverters with DC output for battery charging also include the charge controller. 
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3.7 CABLES AND CONNECTION SYSTEMS 

This chapter covers the connection of individual PV system components into a safe 

working installation. A distinction must be made between:  

 module/string or inter-array cables – connection of PV modules and strings 

together and to the PV combiner box (if required), 

 DC main cable – connection between the PV combiner box and the inverter, 

 AC main cable – connection of the inverter to the house power grid. 

3.7.1 MODULE/STRING CABLES 

The module cables are generally used outdoors (on the roof) and therefore need to be 

able to withstand the climate conditions including resistance to UV rays, weather and 

high range of temperatures. Roof tile manufacturers have measured temperatures on the 

roofs reaching up to 70°C. In order to avoid faults to the ground and short-circuits, the 

positive and the negative pole should be connected with separate cables. There are 

special solar cables being made for outdoor PV installations. [15] 

 

Module cable requirements     

1 mechanical resistance compression, tension, bending, shear loads 

2 weather resistance UV, ozone, heat, cold, water   

3 earth fault-proof installation 
individual cable with double insulation 

  short-circuit proof installation 

Table 12 | Module cable requirements. Source: Planning & Installing Photovoltaic Systems 

Special attention should be given to connecting string cables. Poor contacts can lead to 

an increased fire risk. To simplify the installation most of the manufacturers are 

nowadays offering touch-proof plug connectors. These connectors have different 

positive and negative plug to eliminate the risk of incorrect interconnection of cables 

and their locking mechanism ensures a proper connection and prevents from accidental 

disconnection. Plug connectors have a transfer resistance of less than 5 milliohms. [13] 

[15] 
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Figure 17 | Plug connectors used for connecting PV modules. Source: Multi-Contact AG 

3.7.2 PV COMBINER BOX 

The PV combiner box, also called array junction box, is used to connect the parallel 

strings. Even if the PV array consist of a single string, the junction box might be used to 

interconnect individual cables from the modules to DC main cable which is then 

connected to the inverter. The combiner box houses string over-current protection, such 

as fuses or circuit breakers. 

 

Figure 18 | PC combiner box with 15A fuses. Source: SolarBOS 
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3.7.3 DC MAIN CABLE 

If the junction box is located outside, the same requirements as for module cables need 

to be followed. However, for cost reasons a PVC-sheathed cable of type NYY or NYM 

laid in protective pipe might be used. For junction boxes placed indoors no extra 

protection is needed. To ensure short-circuit and earth fault proof laying, individual 

single-wire sheathed cables for positive and negative connection are recommended. If 

multi-wire cables are used the yellow/green ground wire must not carry any voltage. 

The cable cross sectional area, typically 2,5 mm2, 4 mm2 and 6 mm2, should be selected 

according to the PV array output voltage and output current and minimize voltage drop. 

[15] 

3.7.4 AC MAIN CABLE 

The AC connection cable connects the AC output of the inverter to the low-voltage 

house power grid via the protection equipment. Usually cable of type NYY, NYM or 

NYCWY is used.  For a single-phase inverter, the connection is made using three-pole 

cable. In case of a three-phase inverter, five-pole cable is employed. [15]  

3.8 SYSTEM PROTECTION 

The design of the system protection is important for safe and reliable operation. This 

chapter covers various overcurrent protection, grounding, bonding, surge suppression 

and disconnector location. 

 

Figure 19 | Diagram of grid-connected PV system. Source: OEZ 
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3.8.1 PV ARRAY REVERSE CURRENT AND OVER-CURRENT PROTECTION 

Either DC fuses or DC circuit breakers are used as over-current protection of the PV 

array. Usually referred to as string (miniature) fuses and string (miniature) circuit 

breakers these components protect string cables from overloading. If the string 

protection devices are not used the string cables must be dimensioned to handle the 

maximum short-circuit current of the PV generator less the string current. The string 

fuses or string circuit breakers should be located in the combiner box. 

 

Figure 20 | PV array reverse current and over-current protection. Source: OEZ 
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3.8.2 LIGHTNING AND SURGE PROTECTION 

 

Figure 21 | Lightning and surge protection devices location. Source: ABB 

DC SIDE PROTECTION 

In general, there are either houses with lightning protection or without. If the lightning 

protection isn’t required, no risk is expected for the PV system either. In this case, for 

the DC side only surge protection of type 2 is required. 

When installed on buildings with lightning rod, the photovoltaic system, according to 

standards in the Czech Republic, should not impair lightning and surge protection of the 

building. If the PV modules are placed in the zone of protection of the air terminals 

(strike termination devices) and are outside the arcing distance (usually between 0,5 and 

1 meter) at the same time, the protection requirements are the same as in the previous 

case. 
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If the two requirements aren’t fulfilled, the lightning current might be diverted into the 

building. Therefore, a conductive connection of the lightning rod and frame of the PV 

panels is required. Additionally, the lightning and surge protection type 1 has to be 

installed. 

If the distance between the PV generator and the inverter is less than 10 meters, only 

one surge/lightning protection device is required. IN case the distance is larger, both the 

PV generator and the inverter DC input has to be protected. [23] 

AC SIDE PROTECTION 

The AC side requires the surge arrester to be installed to protect the PV system from 

surge coming from the distribution grid. If the distance between inverter and the 

switchboard is less than 5 meters, only the switchboard protection is required.  

3.8.3 DISCONNECTORS 

In case of faults it must be possible to isolate equipment from PV generator and power 

grid. Therefore, a disconnector (switch/isolator) is installed on the DC and AC side of 

the inverter as shown in Figure 19. The disconnectors must have load switching 

capability. The DC main switch has to be rated for the maximum open-circuit voltage 

(at -10°C) and short-circuit current of the PV generator. It has to be placed in an 

accessible place, e.g. in combiner box or directly before the inverter. 
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4. PLANNING AND SIZING THE PV SYSTEM 

For the specific object in this thesis the most suitable PV system is a grid-tied single-

phase system with central inverter. Therefore, only planning of this system will be 

described in this chapter.  

4.1 SYSTEM SIZING 

Before choosing system components system size should be roughly estimated according 

to the power demand and user requirements. With grid tied systems, due to the low 

electricity purchase prices of the distributors, the surplus energy cannot be effectively 

utilized without its accumulation either in form of heat in hot water storage tanks or in 

form of chemical energy in batteries. Therefore, the system size should be chosen so the 

system electricity production corresponds to the summer consumption. In this case the 

surplus energy should be minimized because, generally, the winter consumption is 

higher due to the fact that more power is used for lighting, the residents are generally 

present for longer periods and electricity might be used for heating as well. 

Concurrently, the PV system energy production is significantly lower due to the lower 

incident solar irradiance. 

4.2 COMPONENT PLACEMENT 

Before selecting the individual components, the planning of their placement should be 

performed. There are several requirements which have to be considered: 

 easy access to the components which might require maintenance (inverter, 

combiner box, etc.), 

 the shortest possible distance between components to reduce cable losses, 

 indoor/outdoor placement with respect to the extra costs of equipment protection 

measures against environmental factors and weather. 

4.2.1 PV ARRAY LOCATION 

The energy produced by the PV system is highly dependent on the orientation of the PV 

modules. The dependence of the incident irradiance on the PV module inclination and 

azimuth is shown in the Figure 22. The usual placement in the residential application is 
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the roof of the building. After deciding about the placement of the PV array, appropriate 

mounting system should be selected. If the roof doesn’t have required inclination, the 

mounting system might be designed to provide the necessary adjustment. 

 

Figure 22 | Amount of incident irradiance dependent on the inclination and azimuth of the PV panel in Czech 

Republic 

4.2.2 INVERTER LOCATION 

When deciding about inverter location, several aspects need to be taken into account: 

 Inverters are sensitive to temperature. Due to this fact, they shouldn’t not be 

located in direct sunlight. Keeping the inverter operating out of extreme 

temperatures increases its performance and lifetime. 

 The inverter produces heat. Therefore it should be located in place with passive 

ventilation. Placement in air-conditioned room requires additional energy to 

remove the produced heat. This reduces the overall effectiveness of the PV 

system. 

 Inverters require maintenance. For this reason, they should be placed in a 

location with easy access. 

 The location should be decided according to the distance of DC and AC 

connection. The DC input of the inverter is connected to the PV array, the AC 

output is connected to the main switchboard. To reduce the cable losses, the 

distances should be reduced to minimum. 
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4.3 COMPONENT SELECTION AND SPECIFICATIONS MATCHING 

A PV system can easily last 20 years with moderate levels of maintenance. [12] 

However, with selecting high-quality components, quality design and installation and 

proper maintenance, the chances for exceeding this lifetime are significantly higher. The 

inverters are a weak point of the system. But unless there is a defect in the design, 

installation or product, the right inverter will last 15 to 20 years. [12] The inverters 

usually come with 5 to 10 year warranty, however, many of manufacturers offer 

warranty extension up to 20 years. The PV panels are usually the most expensive part of 

the system but based on their design and with quality installation, they can easily last up 

to 40 years. [12] 

The proper maintenance of the PV system and data evaluation will allow the defective 

panels and other components to be replaced under warranty period. That will allow to 

get the highest possible lifetime of individual system components. 

4.3.1 MODULE SELECTION 

The main parameters which need to be borne in mind when choosing PV module are its 

efficiency, temperature coefficient, price per Wp, degradation parameters and warranty. 

It is also advisable to choose trustful manufacturer which produces high quality reliable 

products and offers high standard of customer service. 

4.3.2 INVERTER SELECTION AND SIZING 

Firstly the invertor type needs to be selected according to the placement of the inverter. 

