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Abstract

The work deals with developing a mo-
bile application for energy savings called
Save Energy. The work commences with
a comprehensive exploration of energy au-
dit and potential savings strategies, lay-
ing a solid foundation of knowledge. Fol-
lowing this, the existing selected applica-
tions found on the Google Play store will
be examined in terms of their function-
ality and user interface. The subsequent
chapters deal with the mathematical and
economic essentials. These concepts are
then applied to develop the mathematical
application’s core, for which a separate
chapter is designated. A brief chapter
about obtaining irradiance data for eval-
uating photovoltaic systems is presented
in the middle of the work. The work then
shifts toward the actual implementation
of the application, with a focus on soft-
ware development aspects, culminating in
a detailed exploration of the application’s
user interface featuring actual screenshots.
Finally, the project concludes with a chap-
ter demonstrating the application’s utility
through a practical case study involving
energy consumption analysis of a sample
household. Various analyses are presented
to illustrate the application’s effectiveness
in real-world scenarios, along with the
outcomes of these analyses.

Keywords: mobile application, flutter
framework, energy, energy consumption,
economic evaluation, photovoltaic
system, energy distribution

Supervisor:
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Abstrakt

Préace se zabyva vyvojem mobilni apli-
kace pro uUspory energie s nazvem Save
Energy. Prace zac¢ind komplexnim pri-
zkumem energetického auditu a poten-
ciadlnich strategii tuspor, ¢imz se polozi
pevny zaklad znalosti. Nasledné budou
stavajici vybrané aplikace, nalezené v ob-
chodé Google Play, provéreny z hlediska
jejich funkénosti a uzivatelského rozhrani.
Nasledujici kapitoly se zabyvajl matema-
tickymi a ekonomickymi zaklady. Tyto
pojmy jsou aplikoviny na vyvoj matema-
tického jadra aplikace, kterému je urcena
samostatnd kapitola. Uprostied prace je
uvedena struc¢na kapitola o ziskavani dat
zareni pro hodnoceni fotovoltaickych sys-
témi. Prace se poté presune k samotné
implementaci aplikace se zamérenim na
aspekty vyvoje softwaru, coz vyvrcholi de-
tailnim prozkoumanim uzivatelského roz-
hrani aplikace, které je demonstrovano
na skute¢nych snimcich obrazovky. Nako-
nec projekt uzavirad kapitola demonstru-
jici uzite¢nost aplikace prostrednictvim
praktické pripadové studie, zahrnujici ana-
lyzu spotieby energie na vzorku domac-
nosti. Jednotlivé analyzy jsou prezento-
vany spolu s jejich vysledky, které ilustruji
efektivitu aplikace v redlnych scénarich.

Klicova slova: mobilni aplikace, flutter
framework, energie, spotreba energie,
ekonomické hodnoceni, fotovoltaicky
systém, distribuce energie

Preklad nazvu:
usporu energe

Softwarova aplikace pro






Contents

(1 Introduction 1
[2_Energy audit and options for |
[increasing energy efficiency| 5
2.1 Energy audit|.................. 5
2.1.1 Households|................. D
[2.1.2 Legislation in Cgzechia) ....... 6
[2.1.3 Methodology in Czechia) . . ... 6

[2.2 Certificate of energy performance |

| of the building| .................. 7
[2.3 Appliance energy label| ........ 10
[2.4 Energy pricings|. .............. 13
[2.4.1 Electricity pricing|.......... 13
[2.4.2 Gas pricing| ............... 13
[2.5 Options for increasing energy |
...................... 14
[2.5.1 Switching oft appliances|. . . .. 14
[2.5.2 Basic equipment applainces| . 14
[2.5.3 Heat insulation| ............ 14
[3 Existing applications| 15
[3.1 Electricity Cost Calculator. . ... 15
[3.2 Energy Cost Calculator|........ 16
[3.3 Home Electricity Calculator{.... 17
3.4 PV Calculatorl. ............... 20
|4 Mathematical background| 27
M1 Vectors.......oooovvvvnnn... 27
4.1.1 Dot product|............... 27
[4.1.2 Pice-wise multiplication]|. . . .. 28
4.1.3 Pice-wise division| .......... 28
4.2 Matrices. . ................... 28
[4.2.1 Pice-wise multiplication|. . . .. 29
[4.2.2 Pice-wise division| .......... 29
|4.2.3 Creation by vectors| ........ 29
4.3 Cumulative matrixl. ........... 30
4.4 Values continuel. .............. 30
4.4.1 Last valuel. . ............... 31
4.4.2 Aritmetic meanl............ 31
4.4.3 Geometric mean| ........... 32
4.4.4 Harmonic meanl............ 32
[4.4.5 Linear regression|. .......... 33

|4.4.6 Linear regression nonnegative| 33

4.0 Productor functionl............ 34
|4.6 Broadcasting|................. 34
[4.6.1 Brodcasting function| . ...... 35
[4.6.2 Implicit broadcasting|....... 35
|4.6.3 Priority broadcasting|....... 37

Xi

[4.7 Dot product identity|.......... 38
|5 Economical background| 41
BITnflationl.........coovvvnvnn... 41
B2 Escalationl . ..........coovvnn.. 41
0.3 Fscalation coefficient].......... 42
(5.4 Fscalation function| ........... 42
1.5 Fscalation coeflicient functionl .. 43
(5.6 Inflation coefficientl. . .......... 44
B7Cashflowl.................... 46
[5.8 Discounting|.................. 46
0.9 Real and nominal discount rate]. 46
15.10 Economic nablal ............. 47
5.11 Fconomic criterial............ 48
[5.11.1 Net present value| ......... 48
[5.11.2 Tnternal rate of returnl . . . .. 49
[5.11.3 Payback period|........... 49
[5.11.4 Discounted payback period|. 49
[6 Core of the application| 51
[6.1 Energy source type| ........... 51
6.2 Energy distibution|............ 52
6.3 Householdl ................... 54
................... 55
[6.4.1 Energy consumption|. ....... 55
|6.4.2 Computed properties|....... 56
16.4.3 Appliances list|. ............ 56
16.4.4 Energy consumption vector|.. 57
[6.4.5 Maintenance vector] ........ 57
6.5 Facilities). . ................... 58
16.5.1 Photovoltaic system|........ 58
6.5.2 B i 58
..................... 59
[6.6.1 Energy distributions|. ....... 59
16.6.2 Energy consumption |
[escalationd. ................... 59
6.6.3 Inflation| .................. 60
|6.6.4 Energy pricings|............ 60

[Ccoefficient] ..........cvvvinn.. 62
[6.6.6 Financial settings|.......... 62
6.6.7 Location] . ................. 62

[6.7 Basic analysis| ................ 62
[6.7.1 Energy prices|. ............. 62
[6.7.2 Appliances| . ............... 63
16.7.3 Photovoltaic system|........ 63
6.7.4 B 7 65
6.7.5 Energy sell]. ............... 65




[6.7.6 Summary| ................. 66
6.7.7 Cash flow] ................. 66
[6.7.8 What if analysis| ........... 67
6.8 Compare analysis|............. 67
6.8.1 Mutations. ................ 67
16.8.2 Analysis base].............. 67
[6.8.3 BExternalities| .............. 68
6.84 Cash flow] ................. 68
16.8.5 Net present value .......... 69
16.8.6 What if analysis| ........... 69
[(_Irradiance datal 71
CIPVGISAPL...........cene... 72
C2PVGISTitd . ......oovvveen. 72
[7.2.1 Points creation| ............ 72
(2.2 Obtain datal. . ............. 74
[7.2.3 Interpolation| .............. 75
|6 Software development |
background 81
[8.1 Native development|........... 81
[8.2 Hybrid development|........... 82
[8.3 Cross-platform development|.... 82
[8.3.1 React Nativel .............. 82
8.3.2 Xamarinl.................. 83
833 Mawil..................... 83
BATTutted . ...........ccovvinn.. 83
.................. 83

18.4.2 Anatomy of Flutter application| 83

[8.4.3 Layout and rendering|....... 84
[9 Tmplementation| 87
[9.1 Development|................. 87

[9.1.1 Integrated Development |
__Environment|.................. 87

19.1.2 Version Control System|. . ... 87
9.2 Architecture ........... ... ... 87

19.2.1 Bloc pattern| .............. 88

19.2.2 Dependency injection|. ... ... 88

[9.2.3 Freezed package] ........... 88

9.2.4 Databasel ................. 89

9.2.5 Localizationl............... 89

9.2.6 Themesl................... 89
9.3 Testing|. . ............. ... ... 89

9.3.1 Unit tests................. 89

19.3.2 Integration tests| ........... 89
[I0" Application User Interface] 91
10.1 Logo| .. ........... . ... ... 91

Xii

[10.2 Loading widgets|............. 91
[10.2.1 Splash screenl............. 92
[10.2.2 Screen loading|............ 92
[10.2.3 Partial loading]............ 93
[10.2.4 Loading dialog|............ 93
[10.2.5 Progress loading| . ......... 94

[10.3 Main navigation|............. 94
[10.3.1 Home page|............... 95
[10.3.2 Examples page| ........... 96
[10.3.3 Households page|.......... 97
[10.3.4 Energy distributions page].. 97
[10.3.5 Settings page|............. 99
[10.3.6 About page| .............. 99

(10.4 Household detaill. ........... 100
[10.4.1 Appliances tab| .......... 100
10.4.2 Facilities tabl ............ 102
[10.4.3 Settings tab|............. 104
[10.4.4 Analysis tabl............. 108

[IT Example house 113

[11.1 Appliances|. ................ 113

I11.1.1 Based on annual |

[ consumpftion]................. 116
[11.1.2 Based on input power| .... 117
[11.1.3 Based on cycles|.......... 119

................... 121
[11.2.1 Energy distributions|. . . ... 121
[11.2.2 Consumption escalations|.. 122
(11.2.3 Inflationf ................ 122
|11.2.4 Energy pricings|.......... 122

[coefficientd. . ................. 125
[11.2.6 Financial parameters|. . ... 125
[11.2.7 Location parameters. ... .. 125

[11.3 Basic analysis|.............. 126
[11.3.1 Appliances|.............. 126
[11.3.2 Cash flow] ............... 127
[11.3.3 What if analysis| ......... 127

[11.4 New electricity pricing|....... 128

[11.5 Switching oft wifi router at |

......................... 130

[11.6 New fridge|................. 131

1.7 New dishwasher| ............ 133

[11.8 New washing machine|....... 135

[11.9 LED light bulbsg| ............ 137

(11.10 Induction stovel............ 138

.................... 139



[11.12 Heat pump| ............... 141
12 Conclusionl 145
Bib grap 149
|A Physics fundamentals| 161
|A.1 Laws of thermodynamics|. . ... 161
|A.1.1 First law of thermodynamics| 161
1A.1.2 Second law of |
|  thermodynamics|.............. 161
|A.1.3 Third law of thermodynamics| 162
[A.2 Heat transfer mechanisms| .... 162
[A2.1 Conduction|.............. 162
[A.2.2 Convection| .............. 162
[A2.3 Radiationl ............... 163
[A.3 Fourier’s law of heat conductionl 163
|A.4 Heat equation| .............. 163
|A.5 Material properties|.......... 164
[A.5.1 Heat capacity|............ 164
|A.5.2 Thermal conductivity] ... .. 164
[A.5.3 Thermal diffusivity| ....... 164
[A.5.4 Thermal resistancel ....... 165
[A.5.5 Heat transfer coefficient| ... 165
[B Mathematical background| 167
BIVectors .........coovvuinin, 167
B.1.1 Addition| ................ 167
IB.1.2 Subtarction|.............. 167
IB.1.3 Scalar multiplication|. ... .. 167
B.2 Matriced ................... 168
B.2.1 Addition| ................ 168
B.2.2 Subtraction|.............. 168
[B.2.3 Multiplication|............ 168
[B.2.4 Scalar multiplication|. .. ... 169
IB.2.5 Vector composition| .. ..... 169
[B.2.6 Transposition| ............ 169
5.3 Kronecker deltal ............. 170
B.4 Sequence] . ......... .. ... ... 170
IB.5 Linear regression|............ 170
IB.6 Degrees and radiang| ......... 171
IB.7 Spherical coordinates| ........ 171
B.8 Newton’s methodl............ 172
[C Application assets| 173
[C1 Play store].................. 173
|C.1.1 Feature graphic .......... 173
(C.1.2 Phone screenshots/ ........ 174
[C.1.3 Tablet screenshots . ....... 175
IC.2 Other agsets . ............... 175

xiii

177



Xiv



Figures
RPIPENBTIabel [I[] ............... 9

2.2 Example energy label tor fridge |
[ with freezer 2]]................. 11
[2.3 Example energy label for light bulb |

Bl 12
13.1 Electricity Cost Calculator play |
| store J4].|. ... 15
13.2 Electricity Cost Calculator |
[ screenshots J4].|................. 16

