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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,



ABBREVIATIONS

AC
CHMI
DC
HDO
INOCT
IRR
MPPT
NOCT
NPV
NzU
PV
PVGIS
STC

Alternating Current

Czech Hydrometeorlogical Institute

Direct Current

Mass Remote Control (from ‘Hromadné dalkové ovladani’)
‘Installed’ Nominal Operating Cell Temperature
Internal Rate of Return

Maximum Power Point Tracking

Nominal Operating Cell Temperature

Net Present Value

Czech subsidy program (from ‘Nova zelena usporam’)
Photovoltaic

Online PV system vyield calculator

Standard Test Conditions
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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 Nova zelend
usporam 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

15



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/m?. 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/m? 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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Photovoltaic Solar Electricity Potential in European Countries
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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
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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 Nova zelena usporam (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.

e 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.

e 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.

e 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.

e 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.

e The amount of financial subsidy for one applicant is limited to a maximum value
of 5 million CZK.

e 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]

e The subsidy for PV systems applies to the systems connected to the distribution
grid after 1. 1. 2016.

e 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.

. Amount of
Subsidy .
T System Type Subsidy

e [CZK]

G338 Solar PV system for direct water heating 35 000
Solar PV system without electricity accumulation with accumulation of

C34 . ) 55 000
surplus energy into heat and with energy usage over 1 700 kWh.year

C35 Solar PV system with electricity accumulation and energy usage over 20000
1 700kWh.year*

C36 Solar PV system with electricity accumulation and energy usage over 100 000

3 000kWh.year?!

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 45| per 1kWp installed capacity

of the PV system

Requirements for the subcategory of PV systems connected to the distribution grid
(C.3.4,C.3.5aC.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,totar = 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

e mandatory accumulation of surplus energy into hot water
e 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

e mandatory accumulation of surplus energy into batteries
e Dattery 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

e mandatory accumulation of surplus energy into batteries
e Dattery 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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2.0BJECT 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 Stéblova
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 138m? of which 96m? 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 42m? 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.
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Figure 4 | Location of village Stéblova is highlighted by the red marker. Source: Google Maps
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2.1.1 SOLAR IRRADIATION
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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 (tgawn),
« from sunrise to time of peak temperature (tpeak),

o 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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for 0 <t<tyown

T(t) =Tn—Ty- COS< T (tdawn _ t) >

(24' + taawn — tpeak)

for tdawn <t< tpeak

T(t) = T, — T, * COS (M)

tpeak - tdawn)

for theqr <t <24

m-(24+¢ —t
T(t)=Tm—Ta-cos< ( dawn )>

(24‘ + taawn — tpeak)

where T® temperature at time t
Tm mean daily temperature, T, = (Tmm;'—Tmax)
Ta amplitude of daily temperature variation, T, = (Tmax=Tmin)

2

taawn time of dawn

tpeak time of peak temperature, t,eq,= 15 h

3 MAX 2

Temperature [°C]

2 MIN -3
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Sunshine e ]anuary AVG Day Temperature

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

[°C]

[°C]

[°C]

(2.1)

28



25

20
o MAX 22
s
o 15
5 MIN 11
©
8
g 10
(]
'_
5
0
0:00 4:00 8:00 12:00 16:00 20:00

Sunshine e ]june AVG Day Temperature

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.

Max
Ener Power Power Fuse
Appliance Brand Product name gy Consumption Current
Class W] Cons. [A]
[w]
v 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
Electric boiler DraZice OKHE 125 B 2000 230
HDO

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 CEZ Distribuce, the tariff used is D45d for direct
heating. The reserved power is 3x25A. 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 Temperature High Low Consumption Day Temperature High Low oS meten
Day Month of the [°C] Tariff Tariff of the [°C] Tariff Tariff [kWh]
Week min max [kWh] [kWh] min max [kWh] [kWh]

1 1 3 0 5 1,342 14,363 15,705 3 1,791 16,805 18,596

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

3 1 5 3 8 2419 13688 4 2554 14637 17191
a 1 [ o 10 [13% 14225 4 2374 13923 16297
5 1 7 o 7 3203 15472 1 2 1,328 5,001 6,329

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

7 1 2 0 11 051 5,884 6,394 3 s 1466 10,397 11,863

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

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

10 1 5 0 8 0,899 852 9,419 e 2 15 | 3625 20,348 = 23973
1 16 1 8 1077 12785 1382 7 1 5 2577 18513 2109
12 17 5 5 1073 10026 1109 1 4 7 0267 7387 7,654

13 1 1 | %6 5 0,16 5,968 6,128 2 5 12 0235 2986 3,221

14 1 2 il 3 0,144 2,454 2,598 3 [EN 12 1,189 13478 14,667

15 1 3 3 4 0,748 9,89 10,638 4 BN s 1,982 11,682 13,664

16 1 4 il 5 0,168 8524 8,692 s | s 1,651 12,201 13,852

17 1 5 3 5 2,543 12,817 15,36 e 4 1,819 12,953 14772
18 1 e 3 8 124 (5712 4 1519 11491 1301
19 1 7 s 12 2313 10,985 1 2 0,621 6274 6,895

20 1 1 2 10 0775 6817 7,592 2 3 1,25 6,959 8,209

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

22 1 3 -4 1 084 682 7,684 4 4 7 2,858 15,976 18,834

23 1 4 -4 2 1,24 10,958 12,198 5 4 2,507 15,5504 18,011

24 1 s [ 1 286 1911 6 1 0 132 14571 15893
25 1 6 [EEN s 2832 16754 3 1877 15357 17234
26 17 [EEW 3 2089 16879 18968 3 1378 14,008 15,386

27 1 1 -4 2 0698 9963 10,661 3 0751 6,14 6,891

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

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

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

31 1 5 1 5 2,503 12,965 15,468 3 2132 18739 20871
Table 4 | Power consumption January 2014, 2015
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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 Temperature
Consumption [°C]
[kwh]