Many manufacturers offer residential inverters designed for outdoor use. As a rule, 

inverters designed for outdoor operation might be installed either outdoors or indoors, 

whereas indoor inverters might be installed indoors only. 

INVERTER POWER RATING 

In general, the inverter maximum input power should be selected to match the 

maximum power output of the PV array. Selecting inverter with significantly higher 

power input, known as inverter over-sizing, reduces the inverter operating efficiency 

and therefore, the overall power output. To achieve the highest possible inverter 

efficiency the power output of the PV array and rated power input of the inverter should 
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be as close as possible. Sometimes designers install PV arrays with higher rated power 

than is the maximum input power of the inverter because of the unavoidable power 

losses due to temperature, non-ideal module orientation, cable losses, etc. [13] This 

allows cheaper inverter to be installed, known as inverter under-sizing. In past it was 

common to under-size inverter based on the values of hourly irradiance data, indicating 

only small amount of irradiance levels above 850W/m2. New methods of gathering data 

on a minute or even second basis indicate that significant amount of irradiance might be 

available at the higher levels compared to the levels of 15-minute or hourly based data. 

[15] 

4.3.3 MATCHING VOLTAGE SPECIFICATIONS 

There are two voltage specifications which need to be met. Firstly, the maximum 

voltage of the PV array shouldn’t exceed the maximum system voltage stated in the PV 

module data sheet. Secondly, the PV array voltage should match the inverter operating 

voltage range. The maximum input voltage of the inverter should not be exceeded, as 

higher values might damage the inverter electronics. On the other hand, exceeding the 

minimum input voltage of the inverter, known as the turn-off voltage, causes the 

invertor to shut down, which decreases the efficiency of the PV system.  

The inverter operating voltage range isn’t necessarily the same as its MPP tracker 

voltage range, in fact, in most cases the MPPT voltage range is smaller. It is desirable 

for the overall system efficiency to match the MPPT voltage range, otherwise the 

inverter wouldn’t be able to work in the maximum power point of the PV array and the 

whole PV system would underperform. 

NUMBER OF MODULES IN A STRING 

As stated in Chapter 3.2.3, the PV array voltage is determined by the number of 

modules connected in the string. The inverter voltage range limits the number of 

modules which might be connected in a string. As mentioned in Chapter 3.2.2, the PV 

module voltage is highly dependent on cell temperature. Therefore, the minimum and 

maximum amount of modules in a string must be determined according to the site 

specific temperature conditions. 
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The highest module voltage which might occur is the open circuit voltage at minimum 

cell temperature. As long as the module might not have been heated up, the lowest cell 

temperature should be equal to the lowest ambient temperature for the installation site. 

The maximum number of modules in a string is then determined according to the 

Formula 4.1. This figure should be rounded down to a nearest whole number. 

Nmax =
Vmax,inv

VOC(Tmin)
 [-] (4.1) 

where Nmax 

Vmax,inv 

VOC(Tmin) 

is the maximum number of modules in a string 

maximum input voltage of the inverter  

open circuit voltage of PV module at minimum temperature 

 

  

The lowest module voltage is the maximum power point voltage at the highest possible 

ambient temperature. The cell temperature, however, might be higher due to the module 

being heated up during its operation according to the Formula 3.7. The maximum 

number of modules in a string is then determined according to the Formula 4.2. The 

MPP voltage is calculated analogically to the open-circuit voltage calculation presented 

in Formula 3.11. This figure should be rounded up to the nearest whole number. 

Nmin =
Vmin,inv

VMPP(Tcell,max)
 [-] (4.2) 

where Nmin 

Vmin,inv 

VMPP(Tcell,max)  

 

is the minimum number of modules in a string 

minimum input voltage of the inverter  

maximum power point voltage of PV module at maximum cell 

operating temperature 

 

  

VOLTAGE OPTIMIZATION 

When optimizing the PV array output voltage, it should be borne in mind that it affects 

the inverter efficiency, as was mentioned in Chapter 3.3.3. By closely matching the PV 

array voltage to the inverter voltage the yield can be increased by several percent. [15]  
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4.3.4 MATCHING CURRENT SPECIFICATIONS 

The inverter maximum input DC current shouldn’t be exceeded. The inverter 

manufacturers generally specify the maximum DC input current and the maximum DC 

input current per string. As stated in the Chapter 3.2.3, the maximum string current is 

the short circuit current of a single module and the PV array maximum output current is 

the sum of maximum string currents. The output current of a PV module doesn’t vary as 

dramatically as the output voltage. However, it does increase slightly with increasing 

temperature. Because of small significance of this increase, designers often do not 

account for it when sizing the PV array, unless the value of the array output current is 

very close to the input current value of the inverter. [15] 

4.3.5 CABLE SELECTION 

When selecting the cables, three essential criteria should be considered: 

 cable voltage rating, 

 cable current carrying capacity, 

 minimizing cable losses. 

The cable voltage rating should never exceed the PV system voltage. The same applies 

to the current carrying capacity. As mentioned in chapter 3.7, in case no string circuit 

breakers or fuses are implemented, the cables has to be dimensioned to handle the 

maximum short-circuit current of the PV generator less the string current. The cable 

cross section area should be calculated to comply with the national standards for 

allowed voltage drop. Various connecting and protective components should be added 

to calculate the total voltage drop and set the cross section area accordingly. According 

to the Czech standard ČSN 33 2130 the allowed total voltage drop is below 2%. 

4.4 SYSTEM POWER CALCULATION 

In order to design and evaluate the PV system, on one hand simple computational tool 

for the system power generation is needed, on the other hand this tool should be 

sufficiently reliable and take specifics of the installation into account. The complex 

simulation models aren’t often used in practice and their usage for conventional systems 

doesn’t even make sense. 
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For the purposes of the photovoltaic systems annual electricity production, in the Czech 

Republic a standard EN 15316-4-6 was set. This method uses the peak PV generator 

power without taking the actual operational conditions for particular PV modules and 

other system components into account. 

In this work more accurate methods are presented. These methods allow to take into 

account the effect of irradiance and temperature on the efficiency of the specific PV 

modules as well as the losses of the system. The irradiance and temperature data for 15-

minute intervals for average day in each month were obtained. 

4.4.1 YIELD CALCULATION 

The electricity generated by the PV system depends on actual solar irradiation on tilted 

PV modules, temperature, as well as parameters of the used equipment and losses of the 

whole PV system. The calculation of the generated electricity is performed using 3 

methods and compared afterwards with the PVGIS online calculator. 

MODEL 1 

The first method calculates the power generation according to the energy balance using 

the PV module efficiency dependent on temperature and irradiance. 

E = A ∙ G ∙ η(𝐺, 𝑇) ∙ PR ∙ τ [kWh] (4.3) 

where E 

A 

η(G,T) 

G 

PR 

τ 

produced energy 

PV array surface area 

PV panel efficiency dependent on irradiance and temperature,  

irradiation on tilted panels 

performance ratio – coefficient for losses 

time period in hours 

  

The irradiation value G is the irradiance on tilted array surface with respect to its 

inclination and azimuth. The panel efficiency includes its dependency on irradiation 

calculated according to Formula 3.2, and the temperature dependency calculated 

according to Formula 3.3. The performance ratio calculation is presented in the next 

chapter. 
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MODEL 2 

The method 2 uses the temperature and irradiation dependency of the PV generator I-V 

curve presented in Chapter 3.2.2. The power output is calculated according to the 

module fill factor, short-circuit current as a function of irradiance and open-circuit 

voltage as a function of temperature. The model is neglecting the minor current change 

with changing temperature and voltage change with changing irradiance. 

E = FF ∙ 𝐼𝑆𝐶(𝐺) ∙ 𝑉𝑂𝐶(𝑇𝑐𝑒𝑙𝑙) ∙ PR ∙ τ [kWh] (4.4) 

     

PVGIS METHOD 

The PVGIS method is an alternation to the Method 1. The main difference is the 

calculation of the module efficiency as a function of irradiance and time and different 

method of cell temperature calculation, mentioned in Chapter 3.2.2,  

E = A ∙ G ∙ η𝑃𝑉𝐺𝐼𝑆(𝐺, 𝑇) ∙ PR ∙ τ [kWh] (4.5) 

METHODS COMPARISON 

The power output of the PV system was calculated in 15-minute intervals for average 

day of each month. The comparison of the results for 2,5 kWp system with PR = 0,847  

with  AmeriSolar 250W AS-6P30 poly-crystalline silicon panels is presented in Graph 

18. Values calculated using PVGIS online calculator for free standing and building 

integrated PV generator were added to the comparison, the performance ratio was 

selected the same as for the models. The only difference is different temperature input 

values and module specifications in PVGIS online calculator which represent an 

average polycrystalline module. 



 

 

7
9
  

Graph 18 | Comparison of PV system power generation according to the calculation method used 
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From the Graph 18 it can be seen that the outputs vary. The deviation between the 

Method 1 and 2 is about 4-7% between individual months and 4,8% annually. The 

deviations of both Model 1 and Model 2 are presented in Graph 19 and Graph 20. 

 

Graph 19 | Model 1 power output deviation compared to the other models 

 

Graph 20 | Model 2 power output deviation compared to the other models 

Although the PVGIS calculated values are calculated using the temperature coefficient 

for building integrated PV generator the power generation values are significantly 
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higher than the values calculated in the PVGIS software online both for building 

integrated and free standing systems. This indicates differences in input data. The 

difference might come from temperature data or the six coefficients affecting the power 

output temperature and irradiance dependency. 