13.3 Energy Cost Calculator play store |

AL 16
13-4 Energy Cost Calculator screenshot |
I 17
13.5 Home Electricity Calculator play |
| store [4].f. ...l 17
13.6 Electricity Calculator PRO play |
| store [4].|. ... il 17
13.7 Home Electricity Calculator home |
| page Bl . ... 18
13.8 Home Electricity Calculator |
| appliances page [Bl.| ............. 19
[3.9 Home Electricity Calculator add |
[ appliance page [B].| .............. 19
13.10 Home Electricity Calculator |

results pages [5].|........ ... .. ... 20
3.11 PV Calculator play store [4].[.. 20
3.12 PV Calculator map [6]]....... 21
3.13 PV Calculator PV module [6].[. 22
[3.14 Home Electricity Calculator |
| premium [6].f........ ... .. ..., 22

13.15 PV Calculator analysis first part |

6] 23
[3.16 PV Calculator analysis second |
| part [6] ... 24
[3.17 PV Calculator projects.|....... 25
[3.18 PV Calculator settings.|....... 25
[7.1 Fibonacci lattice [7]] .......... 72
[7.2 Fibonacci sphere points.|....... 73
[7.3 Fibonacci sphere on land points.| 74
|7.4 Map data points obtained from |
[PVGISL ..o 75
[7.5 Interpolated irradiance map.| ... 78
[7.6 irradiance depending on the |
| azimuth and slope.............. 79

XV

[8.1 Anatomy of Flutter application |

............................ 84
;;-@é’lutter trees [8]......... ... .. 85
8.3 Flutter constraints and sizes [8].| 85
[9.1 Bloc pattern [9].|.............. 88
10.1 Logo| .. .......... ... ... ... 91
110.2 Splash screen.|............... 92
[10.3 Screen loading.|.............. 93
[10.4 Partial loading.|.............. 93
[10.5 Loading dialog.|.............. 94
[10.6 Progress loading.| ............ 94
[10.7 Main navigation.| ............ 95
[10.8 Home page.|................. 96
[10.9 Examples page|.............. 96
[10.10 Household pages.| ........... 97
[10.11 Energy distribution pages.| ... 98
[10.12 Energy distribution creation |
T DAGE . e e e 98
[10.13 Settings page.|.............. 99
[10.14 About page.| .............. 100
[10.15 Appliances tab.)............ 101
[10.16 Appliance creation page.|.... 102
10.17 Facilities tablJ .......... ... 102
[10.18 Photovoltaic system creation |
[pagel........... 103
[10.19 Battery creation page.|. .. ... 104
[10.20 Settings tab.|.............. 104
[10.21 Energy distributions settings |
[pagel........... 105

[10.22 Consumption escalations settings |

[pagel......... . 105
[10.23 Inflation settings page| .. ... 106
[10.24 Electricity pricing settings |
[pagel........... . 107
110.25 Maintenance escalation |
| coefficients settings page.| ....... 107
[10.26 Financial parameters settings |
[pagel........... 108
[10.27 Location settings page.| .. ... 108
[10.28 Analysis tab.f.............. 109
[10.29 Basic analysis page.|........ 110
[10.30 Compare analysis page.|. .. .. 111
[10.31 Compare analysis creation |
B 112



1.1 Fridge JTOT] . ovooveeenn. .. 117

T2 Taght bulbl. . o oooeeeeeen.. 119
11.3 Dishwasher [10[.[............ 120
11.4 Washing machine [10]........ 121
15 Coodh Notionol Bank oilah |
| forecast [I1].|.................. 122

[11.6 What it analysis of the house.| 128
[11.7 What it analysis of new electricity |

B 129
[11.8 What if analysis of switching oft |
| wifi router at night.|............ 130
[11.9 New fridge [10].| ............ 131
[11.10 What if analysis of new fridge.| 133
[11.11 New dishwasher [10[.|....... 134
[11.12 What if analysis of new |
Cdishwasher] . .................. 135

[11.13 New washing machine [10].].. 135
[11.14 What if analysis of new washing |

Cmachinel. . ...t 136
[11.15 LED light bulbs [3[]........ 137
[11.16 What it analysis of LED light |
0 T S P 138
[11.17 What if analysis of induction |
Cstovel ..o 139
[11.18 Dryer [10].|................ 140
[11.19 What if analysis of dryer.|... 141
[11.20 Heat pump.|............... 141
[11.21 What it analysis of heat pump.| 143
[12.1 Application web QR code. ... 147
IB.1 Residuals and square residuals |
20 170
|C.1 Play store feature graphic.|.... 173

|C.2 Play store phone screenshots.|. 174
|C.3 Play store phone screenshots.|. 174
|C.4 Play store tablet screenshots.|. 175
|C.5 Phone graphic.|.............. 175
|C.6 Phone graphic,.............. 176

xvi



Tables
|2.1 Passive standard according to TNI |
[and PATIS] oo 6
[2.2 Thermal insulation parameters of |
[ selected constructions [14][........ 7
[2.3 Conversion tactors for primary |
| energy [15]. .. ...l 7
[2.4 Energy classes and required energy |
[ consumption per square meter [16]] 8

[2.5 Energy classes and required total |
[ mains efhciency [I7]............. 13

- —
tarif [I3]] 53

[11.1 House electricity appliances.|. .
[11.2 Total consumption and |
| maintenance of house electricity |
....................
[11.3 House gas appliances.| ....... 115
[11.4 Total consumption and |
| maintenance of house gas |
.................... 116
[11.5 House electricity appliances based |
| on annual consumption.| ........ 116
[11.6 House electricity appliances based |
| on input power and daily max load.| 118
[11.7 House electricity appliances based |

..................... 119
[11.8 House energy distributions.| .. 121

[11.9 House consumption escalations.| 122
[11.10 Electricity pricing components |

I ) 123
[11.11 House electricity pricing..... 124
[11.12 Gas pricing components.|. ... 124
[11.13 House gas prices.| .......... 124

[11.14 House maintenance escalation |

Ccoefficients] . .................. 125
|11.15 House financial parameters.|. 125
[11.16 House location parameters.| . 125
[11.17 Basic analysis of house |
.................... 126

[11.18 Basic analysis of house electricity |

.................... 126

|11.19 Basic analysis of house gas |

.................... 127

|11.20 Basic analysis of house cash |

xvii

[11.21 Electricity pricing components |
128
[11.22 New electricity pricing results.| 129
[11.23 Switching off wifi router at night |

Cresults] . . .oovvoeii 130
[11.24 New fridge results.|......... 132
(11.25 New dishwasher results) .... 134
[11.26 New washing machine results.| 136
[11.27 LED light bulbs results.|.... 137
(11.28 Induction stove resultsl. .. .. 139
[11.29 Dryer results.| ............. 140
[11.30 Dryer results.| ............. 142
[12.1 Example house analysis |
..................... 146

|IA.1 Thermal conductivity of common |
[ materials [210.................. 164




X Viii



Acronyms

CCF Cumulative Cash Flow

CF Cash Flow

DCF Discounted Cash Flow
DPP Discounted Payback Period
EC Escalation Coefficient

EU European Union

IRR Internal Rate of Return
NPV Net Present Value

OTE Electricity Market Operator

PENB Certificate of energy efficiency of
the building

PHI Passive House Institute

PHPP Passive House Planning Package
PP Payback Period

US United States

VAT Value Added Tax

Xix






Chapter 1

Introduction

Many companies and individuals do energy audits and evaluate energy-saving
opportunities. This work aims to develop a mobile application that will
analyze the energy consumption of the specified object and evaluate the
economic aspects of energy-saving opportunities.

For example, when considering the investment into photovoltaic panels for
the house, there are many aspects to consider. The standard approach would
be to prepare the model, including the house’s electricity consumption with
its consumption diagram, to know when it is consumed. This could then be
compared with electricity produced from the photovoltaic panels. Also, many
other relevant aspects must be assessed, including technical aspects like the
efficiency of photovoltaic panels and the efficiency of inverters and economic
aspects like electricity price, inflation, etc. Most of these models are done
using Excel or other software. Excel offers a wide range of functions and
possibilities with good flexibility. Some individuals could also use software
that requires programming skills, like Python or R. However, creating such
an evaluation without the necessary skills and knowledge can sometimes be
challenging. Therefore, the first motivation to develop the mobile application
is to provide a tool that will analyze and evaluate energy-saving opportunities
with less requirements of having a background in electricity, economics, and
programming. Thus, users can create evaluations on their own.

Development of the application is not straightforward because a balance
between the complexity and user-friendly interface is needed. When con-
sidering the example of a photovoltaic system, the Excel models could be
very complex, considering many technical and economic aspects, where the
sheets could become significantly large. For example, input parameters could
be located on the first sheet, including most technical and economical input
parameters. However, when developing the app, it is necessary to obtain
the input parameters from the user through some interactive forms. If a
significantly complex model is to be implemented in the app, the forms for
entering values will get so complex that the user will be overwhelmed. Due
to this bewilderment, the user could be discouraged from using the app or
misusing it.

The second thing to consider is the app’s generics. In the field of energy
savings opportunities, there are many options to consider, from replacing
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basic equipment with a new energy-efficient one to installing a photovoltaic
system. The user can have a requirement to analyze all options, including
those mentioned above. Both analyses must have specific input parameters,
which only sometimes intersect. Here, the app faces that the experienced
evaluator could create an Excel model for almost every case and specify any
required parameters, but the app has certain limits. When creating the Excel
model for a photovoltaic system, the evaluators could, for example, set the
input parameters as they want. For example, how the photovoltaic panels are
installed, including their azimuth and tilt. They could also make more sets of
photovoltaic modules, each with different properties. These input parameters
are not generic as they are only used when analyzing the photovoltaic system,
but when analyzing the purchase of a new appliance, these parameters are
not used. On the other hand, parameters like inflation, discount rate, and
electricity price are more generic as they are usually the same in multiple
analyses. The appropriate forms must be created to get these inputs so the
user can set the inputs for all analyses. The user should be required to enter
the generic parameters only once, which will be reused for other analyses.
Otherwise, the app would require assigning the same parameters repeatedly,
which could frustrate the user. Also, some variants are difficult to include.
For the photovoltaic panel’s analysis, the evaluator could choose whether
the electricity will be used mainly to cover the house appliances’ electricity
consumption, sold directly to the grid, or stored in the battery. The energy
could also be used to heat the water or the house. The complex form would
have to be implemented to obtain all necessary input variables from the user
and address these options and potential situations. Thus, it is sometimes
complicated to include many variables in the app. Hence, considering how
the app will be generic could result in higher development complexity and
costs. Overall, the app should provide features that both non-experienced
users and experienced users can use. The integrated calculations should also
be consistent and balanced in complexity and simplicity.

Various software can perform calculations to evaluate photovoltaic systems
and house consumption. Most of the software is desktop or web applications.
Some mobile apps can help the user create essential house evaluations and
evaluations of photovoltaic systems.

In the case of the mobile application, there is another caveat when consid-
ering how the information will be presented to the user. The mobile device’s
screen is much smaller than the screen of the desktop or laptop. Therefore,
the user interface should be designed so that the user can see all the relevant
information and interact with the app in a user-friendly way. For example,
many graphs that are easily readable on the desktop could be complex to
read on a mobile device, where sometimes the developers need to consider
which information is necessary to be included and which could be somewhere
else or not included. In the case of graphs on the desktop, the axis labels
and titles are easily presented. However, placing the graph in the mobile app
will cover the entire screen and still be small. Therefore, the axis title for the
vertical axis sometimes has to be written somewhere else as they do not fit



1. Introduction

next to the graph.