Day Temperature
of [°C]

High

High Low
Tariff Tariff
[kwh]  [kwWh]

Consumption

Tariff [kWh]

[kWh]

Day Month

1 6
2 6 11,809 035 345 38
3 6 18 0693 446 5,153 065 554 6,19
4 6 3,035

5 6

6 6

7 6

8 6

9 6 031 1034 10,65

10 6 0606 7,36 7,966 043 415 4,58
1 6 0574 6409 6,983 3,55
2 6 0222 3,8% 4,118 3,9
13 6 0503 5221 5,724

1 6

15 6

% 6

17 6

18 6

19 6

0 6

1 6

2 6

3 6 21 6,094 17 o048 448 4,96
u 6 2 0219 3117 3,336 18 o048 371 4,19
PER 17 1389 5328 6,717 21 02 58 6,08
% 6 19 4,342 3,52 38
27 6 24 079 887 966
8 6 27 106 1337 1443
9 6 23 56 5,98
0 6 19 4,49 4,77
0 0 0 0
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Day (June 2014)
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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.
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Graph 8 | Diagram of intraday consumption, Tuesday 20. 1. 2014
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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.
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Graph 10 | Diagram of intraday consumption, Monday 8™ June 2014
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Graph 11 | Diagram of intraday consumption, Sunday 7" 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

Heating Cooling
Location Output Power EER Output Power
Power Consumption W/w] Power Consumption
[kw] [kw] [kw] [kw]
Nl outside multi-split unit Toshiba RAS-M18UAV-E 5,6 1,19 5,2 1,44
4,71 3,61
bedroom 5 inside wall mounted units  Toshiba RAS-M10SKV-E 0,7-5,2 0,02 1,1-3,2 0,02
living outside unit Toshiba RAS-10SAV2-E 3,2 0,725 2,5 0,575
4,27 42
room 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
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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.

SCOP
w
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Graph 12 | SCOP coefficient for used air conditioning units
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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
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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 Ju Aug Sep Oct Nov Dec

Workingday kwWh 1,78 19 197 166 166 199 151 163 1,71 1,76 166 1,78
Weekend kwh 4,17 450 4,04 411 3,70 4,17 394 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 2014/2015* 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 1000CZK/m?3. 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)® for beech wood

! 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) amount of heating degrees for indoor tepmperature of 22°C
N13 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

T13

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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2014/2015

Average Heating Heating Average Heating Heating
heating to Teomp days degrees Te;mp days degrees
22°C [°cl [°cl
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 54 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.

5800
4500

6000
5700 %

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:

e 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.

e 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
panel? 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.

45



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

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

3.2.2 PV MoODULE 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/m? 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]

MOoODULE 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.

P
n=-"F [%] 3.1)
A
where Pmax maximum (peak) power of the module

A 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]

G;
G) = 1+ 0,04 -1 ] % 3.2
n(G) =, (1000’ [%] (3.2)
where Mn module nominal efficiency
G; instantaneous solar Irradiance
A module surface area

and 1000 represents an irradiation of 1000W/m?

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.

N(T) = Np[1 — kg - (25°C — Teey)] [%] (3.3)
where Teen cell temperature
kr 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.

NG T) =np[1+0,04 -In()] - [1 =Ky - (25°C = Teey)] [Vl 34)

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]

Neveis(GT) =Ny Myer (G T) [%] (3.5)

where Mn PV module nominal efficiency

Nye1(G, T) relative efficiency according to the irradiance G and

temperature T

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

Nret(G, T) = 1+ k; In(G") + ko (In(G")? + (Teen — 25)[k3 + k4 In(G') + k5 In(G")]
+ k6(Tcell - 25)2 ['] (36)

where ki — ke coefficients describing the irradiance and temperature
dependence

G’ G

1000

The coefficients ki to ke 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 ka4 k5 ké
-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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Gi
Teeti = Tamp + (INOCT — 20) - [Vl (@3.7)

800
where Teen cell temperature
INOCT installed normal operating cell temperature
G; instantaneous incident solar irradiance
Tamb 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 18°C. 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 - 3°C
Direct Mount INOCT = NOCT + 18°C
Standoff INOCT = NOCT + X°C
-incm 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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Teett = Tamp + kr* G [Vl (3.8)
where kr temperature coefficient

=0,035°C/(W/m?) for free standing modules — laboratory tested
= 0,05°C/(W/m?) 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.

e 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.

e 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.

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

52



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.

35
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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) G
Isc(Gste)  Gstc

1 (B9

where Gstc equal 1000 W/m?

ISC(GSTC) 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.

—

50°C

Current (A)

25°C

0°C

Voltage (V)

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.

T T Crystalline Silicon  High Performance

Modules Modules
Open-circuit Voltage -0,3t0 -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 to0 -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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AT =Krvoc [%/K] (3.10)

where AV = Vo (Teen) — Voc(Tstc)
AT = Teen — Tstc
kryvoc 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] (311)

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]

_ Vupp " Inpp _ Pypp

FF = = -1 (3.12)
Voc " Isc Voc *Isc 1
Current ratio (Iyp + ISC)—\ Max power point
ISC ; ____________________ e Z ------
|MP B L L e L B LR
@ Voltage ratio
3 Vmp + Voo

Voltage

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.
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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.
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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:

e input: voltage, current, power

e output: voltage, current, power, frequency
e inverter operating time

¢ volume of generated energy

e 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.

_ PAC,input real [%] (3.13)

Ncon = P
DC.inputreal

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.

1:)DC,inst,input,real

[ G148

NTR = P
PV.inst,max

where  Ppc instinputreat  instantaneous real input power

Ppy inst max 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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Efficiency Curve
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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.