The PVGIS temperature calculations for building integrated PV generators give slightly 

higher temperature values than the calculation using INOCT. This is understandable 

because the method using INOCT takes into account creating gap between the panels 

and the roof itself. This ensures better ventilation and therefore reduces the cell 

operating temperature. 

4.4.2 SYSTEM LOSSES 

The performance ratio (PR) indicates the system’s actual output value compared to an 

ideal system operating without losses. It is calculated according to the Formula 4.6. 

PR = ηEuro ∙ (1 − kZt) ∙ (1 − kZDC) ∙ (1 − kZAC) ∙ (1 − kZs) ∙ (1 − kZd) [%] (4.6) 

where ηEuro 

kZDC 

 

kZAC 

kZs 

kZd 

kZar 

inverter Euro efficiency 

DC losses – incl. cables, fuses, circuit breakers and other DC 

components 

AC losses 

losses due to shading 

losses due to dust and snow… 

losses due to angular reflectance effects 
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TEMPERATURE LOSSES 

As mentioned in the Chapter 3.2.2, the operation temperature of the PV module 

has large effect on its power output. High operating temperatures lead to power 

losses. Therefore, to obtain characteristics of temperature losses during the day, 

the daily temperature profiles for average day of each of 12 months are estimated 

according to the Chapter 2.1.2. The losses are implemented into the module 

efficiency and are calculated in 15-minute intervals during average day for each 

month, according to the nominal operating cell temperature obtained from the 

Formula 3.7. 

DC AND AC COMPONENTS LOSSES 

DC and AC power losses are calculated as a voltage drop in percent of cables in DC and 

AC section and other components, such as surge and over-voltage protection, 

disconnectors etc. 

The cable voltage drop increases with increasing cable length, increasing current and 

decreasing cable cross sectional area. Therefore, the PV system components location 

should be chosen to minimize the cables length, thus reducing the power losses. The 

voltage drop of the cable might be calculated according to the Formula 4.7 from Czech 

standard ČSN 33 2130. However in this work, Formula 4.10 is used. 

∆V =
b ∙ L ∙ P

𝑔 ∙ S ∙ Vs
 [V] (4.7) 

where b 

 

L 

P 

g 

S 

Vs 

cable length factor, b=2 for single phase wiring, b=1 for three-

phase wiring 

simple length of the cable 

transmitted power 

cable conductance 

cable cross sectional area 

phase voltage 
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∆V = b(ρ ∙
L

S
∙ cosφ + λ ∙ L ∙ sinφ) ∙ I [V] (4.8) 

where b 

 

ρ 

 

 

L 

S 

cos φ 

λ 

I 

cable length factor, b=2 for single phase wiring, b=1 for three-

phase wiring 

resistivity of the conductor material (if not specified, 0.023 for 

copper and 0.037 for aluminum (at ambient temperature = 25°C) 

[Ω∙mm²/m] 

simple length of the cable 

cable cross sectional area 

power factor, cos φ=1 for DC circuit or resistive load (sin φ=0) 

reactance per length unit 

transmitted current 

 

  

Voltage drop as a percentage is then calculated according to the Formula 4.9. 

∆V(%) =
∆V

V
∙ 100 [%] (4.9) 

where V phase voltage 

 

  

The losses of other components need to be acquired from the component data sheets. 

LOSSES DUE TO SHADING 

Shading resulting from the location involves shading produced by the PV generator 

surroundings and the building itself. Trees, neighboring buildings and horizon obstacles 

can all lead to reducing the amount of incident irradiance. In order to determine the 

losses caused by shading, shading analysis should be performed. During the analysis, 

the shadow outline of the surroundings is recorded and its effect on power losses is 

estimated. 

LOSSES DUE TO DUST AND SNOW 

Losses caused by dust, bird droppings, leaves, air pollution, and other types of soiling 

has strong and long lasting impact. The effect is decreased with sufficient inclination 

due to self-cleaning effect caused by running rainwater. An inclination of 12⁰ is usually 
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sufficient for panels to self-clean. [15] The losses due to soiling of PV array in a normal 

location and with sufficient inclination can be assumed as 2-5%. [24]  

Snow on a PV array usually melts faster than surrounding snow, so, generally, shading 

occurs only during short time period, again this effect is reduced by sufficient 

inclination of the panels. [15] 

LOSSES DUE TO ANGULAR REFLECTANCE EFFECTS 

Losses due to angular reflectance effects represent reflection losses due to the light 

incidence angle not being perpendicular relative to the module plane. PVGIS software 

allows to estimate this kind of losses depending on the inclination and azimuth of the 

modules. 

LOSSES DUE TO MODULE DEGRADATION 

The losses due to module degradation don’t immediately effect the PV system 

performance but play non-neglectable role in a long term system evaluation. The rate of 

degradation is according to the study [25] in average between 0,6-0,7% a year. To 

maintain the conservative approach, the values 0,7% is used in this work when not 

stated otherwise in the module data sheet. 

4.4.3 BATTERY PERFORMANCE 

When calculating the power which can be saved to batteries and used afterwards, the 

efficiency of battery charge-discharge cycle has to be used. This value varies for 

different types of batteries and if not stated in the data sheet, the average value for 

specific type is considered. Moreover, the inverter causes another losses due to power 

conversion, these are usually stated in the inverter data sheet (usually as ‘DC to AC 

efficiency’). 

The battery capacity degradation is calculated from the stated battery service life 

according to its usage in the considered PV system. Firstly, the annual amount of 

battery cycles is calculated according to the Formula 4.10. The period until the battery 

degrades to 80% of its initial capacity for the specific installation is then calculated 

according to the Formula 4.11. Finally, the annual battery degradation coefficient is 

calculated according to the Formula 4.13 which is a modification of the Formula 4.12. 
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ETSL = C ∙ V ∙ DOD ∙ SL(DOD) [kWh] (4.10) 

where ETSL 

 

C 

V 

DOD 

SL(DOD) 

 

total energy charged and discharge over servicelife of the 

battery 

battery capacity in Ah 

battery voltage 

depth of discharge 

battery service life in cycles at DOD 

  

T80% =
ETSL
Ea

 [years] (4.11) 

where T80% 

 

Ea 

period in years until the battery degrades to 80% of its initial 

capacity for the specific installation 

battery annual energy charged and discharge for the specific 

installation 

 

  

1(1 − 𝑑𝑎𝐵)
𝑇80% = 0,8 [-] (4.12) 

where 𝑑𝑎𝐵 the annual battery degradation   

d𝑎𝐵 = 1 −
2

2
T80%

√5
T80%

 [%] (4.13) 

     

4.5 CONSUMPTION OPTIMIZATION 

To use most of the generated energy even during the working days when the residents 

aren’t present and the consumption is low while the incident irradiance is at its peak, 

consumption optimization is performed. In order to not affect the resident’s comfort, 

only the house heating and water heating is optimized. This will ensure that at the days 

of sufficient sunshine during the heating season, the house will be heated to optimal 

temperature by the time the residents are back from work. This optimization will not 

only mean the electricity costs savings, but also reduce the energy consumption as the 

house won’t be heated up suddenly in a short period of time. Apart from the house 

heating which is needed only in part of the year, the water heating is needed throughout 
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the whole year. Its optimization is more crucial, as the PV system produce higher 

amount of surplus energy during summer compared to the winter. The power 

consumption used for the water heating is presented in Chapter 2.5. 

Currently the A/C conditioning which will be used for the house heating is only used 

occasionally. Most of the heating is provided by the wood stove. This provides a room 

for optimization and costs savings. Not only is the heat production using the air 

conditioning with heat pump more efficient but it can effectively use the surplus energy 

produced by the PV system. In order to estimate the maximum possible power 

consumption of the air conditioning units to provide the same amount of heat which is 

currently produced by burning the firewood, the data presented in Chapter 2.6 are used. 

The power consumption of the air conditioning units is calculated according to the 

Formula 4.14, using the SCOP coefficient characteristics presented in Chapter 2.4. The 

output of the calculation is presented in Table 13. It is assumed that each of the two 

outdoor air conditioning units will contribute with the same amount of heat produced. 

Therefore, an average value of SCOP for both units is used. This actually means that 

half of the heat is produced by the unit located in living room and the other half by the 

units in kitchen and bedroom. From the monthly total power consumption the average 

day consumption is calculated. This energy is then added to the consumption at the 

times of surplus power generation of the PV system. 

 

PAC,input =
Qwood,ef

SCOP(TAVG)
 [kWh] (4.14) 

where PAC,input 

Qwood, ef 

 

SCOP(TAVG) 

power input of the air conditioning units 

heat produced by the firewood which is effectively used for 

heating the house 

Seasonal Coefficient of Performance of the A/C units at 

average outdoor temperature 
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Month 
Average 

Temp [°C] 

Heat from 
wood 
[kWh] 

SCOP 
Power Cons. 

of A/C 
[kWh] 

Daily Cons. of 
A/C 

[kWh] 

January -0,5 1526,6 3,85 396,5 12,79 

February 0,4 1322,2 4 330,5 11,80 

March 4 1161,6 4,85 239,5 7,73 

April 9,5 823,5 5,7 144,5 4,82 

May 13,5 157,3 5,9 26,7 0,86 

June 16,5 
    

July 19 
    

August 19 
    

September 14,5 59,2 5,95 9,9 0,33 

October 10,5 820,7 5,75 142,7 4,60 

November 5 1135,8 5,05 224,9 7,50 

December 1 1406,7 4,2 334,9 10,80 

Year avg/total 9,37 8413,6 
 

1850,2 
 

Table 13 | Monthly and daily A/C unit power consumption for house heating 

With change of the times of the water boiler operation and with substitution of the wood 

stove heating with the air conditioning unit, the power consumption is optimized. This 

means raising the power consumption by switching on the water boiler or the air 

conditioning unit at the time of surplus power generation of the PV system. There are 

several components on the market which are able to switch on the desired appliances. 