From this context, the purpose of this work is slightly different from creating
a directed model and evaluation. Commonly, the evaluator focuses mainly on
correctly estimating specific technical and economic parameters. For example,
they focus on estimating the correct value or values for inflation and escalating
the prices, affecting the economic results. In this work, rather than estimating
correct values, the focus will be on the mathematical representation of those
inputs and how these inputs are gathered throughout the app and represented
in the mathematical model. As for the example of inflation, the app could
have a simple form to let the user input just one value, representing the
inflation through the whole evaluation period. However, this approach will be
so limited that it may not be enough to estimate the reality, and the user will
not use the app but rather make his model. Thus, the app should provide a
more complex form, where, for example, the user will enter the first n for the
first n years. If the evaluation period is longer, the last entered value will be
taken as the inflation for the following years. This approach supports more
complex input but could also be enhanced further. For example, with the
first n values, the user could choose how the values should continue for the
following years. For example, the option could include the last value or the
geometric average of previous values, or linear regression could be calculated.
This could be obtained if the app provides one field for entering the values
and then a dropdown button with the options for how the values should
continue. This concept is actually used in the app and is called the values
continue.

In conclusion, this work aims not to create a focused model to resolve
specific issues but to provide a framework for the users to write the input
parameters into the app and create the evaluation themselves. The central
part of the work is to think about how the inputs will be mathematically
represented and how the final results are calculated.






Chapter 2

Energy audit and options for increasing
energy efficiency

This chapter is focused on the energy audit and options for increasing energy
efficiency. In the first part, we will focus on the energy audit, certificate of
energy performance of the building, and appliance energy label. After that, a
brief description of energy pricing and how it works will be provided. Finally,
we will describe the options for increasing the energy efficiency of the building,
such as basic equipment replacement, heat insulation, etc.

B 21 Energy audit

An energy audit is a systematic review and analysis of the energy consumption
of the object to obtain information about actual energy management, which
provides information about how much the object consumes energy and how
much the energy costs [22].

The energy audit also sets a baseline for identifying energy-saving opportu-
nities and provides a basis for their evaluation [23]. It is also recommended
to undertake an energy audit before implementing some renewable energy
system [23].

The energy audit is performed by an energy auditor who is a professional
with the knowledge and skills to evaluate the energy performance of the object

[23].
B 2.1.1 Households

According to [24], the auditor will first explore how the house is built and
how well the thermal insulation works. The auditor will check how much
energy is lost through drafts or leaks in the building. The measurements will
be performed on the heating, hot water, lighting, and appliances. Finally,
the auditor will provide a report with recommendations for energy-saving
measures with the estimation of the money savings.
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B 2.1.2 Legislation in Czechia

In Czechia, the energy audit is required by the legislation to be performed
by enterprises with more than 250 employees, which have a gross annual
turnover of more than 1 300 000 000 CZK or annual balance sheet total of
more than 1 100 000 000 CZK [Z5].

The energy audit is required once every four years [25]. However, there
are some exceptions. For example, if the enterprise has an annual energy
consumption of fewer than 200 MWh, do not have to perform the energy
audit [25).

B 2.1.3 Methodology in Czechia

The methodology for evaluating the energy consumption of buildings is not
uniform. According to [26] in the Czechia, the energy assessment of buildings
is mainly carried out according to the following methodologies:

® CSN 73 054010 - Defines low-energy, passive, and zero-energy houses in
the Czech Republic.

® TNI 73 0329 for family houses and TNI 73 0330 for apartment buildings.
# PENB = Certificate of energy efficiency of the building.
® PHI = Passive House Institute.

Passive House Institute (PHI) uses Passive House Planning Package (PHPP)
tool for energy planings. A brief list of some of the criteria with TNI and
PHI requirements is shown in the following table.

Criterion Unit TNI PHI
Heat demand for heating ~ kWh/ (m? - year) < 20 (15) ! <15
Primary energy demand kWh/ (m2 - year) <602 <1203
from non-renewable

sources
Building envelope airtight- h! <0.6 <0.6
ness

Table 2.1: Passive standard according to TNI and PHI [13].

1) The value of 20 kWh/ (m? - year) applies to family houses,

15 kWh/ (m? - year) applies to apartment buildings.

2) Energy for heating, hot water preparation, and technical building systems
(excluding lighting and other household appliances).

3) Energy for heating, hot water preparation, technical building systems,
lighting, and other household appliances.

To achieve passive house standards, prioritizing effective thermal insula-
tion within the building envelope is essential. The heat transfer coefficient
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measured in kWh/ (m2 - year)quantifies this insulation’s quality. Below is a
table presenting the prescribed values per norm CSN 73 054010, alongside
the recommended thresholds for passive houses.

Heat transfer coefficient Requirement Recommended
(k*Wh/ (m? - year))

External wall 0.30 0.18 to 0.12
Sloped roof 0.30 0.18 to 0.12
Flat roof 0.24 0.15 to 0.10
Ground floor on terrain 0.45 0.22 to 0.15
Windows 1.5 0.8 to 0.6

Table 2.2: Thermal insulation parameters of selected constructions [14].

B 2.2 Certificate of energy performance of the
building

The Certificate of energy efficiency of the building (PENB) is applied to assess
buildings in Czechia. In Czech language the PENB is written as "Prikaz
energetické narocnosti budovy". The certificate is a document that provides
information about the energy performance of the building. It assesses the
energy consumption for heating, cooling, hot water, ventilation, lighting, and
other object operations [27]. However, the calculation does not include the
consumption of individual appliances inside the house, as this will always
change from family to family [28].

Moreover, the energy consumption is multiplied by a primary energy
conversion factor, which results in the primary energy estimation [29]. The
factor is different for each energy source. The following table shows the
conversion factors for each energy source.

Energy source Conversion factor
Natural gas, black coal, brown coal 1.1
Propane-butane, LPG, heating oil 1.2
Electricity 3.0
Wooden pallets 0.2
Piece wood, wood chips 0.1

Table 2.3: Conversion factors for primary energy [15].

In the table above, we can see that electricity is considered the most
unecological energy source. It is because electricity is produced by burning
coal, gas, or oil with an efficiency of about 30 to 40 % [30]. On the other
hand, the coal could be burned directly in the house with much higher
efficiency up to 90 % (burning coal for heat) [31]. Roughly, if we divide the
90 % by 30 %, we get 3.0, which is the conversion factor for electricity. In
this calculation, we did not include the conversion factor for coal of 1.1, but
for basic understanding, it is unnecessary.

7
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Suppose the household has a heating system based on electricity (for
example, 2000 kWh per year). In that case, the amount will be multiplied by
the conversion factor 3.0, and the final value will be 6000 kWh. This value
will then be used to calculate the energy performance of the building. On
the other hand, if the household has a heating system based on coal with the
same consumption value (2000 kWh per year). The amount will be multiplied
by the conversion factor 1.1, and the final value will be 2200 kWh. This value
will then be used to calculate the energy performance of the building. As
we can see, the difference is significant, and the energy performance of the
building will be much better if the heating system is based on coal.

Finally, the primary energies are summed up and then divided by the
property’s total floor area, and the result is the primary energy requirement
per square meter squared (kWh/m? per 1 year) [28].

The calculated value then determines to which category the building belongs.
The categories are from A to G, where A is the most economical building,
and G is the least economical building [28]. The table below shows the energy
classes and the required energy consumption per square meter (per year).

Class Description Primary energy (kWh/m?)
A Extremely economical <50
B Very economical <97
C Economical < 142
D Less economical <191
E Uneconomical < 205
F Very uneconomical < 245
G Extremely uneconomical > 286

Table 2.4: Energy classes and required energy consumption per square meter [16].

According to [32], the legislation for all buildings requires the certificate of
energy performance of the building if the building is:

# Newly built.

® Being sold.

® Being rented.

® Being under reconstruction greater than 25 % of the building cover area.

Today, all new family houses must reach the minimum class B (very
economical building) [2§].

There are also some exceptions where the PENB is not required. The brief
list of exceptions according to [28] is:

B Recreational facilities whose energy consumption does not exceed 25
% of the expected consumption during year-round use.

® Small buildings with an energy reference area of up to 50 m?.
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® Buildings that were built before 1947 and at the same time were not
significantly reconstructed after the same year (25 % rule).

® Cultural monuments and buildings in the heritage reserve, or even
buildings used for religious purposes, have an annual energy consumption
of up to 700 GJ.

The example of the PENB label is shown in the following figure (the
language of the label is Czech).

PRUKAZ ENERGETICKE NAROCNOSTI BUDOVY

vydany podle zékona €. 406/2000 Sh., 0 hospodafeni energii, a vyhlasky & 264/2020 Sb., o energetické narognosti budov

Ulice, &.p.fE.0.0

Ps€, obec:

K.a., parcelni €.: -
Typbudovy:  Rodinny dim

Celkové energeticky vztaina plocha: 147,7 m?

KLASIFIKACNI TRIDA ROZDELENI DODANE ENERGIE
Primarni energie z neobnovitelnych zdroji MWh/rok
kWh/(m.rok)
W zemni plyn - 15,0 (96 %)
P M Elekt¥ina- 0,6 (4 %)
Mimoradné
tisporna A
Velmi
usporna
UKAZATELE ENERGETICKE NAROCNOSTI
. ‘ rrimimsostel |21 g ﬂ‘
‘ Q) Hinigiretne ‘ 68 (o) ‘
Nehospodarna Celkova dodan4 energie 106 kWh/(m?.rok) G
Vytapéni 83 kwh/(m.rok)
- (1) a
nehospodarna
@ Chlazeni
—— 244
Mimofadné
nehospodarna G ® Nucene:vetan!
@ Uprava vihkosti
Pozadavky pro vystavbu
nové budovy do 31.12.2021 6 Piprava teplé vody 19 kwh/(m’.rok) G
jsou SPLNENY % Osvtleni & /i roK) G
Energeticky specialista: u n Ev. & prikazu: n
Osvédéeni ¢.: L Vyhotoveno dne: ©* = m
Kontakt: . T - = Podbpis:

Figure 2.1: PENB label [I].

In the figure above, we can see an example of a PENB label. The PENB
is a report of roughly 15 pages, but the energy label covers the basics. On
top of this, primary data about the object are provided, such as the address,
the object type, and the area. The energy classes are shown in the middle
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left part of the label, and information to which category the building belongs.
The energy consumption in kWh/m? per year is written.

Furthermore, the middle right side label contains the distribution chart of
energy sources used in the building. Then, information such as the average
heat transfer coefficient is provided.

Finally, the label on the bottom contains information about the author,
the report’s date, and the signature. The PENB is then valid for ten years

[l
B 23 Appliance energy label

According to [2], the appliance energy label was first introduced in 1994
in the European Union. The label is a sticker placed on the appliance
and provides information about the appliance’s energy consumption. The
label aims to help consumers choose the most energy-efficient appliance and
save money on energy bills. It should also motivate the manufacturers to
produce more energy-efficient appliances [2]. The energy label is part of the
Ecodesign directive, a set of mandatory rules for manufacturers to produce
more energy-efficient appliances [33].

The old energy labels were from A+++ to G, where A+++ was the most
energy-efficient appliance, and G was the least energy-efficient appliance.
However, the old labels confused the consumers because most appliances were
in category A. Therefore, the new energy labels were introduced in 2021. The
new labels are from A to G, where A is the most energy-efficient appliance,
and G is the least energy-efficient appliance [34]. In the following parts, we
will focus on the new energy labels.

Several types of appliances have the energy label. The most common appli-
ances are washing machines, dishwashers, refrigerators, freezers, televisions,
light bulbs, etc. The example label for the fridge with freezer is shown in the
following figure.

10
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ENERGY &t

Model Reference

Brand

135kWh/annum

® 0

9BL 238L

&)

ABcD
Figure 2.2: Example energy label for fridge with freezer [2].