Nguro = 0:03 " MNgg, 0,06 " 0140, + 0,13 "m0, + 0,1 N30, + 0,48 ngq0, + 0,27y, [%] (3.15)

where Nx% 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:

e charge-discharge efficiency,

o life span - stated in number of cycles,

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

e self-discharge — how much of the energy is lost by the time the battery is not
being used,

e energy density,

e 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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Price

Price per kWh =
DOD [CZK] (3.16)
where C battery capacity in Ah
\% battery nominal voltage

DOD depth of discharge in percent
SL(DOD)  service life in cycles at DOD

Mc/p 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 Nova zelend usporam. 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:

e no memory effect,

¢ high open circuit voltage,

e |ow self-discharge rates (5-10% per month).
Disadvantages of lithium-ion batteries:

e  COSts,

e capacity loss with high temperatures and high charge levels,

e capacity loss with deep discharges,

e 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:

e providing optimum charge to the batteries,
e over-discharge protection,

e overcharge protection,

e 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:

e module/string or inter-array cables — connection of PV modules and strings
together and to the PV combiner box (if required),
e DC main cable — connection between the PV combiner box and the inverter,

e 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 BoXx

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 PV C-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 mm?, 4 mm? and 6 mm?, 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.
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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.

Photovoltaic amay

——————————————————————————————————————————————————————

PV panel String

disconnector

String
protection
(9

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:

e easy access to the components which might require maintenance (inverter,
combiner box, etc.),

o the shortest possible distance between components to reduce cable losses,

e 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.
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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/m?. 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.

Vmax inv
Nmax = ; (1 41
VOC(Tmin)
where Ninax is the maximum number of modules in a string
Vinaxinv maximum input voltage of the inverter

Voc(Tmin)  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.

Vmin,inv

Nmin = 5——m——= [-] (4.2)
VMPP(Tcell,max)
where Niin is the minimum number of modules in a string
Vhin,inv minimum input voltage of the inverter

maximum power point voltage of PV module at maximum cell
VMPP(Tcell,maX) .
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:

e cable voltage rating,
e cable current carrying capacity,

e 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 CSN 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-n(G,T)-PR'1 [kWh] (4.3)
where E produced energy
A PV array surface area
n(G,T) PV panel efficiency dependent on irradiance and temperature,
G irradiation on tilted panels
PR performance ratio — coefficient for losses
T 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 1-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(Teen) - PR T [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- T]PVGIS(G’ T) ‘PR-T [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.
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Graph 18 | Comparison of PV system power generation according to the calculation method used



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.
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Graph 19 | Model 1 power output deviation compared to the other models
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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 = Nguro - (1 —kzo) - (1 —kzpe) - (1 —kzac) - (1 —kgzg) - (1 — kzq) [%] (4.6)
where NEuro inverter Euro efficiency
kzpc DC losses — incl. cables, fuses, circuit breakers and other DC
components
kzac AC losses
kzs losses due to shading
kzq losses due to dust and snow...
Kzar 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 CSN 33 2130. However in this work, Formula 4.10 is used.

ay =2 LF vl @47
=g sV vl (4.7)
where b cable length factor, b=2 for single phase wiring, b=1 for three-
phase wiring
L simple length of the cable
P transmitted power
g cable conductance
S cable cross sectional area

Vs phase voltage
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where

L
AV=b(p-g-cosq)+7\-L-sin(p)-I V]
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)

[Q-mm?/m]

simple length of the cable

cable cross sectional area

power factor, cos =1 for DC circuit or resistive load (sin ¢=0)
reactance per length unit

transmitted current

Voltage drop as a percentage is then calculated according to the Formula 4.9.

where

v

AV
AV(%) = <7+ 100 [%]

phase voltage

(4.8)

(4.9)

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 12° 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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where Erg,
c
\Y

DOD

SL(DOD)

where Tgo9

Ea

where dag

Er,, = C*V-DOD - SL(DOD) [kWh]  (4.10)

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

TsL

Teoyy = —— [years] (4.11)
Eq
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

11 - daB)TSO% =0,8 [-] (4.12)
the annual battery degradation

_2
2Tg0%

- [%] (4.13)
Sou/vg

dep =1

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.

Qwood,ef

Par; = .
ACjinput SCOP(Tavc) [kWh] (4.14)

where Pac,input power input of the air conditioning units

Quwood, ef heat produced by the firewood which is effectively used for

heating the house

SCOP(Tave) Seasonal Coefficient of Performance of the A/C units at

average outdoor temperature
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Heat from Power Cons. Daily Cons. of

Average

Temp [°C] [VIZ\‘I)\;):] ?I:VI;\I{\(]: [l?v(:i]

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 2249 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
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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 0’clock to ensure that

by the evening enough of hot water is produced. During the high tariff in period from
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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.
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Graph 23 | June average working day power consumption and PV system generation
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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.

AmeriSolar CANADIAN

OMSUN AUO BenQ

Parameter 252:\;:5- SOL'I;\I;GC;GP- ECP 250W PMOGOPOO

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 CzZK 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 \Y 38 37,92 38,41 37,7
lsc A 8,75 8,67 8,51 8,83
Vinp \Y 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. Vo %/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 PMO60P0O0 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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SMA
Technical Data Sunny Boy

2,5
Max DC power 2,65
Rated input voltage 360
Max input voltage 600
Min/initial input voltage 50/80
MPPT voltage range 260-500
Max input current 10
Number of strings 1
Nominal AC output 2,5
Max AC output 2,5
Nominal AC voltage range 180-280
Max output current 11
EU efficiency 96,7%
Price incl. VAT 21 366
Warranty 5
- extension to 20 years 17 280
Number of phases 1

Table 15 | Variant 1 inverter specifications

SPECIFICATIONS MATCHING

GoodWe
GW
2500-NS

2,7
500
80

80-450

18
1/2
2,5
2,5

180-270

12,5

97,0%
16 323

5

15498

kw

> < < < <

CZK
years
CZK

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

Trin

Teell,min

Maximum voltage (Voc at Tmin)
Tmax

Teell @t Tmax

Minimum voltage (Vmp at Tcel,max)

Table 16 | PV module operating voltage

-15
-15
43,0
45
80
26,1

°C
°C
\
°C
°C
\
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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’.