For example the SMA Home Manager which uses radio controlled sockets or 

WATTrouter M SSR manufactured by Czech company Solar Controls. The improvement 

in consuming the PV system generated power is presented in Graph 21 and Graph 23. 

The values are presented for average working and weekend day in January and June in 

15-minute intervals. 
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Graph 21 | January average working day power consumption and PV system generation 

 

Graph 22 | January average weekend day power consumption and PV system generation 

In January the improvement isn’t any significant and on average day the water heating 

needs to be performed in the evening. The time of is here set to 16 o’clock to ensure that 

by the evening enough of hot water is produced. During the high tariff in period from 



89 

 

18:30 to 20:00 the boiler is set to turn off and continue in operation afterwards until the 

daily average of consumed power for water heating is met. 

 

 

Graph 23 | June average working day power consumption and PV system generation 

 

Graph 24 | June average weekend day power consumption and PV system generation 
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In order for the consumption optimization to work in this way, the water boiler needs to 

be disconnected from the HDO system, this requires the change of electricity tariff.  
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5. DESIGN OF PV SYSTEM 

In this chapter the design of specific PV system variants is presented. It includes 

choosing appropriate components of the system as well as their parameters according to 

the power consumption of the house and economical aspects. Furthermore, the system 

safety and protection equipment is designed in this chapter. 

5.1 CONSIDERED VARIANTS 

There are 3 main variants of considered PV systems: 

1. PV system with accumulation of surplus energy into hot water and house 

heating/cooling. 

2. PV system with accumulation of surplus energy into hot water, house 

heating/cooling and batteries. 

3. PV system for direct water heating. 

All the system variants are designed to comply with the subsidy program, therefore, the 

aim is to fulfill all necessary requirements to obtain the financial subsidy. 

5.2 PV SYSTEM WITH HEAT ACCUMULATION 

The first variant is the PV system with usage of surplus energy for water and house 

heating. In order to redistribute the surplus energy the system needs to be equipped with 

a load managing device which is able to switch on specific devices such as boiler and 

air-conditioning. In this variant electricity accumulation devices aren’t used. Therefore, 

the surplus energy which is not used for house and water heating is fed into the 

distribution grid. 

5.2.1 SIZING THE SYSTEM 

In order to comply with the subsidy program requirements, at least 70% of the produced 

power has to be consumed in the place of production. The annual power consumption of 

the considered house is around 3,5MWh. After the comparison of the consumption to 

the energy generation, 2,5kWp system was chosen as the default one.  
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5.2.2 SYSTEM COMPONENTS 

PV MODULES 

No difference in PV module choice has to be made among the three system variants. 

The considered PV module types are presented in Table 14. The Canadian Solar module 

is the most expensive one due to the fact that all the others were discounted. The Benq 

module was, for example, originally 6 049 CZK including VAT, discounted by 19,8% 

to 4 815 CZK, 4 890 CZK including the recycling fee of 39 CZK. 

 

Parameter Unit 
 AmeriSolar 
250W AS-

6P30 

CANADIAN 
SOLAR CS6P-

P 260 

OMSUN 
FCP 250W 

AUO BenQ 
PM060P00 

Technology   pc-Si pc-Si pc-Si pc-Si 

Efficiency [%]   15,37 15,65 15,2 16,1 

Nominal power Wp 250 260 250 260 

Warranty  years 12 12 12 10 

Price incl. VAT CZK 4749 5636 4310 4890 

Price incl. VAT CZK/Wp 19,0 21,7 17,2 18,8 

length m 1,64 1,665 1,64 1,639 

width m 0,992 0,999 0,991 0,983 

Voc V 38 37,92 38,41 37,7 

Isc A 8,75 8,67 8,51 8,83 

Vmp V 30,3 31,25 31,36 31,2 

Imp A 8,26 8,33 7,98 8,34 

Temp coef. Pmax %/K -0,43 -0,43 -0,475 -0,39 

Temp coef. Voc %/K -0,33 -0,33 -0,338 -0,3 

NOCT °C 45 44,8 45 46 

Max ser. fuse A 15 15 10 15 

Max sys. voltage V (DC) 1000 1000 1000 1000 

Table 14 | Considered PV module types 

As the default module for the system, the AUO BenQ Green triplex PM060P00 is 

chosen. The reason is the price per Wp, which is the second lowest after the OMSUN 

OMP 250W module. The BenQ module has, however, much better temperatures 

coefficients and, therefore, better performance at higher temperatures. The comparison 

of systems with each module is provided in economic evaluation in the following 

chapters. 
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INVERTER 

 

Figure 23 | SMA Sunny Boy 2,5 and GoodWe GW2500-NS inverters. Source SMA 

As an inverter, the SMA Sunny Boy 2,5 and GoodWe GW2500-NS are chosen as the best 

options. The specifications of both inverters are presented in Table 15. Both inverters 

offer all necessary features, such as MPP tracker, system data monitoring with 

possibility to send the data to computer or even to a smartphone or tablet. Other benefit 

is the ability to place the inverters outdoors. One of the important aspects is the 

possibility to extend the warranty up to 20 years. Other considered alternative inverter 

was for example Fronius Galvo 2.5. Although it has similar specifics as the mentioned 

inverters, with price of 27 900CZK and warranty extension to 20 years priced at 

19 440CZK it is significantly more expensive. 
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Technical Data 
SMA 

Sunny Boy 
2,5 

GoodWe 
GW 

2500-NS   

Max DC power 2,65 2,7 kW 

Rated input voltage 360 - V 

Max input voltage 600 500 V 

Min/initial input voltage 50/80 80 V 

MPPT voltage range 260-500 80-450 V 

Max input current 10 18 A 

Number of strings  1 1/2   

Nominal AC output 2,5 2,5 kW 

Max AC output 2,5 2,5 VA 

Nominal AC voltage range 180-280 180-270 V 

Max output current 11 12,5 A 

EU efficiency 96,7% 97,0%   

Price incl. VAT 21 366 16 323 CZK 

Warranty 5 5 years 

- extension to 20 years 17 280 15 498 CZK 

Number of phases 1 1   

Table 15 | Variant 1 inverter specifications 

SPECIFICATIONS MATCHING 

Firstly, the voltage specifications of the inverter need to be matched with the PV 

generator. This process was described in Chapter 4.3.3. Ideally, the voltage of the PV 

generator should be within the range of the MPP tracker so the highest possible 

performance is achieved. The temperature extremes in the Czech Republic might be up 

to 45°C in summer and -15°C in winter. The corresponding minimum and maximum 

voltage is presented in Table 16. 

 

Module Operating Voltage 
  

Tmin -15 °C 

Tcell,min -15 °C 

Maximum voltage (Voc at Tmin) 43,0 V 

Tmax 45 °C 

Tcell at Tmax 80 °C 

Minimum voltage (Vmp at Tcell,max) 26,1 V 

Table 16 | PV module operating voltage 
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Based on the PV module operating voltage range, the minimum and maximum number 

of modules in a string is  calculated. Firstly, matching PV modules with the SMA Sunny 

Boy inverter is presented. To match the MPPT voltage range of 260-500V, only 10-11 

modules are allowed to be installed in a string. Due to the fact that this inverter allows 

only 1 string to be connected, it is concurrently the only possible configuration of the 

PV array. 

With 10 modules in a string, each with nominal power of 260Wp, the total power output 

of the generator is 2,6kWp. With 11 PV modules, the nominal power output of the PV 

generator is 2,86kWp which exceeds the maximum DC input of the inverter (2,65kW). 

However, as long as this output is only achievable at low temperatures and high 

irradiance, to reach it, the irradiance on tilted surface and the ambient temperature 

would have to reach values specified in Table 17. Although this situation might happen, 

with the specified irradiance, the ambient temperature would in most cases be higher 

than the specified values. Considering the situation might occur, it would mean no 

danger for the system. The inverter would simply limit the input power and the surplus 

power wouldn’t be used. This phenomenon is called inverter ‘clipping’.  

  

Power [kW] 
Irradiance 
on tilted s. 

[W/m2] 

Ambient 
temperature [⁰C] 

    Model 1 Model 2 

2,65 900 -25,48 -26,79 

  1000 -2,37 3,17 

  1100 15,82 26,87 

Table 17 | Temperature and irradiance levels to achieve specified power  

The GoodWe GW2500-NS inverter offers wider MPPT voltage range. Therefore, from 4 

up to 10 modules might be connected in a string. In order to comply with the 

requirement of the 70% consumption of the produced energy, the variant with 10 

modules and 2,6kWp nominal power is chosen for both inverter variants. 
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LOAD CONTROL 

 

Figure 24 | SMA Sunny Home Manager. Source: SMA 

The load manager device is necessary for using the surplus energy for house and water 

heating. Therefore, it allows to increase self-consumption. The SMA Sunny Home 

Manager represents one of the more sophisticated load managers. It monitors the PV 

system by communicating with the SMA or other inverter and reading connected energy 

meters. Through the radio-controlled sockets it is then able to control the loads. The 

device is receiving location-based weather forecast via the Internet and based on the 

information it creates the PV system yield forecast. It also logs data on PV generator, 

grid feed-in and purchased electricity. It is than able to create a load profile of the 

household individually for each day of the week. 