The energy labels are divided into several categories. On the to the title,
the QR code is placed. The QR code is used to get more information about
the appliance. Then, the energy class is shown. The energy class is from
A to G, where A is the most energy-efficient appliance, and G is the least
energy-efficient appliance. The following parts differ for each appliance. The
label above is for the fridge, where primarily the electricity consumption in
kWh per year for the fridge with freezer is shown. For the fridge, the electricity
consumption is calculated for 24 hours per day and 365 days per year usage
of the appliance [34]. However, the consumption calculation differs for each
appliance. For example, for the washing machine, the electricity consumption
is represented in kWh per 100 washing cycles [35]. At the bottom, additional
information about the appliance is provided. In this example, the fridge,
freezer volume, and noise level are shown [35]. The energy label for the light
bulb is shown in the following figure.

11
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ETAG45W7WW3P

\Iii

S102/610Z

kWh/1000h

Figure 2.3: Example energy label for light bulb [3].

The label above is for an LED light bulb with 600 lumens and 7 W [3].
Therefore, the consumption is 7 kWh per 1000 hours. Now, we can calculate
and assign the energy class. Firstly, we need to calculate the total main

efficiency as follows:
(PUSB

PO’I’L

nrym = - Fra, (2.1)

where:

Nt is total mains efficiency (Im/W),

D5 is the useful luminous flux of the light in lumens (Im),

P,, is a factor that depends on the lamp type (directional/non-directional,
operating on mains/ not operating on mains) [I7].

As we are calculating the classic light, which is non-directional and operating
on mains, the factor £y is 1.0. The @y, is 600 Im and P,,, is 7 W. Therefore,
the total main efficiency is:

600
M= T 1.0 ~ 85.71 Im/W.
The next step is to assign the energy class. The energy class is assigned
according to the total mains efficiency. The following table shows the energy
classes and the required total mains efficiency:
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Energy class Total mains efficiency (Im/W)
210 < nrm

185 < nrm < 210

160 < oy < 185

135 < v < 160

110 < nprvm < 135

85 < nmMm < 110
ntM < 85

QHmEgoaw e

Table 2.5: Energy classes and required total mains efficiency [17].

For the calculated total mains efficiency of 85.71 Im/W | the energy class
is F.

B 24 Energy pricings

This section will briefly describe the energy pricings in Czechia for electricity
and gas.

B 2.4.1 Electricity pricing

There are two types of divisions in electricity pricing. The first division is the
division into unregulated and regulated parts. The unregulated is the price
for the electricity as an energy (could be fixed and variable) [36]. Energy
Regulatory Office regulates the regulated parts [37]. According to [36], the
regulated parts are the following:

® Distribution fee.

Charge for reserved power.

Subsidy for the production of renewable energy sources.

Fee for system services.

Fee to the market operator.

The subsequent division is into the fixed and variable parts. The fixed part
is the amount that is paid regardless of the amount of consumed electricity
(commonly per month). In contrast, the variable part is the amount paid
according to the consumed electricity consumed (commonly per MWh or
kWh) [38]. Finally, the taxes are applied as the tax on electricity and the
VAT [39].

B 2.4.2 Gas pricing

In gas pricing, the fixed and variable parts are also applied. The price mainly
varies according to the amount of gas consumed. Commonly, the fixed price
increases when the amount of consumed gas is higher. On the other hand,
the variable price goes down when the amount of consumed gas is higher [40].

13



2. Energy audit and options for increasing energy efficiency

B 25 Options for increasing energy efficiency

There are several ways how to increase the energy efficiency of the building.
The most common ways are switching off the equipment, basic equipment
replacement, and heat insulation. However, other ways exist, such as heat
pumps, photovoltaic systems, or other renewable energy sources.

Bl 2.5.1 Switching off appliances

The most straightforward way to save energy is to switch off the appliances
when they are not used. The appliances in standby mode still consume energy.
The most common appliances that are in standby mode are TVs, computers,
printers, etc. [41]. However, switching off the appliances will not increase the

energy performance of the building, as these appliances are not calculated in
the PENB [28].

B 2.5.2 Basic equipment applainces

Essential appliance replacement is a common way to increase the energy
efficiency of a building. The most common appliances that are replaced are
refrigerators, washing machines, dishwashers, etc. The new appliances are
more energy efficient and consume less energy. Also, replacing old light bulbs
with LED bulbs is an excellent way to save energy [42].

B 2.5.3 Heat insulation

Heat insulation is an excellent way to save energy. Heat insulation is used to
prevent heat loss in the building. It could be done on walls that are covered
with heat insulation material such as polystyrene or mineral wool [43]. The
heat insulation could also be done on the roof, which is covered with heat
insulation material such as mineral wool or foam. The critical step is also
thinking about replacing the windows. The new windows could be more
energy efficient and lower the heat loss. The heat insulation should reduce
the average heat transfer coefficient of the building envelope [43].

14
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Existing applications

This chapter will focus on assessing the applications for energy evaluation.
The main focus will be on applications that provide calculation techniques
for energy consumption, energy costs, and energy savings. A total of four
applications will be reviewed in this chapter. The applications are Electricity
Cost Calculator, Energy Cost Calculator, Home Electricity Calculator, and
PV Calculator. The features of the applications and the user interface will
be assessed for each application. All applications are available on the Google
Play Store for Android devices.

B 31 Electricity Cost Calculator

The first assessed application is Electricity Cost Calculator [44]. The applica-
tion has over 10 000 downloads on the Google Play Store with a rating of

about 4.5 stars.
Electricity Cost
ﬁ Calculator

Dear Apps Corner

Contains ads

45% 10K+ €

242 reviews Downloads Everyone @

Figure 3.1: Electricity Cost Calculator play store [4].

Overall, the application is straightforward, with only one feature integrated.
The feature is presented in the following figures, where the application has
three text fields for input values for hours per day, power use in watts, and
price per kWh. The application then calculates the cost per hour, cost per
day, cost per month, cost per year, and kWh per day. These fields use just
basic math formulas to calculate the values. The following figures fill the
fields with example values, and the outputs for those values are also shown.
Overall, the application could be helpful for quick calculations of energy costs
for a specific appliance to get a rough idea of the costs.

15
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= Electricity Cost Calculator g =  Electricity Cost Calculator :

Cost Per Hour:

Hours Used Per Day

Example : 6 0.1000
( S ) Cost Per Day:
Power Use (Watts): ( 0.3000

Example : 100

Cost Per Month:
( * )
( 9.13

Price (kWh):
Example : 2.5

( ) ) C 10951
kWh Per Day:
(015

Cost Per Hour:

Com L

Cost Per Day:

Comor ) (il

Figure 3.2: Electricity Cost Calculator screenshots [4].

Cost Per Year:

U U Y

B 3.2 Energy Cost Calculator

The second assessed application is Energy Cost Calculator [45]. The appli-
cation has over 10 000 downloads on the Google Play Store with about 3.6

stars rating.
Energy Cost
@ Calculator

Sparkle Solutions

Contains ads

3.6% 10K+ 1

76 reviews Downloads Everyone @

Figure 3.3: Energy Cost Calculator play store [4].

Overall, the application is very similar to the previous one. The application
consists of one calculator that calculates energy consumption and costs. In
the figure below, the screenshot of the application is shown. It has three
input fields: consumption per hour, hours per day, and cost per kWh. The
application then calculates the energy consumption and cost per day, week,
month, year, and cost for those periods. The application is straightforward
and could be helpful for quick calculations, similar to the previous one.
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Energy Cost Calculator H

Consumption / Hour

200 Watt v
Hours / Day
5
Cost per Watt/KWatt
Watt v 3
Usage / Day (kWh) Cost / Day
1,00 3000,00
Usage / Week (kWh) Cost / Week
7,00 21000,00
Usage / Month (kWh) Cost / Month
30,00 30 4 90000,00
Usage / Year (kWh) Cost/ Year
365,00 1095000,00

BT T

Figure 3.4: Energy Cost Calculator screenshot [4].

B 33 Home Electricity Calculator

Another application is Home Electricity Calculator [5]. The application has
over 100 000 downloads on the Google Play Store and has a rating of about
4.0 stars.

ML) Home Electricity
=LL\ Calculator

Calculation World
Contains ads

4.4% 100K+ €

1.71K reviews Downloads Everyone ®

Figure 3.5: Home Electricity Calculator play store [4].

There are two versions of the application. The first is free with ads, and
the second is a premium version. The premium version costs 3.99 USD. The
further screenshots will be from the free version of the application.

Electricity Calculator

=Y 20
=L§,\ PRO

Calculation World

4.0% 100+ 13

8 reviews Downloads Everyone @

Figure 3.6: Electricity Calculator PRO play store [4].
The home page is shown in the figure below. The application has multiple
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integrated features. Most are just basic calculators presented from "solar
plants" for the "water pump total head." Users can set the appliances in the
first tab (home generator design) and other facilities in the second tab. Let
us take a look at the appliances tab.

Home Electricity Calculator
Home Generator Design
Work Place Generator Design
Home Electricity Bill

Solar Plant For Your Home
Battery Life Calculator

Air Conditioner Size - AC

Number of Solar Panel in the
given area

Water Pump Horsepower

Water Pump Total Head

Figure 3.7: Home Electricity Calculator home page [5].

A screenshot of the appliances page is displayed in the figure below. The
user can set the appliances from the provided list, such as a refrigerator,
washing machine, television, etc. For the next part, we can add television.

18
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& Generator Size For Your Home i

Select the required equipments in your home which you want
1o operate on generator and enter the wattage and quantity of
equipment then click on show result to calculate generator size
for your home.

Refrigerator / Freezer

Washing Machine

Television

Water Pump

7> Electric Iron

Electric Fans

Electric Heater

Electric Geyser

Electric Light

Show Result

Figure 3.8: Home Electricity Calculator appliances page [5].

When we tap on the television, the application will show the page where
we can set the power and quantity. The power could be either set by the
dropdown (figure on the right), where there are predefined values, or manually
by the user using the text field. After finishing the form, just hit the save
button, and the appliance will be added.

Television [ Television

100 watt

150 110 watt

150 watt

Juantity / Number

2 200 watt

250 watt

300 watt

500 watt

750 watt

1000 watt

1500 watt

1800 watt

2000 watt

2200 watt

2500 watt

Figure 3.9: Home Electricity Calculator add appliance page [5].

Finally, we can show the result page with the added television as an
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appliance by clicking the "show result" button on the screenshot at the top.
There are different result pages. On the left side is the energy cost analysis,
which we can get by tapping the home electricity bill tab on the home page.
Then, the appliances will be shown, and tapping on the show result will
display the energy costs. Essential information like electricity costs for the
week, month and year.

If we go through the first tab on the home page and then tap on the show
result, the page will show how big we would need an electricity generator to
power all the appliances. This is shown on the right side of the figure below.

Equipments Qty  Consumption Equipments Qty Wattage
Television unit Television watt
Units Consumed Per Day = KwWh Total Wattage = watt

Units Consumed Per Week =

Units Consumed Per Month =
Units Consumed Per Year =

Electricity Bill Per Day =

Electricity Bill Per Week =
Electricity Bill Per Month =
Electricity Bill Per Year =

Your Generator Size Should be = 0,3 KW

Share Result Close Share Result

Figure 3.10: Home Electricity Calculator results pages [5].

B 3.4 PV Calculator

The application PV Calculator [6] has over 50 000 downloads on the Google
Play Store with about 4.3 stars rating. The application is for the calculation
of photovoltaic systems.

Figure 3.11: PV Calculator play store [4].

The screenshot of the home page is shown in the figures below. On the
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home page, there is an option to pick the location on the map and load the
irradiance data by clicking the "load data" button. On the left figure, there is
just a picked point on the map without data loaded, whereas, on the figure on
the right, the data are loaded with the graph of irradiation values (kW /m?)
for the whole year. On the graph, the peak values are in months like May,
June, July, and August, and the lowest values are in December, January, and
February, which is typical for Europe.

PV Calculator o 0 PV Calculator o 0
Irradiation Irradiation
Norsko Finsk Norsko Finsk
Oslo, 1 Oslo, t
) Stockholm ) Stockholm
! o o o
Estonsko Estonsko
Severi mofe Lotyssi ] Severimofe Lotyss /S
Velkd Dénsko Liva  (E] Velks Dansko Litva (]
Britanie Britanie
Bélorusko @ Bélorusko
Blin'  Londyn Berling@” Polsko Blin'  Londyn gerlinag POIsko
. .v : .v
Pafiz B Pafiz B
o Slovensko o Slovensko
o Madarsko Moldavsko o Madarsko  Moldavsko
Chorvatsko % Chorvatsko %
Marseille. Marseille.
o o

®Rim Bulharsko) RIm Bulharsko)

Madrid _oBarcelona, Madrid_oBarcelona
Longitude 14.391 __Latitude §6°164," Longitude 14.391 __Latitude 507164,

Time period: TMY Vv load data Time period: TMY v
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Figure 3.12: PV Calculator map [6].