Irradiance Ambient
Power [kW] ontilteds. e e
[W/m?] .
Modell 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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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.
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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

| PV generator Iy, at STC
\ PV generator Vmp at STC

Modules interconnection

S Cross sectional area

L1 Cable length modules connection
b cable length factor

R/km Resistivity

AV Volt drop over cables

AV(%) Voltage drop

PV generator to inverter connection

Cable Type

Price
S Cross sectional area
L2 PV array to inverter
b cable length factor
R/km Resistivity
AV Volt drop over cables
AV(%) Voltage drop

Table 18 | DC cable types and voltage drop

NYY-O 1x4
21,33 Ké/m

4,61 Q/km
0,62 V
0,20%

Plug connectors

S -

Type
R Resistance
AV Voltage drop
N Number of connectors
AV Connectors voltage drop

AV(%) Voltage drop

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

YS-254/255

5 mQ

0,0417 V per plug connector

22

0,9174
0,29%



DC side protection type Il 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

MOoDULES 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 1050CZK 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.

GoodWe Growatt

Type GW3648-ES 3000HY

Max DC power kw 4,2 4,5
Max input voltage Vv 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 CzZK 68 759 44 050
Warranty years 5 5
- extension to 20 years CzZK 81837 ?
Number of phases 1 1
Battery output power W 4,8 4,5
Battery voltage \Y; 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

LiFePOA4. 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.

Hoppecke BMZ ESS

Batteries Trojan Trojan solar.bloc LFP100AH LFP200AH BMZ 3.0
lead-acid lead-acid lead-acid

Technology flooded flooded AGM LiFePO4 LiFePO4 Li-lon Li-lon
Unit voltage \ 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 1200 1200 2 000 5000 5000 4 000 5000
Price incl. VAT K¢ 5782 5911 7237 1730 8652 48 850 112 750
Price per capacity Ké/kWh 5669 4346 6701 13516 13516 17 464 16 720
Price/kWh over life-time Ké/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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LXDC Marko

Power Box DC/DC

1-2kwW converter
Max DC power kw 2 2,5
Rated input voltage v 85-350  180-270
Max input voltage vV 350 400
Min input voltage Vv 85 24
MPPT voltage range % 85-350  220-360
Max input current A 10
Max AC output kVA 2 2,6
Nominal AC voltage range \Y - 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 Drazice.

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).

T T
NPV = z Ch_ Z DCF,
S L(d-n)t ‘
t=0 t=0

CF, CF, CFy

[CZK] (6.1)

NPV = CF, + A+t +(1+r)2 +---+m
where CF cash flow
DCF discounted cash flow
T investment lifetime
t year
r 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.

T
Z (1- IRR)f [%] (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 Primotop 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 (ERU) 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.
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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 Total HT Total HT )

Power generation 2569,0 492,0 2077,0 1835,0 397,7 14373 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 1554 1297,9 kWh
- for water heating 828,0 0,0 8280 457,7 0,0 457,7 3704 0,0 3704

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 14459 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 21019 247,4 1854,5 13249 169,2 11556 7770 782 6988 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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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)

Price

(CZK)
PV modules OMSUN FCP 250W (10x) 43100 AUO BenQ PMO60PO0O0 (10x) 48 900
Inverter GoodWe GW2500-NS 16 323 SMA Sunny Boy 2,5 21366
Inverter warranty extension 15498 17 280
Power manager WATTrouter M SSR 9090 WATTrouter M SSR 9090
Cable, protective devices 2581 2581
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 133472
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
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increase of cooling would raise the comfort of living for the house residents, it isn’t

included in electricity cost savings.

\EIET A Variant B

Connection to distribution grid yes yes
Installed nominal power kWp 2,5 2,6
Investment costs CZK 119 206 133472
Subsidy CZK 55 000 55 000
NPV CzZK -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 1700 1831 1854
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.

114



Variant A (2,5kWp) Variant B (2,6kWp)

PV modules OMSUN FCP 250W (10x) 43100 OMSUN FCP 250W (10x) 43100
Inverter Growatt 3000HY 44050 Growatt 3000HY 44 050
Inverter warranty extension 0 0
Power manager WATTrouter M SSR 9090 WATTrouter M SSR 9090
Batteries Trojan lead-acid (5,04kWh) 23 644 LFPO40AH LiFePO4 (4,10kWh) 55 360
Cable, protective devices 2581 2581
Roof mounting construction 12 705 12 705
PV system 135170 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 CzZK 70 000 70 000
NPV CZK -21 842 _
RR 0,735 [ amse |
Subsidy program min

Requirements met met
MPPT yes yes yes
Module efficiency 15% 15,20% 15,20%
Produced energy consumed kWh 1700 1806 1806
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

Price
Item Type ((er44]
PV modules OMSUN FCP 250W (4x) 17 240
MPP tracker LXDC Power Box 1-2kW 8490
Cable, protective devices 2 306
Roof mounting construction 5082
PV system 33118
Water boiler (DC+AC) 17 000
Project plan + shipping 4000
Installation 4305
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 41424
Subsidy CzK 29719 21219
NPV CzZK -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 | 45 45
Tank capacity | 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
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Avg. Day Total [Wh]
Days in month
Monthly Total [Wh]
Year Total [kWh]

January

34
47
63

20
102
114
125
135
145
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166
171
174
177
179
179
178
176
172
168
162
155
146
136
125
113
99
84
65
47
16

1033

32023
1269,066

February

34
51
72
92
112
131
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186
202
217
231
244
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274
281
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274
265
255
242
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212
195
176
155
133
109
81
55
32

1924,75
28
53893

March
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83
109
136
165
193
222
250
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304
329
352
375
395
414
431
446
459
469
478
485
489
491
490
488
483
475
465
453
438
421
402
381
357
331
303
274
243
210
176
142
108
71
42

3552
31
110112

April

39
53
67
80
95
124
155
187
220
253
286

351
383
413
441
468
493

493
465

405

5027,25
30
150818

May

5356,25
31
166044

Irradiance W/m?