 

Figure 25 | WATrouter M SSR. Source: Solar controls 

The WATTrouter Eco or M SSR is a simpler devices. It doesn’t offer the weather 

forecast or ability to create load profiles. It consists of measuring module and a 

regulator which uses connected relays to fluently regulate connected devices. The M 
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SSR model has the ability to control the devices via Wi-Fi connected devices, such as 

computers or smartphones.  

CABLES AND CONNECTING SYSTEMS 

As stated in previous chapters, the cables and connections should be chosen to minimize 

losses. Decision whether higher investment costs are worth minimizing losses should be 

always part of the economical evaluation of the project. 

The best location for the inverter is in the basement room right next to the main 

switchboard. This position allows the wiring from the PV generator located on the roof 

to be less than 10 meters. The interconnection of the PV modules is done with the 

cables and connectors included, each module comes with 1 meter long cable with the 

YS-254/255 connector with a transfer resistance of less than 5 milliohms. Selected 

cables and calculated voltage drop are presented in Table 18. The voltage drop of plug 

connectors for interconnecting the PV modules is presented in Table 19. The AC 

connection is less than 1 meter long. Therefore, the AC cable losses and price are 

neglected. 
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DC Cables 
    

I PV generator Imp at STC 8,34 A 

V PV generator Vmp at STC 312 V 

Modules interconnection     

S Cross sectional area 4 mm2 

L1 Cable length modules connection  10 m 

b cable length factor 1 - 

R/km Resistivity 5,09 Ω/km 

ΔV Volt drop over cables 0,42 V 

ΔV(%) Voltage drop  0,14%   

PV generator to inverter connection     
 

  
 

  

    

        

  Cable Type NYY-O 1x4   

  Price 21,33 Kč/m 

S Cross sectional area 4 mm2 

L2 PV array to inverter 8 m 

b cable length factor 2 - 

R/km Resistivity 4,61 Ω/km 

ΔV Volt drop over cables 0,62 V 

ΔV(%) Voltage drop  0,20%   

Table 18 | DC cable types and voltage drop 

Plug connectors 
    

  
 

  

  

  Type YS-254/255   

R Resistance 5 mΩ 

ΔV Voltage drop 0,0417 V per plug connector 

N Number of connectors 22   

ΔV Connectors voltage drop 0,9174   

ΔV(%) Voltage drop  0,29%   

Table 19 | PV array plug connectors voltage drop. 

PROTECTIVE DEVICES 

Due to the fact that the house isn’t in the risk of being struck by the lightning because of 

the presence of tall trees on the North of the house, it isn’t equipped with a lightning 

protection system. Therefore, according to the facts mentioned in Chapter 3.8.2, on the 
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DC side protection type II is required. Because of the cable length between the PV 

generator and DC side of the inverter is shorter than 10 meters, only one protective 

device is required. With respect to the highest system DC voltage of 422V which was 

calculated in previous chapter, the surge protection device CITEL DS50PVS-500 is 

chosen. It allows maximum operating voltage of 530V. Therefore, it will protect the 

inverter from its maximum voltage of 600V of being exceeded. 

 

Figure 26 | Surge protective device CITEL DS50PVS-500. Source: CITEL 

MODULES MOUNTING 

The mounting of the PV modules to the roof needs a special construction which is 

designed for the specific roof surface. After contacting the company Silektro which is 

offering VarioSole roof construction, a price of 1 050CZK without VAT for 

construction for 1 PV module was obtained. The construction maintains a gap between 

the roof and the PV modules which helps the air to flow under the modules and thus 

reduces their operating temperature. 

5.3 PV SYSTEM WITH ELECTRICITY ACCUMULATION 

The system with electricity accumulation requires, apart from batteries itself, more 

sophisticated inverter which is able to charge the batteries through its DC output. There 

are basically two options of connecting the batteries to the system. The first one is to 

obtain the inverter with integrated battery charger. The second option is to use standard 

on-grid inverter with battery controller as a separate component. After analyzing the 

component prices, the first option seems as a cheaper variant. 
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INVERTER 

Most of the inverters with the ability to charge batteries are designed for the off-grid 

operation and come in a three-phase version which is significantly more expensive than 

a single-phase version. According to the local power distributor only PV systems with 

power exceeding 4,6kWp are required to be three-phased. With power of less than 

4,6kWp, single-phase connection is possible and in most cases it is more economical as 

well.  

The most suitable inverter is Growatt 3000HY. In Table 20 its specifications are shown 

in comparison with the best alternative, GoodWe GW3648-ES inverter. 

 

Type 
 

GoodWe 
GW3648-ES 

Growatt 
3000HY 

Max DC power kW 4,2 4,5 

Max input voltage V 580 500 

Min input voltage V 150 116 

MPPT voltage range V 125-550 250-450 

Max input current A 11 18 

Number of strings    2 1 

Nominal AC output kW 3,6 3 

Max AC output kVA 3,6 3  

Max output current A 16 13 

EU efficiency   97,0% 95,0% 

DC to AC efficiency  95,0% 93,0% 

Price incl. VAT CZK 68 759 44 050 

Warranty years 5  5 

- extension to 20 years CZK 81 837 ? 

Number of phases   1  1  

Battery output power W 4,8 4,5 

Battery voltage V 48 48 

DC Disconnector   yes yes 

Table 20 | Variant 2 inverter specifications 

BATTERIES 

As mentioned in Chapter 1.2.3, the minimum battery capacity is set by the subsidy 

program requirements to 1,75kWh per kilowatt-peak of the PV generator in case of 

lead-based and traction acid batteries and to 1,25kWh/kWp in case of using modern 

technology batteries with high amount of deep discharge cycles such as lithium-ion and 

LiFePO4. The considered battery types are presented in Table 21. Due to the fact that 
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both inverter mentioned in previous chapter has 48V battery connection, the amount of 

battery units has to be selected with respect to that. The same principle as mentioned for 

PV modules in Chapter 3.2.3 applies for connecting individual batteries to form battery 

packs. The amount of batteries needed in series connection is 48 divided by the unit 

voltage. To add extra capacity, at least the whole number multiple of the calculated 

amount of batteries has to be added in the parallel connection. 

 

Batteries   Trojan Trojan 
Hoppecke 
solar.bloc LFP100AH LFP200AH BMZ 

BMZ ESS 
3.0 

Technology   
lead-acid 

flooded 
lead-acid 

flooded 
lead-acid 

AGM LiFePO4 LiFePO4 Li-Ion Li-Ion 

Unit voltage V 12 8 12 3 3 24 48 

Unit capacity Ah 85 170 90 40 200 108 121,5 

Total unit capacity Wh 1020 1360 1080 120 640 2797,2 6743,25 

DoD   50% 50% 63% 80% 80% 90% 80% 

Cycles at DoD   1 200 1 200 2 000 5 000 5 000 4 000 5 000 

Price incl. VAT Kč 5 782 5 911 7 237 1 730 8 652 48 850 112 750 

Price  per capacity Kč/kWh 5 669 4 346 6 701 13 516 13 516 17 464 16 720 

Price/kWh over life-time Kč/kWh 10,62 8,14 5,48 3,56 3,56 3,56 5,00 

Warranty years 2 2 2  2 2 5 7 

Required maintenance yes yes no no no no no 

Cycle efficiency 89% 89% 97% 95% 95% 97% 97% 

Table 21 | Considered battery types 

5.4 PV SYSTEM FOR DIRECT WATER HEATING 

The main advantage of the PV system variant for direct water heating are the savings in 

investment costs due to DC power supply for water heating. Therefore, the inverter 

which is a big part of the initial investment cost isn’t necessary. However, according to 

the requirements in subsidy program, technology for efficient optimization, such as 

MPP tracker, is required. Furthermore, because of the current boiler being able to be 

powered only with AC power, boiler with both DC and AC input have to be obtained. 

5.4.1 SIZING THE SYSTEM 

From the estimation in Chapter 2.5, the approximate power consumption for water 

heating in an average year is around 850kWh. However, the amount is not evenly 

distributed over days of the week. Much higher demand is observed during weekends. 
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In total, consumption for water heating during the weekends accounts for 441kWh, 

whereas during the working days for 407kWh. After considering these facts, the best 

utilization has the PV system with nominal power of 1kWp. It ensures that nearly 95% 

of the generated power is used for water heating during the weekends. A system with 

higher installed power would produce surplus energy which cannot be used. Therefore, 

the PV generator would have to be switched off even during the weekends.  On the 

other hand, systems with smaller installed power aren’t able to provide enough energy 

to cover the needs during the weekend days.  

5.4.2 COMPONENTS 

The default PV modules are the same as in the previous two variants. However, this 

isn’t the best solution due to the nominal power of the modules. More economical in 

this variant is to choose panels with nominal power of 255Wp or less. The selection of 

PV modules is discussed in economical evaluation further in this work. 

DC/DC CONVERTER WITH MPP TRACKER 

To use as much power as the PV modules can produce and to comply with the subsidy 

program requirements, the MPP tracker needs to be installed. There aren’t many of 

converters which fulfill all specifications needed. Most of them is designed for battery 

charging. The possible DC/DC converters with MPPT are presented in Table 22. 
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Type 
  

 LXDC 
Power Box 

1-2kW 

Marko 
DC/DC 

converter 

Max DC power kW 2 2,5 

Rated input voltage V 85-350 180-270 

Max input voltage V 350 400 

Min input voltage V 85 24 

MPPT voltage range V 85-350 220-360 

Max input current A 10   

Max AC output kVA 2 2,6 

Nominal AC voltage range V - 150-300 

Max output current A 10   

EU efficiency   98,5% 96,0% 

Price incl. VAT CZK 8490 8490 

Warranty years 2 ? 