To move forward, tap on the PV-Arrays tab. The content of that tap is
shown in the figures below. Here, the user defines the photovoltaic system
properties such as power inverter output power, efficiency, inclination, azimuth,
etc. On the left figure is a list of tabs with defined PV modules, whereas on
the right figure, the page for editing the PV module is shown.
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PV Calculator

PV-Arrays

Name PV-Example¥

Edit your PV modules or add more

Total power

2  PV-Example®
= 72kwp

Orientation
Powerinverter 7kwW

PI. Efficiency 97%
Number of modules 15
Inclination 25°
Azimuth (S) 0°

Inclination

Azimuth (S)

Performan
Module power
Efficiency

Temperature
coefficient

PV-Array
Number of
modules
Power inverter
Max. output

Efficiency

Shading

Figure 3.13: PV Calculator PV module [6].

Only one PV module definition is allowed in the free version of the appli-
cation. The premium version allows multiple PV module definitions. The
popup for the premium version is shown in the figure below.

18:45 o @
PV Calculator o 0

PV-Arrays

In the standard version the number of
PV arrays is limited to 1

Premium version

Unlimited number of arrays and
groups

.
Additionally radiation data from
2005 -2023
Consider snowfall
Consider shading

Creat individual load profiles with

the load profile editor

Export the simulation results as
Excel sheet or pdf-summary

Dy GCetthe
}‘ Premium Version

Figure 3.14: Home Electricity Calculator premium [6].

As we progress through the application to the analysis tab, the user can set
the PV module to be analyzed along with system efficiency, whether grid-tied
or off-grid. Also, the impact of temperature and snowfall could be considered,
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3.4. PV Calculator

which is an advanced feature. Below are three screenshots of the analysis tab.
The screenshots were taken on the single tab while scrolling down. Therefore,
they are from left to right on the same tab as when scrolling down.

The user can set the daily production distribution on the first screenshot,
which could be compared with energy demand. The user could also set
the distribution of the demand. Here, we use just simple constant demand
distribution. The daily production distribution is less for winter and more
for summer, which is common in Europe.

The second screenshot shows the energy yield for the months, with two
more charts representing photovoltaic power across the year (output power
depending on the irradiation) and the energy balance, where we can compare
the electricity produced with the demand. If the produced electricity does
not wholly cover the demand, the user has to purchase the electricity from
the grid.

The third screenshot demonstrates the card of final yearly values for
produced power from the PV system, the power that is fed to the grid, and
the power purchased from the grid. On the final chart, we can see these
values across the months.

PV Calculator g O

Analysis

PV Calculator & @ ] Pvcalculator o 0
Analysis Analysis
Producer unit and electric demand @ Yiel 0 Abs 8.255 MWh ; D)

PV-E> le
PV-Module : PV-Example® v Hempe

System efficiency [%]: 95

Photovoltaik Off Grid:
Temperature impact ® Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Consider snowfall [ )

Phc taic power [kW] PV power [kWh
Elect. demand [kWh/year]: 10000

7
~ PV-Example®t max 6.70 Fed into the grid [kWh]:

Load profile : Constant v
oad profile (el 0094 Purchases [kWh]:

Mean po over the day [kW ]
3.4 MWh Direct PV use Coverage
6.6 MWh Electricity purchases
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 4.86 MWh Fed into the grid 33.06 %
©® 0 MWh Battery supply

5.05 Pv power Loadprofil

Jan-Dez

Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.15: PV Calculator analysis first part [6].

The following screenshots are the continuation of the analysis tab. The
first screenshot shows the option to set the battery storage. The battery
has several parameters, such as capacity, efficiency, self-discharge, etc. Also,
the number of complete cycles per year is presented on the same card. The
following chart shows the charging and discharge cycles of the battery.

In the middle screenshot, the user could set the energy prices for the
electricity purchased from the grid and the electricity fed to the grid, along
with its percentage changes per year. Then, the user can see the savings for
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the first year in USD.

In the final screenshot, there is an amortization card where the user can
set the price of the PV system and parameters like the rate of change, period
of credit, and whether the PV panels will be funded with a loan. The app
will then calculate the annual installment, total payment, and amortization
period. On the final chart, there are two lines. The red one represents the
investments. The line looks straight, but it has a slight positive slope because
the set rate of change is only 0.5 %, which is very low for the load. The green
line represents the cumulative savings, increasing with time. The intersection

of the two lines is the amortization period.

PV Calculator O 0

Analysis

Battery storage (optional)
Battery capacity [kWh]:
Efficiency [%]:

Self-discharge [ %/year]:
Depth of discharge (DOD) [%]:

Full Cycles / year

# Ba

100%

C [%]

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

Financial o
Feed-in tariff [ $/kWh]:
Purchase costs [$/kWh]:
Ongoing costs [ $/year]:

Feed-in electricity
pric — nge [%/year]:

PV Calculator

Financi: ew
Feed-in tariff [$/kWh]:
Purchase costs [$/kWh]:
Ongoing costs [$/year]:
Feed-in electricity
price change [ %/year]:

Electricity price
change [%/year]:

First Year savings [ $]:

Amo on period
Equity:

Credit amount [$]:

Rate of charge [%]:
Period of credit [years]:

Annual instalment [$]:

Tot — nent [s1:

a ®

PV Calculator & 0

Analysis
First Year savings | $ | :

Amortisation period / Credit
Equity:

Credit amount [$]:

Rate of charge [%]:

Period of credit [years]:

Annual instalment [$]:

Total payment [k$]:

Armortisation 5years 11 months

Figure 3.16: PV Calculator analysis second part [6].

All aforementioned items could be saved in the project within the app. The
app also supports creating multiple projects. The projects are shown in the

figure below:
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PV Calculator & 0
=

Get the premium v o create multiple
projects and mport function

/ﬂ\ My first project

Figure 3.17: PV Calculator projects.

Finally, the app supports German and English language. There are also
two themes: light and dark. The settings are shown in the figure below:

Settings and info

Select language

Colour theme dark light

Contact us at

pv-calculator@gmx.de

Figure 3.18: PV Calculator settings.

Overall, this app supports many features for analyzing photovoltaic systems,
starting from the location and irradiation data through the PV module defi-
nition, system analysis, battery storage, energy prices, savings, amortization,
etc. The app is handy for quick and detailed analysis of the photovoltaic
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system. The app is also very user-friendly and easy to use.

26



Chapter 4

Mathematical background

This chapter will deal with the mathematical background of the work. The
standard mathematical background will be described in more depth in the
appendix.

. 4.1 \Vectors

The vectors will be written with an arrow above the letter, for example, @,
b, ¢, CF, DCF, etc. The column vector notation will be mainly used. For
example @ will be written as:

ai
a2

1]
I

cR™. (4.1)
Qn

The domain of the vector elements will be mostly the set of real numbers R.
Therefore, the note about real numbers will mostly be omitted. Usually, the
second element will also be omitted. Therefore, the vector @ will be written

as:
ai

)
I

€ R". (4.2)

an

B 4.1.1 Dot product

If we have two vectors @ and b of the same dimension n, we can calculate the
dot product of the two vectors by multiplying the corresponding elements of
each vector and summing the results. According to [46], the following formula
does this:

al b1
@oy=( |1 ])=a-bi++an bR (4.3)

anp, by
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4. Mathematical background

B 4.1.2 Pice-wise multiplication

If we have two vectors @ and b of the same dimension n, we can multiply
the vectors by multiplying the corresponding elements of each vector. This
operation is known as the Hadamard product [47]. According to [47], the
following formula does this:

ail - b1
b=| : |eRr™ (4.4)

an - by

ISI
(@]

B 4.1.3 Pice-wise division

If we have two vectors @ and b of the same dimension n, we can divide the
vectors by dividing the corresponding elements of each vector. According to
[48], the following formula does this:

al/bl
iob=| : |erm (4.5)

an /by

. 4.2 Matrices

The matrixes will be written in bold font, for example, A, B, CF, DCF, etc.
For example the matrix A will be written as:

ailr a2 - A1m
a1 a2 - a2m

A= | . .| e R (4.6)
apl Anp2 - OGpm

where:
A is a matrix of dimension n X m,
a;; is the element of the matrix A at the i-th row and j-th column.

The domain of the matrix elements will be mostly the set of real numbers
R. Therefore, the note about real numbers will mostly be omitted. Usually,
the second element will also be omitted. Therefore, the matrix A will be
written as:

ail - Gim
A= - : € R, (4.7)

an1  +°  OGpm
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B 4.2.1 Pice-wise multiplication

The pice-wise multiplication between two matrixes A and B of the same
dimensions n x m is done by multiplying the corresponding elements of each
matrix. This operation is known as the Hadamard product [47]. The following
formula does this:

a1 - Gim bir -+ bim
AoB = : . : of . : =
anl1 - Anm bnl T bnm (48)
air-bi1 - aim - bim
= : " : € R™™
anpl * bnl ot Apm e bnm

B 4.2.2 Pice-wise division

The pice-wise division between two matrixes A and B of the same dimensions
n x m is done by dividing the corresponding elements of each matrix. The
following formula does this [48]:

ai;z - am bir -+ bim
aoB=|: - 1ol o=
Gpl - Apm bpi - bam (4‘9)
ar/bir -+ a1m/bim
— : .. : c Rnxm'
anl /bnl ce anm/bnm
Bl 4.2.3 Creation by vectors
If we have a list of vectors aq, ..., d, of the same dimension n, we can create

a matrix A by putting the vectors as columns of the matrix. The following
formula does this:

ail A1m
A:(Jl, a’m)z Lo | ermom, (4.10)

Gn1 " Oanm

In the same way, we can create a matrix B by putting the vectors as rows
of the matrix. The following formula does this:

=d

aj aii T anl
C_lﬁ Alm " Opm
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. 4.3 Cumulative matrix

The cumulative matrix is a matrix W, which is a lower triangular matrix
with ones on the diagonal and the lower part of the matrix. The cumulative
matrix is used to calculate the cumulative sum of the vector. The cumulative
matrix W is defined by the following formula [49]:

100 - 0
110 0

w=|1 11 0 (4.12)
111 1

. 4.4 Values continue

Consider that we have a vector @ of known values with dimension n (the
count of known values):

i=|a|eRr™ (4.13)

However, for example, if we want for some operation higher dimension of
the vector, we can continue the values of the vector @ by certain formulas.
Therefore, the previous vector @ could be extended to a new vector b with the
dimension m, where m > n. The new vector will have the first n elements the
same as the vector @ The vector b will be defined by the following formula:

ai
az
as

Qn, c R™. (4.14)
an+41
An+2

SHl
I

am

The rest of the elements will be calculated according to the selected formula.
The required dimension could also be smaller than n. Here, the vector will
just be truncated to the selected dimension. For example, let us denote
the natural positive number p € N*, where p < n. The vector b with the
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4.4. Values continue

dimension p will be defined by the following formula:

ai
a
b= || eRP. (4.15)

ap

Now, we have to create specific rules for extending or truncating the
general vector. The values continue is a set of vector @ € R"™ and function
f¢:R"” x Nt — R™, where m € NT. If the dimension is less than n, the
function will just truncate the vector. Therefore, these conditions will not be
further described as they will apply to all defined values continue functions.
However, if the dimension is higher than n, the function will extend the vector
by certain formulas described in the following section. The values continue
principle will be primarily used in broadcasting. How it will work will be
described in the broadcasting section.