June

34
48
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88
100
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166
194
222
250
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307
335
362
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414
438
461
483
503
522
540
555
569
581
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614
612
609
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586
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528
508
487
463
439
412
385
356
326
295
264
233
202
172
143
116
90
67
48
34
21

5563,25
30
166898

July

5468,25
31
169516

August

134

444

540

604
614

624

543

442

104

5137
31
159247

September

3862,25
30
115868

October

2553
31
79143

November

34
49
67
83
98
113
128
141
153
165
175

193
200
205
210
213
215
215
214
212
209
204
197
190
180
170

144
129
112
94
72
51
17

1298,75
30
38963

December

36
49
63
74
86
96
106
115
123

136
141
145
149

147
143
138
132
124
116
106
95
83
66
51
17

856,25
31
26544
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Appendix 2 | PV module data sheet - AUO BenQ GreenTriplex PM060P00

GreenTriplex PM060P00

Electrical Data

Typ. Nominal Power P, 250w 255w 260W 2W5W
Typ. Module Efficiency 155% 1S8% 16.1% 164%
Typ. Nominal Voltage Ve (V) 306 308 312 36
Typ.Nominal Current |, (A} 8.17 828 834 838
Typ. Open Circuit Voltage Voc (V) 374 376 377 379
Typ.Short Circuit Current kc (A) 869 876 883 889
Maximum Tolerance of P, 0/+43%

+ Abowe duts are the cffectve messcremene it Stendurd Test Conditions (570)
+ STC radiance 1000V, specoral dhtribugon AM 1.5, temperature 25 £ 2 °C, i accordunce with BN 605043
*The given el trical dath are nomind vakses which sccount for biok sscurements and ranonsing olerances of £00% with the

exception of Py The cladliadons b accoeding 1o Py

+Bluck back sheet i utied fr 250-260W, while bk shest i for 250-265W

Temperature Coefficient
NOCT 46+2°C
Typ. Temperature Coefficent of Py, 039%/K
Typ.Temperature Coefficent of Vo  -030%/K
Temperature Coefficent of ke 007%/K

+ NOCT: Nermd Operation Call Tamperatire, svesurig condiions: vadiance 800 Wiky', AM LS, air servperssuse 20 °C wind pead | my

Mechanical Characteristics

Dimensions
LxWxH)

Frone Glass

1639 x 983 x 40 mm (64.53 x 38.70 x |.57 in)
185 kg (40.79 Ibs)
High wansparent solar glass (tempered). 3.2 mm (0.13 in)

Cell 60 multicrystaliine solar cels

Composite film

Connector Type &
Cables

Operating Conditions

Anodized aluminum frame
1P-67 rated wih 3 bypass diodes

TE Conmectivity PV4] x 4 mm® (0.04 x 0.16 %), Length: each] .0 m (3937 in)
YUKITA YS-254/ YS-255:1 x 4 mm?® (0.04 x 0.16 in%), Lengthc each | 045 m (41.53 in)
MC KST4KBT4:! x 4 mm* (0.04 x 0.16 &%), Length: each| .0 m (3937 in)

Operating Temperature
Ambient Temperature Range
Max. System Volage IECUL

Maommum Surface Load Capacity
VVarranties and Certifications

-40 ~+85°C

-40 ~+45°C

1000V / 1000V

Serial Fuse Radng I5A

Tested up to 5400 Pa according to IEC 61215 (advanced test)

Product Warranty

Maamam |0 years for materal and workmanship

Performance Guarantee  Guananteed linear degradation to 80% for 25 years *1

Certifications

1 Plesse refier 1o wirrasty letver b denil

"2 Pleuse confirm other corification with oficid deders

According to IEC/EN £1215, IEC/EN £1730 and UL 1703 guidefines *1

Packing Configuration
Container 0GP 40'GP 40°HQ
Pieces per Pallec 26 26 26
Palets per Container 6 14 28
Pieces per Container 156 364 728

AU Optronics Corporation
No. |, Li-Hsin Rd. 2, Hsinchu Science Park, Hsinchu 30078, Taiwan
Tek: +886-3-500-8899 www.BenQSolar.com

(250 ~ 265 Wp)

Dimensions mm (inch)

“H 40
(157)
-
169
452)
R -
''''''' T TR
\ i (045
Hoaxd ! L
H i
9 - 4 R S
3g)| ©s3 . 7)
i T i 'T
Groumg L ALA : 32
x ! H 2
s Hes o T e
[ 80 A-A Creas Section
A
- -
I
0290
v il

-V Curve

Curent (A)

Curresg/voltage charactenistcs with dependence on imadance and modde semgerature.

Dealer Stamp

BanQ Sofar is a division of AU OptroniCs T dschest i srneed weh Sor bk
© Cocrrishe hue 2015 AL Octrenics Corn. All iches reservad bformation mey chares withous notice.

BenQ
Solar
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Appendix 3 | PV module data sheet - OMSUN FCP 250W

ELECTRICAL CHARACTERISTICS
m€5 245W POLY 60 CELLS

FCP260

Peak Power Pmpp 265W 260W 250W 245W
Voltage at Vmpp 32.84V 3235V 31.36V 30.86V
Current at Impp 8.07A 8.04A 7.98A 794A
Open Circuit Voltage Voc 38.56V 38.49v 38.41v 38.32v
Short Circuit Current Isc B8.60A B.56A 851A 8.47A
Module Efficiency 16.01% 15.80% 15.20% 1490%
Wanage Tolerance 4.99W 4.99W 499W 4.99W