- extension to 20 years CZK -  -  

Table 22 | DC/DC converters with MPP tracker 

The biggest concern with these products is the warranty. Whereas the LXDC Power Box 

has a warranty of 2 years, the warranty of the Marko isn’t specified. Information about 

warranty extension wasn’t possible to obtain from the manufacturers. The LXDX Power 

Box is better option in nearly all of the parameters. It offers wider MPPT voltage range, 

higher efficiency and at least some information about the warranty. The LXDC Power 

Box data sheet is annexed in Appendix 6. 

SPECIFICATIONS MATCHING 

The minimum number of PV modules which might be connected to the convertor in one 

string is calculated the same way as in the previous variants. The MPPT voltage range 

of 85-350V provides possibility of connecting 4-8 PV modules in a string, regardless 

the choice of the modules presented in Table 14. 

If the current exceeds the 6A limit the MPP tracker is turned off and the PV modules are 

directly powering the heating element of the boiler. 

WATER BOILER 

When choosing water boiler with the ability to be powered both with DC power from 

the PV generator and AC power from the grid in case there is not enough sunshine, 
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there aren’t many possibilities on the Czech market. Basically the only type of the boiler 

which is possible to be obtained is made by the Czech manufacturer DZ Dražice. 

The boilers are available with water accumulation volume of 95-195 liters and are 

equipped with universal heating element which is able to connect PV generator with 

output power of 1,1,5 or 2kW.  However, these boilers are relatively expensive, the 

price range is from 16100CZK to 18600CZK depending on the tank volume. [26] Due 

to the relatively small difference in price between the 95 liter and 155 liter boiler, the 

later one is chosen. 

PROTECTIVE DEVICES 

The surge protection device is the same as in the previous variants but due to the fact 

that the DC/DC converter isn’t equipped with the DC disconnector, the 2 pole OEZ 

OPVA10 disconnector is installed between the PV generator and the converter. The 

disconnector datasheet is annexed in Appendix 8. 
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6. ECONOMIC EVALUATION 

The economic model evaluates the total production of solar energy by the PV system 

over certain time period (e.g. 20 years) and calculates the energy savings according to 

the amount of consumed energy produced by PV system. The surplus energy might be 

sold to the power distributor according to the tariffs. Knowing the investment and 

operation costs of the PV system along with the costs saved by producing the electricity 

from the PV system, the economic evaluation is performed. 

6.1 METHODS USED 

6.1.1 NET PRESENT VALUE (NPV) 

Net Present Value is the sum of capital expenditures and income from the investment 

which are recalculated by discounting to their present value (the time when the 

investment is made). 

𝑁𝑃𝑉 =∑
𝐶𝐹𝑡

(1 − 𝑟)𝑡
=∑𝐷𝐶𝐹𝑡

𝑇

𝑡=0



𝑇

𝑡=0

 

𝑁𝑃𝑉 = 𝐶𝐹0 +
𝐶𝐹1

(1 + 𝑟)1
+

𝐶𝐹2
(1 + 𝑟)2

+⋯+
𝐶𝐹𝑇

(1 + 𝑟)𝑇
 

[CZK] (6.1) 

where CF 

DCF 

T 

t 

r 

cash flow 

discounted cash flow 

investment lifetime 

year 

discount rate 

 

  

NPV represents the amount of money the investor will obtain on top of the invested 

amount. The investment is profitable in case that NPV ≥ 0. In case the value is lower, 

the investment project won’t reach the required revenue. 

The basic prerequisite of this method is the estimation of future cash flows which is not 

always easy and accurate. Another difficulty is to set correctly the discount rate. The 

discount rate represents the required revenue and should reflect the inflation and the 

investment risk. The investment risk should take into account the uncertainty of future 
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revenue, it is clear that the higher the risk of the investment, the higher the required 

revenue.  [27] [28] 

6.1.2 INTERNAL RATE OF RETURN (IRR) 

The Internal Rate of Return indicates the relative profitability of the investment in 

percentage over its lifetime. Therefore, it is actually the discount rate at which the 

NPV=0.  

∑
𝐶𝐹𝑡

(1 − 𝐼𝑅𝑅)𝑡
= 0

𝑇

𝑡=0

 [%] (6.2) 

     

When determining the investment profitability by using the IRR indicator, it is 

necessary to take into account the required discount rate (required revenue) since this 

method does not consider it. To consider the investment profitable, the value of IRR 

should be greater than the required discount rate. [27] [28] 

6.2 INPUT DATA 

The accuracy of the economic evaluation using the mentioned methods depends on the 

accuracy of the input data and its correct forecast during the lifetime of the investment. 

6.2.1 POWER GENERATION AND CONSUMPTION 

As mentioned in previous chapters the PV system power generation is apart from set 

conditions, such as location, mounting position and components used, dependent on 

solar irradiance and ambient temperature. The correct evaluation of the electricity cost 

savings depends on the correct estimation of how much generated power can be 

consumed. Due to the fact that the irradiance and temperature, as well as power 

consumption are significantly changing on the hourly, daily and monthly basis, for the 

most accurate results, these data should be obtained with the small enough time step. 

In this work irradiance and power consumption data in 15-minute intervals for average 

day in each month were obtained. The in-depth consumption analysis is presented in 

Chapter 2.3, the irradiance data are presented in Chapter 2.1.1. In order to maintain the 
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conservative approach, the Method 1 is used to determine the system power output, due 

to the fact that the output power values were lower compared to the Method 2. 

As the temperature input data, the maximum and minimum temperature values for 

average day in each month were used to model the 15-minute daily profile. The data 

and the modelling process are presented in Chapter 2.1.2. Taking into account all these 

input data, fairly accurate model of power generation is created. 

6.2.2 ELECTRICITY PRICES 

The electricity prices are obtained from the distributor price list for the particular 

product used. The price of electricity in Czech Republic consist of variable price which 

is dependent on the amount of consumed electricity and fixed monthly price which 

depends on the maximum power input according to the nominal value of the main 

circuit breaker. Due to the fact that the model calculates savings compared to the initial 

state, only the components of the price which are saved thanks to the lowered 

consumption are required for the calculation. The variable electricity price components 

which are saved in case of consuming power generated by the PV system are listed in 

Table 23 along with the price paid by distribution network operator for electricity 

exported. As can be seen the price paid for the exported electricity is relatively low and 

therefore it is advisable to consume as much produced energy as possible. 

 

Variable electricity prices     

Product D 45d Přímotop 3x25 A (eTarif) 

electricity - high tariff 1,75 CZK/kWh 

electricity - low tariff 1,53 CZK/kWh 

network service fee - high tariff 0,313 CZK/kWh 

network service fee - low tariff 0,0738 CZK/kWh 

RES, system services, market operator fee 0,727 CZK/kWh 

Exported electricity 0,500 CZK/kWh 

 Table 23 | Electricity price variable components 

The forecast of the future electricity prices for households is not easy to determine. The 

Czech Republic is now in a state of uncertainties connected with future change of 

electricity payments structure. The national Energy regulatory institute (ERÚ) came 

with new structure which should have come into force from 2017. Due to the concerns 

about the significant increase of electricity payments for certain groups of customers 
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along with reduced motivation for power consumption reductions, the proposed 

structure was scraped and it will be redone. This makes the future situation highly 

uncertain. 

As a result, the future prices of electricity, distribution and service fees are set according 

to their trend in previous years. The price of the electricity itself is decreasing because 

of the higher rate of renewable energy sources (RES) in power generation which are 

payed through off-market subsidies. As a result, the subsidy payments are increasing 

adequately. The decentralized use of RES also means higher demands on distribution 

networks and therefore it’s reflected in increase of network service fees. The 

over-estimation of the future increase of the mentioned values would however raise the 

profitability of the investment. Therefore, to maintain the conservative approach the 

individual variables are set according to the following table. 

 

Annual change of electricity bill components 

Price of electricity -0,30% 

Network service fee 0,30% 

RES, system services, market operator fee 0,40% 

Exported electricity 0,00% 

Table 24 | Electricity bill components annual increase (+) and decrease (-) 

6.2.3 INFLATION 

The inflation in the economic model affects prices of insurance and material and 

component costs. Current inflation in Czech Republic is around 0,5%, the average 

annual inflation in 2015 was 0,3%. [29] Due to the fact that long term target of the 

Czech national bank is 2% the inflation for the 20 year period of the investment 

evaluation, the inflation was set to 2%. [29] 
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Graph 25 | Inflation target of the Czech National Bank. Source Czech National Bank 

6.2.4 DISCOUNT RATE 

The discount rate of individuals who don’t invest their funds is set according to their 

opportunity of valorizing their money. The residents of the specified house are having 

their money on current account with interest rate of 1,3%. Taking into account the risk 

of uncertain future electricity prices the discount rate of the investment into the PV 

system is set to 2%. 

6.2.5 ADDITIONAL INVESTMENT AND OPERATIONAL COSTS 

The additional investment costs are the costs of installation, project plan and shipping 

cost of the equipment. After a consultation with RWE senior specialist for innovations, 

the installation costs were set as 13% from the initial investment costs for the PV 

system itself and the shipping and project cost as 4 000CZK for the system for water 

heating, 7 000CZK for the system without batteries and 10 000CZK for the PV system 

with batteries. 

The operational costs include insurance of 0,1% of the PV system costs and a yearly 

sum of 0,5% of total investment. 