B 4.4.1 Last value

The last value is a function f“! is one of the simplest ones. The function will
just repeat the last value of the vector. For vector @ € R™ and the natural
positive number m € N, where m > n, the function £ is defined by the
following formulas:

al
az
as

foN (@,m) = | an | € R™ (4.16)
an
an,

B 4.4.2 Aritmetic mean

Function %™ will extend the vector by the arithmetic mean of the previous

values. For vector @ € R" and the natural positive number m € N*, where
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m > n, the function f “*" is defined by the following formula:

ai
az
as

cR™. (4.17)

N

‘Where: .
> ai. (4.18)

B 4.4.3 Geometric mean

Function f“#" will extend the vector by the geometric mean of the previous
values. For vector @ € R™ and the natural positive number m € NT, where
m > n, the function f “8™ is defined by the following formula:

ai
az
as

FOEM (g m) € R™. (4.19)

N

Where:

a=r1 ﬁ a;. (4.20)
=1

Function f M will extend the vector by the harmonic mean of the previous
values. For vector @ € R™ and the natural positive number m € N*, where

B 4.4.4 Harmonic mean
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4.4. Values continue

fc,hm

m > n, the function is defined by the following formula:

ai
az
as

fehm (g m) = | a, | € R™. (4.21)

o

Where:

S
I

S (4.22)
=1 a

B 4.4.5 Linear regression

Function f " will extend the vector by the linear regression model. For vector
@ € R™ and the natural positive number m € N, where m > n, the function
£ is defined by the following formula:

a1
az
as

folr (@,m) = a‘n cR™, (4.23)
Bo+B1-(n+1)
Bo+ 51 (n+2)

Bo + B1 - (m)

where 3y and 1 are the linear regression coefficients calculated by the ordinary
least squares method.

B 4.4.6 Linear regression nonnegative

Function f "™ will extend the vector by the linear regression model with
nonnegative values. For vector @ € R™ and the natural positive number

m € N*t, where m > n, the function f"™" is defined by the following
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formula:

al
az
as

fc,lrnn (C_i, m) — a.n c Rm’
max (0,,80 + 51 - (n + 1))
max (0, Bo + B1 - (n + 2))

max (0, Bo + B - (m))

(4.24)

where By and 3 are the linear regression coefficients calculated by the ordinary

least squares method.

. 4.5 Productor function

The production function is a function that maps the vector to a vector in
which elements are the cumulated products. We will use two productors:
the first productor II; and the second productor IlI;. The following formula

defines the first productor II;:

ai ai
az ai - az

IMi(a) =1 ([ 3 |) = aj-az-ag cR"
an a/l a2 a/3 ----- an

al 1
as ai

Hg((_i) = HQ( as ) = ai - az e R™.
an a/l . a2 . a/3 ----- a/n—l

B 46 Broadcasting

(4.25)

(4.26)

Broadcasting is a technique to simplify the operations between two objects
with incompatible dimensions [50]. The broadcasting is done by repeating
the smaller object’s elements to match the larger object’s dimensions. Broad-
casting is not mainly used in math but instead in programming. In this work,
the broadcasting will be used to simplify some operations. In the following

example, we will see how the broadcasting is done.
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4.6. Broadcasting

B 4.6.1 Brodcasting function

The broadcasting function is a function that takes an object as a first argument
and a dimension as a second argument. The object could be a scalar, vector, or
matrix. The function returns the object broadcasted to the selected dimension.
For further explanation, let’s define the broadcasting function broad that takes
an object and a dimension m € N* (natural positive numbers, where zero is
not presented) as arguments. The function returns the object broadcasted to
the dimension m. The following formulas define the function for scalar and
vector inputs.

B Scalar

For the scalar a € R and the dimension m € N*. The following formula
defines the scalar a broadcasted to the dimension m:

a

a
broad (a,m) =] . | € R™. (4.27)

B Vector

For the vector @ € R™ and the dimension m € N*. The vector @ broadcasted
to the dimension m is defined by the following formula:

broad (d,m) = (@ @ - @) e R™™. (4.28)

B Row vector

For the vector @ € R™ and the dimension m € Nt. The row vector al

broadcasted to the dimension m is defined by the following formula:
C—L*T

C_I:T

broad(EiT,m): | e rmxm, (4.29)

QL ..

B 4.6.2 Implicit broadcasting

Often, the broadcasting is done implicitly, meaning the broad function is
not used and the broadcasting is still done. The operation does the implicit
broadcasting between two objects with incompatible dimensions. The smaller
object is broadcasted to match the larger object’s dimensions. In the following
example, we will see how the implicit broadcasting is done.
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B Scalar

Let us denote the scalar a € R and the vector b € R”. When the operation
requires the object with a smaller dimension to be broadcasted to the larger
object’s dimension, the scalar a is broadcasted to the higher dimension. The
following formula shows the implicit broadcasting for the addition operation
(in the same way it is done for the subtraction and piece-wise multiplication):
a b1 a+ b
a+b=[:]+]:|= : € R". (4.30)
a by, a+ by

For the dot product operation, the formula is the following:

a b1
@by =([:|I|:])=abi+tabrt +ab,eR (4.31)
a bn

Sometimes, if a is scalar, we can write the @ to note that the scalar is
broadcasted to the vector. For example:

a b1 a+b
a+b=|:|+|:|=| : |er™ (4.32)
a bn, a+ b,

For another example we denote the matrix A as:

aip -0 Qim

A= - | eRrR™™ (4.33)

Gn1 " Onm

To create a row sum vector, we can use the following formula:

a1 +---+am
dr=A-1=A-T= : c R". (4.34)

an1 + -+ anm
To create a column sum vector, we can use the following formula:

ail +---+apt
d. =17 - A= : eR™, (4.35)

Alm + -+ A

Note that in broadcasting, we can use vector notation with transposition
to show that the scalar will be broadcasted to a row vector.
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B Vector

To show how vector could be implicitly broadcasted, let us denote the matrix
A as:

aip ot Qim
A=+ - : e R™*™, (4.36)
apl1 - Qpm
Vector b as:
b1
b=1|: | er" (4.37)
by,
And vector ¢ as:
C1
c=1:1|eR™ (4.38)
Cm

The boradcasting in sum operation between the matrix A and the vector b
is done by the following formula:

a1 +b1 - aim +b1
A+b= : : e R™™, (4.39)
CLnl'|_bn anm"‘bn

The broadcasting in sum operation between the matrix A and the vector ¢
transposed is done by the following formula:

ajlt+c - aimtom
A+él = : : € R, (4.40)

anl1+cC1 -+ Qpm +Cm

B 4.6.3 Priority broadcasting

When writing the broadcasting with function broad, then there is no ambiguity.
However, the situation is different when the broadcasting is done implicitly
between two objects, which both could be broadcasted. As a general rule,
the variable more on the right side of the operation is broadcasted primarily.
However, some objects have priority broadcasting, which overrides the general
rule. The objects with priority broadcasting are the cumulative matrix, and
the values continue. However, if two objects with priority broadcasting are
in the operation, the object on the right side of the operation has priority
broadcasting. The following sections will describe the priority broadcasting
for the cumulative matrix and the values continue.
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B Cumulative matrix

In every operation, the matrix W is broadcasted implicitly to match the
dimensions of the other object. For example, if we have a vector @ € R”, the
cumulative matrix W and the vector @ can be composed by the following
formula:

1 0 0 - 0 ay

1 1 0 - 0 as
W.a= 11 1 - 0 a3 | —

111 -+ 1 ay,

(4.41)
1-a17+0-a24+0-a3+---4+0-a,

ca1+1-a3+0-a3+---+0-ay,
—(1la1+1-a2+1-a3+---+0-a, | ¢ R",

—_ =

l-ag+1-a2+1-a3+---+1-an

B Values continue

For values continue, the broad function takes one more argument, and values
continue function described in the section above. The definition of broad
function is the following:

broad (a,f¢,m) =£¢(a,m). (4.42)

Usually, the values continue are broadcasted implicitly to match the di-
mensions of the other object, and the function will be omitted as it will be
known from the context. We will only write a vector to represent the values
continue.

B 47 Dot product identity

For two vectors @ and b of the same dimension n, the dot product identity is
defined by the following formula:

-

(@|b)y=(@ob|1), (4.43)

where:
a o b is the Hadamard product of the vectors @ and b,
1 is the broadcasted 1 to the dimension n.

This identity could be easily proven by comparing the formulas. The left
side of the equation is straightforward:

@] 0)=ay b1+ +an - by. (4.44)
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The right side of the equation equals to:

al-bl 1
(@ob|1)=(| [ =a1-b1+-4an b,  (4.45)
an - by, 1

From the comparison of the formulas, we can see that the left side of the
equation equals the right side.
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Chapter 5

Economical background

This chapter will introduce the basic economic concepts used in the following
chapters. Before we start, we need to state that the currency units will not
be denoted as for some specific currency but as a general currency as CCY.

. 5.1 Inflation

Inflation is a general increase in prices in an economy. It also means an
erosion of a given currency’s real values (purchasing power) according to
goods and services [51].

There are two types of values: nominal and real. The nominal value is the
unadjusted value of a good or service, without taking into account inflation
[52]. The real value is the nominal value adjusted for inflation. The real value
is expressed in terms of purchasing power in a given year according to base
year [53].

For example, if the nominal value in the third year is 1000 and the yearly
inflation rate in every year is 10 % (yearly compounded), the real value for
base year 0 is calculated as follows:

Nominal value 1000

Real value = = ~ T51.
cal value (1 + Inflation rate)Number of years (7 4 (.1)3

The inflation has properties of values continue, and the known values are
defined as:

a=| . | €R, () (5.1)

ar—1
where:
ay is the inflation rate for year ¢ (-).

. 5.2 Escalation

Escalation is an increase in certain values over time. Here, the escalation is
not intertwined with inflation but is used to escalate values, such as energy
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consumption, the efficiency of devices, etc. The escalation is denoted as v € R
and is in pair with some value, such as energy consumption, efficiency, etc.,
defined for year 0. For example, if the value for year zero is ap € R and the
escalation is aforementioned -, then we can calculate the value for next year
as:

a1 = ag -, (5:2)

where:
ay is the value for year t,
a4 is the value for year t + 1.

. 5.3 Escalation coefficient

The Escalation Coefficient (EC) is similar to escalation but is intertwined
with inflation. It is mostly used to escalate the prices of commodities. The
escalation coefficient for some value ag € R is denoted as § € R. The value
for year t + 1 is calculated as:

At41 = Qg - (1 +6- Oét), (53)

where:

az is the value for year t,

at+1 is the value for year t + 1,
«y is the inflation rate for year t.

The escalation coefficient for a specific commodity assumes some correlation
between inflation and the escalation of the specific commodity. If the escala-
tion coefficient equals 1, the commodity’s price rises with the inflation rate.
If the escalation coefficient exceeds 1, the commodity’s price rises faster than
the inflation rate. If the escalation coefficient is less than 1, the commodity’s
price rises slower than the inflation rate. If the escalation coefficient equals 0,
the commodity price does not rise. Moreover, if the escalation coefficient is
negative, the commodity’s price falls for a positive inflation rate.

. 5.4 Escalation function

As mentioned before, if we have the escalation ~ paired with the value ag for
year 0, we can calculate all other values for other years. For further usage,
we can define the escalation function, which has three inputs: the value ag
for year 0, the escalation v, and the number of years 7. The output is the
vector of values for years 0 to T — 1:

7 (ag,v,T) = ag - Iy (broad (7, T)) = | @0 7" | eRT,  (5.4)
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5.5. Escalation coefficient function

where:
II5 is the productor function of the second type,
7 is the vector created form broadcasting + to the length of T

Usually, we will work with a vector of values ag for year 0 with dimension
of n, which has corresponding escalation vector 4 also with dimension of n.
Therefore, we can define the escalation function for vectors as follows:

f’Y(CLO,Oa Y0, T)T
£7(ao 1,71, T)"

f’y(ao,nv Yns T)T

T_1 (5.5)
apo0 G@o0-7Y -+ Q0,0 -V
T-1
ap1 Gao1-71 o aol Y1
= . . e R
T-1
agmn  AGOm " Yn " A0t Vp

Usually, the input T will be omitted because it will be c}ear from the
context. Thus the function will be denoted as {7 (ag,~) and {7 (ap, 7).

. 5.5 Escalation coefficient function

Similar to the escalation function, we can define the escalation coefficient
function. The escalation coefficient function has four inputs: the value ag for
year 0, the escalation coefficient 4, the inflation vector &, and the number of
years T'. The output is the vector of values for years 0 to T — 1:

£9(ag, 8, T) = ag - Ty(1 4 broad (6,T) o @) =
ago

a0‘<1+6'060) (56)

_ ap- (1+d-ag) (1 +d ) eRT, '

ao-(1+5-a0)-...-(1—1—5-aT_1)

Note: The 1 and vector & are implicitly broadcasted to the length of T (&
is boradcasted accordind to properties of values continue).