FCP240 FCP235 FCP225
Peak Power Pmpp 240W 235W 230W 225W
Voltage at Vmpp 3038V 29.90V 29.37V 28.85V
Current at Impp 7.50A 7.86A 7.83A 7.80A
Open Circuit Voltage Voc 3g22v 38.11v 37.99V 37.86V
Short Circuit Current Isc 8.43A 8.39A 8.34A 8.31A
Module Efficiency 1471% 14.41% 14.10% 13.80%
Wattage Tolerance 4.99W 4.99W 499W 4.99W
Model FCP220 FCP200
Peak Power Pmpp 220W 210W 200W 150w
Voltage at Vmpp 28.34V 273V 26.30V 25.28V
Current at Impp 7.77A 7.71A 7.65A 7.59A
Open Circuit Voltage Voc 38.01v 3815V 37.31v 37.48V
Short Circuit Current Isc 8.27A 8.22A 8.18A 8.14A
Module Efficiency 13.40% 12.80% 12.20% 11.60%
Wattage Tolerance 4.99W 4.95W 4.99W 4.99W

FCP100
Peak Power Pmpp 180w 150W 130W 100W
Voltage at Vmpp 22.84V 18.35V 18.00Vv 17.79vV
Current at Impp 8.07A 7.92A 7.27A 563A
Open Circuit Voltage Voc 25.56V 22.49v 2141V 21.20V
Short Circuit Current Isc 8.60A 8.56A 7.80A 6.09A
Module Efficiency 14.70% 13.52% 12.40% 12.22%
Wattage Tolerance 4.99W 495w 4959W 4.99W
Temp. Coefficient at Isc 0.072 (%/k)
Temp. Coefficient at Voc ~-0.338 (%/k)
Temp. Coefficient at Pmpp ~0.475 (%/k)
Normal Operating Cell Temperature (NOTC) 45+2°C
Degradation (% per year) 0.60%
Measured Power Tolerance +3%
Maximum System Voltage 1000V
Operating Module Temperature =40 to +85°C
Standard Testing Conditions (STC) Irradiance 1000w/m?/Module temp 25°C/Air Mass 1.5
1640mm x 991mm x 40mm

WQight 20.5kg
No. of Cells 60 cells (156mm x 156mm)
Glass 3.2mm low tempered iron glass
Frame Extra strong anodized aluminium frame
By-Pass Diodes 3,6
Junction Box MC4 compatible
Cables 1000mm x 4mm?

[EEN
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Appendix 4 | Inverter data sheet — Sunny Boy 2,5

Efficiency Curve

Py —— Em (¥, = 260 Y] -

- —— B (¥, = 360 Y] =

H —-— Fm (¥, = 430 V| Vo [¥]
I I

EHciamcy [%]
B B 8 8 2 32 3

A 0z o b (2]
Ooutpd powir  Rened pevar

Technical Data

Input [D:C}

Mo DC powar f@cas o = 1)

Mo inpet volloge

MPP vobage rongs

Roted ingut vobags

Min. input voboge // initial ispuf voltoge
Mas inpet cumant

M inpet curmant par siting

Pumbser of indapendent MPF inputs.  siriegs per MPP ingut
Chatput | AC]

Riofed porwar (ot Z30Y, 50 Hz)

Mo apponess A porwer

Faminal A wohage

Mominal AL voliags rongs

AL powar regeercy,rangs:

Rited power frequancy,roted grid wolloge
M outpul coment

Poswenr factor of rored poaer

Adustoble displacamens powar fador
Feedin phosss/connecion phoses
Eficiency

Max sSciancy / Bwcpsan waighted afficency
Profective Devices

DeCaside disconmechion point
Ground fauk maniscring / grid moeitoring

DeC revenrsa polorisy peotection / AC shorfcincull comant copabsly /7 golvanically bololed

aring wel

Allpale g
Prosectice dass [eoconding o IEC &2 103)  cvervoliogs cotegany [according fo IEC 60664-1)

Revarsa current praledion

General Data

Dimansions (W / H /Y

‘Waight

Oiperatieg lemparaiors rangs

Pdates amiasion, hpioal
Selfcanvempice |of mght]

Tapalogy

Cooling mathod

Dasgras af prowcton |scoandisg o IEC &0520]
Climat: cofegary joccording to [EC 4072134

Maximum permissible vales for relative humidity | densirg|
Feabures

DeC connecion / AC connection

Diaplary

Interiaces: BE4RS, Blusdocth®, Spasdwirs / Wabeossset, WLAR
Integroted wab sanves

Woranty: 5 4 10 F 15 /20 / 25 years

Certficates o approvals [cobers ovailabls upon reques]
Typa desigroion

www.SMA-Solar.com

# Standord feqtures O Oglanal  — Mol avaloble
Data of rominal condifions
Lows persision: Morch 2015

Sunmy Boy 1.5 Sunmy Boy 2.5
1,600W 2E50W
S00Y 400V
160V 10 500 260V 10 500V
B0V 260V
S0V B0V S0V SOV
104 10a
104 10a
141 1/1
1,500W 2,500W
1,500 VA, 2,500 WA
FIONV / II0V 240V TIOV 230V £ 240¥
180V 1o 260 ¥ 180V 1o 280V
S0Hz, &0 Hz / 5 Hzto +5 Hz 50 Hz, &0 Hz / 5 Hz o +5 Hz
S0 Hz / 230V SOHz f 230V
TA na

1l 1
0.B cvaraaciied fo 0L endenescited

11 171
PFIERSIE Q7R /TR
L] L]

*/w /.