6.3 EVALUATION OF THE SYSTEM VARIANTS 

The three main variants represent three different investment opportunities each with 

different initial investment. The Variant 3 (system for direct water heating) represents 

the variant with the lowest initial investment and the Variant 2 (system with battery 

accumulation) the highest initial investment. 
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6.3.1 VARIANT 1 

The main variant, the system with using the surplus energy for water and house heating, 

represents the middle variant in terms of initial investment costs. As mentioned before, 

the profitability of the investment depends on the rate of the produced energy which is 

effectively consumed. Another important factor is to fulfill the criteria for obtaining the 

investment subsidy via the subsidy program. This variant is designed to comply with the 

C.4 subcategory of the subsidy program. 

GENERATED ENERGY CONSUMPTION 

In the Graph 26 the average energy production of the PV system with nominal power of 

2,5kWp is presented in comparison to the electricity consumption. It can be clearly seen 

that in winter months when the consumption is high the system produces the least 

energy. The opposite situation occurs during the summer months with the generation 

exceeding the consumption. The PV system produces on average around 2596kWh of 

energy annually and the average annual consumption is around 3645kWh.  

 

Graph 26 | Energy generation vs consumption for 2,5kWp system 

 

The Graph 27 represents the amount of generated energy consumption divided into 

working and weekend days for each month. It can be seen that the consumption 

optimization significantly helps to increase the ratio of consumed energy. In fact the 
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total directly consumed energy nearly doubled from 990kWh before optimization to 

1831kWh after introducing the consumption optimization. Relatively to the total 

consumption, before optimization was 27% directly consumed and 50% after it. The 

power generation and consumption analysis of this variant is being presented in Table 

25. 

 

 
 All days Working days Weekends   

  Total HT LT Total HT LT Total HT LT   

Power generation 2569,0 492,0 2077,0 1835,0 397,7 1437,3 734,0 94,2 639,7 kWh 

-directly consumed 71% 76% 70% 60% 70% 57% 98% 100% 97%   

Power consumption 3644,7 423,3 3221,4 2191,4 267,9 1923,5 1453,3 155,4 1297,9 kWh 

- for water heating 828,0 0,0 828,0 457,7 0,0 457,7 370,4 0,0 370,4   

Cons. covered by PV system 987,0 160,7 826,3 494,2 98,6 395,5 492,8 62,0 430,7 kWh 

-ratio of cons. covered 27% 38% 26% 23% 37% 21% 34% 40% 33%   

Optimized cons. covered 1818,7 372,8 1445,9 1102,7 278,5 824,2 716,0 94,2 621,7 kWh 

-ratio of cons. covered 50% 88% 45% 50% 104% 43% 49% 61% 48%   

Import from dist. network 2101,9 247,4 1854,5 1324,9 169,2 1155,6 777,0 78,2 698,8 kWh 

Import/Consumption 58% 58% 58% 60% 63% 60% 53% 50% 54%   

Export to dist. network 750,3     732,3     18,0     kWh 

Export/Produced power 29%     40%     2%       

Table 25 | Variant 1 generation and consumption analysis  
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Graph 27 | Amount of PV produced energy consumption for 2,5kWp system (WD- working day, W/E – weekend day) 
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INVESTMENT COSTS 

The total investment cost of the PV system including the installation, project plan and 

shipping costs is presented for two different types of modules and inverter in the 

following table. In this case, the choice of the modules and inverter can save up to 12% 

of the initial investment costs with the nominal PV generator power being just 4% 

lower. Due to the fact that the inverter is with its complex electronics the most 

vulnerable part of the PV system from the perspective of malfunction, both variants 

include the inverter warranty extension to 20 years to prevent any additional costs 

which would be needed for inverter repair and maintenance. 

 

  Variant A (2,5kWp) Variant B (2,6kWp) 

Item Type 
Price 
(CZK) Type 

Price 
(CZK) 

PV modules OMSUN FCP 250W (10×) 43 100 AUO BenQ PM060P00 (10×) 48 900 

Inverter GoodWe GW2500-NS 16 323 SMA Sunny Boy 2,5 21 366 

Inverter warranty extension   15 498   17 280 

Power manager WATTrouter M SSR 9 090 WATTrouter M SSR 9 090 

Cable, protective devices   2 581   2 581 

Roof mounting construction   12 705   12 705 

PV system   99 297   111 292 

Project plan + shipping   7 000   7 000 

Installation   12 909   14 550 

Total investment   119 206   133 472 

Subsidy   55 000   55 000 

Table 26 | PV system investment costs 

EVALUATION 

In the Table 27 it can be seen that even the cheaper system doesn’t offer required 

profitability. With the discount being set to 2%, the NPV value is -2 087CZK and the 

IRR 1,65%. Although the Variant B doesn’t meet the subsidy program requirement of 

the ratio of consumed energy, the economic indicators were calculated with the 

financial subsidy. The reason for this step is the ability to raise the consumption during 

the summer using the air-conditioning to cool the house. While the cooling of the house 

was performed in the previous years, after consultation with the residents, it was 

confirmed that the cooling wasn’t always done to the most suitable extent. Although the 



114 

 

increase of cooling would raise the comfort of living for the house residents, it isn’t 

included in electricity cost savings. 

 
 Variant A Variant B 

  
Connection to distribution grid   yes yes 

Installed nominal power kWp 2,5 2,6 

Investment costs CZK   119 206 133 472 

Subsidy CZK   55 000 55 000 

NPV CZK   -2 087 -17 025 

IRR     1,65% -0,49% 

Subsidy program   min      

Requirements     met not met 

MPPT   yes yes yes 

Module efficiency   15% 15,20% 16,10% 

Var. 2,3         

Produced energy consumed kWh 1 700 1 831 1 854 

Rate of energy consumed   70% 70,6% 68,8% 

Table 27 | PV system economic evaluation 

6.3.2 VARIANT 2 

The Variant 2 which is designed to comply with the C.5 subcategory of the subsidy 

program contains PV system which accumulates the surplus energy to batteries for later 

use. This allows for higher amount of produced energy to be used.  

INVESTMENT COSTS 

The costs of the additional equipment compared to the first variant is around 

45 000 - 80 000CZK higher, depending on the battery technology. These costs are 

without the inverter warranty extension (the manufacturer didn’t provide any 

specification about price of the warranty extension) and it is assumed that the batteries 

will be present in the system for its whole lifetime without their exchange. The 

degradation of batteries is calculated according to Chapter 4.4.3. Whereas the LiFePO4 

batteries will easily last the 20 years expected lifetime of the system, reaching around 

86,5% of their rated capacity after the 20 years. The lead-acid batteries would degrade 

to 80% of its capacity in the specified installation on an average in 9 years.  
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  Variant A (2,5kWp) Variant B (2,6kWp) 

Item Type 
Price 
(CZK) Type 

Price 
(CZK) 

PV modules OMSUN FCP 250W (10×) 43 100 OMSUN FCP 250W (10×) 43 100 

Inverter Growatt 3000HY 44 050 Growatt 3000HY 44 050 

Inverter warranty extension   0   0 

Power manager WATTrouter M SSR 9 090 WATTrouter M SSR 9 090 

Batteries Trojan lead-acid (5,04kWh) 23 644 LFP040AH LiFePO4 (4,10kWh) 55 360 

Cable, protective devices   2 581   2 581 

Roof mounting construction   12 705   12 705 

PV system   135 170   166 256 

Project plan + shipping   10 000   10 000 

Installation   17 572   21 695 

Total investment   162 742   198 581 

Subsidy   70 000   70 000 

Table 28 | PV system with batteries investment costs 

EVALUATION 

As can be seen from the values presented in the following table, the variant of the 

system with batteries isn’t profitable even without the costs for inverter warranty 

extension with both the NPV and IRR values being significantly negative. 

 

 
 Variant A Variant B 

  
Connection to distribution grid   yes yes 

Installed nominal power kWp 2,5 2,5 

Investment costs CZK   162 742 198 581 

Subsidy CZK   70 000 70 000 

NPV CZK   -21 842 -67 519 

IRR     -0,73% -4,88% 

Subsidy program   min      

Requirements     met met 

MPPT   yes yes yes 

Module efficiency   15% 15,20% 15,20% 

Produced energy consumed kWh 1 700 1 806 1 806 

Rate of energy consumed   70% 82,2% 84,4% 

Minimum battery capacity kWh 4,38 3,125 

Battery capacity kWh 5,04 4,096 

Table 29 | PV system with batteries economic evaluation 
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6.3.3 VARIANT 3 

The Variant 3 is a PV system with direct water heating designed according to the 

subsidy program subcategory C.3. The benefit of this variant are the costs savings due 

to the fact, that the water boiler is powered by the DC power. Therefore, no inverter is 

needed. However, the special boiler with DC and AC input is needed. Due to the fact 

that the sum of the costs for the boiler and the MPP tracker exceed the price of most 

inverters, this variant loses its benefits. 