Similar to the escalation function, we can define the escalation coefficient

function for vectors as follows:
(a'0,0a 607 &7 T)T

f§
- t9(agq,01,@,T)T
£9(a@, 5, d,T) = (01 ! ) (5.7)

fé(a(),n, 6717 &7 T)T
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Usually, the input of inflation vector & and the number of years T will be
omitted because it will be clear from the context. Thus the function will be
denoted as £°(ag,d) and £°(dj,d).

. 5.6 Inflation coefficient

The economic model offers several strategies for including inflation and
escalation, each with specific advantages and limitations. Below is an overview
of three approaches to modeling inflation and escalation that we have evaluated
in detail.

In the following section, we will focus on the concept of the inflation
coefficient. We will explain in more detail why we decided to adopt this
approach, how it is integrated into the model, and what advantages and
challenges it brings.

First, we introduce the price c¢;;, which represents the price of the i-th
product in the t-th year.

B Method 1

® There is only one inflation value o € R in the model.

® Partial escalations are not considered.

It follows:
Cit+1 = Cit - (1 + a). (5.8)

Advantages:

® Ability to create a what-if analysis on a.

Disadvantages:

m All prices are adjusted for inflation, which is not always realistic.

B Does not take into account that inflation can change over time.

B Method 2

® There is only one inflation value o € R in the model.

® Partial escalations are considered, e¢; € R is the partial escalation of the
ith product.

It follows:
Cit+1 = Cit (1 + - 62'). (59)

B [f e; = 1, then the price is exactly correlated with inflation.

B If e; < 1 means the price grows more slowly than inflation.
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5.6. Inflation coefficient

® [f e; = 0, the price does not change.
B [f e; < 0, the price decreases with positive inflation.

® [f ¢; = —1, the price negatively correlates with inflation.

Advantages:

® Ability to create a sensitivity analysis on a.
® Consideration of partial escalation.
Disadvantages:

® Does not take into account that inflation can change over time.

B Method 3
® In the model, the inflation value is ay € R for year t.

® Partial escalations are considered.

It follows:
Cit+1 = Cit - (1 “+ oy - 67;). (5.10)

Advantages:

® Consideration of partial escalation.

® Consideration of changes in inflation over time.
Disadvantages:

8 Unable to create a sensitivity analysis on a.

B Method with inflation coefficient

® In the model, the inflation value is oy € R for year t.
® Partial escalations are considered.

® Use the inflation coefficient k, € R.

It follows:
Cit+1 = Cit (1 + o - e ka). (5.11)

It is a fact that:

8 If k, = 1, then inflation is not changed.

® If k, # 1, so inflation is changed over a time horizon.
Advantages:

® Consideration of partial escalation.
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® Taking into account changes in inflation over time.

® Option to create a what-if analysis on k.

In this way, every price escalation, which is intertwined with inflation, is
also intertwined with the inflation coefficient, which has the advantage that
by changing only one value, we can explore the impact of a whole model.

. 5.7 Cash flow

The Cash Flow (CF) is a concept used in accounting and finance. It represents
the amount of money that flows in or out. The cash flow can be either standard,
where the income has a positive sign and the costs have a negative sign, or
inverted, where the income has a negative sign and the costs have a positive
sign. For calculation purposes, we denote the cash flow as:

CF

S CF,

CF=| . | eR’, (CCY) (5.12)
CFr

where:

CF is the cash flow vector (CCY),
CF; is the cash flow for year ¢ (CCY),
T is the number of years.

We can also calculate the Cumulative Cash Flow (CCF) vector as:

CCF=W.CF, (CCY) (5.13)

where:
W is the cumulative sum matrix.

N 58 Discounting

Discounting is a method used to evaluate the value of future cash flows in
today’s terms. The discount rate is the rate at which future cash flows are
discounted. The discount rate is usually expressed as a percentage. The
discount rate is denoted as r [54].

. 5.9 Real and nominal discount rate

The discount rate can be either real or nominal. The nominal discount rate
is the rate where inflation is included in the discount rate. The real discount
rate is the rate where inflation is not included in the discount rate. The
conversion equation is as follows:

I+rm=>04+7r)-(1+a), (5.14)
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where:

Ty, is the nominal discount rate (—),
r is the real discount rate (-),

«a is the inflation rate (—) [55).

. 5.10 Economic nabla

We can define the economic nabla to further simplify calculation values for
Discounted Cash Flow (DCF) and Net Present Value (NPV). The economic
nabla is a vector of values for years 1 to T and is defined as:

1
1+r

1

(147)2
Ve(r,T) =101l (broad (1 +r,T)) = eRT, (-) (5.15)

(14"

where:
r is the discount rate (-),
T is the number of years.

The parameters r and T will usually be omitted because they will be
apparent from the context. Thus, the economic nabla will be denoted as v E-

Here, the nabla has a real discount rate inside. However, for real calcula-
tions, we will use the nominal discount rate. Therefore, we can define the
economic nabla with a nominal discount rate as:

Via(r,@T)=Vg @ T) oIl (broad (1+ @&, 7)) e RT, (=) (5.16)

Similarly, the parameters r, @, and T will be omitted because they will be
apparent from the context. Thus, the economic nabla with nominal discount
rate will be denoted as V Ea-

Now, to discount all parts of the cash flow vector, we use the Hadamard
product:

DCF = CF o Vg, (CCY) (5.17)

We can also easily calculate the cumulated discounted cash flow vector as:
CDCF =W - DCF, (CCY) (5.18)

where:
W is the cumulative sum matrix.
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. 5.11 Economic criteria

The economic criteria are methods used to evaluate the profitability of an
investment. The most common economic criteria are the NPV, Internal Rate of
Return (IRR), Payback Period (PP), and Discounted Payback Period (DPP).
We will describe each of them in more detail in the following subsections.

B 5.11.1 Net present value

The NPV is a method used to evaluate the profitability of an investment.
The common formula for NPV is:

T
CF;
NPV = *I‘lem, (CCY) (5.19)
t=

where:

I is the initial investment (CCY),
C'F; is the cash flow for year t (CCY),
r is the discount rate (-),

T is the number of years.

We will use the NPV with a nominal discount. Therefore, the formula will
be:
CF;

L) (L +a)’

T

NPV =-I+)Y" ( (CCY) (5.20)
t=1

where:

I is the initial investment (CCY),

C'F; is the nominal cash flow for year ¢ (CCY),

r is the real discount rate (-),

« is the inflation rate (—),

T is the number of years.

The limitation in this equation is that the inflation rate v must be constant
throughout the evaluation time. However, if we want to address that the
inflation could change over time, we need to rewrite the formula as follows:

T
CF;
NPV = -1+
; (1 + T‘)t . ;‘7:1(1 + a,’_l)

, (CCY) (5.21)

where:

I is the initial investment (CCY),

C'F; is the nominal cash flow for year ¢ (CCY),
r is the real discount rate (-),

a1 is the inflation rate for year ¢ — 1 (—),

T is the number of years.
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5.11. Economic criteria

Finally, we will make a final simplification by using the economic nabla
with a nominal discount rate:

NPV = (CF |Vga) — I =

L . (CCY) (5.22)
= (CFoVpga|1)—I=(DCF|1)—1,

where:

CF is the vector of nominal cash flows (CCY),

DCF is the vector of discounted nominal cash flows (CCY),
V £ is the economic nabla with nominal discount rate (),
I is the initial investment (CCY).

B 5.11.2 Internal rate of return

The IRR is a method used to evaluate the profitability of an investment. If
we denote the NPV as a function of the discount rate r as NPV (r), the IRR
is the value of r for which NPV (r) = 0:

NPV (IRR) = 0. ) (5.23)

Commonly, finding the IRR analytically is difficult. Therefore, we use
numerical methods to find the IRR, such as the Newton method described in
the previous chapter.

B 5.11.3 Payback period

The PP is the time it takes for the investment to return the initial investment.
The common formula for the payback period is:

PP =min{t e N|CCF, -1 > 0}, (year) (5.24)

B 5.11.4 Discounted payback period

The DPP is the time it takes for the discounted cash flow to return the initial
investment. The common formula for the discounted payback period is:

DPP =min{t e N|CDCF, — I > 0}, (year) (5.25)
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Chapter 6

Core of the application

The current chapter describes the core of the application. The core is the
part of the application responsible for the mathematical calculations based
on the user-defined appliances and settings.

B 61 Energy source type

Energy source type is a type of energy source that can be used to cover the
household’s energy demand. Each energy source type has its name and index.
The index will be used to identify the energy source type later in the work.
The application supports the following energy source types:

1. Electricity

2. Heat
3. Gas
4. Oil
5. Coal

6. Biomass
Note: The number of the energy source type is the index.
The number of the energy source types is denoted as neg:
Nest = 6. (6.1)
B Electricity

Electricity is the most common energy source type used in households. Elec-
tricity is used for various purposes, such as lighting, heating, cooling, cooking,
ete.
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6. Core of the application

B Heat

The heat energy source type means the heat is purchased directly from the
supplier. This could be, for example, the heat from the district heating
system.

B Gas

The gas energy source type is mainly used for heating and cooking. The gas
is purchased directly from the supplier.

B oi

The oil energy source could be used to heat or to power the generator.

B Coal

The coal energy source type is often used for heating in the form of coal
briquettes or coal pellets.

B Biomass

The biomass energy source type is used for heating. The biomass could be
wood, wood pellets, or other types of biomass.

B 6.2 Energy distibution

The energy distribution is used to model the energy consumption of the
household. Generally, the distribution is characterized by 8760 values, from
which we can estimate the energy consumption for each hour of the year.

For example, if we have list k1, ko, . . ., ks760, where k; is the energy distribu-
tion coefficient for i-th hour of the year, and we have the energy consumption
for the whole year F, then the energy consumption for i-th hour of the year
is:

(kWh) (6.2)

where:

E; is the energy consumption for i-th hour of the year (kWh),

E is the energy consumption for the whole year (kWh),

k; is the energy distribution coefficient for i-th hour of the year (-).

Sometimes, there is insufficient space or time to estimate all the 8760 values.
Therefore, predefined energy distributions (TDD) could be used. These
distributions are based on the statistical data from the Czech Electricity
Market Operator (OTE). The OTE gathers statistical data about electricity
national electricity consumption for each hour of the year. There are a total
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6.2. Energy distibution

of eight distributions that could be used, which are named TDD1, TDD2,
..., TDD8 [56].

FEach distribution should be used for certain types of tariffs. For example,
if someone has an electricity tariff of D25d, the user should use TDD5 as
the values to create this diagram have been gathered from consumers mainly
using this tariff. The table below shows the recommended distribution for
each tariff.

Class Consumption character Tariffs
1 without thermal use of electricity C01d, C02d, C03d

2 storage appliance, hybrid heating (C25d, C26d, C35d
3 direct heating system, heat pump C45d, C55d, C56d
4 without thermal use of electricity DO01d, D02d, D61d
5 storage device D25d, D26d

6 hybrid heating D35d

7 direct heating system, heat pump D45d, D55d, D56d
8 public lighting Cc62d

Table 6.1: Recommended distribution for each tariff [1§].

Sometimes, the user wants to define custom distribution but doesn’t have
data to estimate all 8760 values. Therefore, the user could define only 24
values for each hour denoted as ky 1,kp2, ..., kn 24, where £, ; is the hour
energy distribution coefficient for ¢-th hour. The sum of these values should
be equal to 1:

24
> kpg=1. (6.3)
=1

Also, to estimate the month distribution through the year, we need month
coefficients Ky, 1, km.2, ..., km, 12, where ky, ; is the month energy distribution
coeflicient for ¢-th month. The sum of these values should also be equal to 1:

12

> kmg = 1. (6.4)

i=1

Then the energy consumption in ¢-th hour in the day and j-th month in
the year is:
Eij=E kp;-kmj, (kWh) (6.5)

where:

E; ; is the energy consumption for i-th hour in day and j-th month in year
(KWh),

E is the energy consumption for the whole year (kWh),

kp i is the hour energy distribution coefficient for i-th hour (-),

ky,; is the month energy distribution coefficient for j-th month ().