[ ¥R ¥ LN ¥
L] L]
sm 1/

Mod raguined Mok regeined
440 F 35T F 122 men (1B] /140 / 4.8 inchas)
9.2 kg (20.3 Ibs)

A0 *C i #5460 *C |40 °F 1o 4140 *F)
<25 dB =25 dB
20 20w
Transhormarass Teansformerlass
Convacion Convedion
IP&S IP&S
4K4H 4K4H
100 % 100 %
SURCLY § comnacion SUMCLY [/ connscikor
=f=imje =f=infm
L] L]
sfofojfofo s/ofofofo

ASATFT A, 101200 2, VDEARMAT0S, CE-2 1 e,
MEM-EMS50438, GB3/2 EMS0438, VIR2014

58 1.51v1<40 58 2.51Vi40

SMA Solar Technology
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Appendix 5 | Inverter data sheet - GoodWe GW2500-NS

Technical Data

GW1000-NS GW1500-NS

GW2000-NS

GW2500-NS GW3000-NS

DC Input Data

Max. DC power [W]

Max. DC voitage [V]

MPPT voltage range [V]
Starting voltage [V]

Max. DC current [A]

No. of DC connectors

No. of MPPTs

DC connector

AC Output Data

Norminal AC power [W]
Max. AC power [W]

Max. AC current [A]
Norminal AC output

AC output range

THDI

Power factor

Grid connection

Efficiency

Max. efficiency

Euro efficiency

MPPT adaptation efficiency
Protection

Residual current monitoring unit
Anti-Islanding protection
DC switch

AC over current protection
Insulation monitoring
Certifications & Standards
Grid regulation

Safety
EMC

General Data

Dimensions (WxHxD)
Weight [kg]

Mounting

Ambient temperature range
Relative humidity

Max. operating altitude
Protection degree
Topology

Night power consumption [W]
Cooling

Noise emision [dB]

Display

Communication

Standard warranty [years]

1200 1800
450 450
80~400 80~400
80 80
10 10
1 1
1 1
AMPHENOL/ MC4/ SUNCLIX
1000 1500
1000 1500
5 7.5
50/60Hz; 230Vac
45~55H2/55~65Hz; 180~270Vac
<3%
0.9 leading~0.9 lagging
Single phase Single phase Single phase
96.5% 97.0%
>96.0% >96.0%
99.9% 99.9%
Integrated
Integrated
Integrated (optional)
Integrated
Integrated

G832, VDE0126-1-1, AS4777.28.3,
EN50438, ERDF-NOI-RES_13E;
According to IEC62109-18-2, AS3100
EN 61000-6-1, EN 61000-6-2, EN 61000-6-3,
EN 61000-6-4, EN 61000-3-2, EN 61000-3-3

344274 5"128mm
75
Wall bracket
-25~60°C (> 45°C derating)
0-95%
3000
P65
Transformerless
<1
Nature convection
<25
LCD
USB2.0; WiFi or RS485
5/10/15/20/25 (optional)

2700 3200
500 500
80~450 80~450
80 80
18 18
1/2 (optional) 1/2 (optional)
1 1
AMPHENOL/ MC4/ SUNCLIX

2500 3000
2500 3000
12.5 13.5
50/60Hz; 230Vac
45~55Hz2/55~65Hz; 180~270Vac
<3%
0.9 leading~0.9 lagging
Single phase Single phase

97.5% 97.5%
>97.0% >97.0%
99.9% 99.9%

Integrated
Integrated
Integrated (optional)
Integrated
Integrated

G83/2, VDEO126-1-1, AS4777.2& 3,
EN50438, ERDF-NOI-RES_13E;
According to IEC62109-1&-2, AS3100
EN 61000-6-1, EN 61000-6-2, EN 61000-6-3,
EN 61000-6-4, EN 61000-3-2, EN 61000-3-3

3447274.5*128mm
8.5
Wall bracket
-25~60°C (> 45°C derating)
0-95%
3000
P65
Transformeriess
<1
Nature convection
<25
LCD
USB2.0; WIFi or RS485
5/10/15/20/25 (optional)
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Appendix 6 | LXDC Power Box data sheet

2 TECHNICKE PARAMETRY

Technické parametry zarizeni LXDC POWER BOX 1-2, 1-4 a 1-6 kW DC

Provozni reZimy:

e ON MPP - fizené napdjeni DC topného télesa s vyuZitim DC/DC pfevodniku s funkci MPP
e  OFF MPP — nefizené — pfimé napadjeni DC topného télesa z FVP

Vstupny proud pro zménu reZimG:

<6,0A/5,8A (rezim ON MPP); 26,0A/5,8A (rezim OFF MPP)

Maximalni vstupni napéti:

350VDC, 2x350VDCa3x350VDC

Maximalni vstupni proud:

10A, 2x10Aa3x10A

Vystupnd zatéi: volitelny vykon: 1kW, 1,5kW, 2kW, 3kW, 4kW, S5kW, 6kW
Charakter vystupného napéti a proudu: stejnosmérné napéti a proud

Provozni PWM frekvence: 16kHz +/-0,5kHz

Minimalni startovaci vstupni napéti: 85 VvDC

Minimdlni vstupni proud pro stély provoz PWM: 100mA

Pracovni rozsah MPPT: 85 a2 350 VDC

Maximalni vystupni napéti pro jednotlivé typy:

350VDC, 2x350VDC a 3x350VDC

Maximalni vystupni proud pro jednotlivé typy:

10A, 2x10A a3x10A

Primérna Géinnost (vykon 2 kW):

98,5%

Vlastni spotfeba: 2 W - pfes den pfi provozu
0 W - mimo provoz
Rozméry (Sx v xh): 255x270 x 95 mm, 500 x 420 x 85 mm a 500 x 420 x 95 mm
Hmotnost: 2,4 kg, 3,9kg a 4,9kg
Stuper kryti: IP 45
Pracovni okolni teplota: 0az35°C
Skladovaci teplota: =25 ai +60 °C
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Appendix 7 | Boiler data sheet

Solarni ohrivace TV pro pfipojeni k fotovoltaickym panelum
LX ACDC/M+K ABC 100 — 200 litra

X < = - & = 81T
Popis oznaceni | EE " | » ' P - - son
LX ACDC/M+K ABC 200 S m— =/ ,"" ‘
LX ACDC/M+KW ABC 200 : s ' = B g
B (i typové oznateni i i Ho§
ACDC .... topna jednotka = a 1 o i E
na stfidavy i stejnosmérny proud ol ==
¥ RE— oznaceni pro ohfivat se stykatem 4 w H A= '
ktery umoznuje piepnout po ohiati < ‘I’ Lk e ] g
z4sobniku na ménié (do sit&) R i al we B
§Canaaws zasobnik s teplovodnim vyménikem ' ' T .‘L_.«-’f o p—
Whoo zasobnik s teplovodnim vyménikem ' Ll L“-’?"-A—;-—-'—TF:L'
v horni &4sti z&sobniku e | =
A.B.C..... vykonova fada topné patrony . n:-(t { Ly O—:‘* !
na fotovoltaiku S ] K Ll £
Ao 1kW ‘ ¢ g
LXACDC 100 M+ ABLC
S e R AL
o _
‘ -
o / = "
g f\ <« 1@
L — ."