INVESTMENT COSTS 

Item Type 
Price 
(CZK) 

PV modules OMSUN FCP 250W (4×) 17 240 

MPP tracker LXDC Power Box 1-2kW 8 490 

Cable, protective devices   2 306 

Roof mounting construction   5 082 

PV system   33 118 

Water boiler (DC+AC)   17 000 

Project plan + shipping   4 000 

Installation   4 305 

Total investment   58 424 

Subsidy   29 212 

Table 30 | PV system for direct water heating investment costs 

EVALUATION 

Due to the fact that the investment cost of the water boiler is nearly 30% of the total 

cost of the entire system including installation, project plan and shipping, the evaluation 

was also carried out for the case the boiler wouldn’t be needed. The NPV for the variant 

which takes into account investing into the water boiler is -10 493CZK, with the IRR 

being -2,34%. Without necessity of the investment into the water boiler, the variant 

would nearly reach the required profitability. 
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with water boiler w/o water boiler 

Connection to distribution grid     no no 

Installed nominal power kWp   1 1 

Investment costs CZK   58 424 41 424 

Subsidy CZK   29 719 21 219 

NPV CZK   -10 493 -503 

IRR     -2,34% 1,74% 

          

Subsidy program   min      

Requirements     met met 

MPPT   yes yes yes 

Module efficiency   15% 15,20% 15,20% 

Var. 1,2         

Hot water cons. coverage   50% 79% 79% 

Minimum tank capacity l   45 45 

Tank capacity l   160 125 

Table 31 | The PV system for diret water heating evaluation 
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CONCLUSION 

In this work three main variants of photovoltaic system for family house were designed. 

The main variant is the 2,5kWp system with usage of the surplus energy for water 

heating and house heating/cooling. The second variant uses accumulation into the 

batteries on top and the third variant is intended for direct DC power water heating in 

order to save costs with buying the invertor. 

For each system all the needed components were picked from many options according 

to their price and specifications. It is necessary to pay attention to component specifics 

while putting them together. Especially the operating range of the invertor needs to be 

matched with the PV generator operating voltage according to the specific temperature 

conditions. 

With a respect to the component specifications, the power generation for each system 

was calculated in 15-minute intervals for average day in each month. As input data for 

the calculation the irradiance values for the same time intervals were obtained from the 

PVGIS online database. The local temperature for the corresponding time periods was 

estimated from daily minimum and maximum average temperature over past 30 years. 

The power produced by the PV system was compared to the 15-minute power 

consumption again for average day in each month. The power consumption data were 

collected for the year 2014 and 2015. 

This allows to perform a fairly accurate estimation of how much produced power is in 

the 96 intervals during average day in each month consumed and which part of this 

energy needs to be fed into the distribution network. This estimation is crucial for the 

final economic evaluation of the system variants because the price paid for the 

electricity exported to the grid is too low for the export to be profitable. Due to the fact 

that the highest amount of produced power needs to be directly consumed in order to 

achieve the highest possible profitability of the system, the consumption optimization 

was introduced. It uses the present water boiler and air-conditioning unit equipped with 

heat pump to turn on while the PV system is generating surplus power and therefore 

accumulate the energy into the hot water and into the heating/cooling of the house. For 

the 2,5kWp system, which after accounting the losses produces around 2 570kWh of 
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energy, the consumption optimization almost doubles the directly used energy from 

987kWh to 1 820kWh, which is from 27% of total power consumption to 50%. 

The costs of each system were reduced to their minimum by careful search for the 

cheapest yet reliable products. The total cost of the system might be reduced with this 

measure by tens of thousands of Czech Korunas. Apart from this none of the system 

variants is profitable under the stated conditions. The variant with accumulation of the 

energy into hot water and house heating/cooling achieved according to its NPV and IRR 

the best result. It’s NPV reached with the discount rate being set to 2% -2 087CZK with 

the IRR being 1,65%. Even though, the financial subsidy of 55 000CZK is almost half 

of the needed investment costs of approximately 120 000CZK. This indicates that under 

current electricity prices the PV system still isn’t profitable for this particular house 

even with the subsidy program. Considering the uncertain situation about electricity 

prices in the future, installing a PV system on this particular house isn’t recommended. 

Those changes might make the system even more unprofitable. The best solution is to 

wait for the upcoming changes and carry out the evaluation while taking the knowledge 

about the changes into account. Moreover, the investment costs of the PV technology 

and batteries are continuously decreasing. Therefore, the investment might become 

profitable in near future.  
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APPENDIX 

Appendix 1 | Solar irradiation data 

Time Irradiance W/m2 
      January February March April May June July August September October November December 

4:00 - 4:15 
            4:15 - 4:30 
     

34 
      4:30 - 4:45 

     
48 38 

     4:45 - 5:00 
    

41 62 52 
     5:00 - 5:15 

    
54 75 65 24 

    5:15 - 5:30 
    

68 88 78 38 
    5:30 - 5:45 

   
39 80 100 90 51 

    5:45 - 6:00 
   

53 93 112 102 63 
    6:00 - 6:15 

   
67 104 115 113 75 31 

   6:15 - 6:30 
   

80 116 140 128 80 45 
   6:30 - 6:45 

  
43 95 143 166 154 106 59 

   6:45 - 7:00 
  

60 124 171 194 182 134 79 
   7:00 - 7:15 

  
83 155 200 222 211 165 104 37 

  7:15 - 7:30 
 

34 109 187 230 250 240 196 130 58 
  7:30 - 7:45 

 
51 136 220 260 278 269 228 158 80 

  7:45 - 8:00 
 

72 165 253 289 307 298 260 186 103 34 
 8:00 - 8:15 34 92 193 286 319 335 327 293 215 127 49 
 8:15 - 8:30 47 112 222 319 348 362 355 325 243 151 67 36 

8:30 - 8:45 63 131 250 351 376 388 382 356 272 175 83 49 

8:45 - 9:00 76 150 277 383 403 414 408 387 299 198 98 63 

9:00 - 9:15 90 169 304 413 428 438 433 416 326 220 113 74 

9:15 - 9:30 102 186 329 441 453 461 457 444 351 242 128 86 

9:30 - 9:45 114 202 352 468 476 483 480 471 375 262 141 96 

9:45 - 10:00 125 217 375 493 497 503 501 496 397 281 153 106 

10:00 - 10:15 135 231 395 517 517 522 520 519 418 299 165 115 

10:15 - 10:30 145 244 414 538 536 540 538 540 437 315 175 123 

10:30 - 10:45 153 256 431 558 552 555 554 559 454 330 185 130 

10:45 - 11:00 160 266 446 575 567 569 568 577 469 342 193 136 

11:00 - 11:15 166 274 459 590 580 581 581 591 482 353 200 141 

11:15 - 11:30 171 281 469 603 590 591 591 604 493 362 205 145 

11:30 - 11:45 174 287 478 613 599 600 600 614 502 370 210 149 

11:45 - 12:00 177 291 485 621 606 606 607 622 509 375 213 151 

12:00 - 12:15 179 293 489 626 611 611 611 628 513 378 215 152 

12:15 - 12:30 179 294 491 629 614 613 614 631 515 380 215 153 

12:30 - 12:45 178 294 490 630 614 614 615 631 515 379 214 152 

12:45 - 13:00 176 291 488 627 613 612 613 629 512 376 212 150 

13:00 - 13:15 172 287 483 623 609 609 610 624 507 371 209 147 

13:15 - 13:30 168 282 475 615 603 603 604 617 500 364 204 143 

13:30 - 13:45 162 274 465 605 595 596 596 607 490 355 197 138 

13:45 - 14:00 155 265 453 593 585 586 587 595 478 344 190 132 

14:00 - 14:15 146 255 438 578 573 575 575 580 464 331 180 124 

14:15 - 14:30 136 242 421 560 558 561 561 563 447 316 170 116 

14:30 - 14:45 125 228 402 540 542 545 544 543 428 298 158 106 

14:45 - 15:00 113 212 381 517 523 528 526 521 406 279 144 95 

15:00 - 15:15 99 195 357 493 502 508 506 496 383 258 129 83 

15:15 - 15:30 84 176 331 465 480 487 484 470 357 234 112 66 

15:30 - 15:45 65 155 303 436 455 463 460 442 330 210 94 51 

15:45 - 16:00 47 133 274 405 429 439 435 411 301 183 72 17 

16:00 - 16:15 16 109 243 372 401 412 408 379 270 155 51 
 16:15 - 16:30 

 
81 210 337 372 385 379 346 239 126 17 

 16:30 - 16:45 
 

55 176 301 341 356 350 311 206 96 
  16:45 - 17:00 

 
32 142 264 309 326 319 276 172 63 

  17:00 - 17:15 
  

108 227 277 295 288 241 139 36 
  17:15 - 17:30 

  
71 190 244 264 256 205 106 

   17:30 - 17:45 
  

42 153 212 233 224 170 72 
   17:45 - 18:00 

   
117 179 202 192 136 44 

   18:00 - 18:15 
   

84 148 172 161 104 21 
   18:15 - 18:30 

   
52 118 143 132 74 

    18:30 - 18:45 
   

28 90 116 104 46 
    18:45 - 19:00 

    
64 90 78 27 

    19:00 - 19:15 
    

41 67 56 11 
    19:15 - 19:30 

    
27 48 38 

     19:30 - 19:45 
     

34 25 
     19:45 - 20:00 

     
21 

      20:00 - 20:15 
            Avg. Day Total [Wh] 1033 1924,75 3552 5027,25 5356,25 5563,25 5468,25 5137 3862,25 2553 1298,75 856,25 

Days in month 31 28 31 30 31 30 31 31 30 31 30 31 
Monthly Total [Wh] 32023 53893 110112 150818 166044 166898 169516 159247 115868 79143 38963 26544 

Year Total [kWh] 1269,066 
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Appendix 2 | PV module data sheet - AUO BenQ GreenTriplex PM060P00 
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Appendix 3 | PV module data sheet - OMSUN FCP 250W 
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Appendix 4 | Inverter data sheet – Sunny Boy 2,5 
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Appendix 5 | Inverter data sheet - GoodWe GW2500-NS 
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Appendix 6 | LXDC Power Box data sheet 
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Appendix 7 | Boiler data sheet 
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Appendix 8 | DC Disconnector data sheet 
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