‘ iméi
{40 NI

CLEN SKUPINY NIBE

DRAZICE

1 - Indikator teploty
2 - Jimky topnych téles
3 - Keramicka lupna 8lesa
4 - Trubkovy vymeénik
5 - HofGikova anoda
6 - Provozni termostaty s vnéjSim ovliadanim
a bezpeénosini termostaty
7 - Kryt elektroinstalace
8 . Napoustéci trubka studené vody
9 - Vypoustéci trubka tepié vody
10 - Cirkulace
11 - Ocelova smaltovana nadoba
12 - Jimka pro snimace termostati
13 - Polyuretanova bezfreonova izolace
14 - P48t ohfivate
15 - Dalsi vystup teplé vody

Druzstevni zavody Drazice — strojirna s.r.o.

Drazice 69

294 71 Benatky nad Jizerou

Tel.:

E-mail:

721 238 889

www.dzd.cz
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Appendix 8 | DC Disconnector data sheet

}-_ig‘rlu"s‘

Odpinace valcovych pojistkovych vioZek

POJISTKOVE ODPINACE OPVA10 DO 32 A

Pojistkové odpinade OPVAID jsou urleny pro valcové
pojistkové vioZky PVAT0, PV10 velikosti 10x38. Umakfiuji
bezpeiné odpinat jmenovité proudy a nadproudy.
Piistroje spliwji podminky pro bezpeiné odpojeni.
Opainé pripojend je pipustné a nemd vliv na technické
parametry ani na bezpetnost obsluhy.

Plstoréodpin:

41005

OPYATO-1

= Pojistkové odpinace OPVA10 lze v wavieném stavu
zaplombovat.

w Piktroje jsou feleny jako moduldmi a pro vyfez
v rozvadédi 45 mm.

® Montd? na,U* lidtu typu TH3S dle (SN EN 60715 nebo
na desku (doporudena ocelovd lista).

= 0PVA10...S-signalizace stavu pojisthové viaZky.

w Stav pojistkovych vielek ke signalizovat pomoci
elektronické signalizace viz st D17.

0,063 12

OPYA10-1-5 41006 1 0,068 12
OPYA10-1N 41007 144 0,133 6
OPYA10-2 41008 n 2 0,128 6
OPYA10-2-5 41009 2 0,137 6
OPYA10-3 41010 3 0,193 4
OPYA10-3-5 4101 3 0,193 4
OPYA10-3N 41012 344 0.7 3
PrisluSenstvi

Jednopélova propojovaci lista, prilfez 10mm?, max. proad 63 A

jmenowité pracovni napiti 690V 2.C/1000V d.c. délla 210 mm Somitotnl et G
Sednopfiosi propojovsciBita; priler 16 men', wiat. pooud 004 SIL100016 IS 0302 50
Jmenovité pracovni napéti 690V a.c/1000V d.c, délka 1 m
Dvoupélova propojovad Ita, priifez 10 mm* , max. prowd 63 A

napBi415Va.c, délka210mm S21-210-10 38476 0110 0
Dvoupalova propojovad liSta, peilfez 16 mm?, max. prowd 80 A
jmenavité pracovni napéti 415V a.c., délka 1 m SN R A
Tripélova propojovadi lista, peilfez 10 mn?, max. prood 634
jmenavité peacovni napéti 415V a.c., délka 210 mm s s it
Tripalova propojovadi lista, priifez 16 mnv’' , max. proud 80 A
jmenavité pracovni napéti 415V a.c. délka 1 m BN W A A
Koncova krytka, pro jednopdloveé liSty o pridezu 10, 16 mm* EXC1 7383 00005 10
Koncov krytka, pro dvou a tfipslové Kty o peilfezu 16 mm? ENC-243 s 0001 10
Koncova krytka, pro tiipdlové ity o peiifezu 10 mm? EXC3 7385 0001 10
Pripojovad blok, umaifiuje napajeni propojovacich Kt vodia o peiifezy
a2 35 mm’, pouditi bloku rozdifuje montdini il o daléi N - pély it it e .
Adaptér na piipojnice s raztedi 60 mm,
thoustha plipojric 5 nebo 10 mm, Sifka phipejnic 12 + 30 mm, GA-60/63/54-1x7,5 11883 056 1
kabelowy vyvod dole, max proud 63 A
Parametry
Jmenovity pracovni proud |, 32A
Jmenovité pracovnd napéti U, 690V ac/440Vde
Rozsah napéti LED signalizace 110+ 690V ac/de

400Vac AC-228

St 6%0Vac AC-208
Smiuveny tepelny proud s pojistkovou vioikou Iy 324
Jmenovity kmitodet f, S0+60Hz
Jmenovité izolatni napéti ) 800Vac
Jmenovity podminény zkratovy proud s pojisthovymi L §00Vac 100kA
viozkami PV (efektivni hodnota) - 690Vac S0kA
Jmenovité impulzni vydriné napéti u, 55V
Velikost pojistkové viozky prilmér x délka 1038
Max. ztrity pojisthové viazky P, w
Imenovity kritkodoby vydriny proud I 1s 1,654
Jmenovita zkratova zapinad schopnost pi 440V d.c. g 356
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