On the energy distributions page in the app, there is a list of all energy
distributions. There are three types of distributions. The first type is default
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6. Core of the application

distributions that are predefined and cannot be modified or deleted. The
default distribution is, for example, the constant distribution, where the
energy consumption is the same for each hour of the year. The second type is
the TDD distribution. The final type is user-defined distributions that could
be modified or deleted.

To create hour and month coefficients for TDD distribution, which is
characterized by 8760 values k1, ko, ..., ks7g0, we need to calculate these
coefficients by averaging the values for each hour of the year:

2365 k. )

- =1 Fi4+-24-(j—1)

hyi = 8760 1. ’
Zj:l J

(6.6)

where:
kp,; is the hour energy distribution coefficient for i-th hour (-),
Kit24.(j—1) is the i-th value of the distribution for j-th day of the year (-).

The estimation for month coefficients is done by averaging the values for
each month of the year. The following formula does the estimation:

b Y3 K(io1).24.304

; 8760 )
Zj:l k;

(6.7)

where:
Ky, is the month energy distribution coefficient for i-th month (-),
k(i—1)-24.304; is the j-th value of the distribution for i-th month of the year

()-

The custom distribution is defined by the distribution’s name, which must
be unique for each distribution. If the user wants to name the distribution
with a name that already exists, they will get the error message stating that
the distribution with the same name already exists. The name uniques also
implies default and TDD distributions, which means that the user cannot
name the distributions as, for example, TDD3. The user then specifies the
hour and month coefficients; therefore, they must fill 24 + 12 = 36 values.

. 6.3 Household

The essential instance of the application is the household. The user with the
properties defines the household. The properties are:

® pame

B type

® area (m?)

® currency (CZK, EUR, USD)

The type of the household could be one of the following;:
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6.4. Appliances

B gpartment
® house
® business building

Along with the essential properties, the household consists of three main
parts, which will be described in the following sections:

® appliances
® facilities

B settings

| X Appliances

The appliance is a device that consumes the energy source type to provide a
service. The following properties are defined for each equipment:

B energy source type eg € (1,2,...,ne5) (denoted by the index of the
energy source type)

® energy consumption e, (kWh/year)
® maintenance costs ¢, (CCY /year)

® count n (-)

Bl 6.4.1 Energy consumption

Three methods define the energy consumption:
® annual energy consumption
® input power
B cycles

B Annual energy consumption

This method is used when the user knows the appliance’s annual energy
consumption. The energy consumption is defined as:

€c = €ca, (kWh/year) (6.8)

where:
€cq is the annual energy consumption (kWh/year).
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B Input power

This method is used when the user knows the input power of the appliance
and the maximum daily operation time. The energy consumption is defined
as:

€c = Pint * tdmaz * 365, (kWh/year) (6.9)

where:
Pint is the total input power (kW),
tamaz 1S the maximum daily operation time in hours per day.

B Cycles

This method is used when the user knows the number of cycles per year and
the energy consumption per cycle. The energy consumption is defined as:

€c = €cc M, (kWh/year) (6.10)

where:
ecc is the energy consumption per cycle (kWh),
n is the number of cycles (-).

B 6.4.2 Computed properties

The appliance also has several computed properties from the defined proper-
ties:

® total energy consumption e (kWh/year)
® total maintenance costs ¢, (CCY /year)

The total energy consumption is calculated as:
€ct = €c - M. (kWh/year) (6.11)
The total maintenance costs are calculated as follows:

Cmt = Cm * M. (CCY /year) (6.12)

B 6.4.3 Appliances list

In the application, the appliances are defined by the user with the properties.
Therefore, we will have a list of the appliances with the length n,, € N.
Furthermore, the property variable will be used with the index ¢ to denote
the i-th appliance.
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B 6.4.4 Energy consumption vector

The energy consumption vector for appliances is defined as:

Eca,l

. Eecap

o R (kWh/year) (6.13)
Ecavnest

where:
Eq,; is the energy consumption of the i-th energy source type (kWh/year).

The E.q; is calculated as the sum of the total energy consumptions of the
appliances that consume the i-th energy source type (the index of the energy
source type is 7). The formula for E,, ; is:

Eca,i = Z €ct,j * 565,5’]‘,1;) (kWh/year) (614)
j=1

where:

€ct,j is the total energy consumption of the j-th appliance (kWh/year),

Oey, ;i is the Kronecker delta (if the j-th appliance has the energy source type
i, then d.,, ;i = 1, otherwise de,, ;i = 0).

B 6.4.5 Maintenance vector

The maintenance vector for appliances is defined as:

Cma,l
= Cma,Q
Crna = : , (CCY/year) (6.15)
Cmavnest

where:
Cina,i is the maintenance costs of the i-th energy source type (CCY /year).

The maintenance costs of the i-th energy source type are calculated as the
sum of the total maintenance costs of the appliances that consume the i-th
energy source type (the index of the energy source type is 7). The formula
for Cinq is:

Cma,i = Z Cmt,j ° 6esw-,z', (CCY/year) (616)
7j=1

where:

cmt,j is the total maintenance costs of the j-th appliance (CCY /year),

Oey, ;i is the Kronecker delta (if the j-th appliance has the energy source type
i, then 0., . ; = 1, otherwise 0, =0).

€st,j est,jfi
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. 6.5 Facilities

The facilities are additional devices that could be used in the household. The
facility is either null, meaning that the household has no facilities, or the user
with the properties defines it.

Bl 6.5.1 Photovoltaic system

A photovoltaic system is either null, which means that the household does
not have a photovoltaic system, or the user with the properties defines it.
The photovoltaic system consists of a list of photovoltaic modules with the
length 7., € N. The properties of each photovoltaic module are:

B area apym, (m?)
® azimuth Sipem (°)
= slope apum ()
m efficiency npum (—)

m efficiency escalation vy,pum ()

For the following calculations, the properties of the photovoltaic module will
be used with index i to denote the i-th photovoltaic module. The properties
of the photovoltaic system are:

m efficiency 7, ()
® efficiency escalation v,y (—)
® maintenance costs Cppy (CCY /year)

B maintenance costs escalation coefficient d¢p,py (-)

B 6.5.2 Battery

The battery is either null or the user with the properties defines it. The
properties are:

® capacity ¢, (kWh)

power p, (kW)

® self discharge sd; (—/year)

® depth of discharge dod; (—)

m efficiency n (-)

® efficiency escalation 7, (-)

® maintenance costs ¢, (CCY /year)

® maintenance costs escalation coefficient 6¢pnp (—)
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B 66 Settings

The settings are the user-defined settings that are used for the calculations.
Each settings part will be described in the following sections.

B 6.6.1 Energy distributions

For each energy source type, the user can assign the distribution. If the
distribution is not assigned, then the constant distribution is used. Thus, we
can define the energy distributions as a matrix as:

De = <D6,17 De,27 ) De,nest) =
de,l,l de,2,1 de,neshl
dy2 de22 deneys,2 (=) (6.17)
= . . . )
de1,8760 de2,8760 .- denes,8760

where:
D, ; is the distribution of the i-th energy source type (-),
de; ; is the distribution value of the i-th energy source type in the j-th hour

of the year (-).

The distribution is normalized, which means that the sum of the distribution
vector is equal to 1:

8760
N deij=1,Vi=1,2,... nex. (6.18)
j=1

Bl 6.6.2 Energy consumption escalations

Each year, household consumption can increase. The relative increase is called
the consumption escalation. The consumption escalation is the following
vector:

Yec,1
Yec,2

;);ec = ) (7) (619)

/yecynest

where
Vec,i is the consumption escalation of the i-th energy source type.
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B 6.6.3 Inflation

Inflation is a general price increase and a fall in money’s purchasing value.
The inflation is a vector with values continue properties, defined as:

Qo
ai

Qy
Il

: (=) (6.20)
ar—1

where:
«; is the inflation in the i-th year.

B 6.6.4 Energy pricings

Energy prices are defined by fixed, variable, and selling prices. The fixed price
is a price that is paid for the energy source type regardless of the amount of
energy consumed. The variable price is a price that is paid for the energy
source type for each unit of the energy consumed. The selling price is the
price paid for the energy source type for each unit sold.

B Fixed prices

The vector of the fixed prices is defined as:

Py

. Pro

= ", (CCY /year) (6.21)
f’nest

where:
Py ; is the fixed price of the i-th energy source type (CCY /year).

Note: The fized prices have a unit of the CCY / month in the app. There-
fore, the fized prices are multiplied by 12 to get the yearly fized prices.

The escalation coefficient vector for the fixed prices is defined as:

Opf.1

- 5pf,2

5— | O (6.22)
5pf7nest

where:
dpt,i is the escalation coefficient of the i-th energy source type for the fixed

prices ().
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B Variable prices

The vector of the variable prices is defined as:

Pv,l
— PU,Q
P, = . , (CCY/kWh) (6.23)
Pv,nest

where:
P, ; is the variable price of the i-th energy source type (CCY/kWh).

The escalation coefficient vector for the variable prices is defined as:

6pv,1
- (5 v,2
5pv = p:7 ) (7) (624)
5pv7nest

where:
Opw,i is the escalation coefficient of the i-th energy source type for the variable
prices (—).

B Selling prices

The vector of the selling prices is defined as:

Ps,l

- Ps,2

B=| ", (CCY/KWhL) (6.25)
Ps,nest

where:
P, ; is the selling price of the i-th energy source type (CCY/kWh).

The escalation coefficient vector for the selling prices is defined as:

5ps,1
- d S,2
5ps = p: ) (7) (626)
6p57nest

where:
Ops,i is the escalation coefficient of the i-th energy source type for the selling
prices (—).
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B 6.6.5 Maintenance costs escalation coefficient

The maintenance costs escalation coefficient vector is defined as:

6cm,1
- 5cm,2
5cm == . 5 (*) (627)
5cm,n€5t

where:
dem,i is the escalation coefficient of the i-th energy source type for the main-
tenance costs (—).

B 6.6.6 Financial settings
The user defines the financial settings. The properties are:
® discount rate r (—)

® tax rate 7 ()

B 6.6.7 Location

The user defines the location. The properties are:
® latitude 0 (°)

® longitude ¢ (°)

B 6.7 Basic analysis

Basic analysis is an analysis of household energy consumption and costs. The
analysis is based on the appliances, which the user created, and the settings.
Some impacts could also have additional facilities like photovoltaic systems,
which could lower electricity consumption and bring savings in energy costs.
Electricity can also be sold with a photovoltaic system, creating additional
revenues.

For basic analysis, we need to calculate the costs and revenues for each
year. The costs and revenues are calculated for T years (from year 1 to year
T'). The final output of the basic analysis will be the total discounted cash
flow of the household.

B 6.7.1 Energy prices

The energy prices are a set of matrices describing the prices across the years
for each energy source type.
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B Fixed prices

The matrix of the fixed prices is:
Py =£95(By,b,p). (CCY /year) (6.28)

B Variable prices
The matrix of the variable prices is:

5,2 =

P, = £0(B,,5). (CCY/KWh)  (6.29)

B Selling prices

The matrix of the selling prices is:
P, = £5(P,,5)). (CCY/KWh)  (6.30)

B 6.7.2 Appliances

Consumption and maintenance of the appliances are defined by the two
matrices described in the following sections.

B Energy consumption
The matrix of the energy consumption is:

Feo = £7(Eeq, Fec)- (kWh) (6.31)

B Maintenance costs

The matrix of the maintenance costs is:

< -

Crma = £2(Crna, Oem)- (CCY) (6.32)

B 6.7.3 Photovoltaic system

At the beginning of the evaluation of the photovoltaic system, we need
to calculate the production. As aforementioned, we have the list of the
photovoltaic modules with length np,,,. For each module, we need to obtain
an irradiance vector. Therefore, we have to obtain the total of 7, irradiance
vectors, where each irradiance vector is defined as:

IR; = A (kW/m?) (6.33)

IR; 8760
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where:
IR; j is the irradiance of the i-th module in the j-th hour of the year (kW /m?).

The irradiance vector is a function of 6 (latitude), ¢ (longitude), 81 (az-
imuth), B2 (slope). The way the irradiance vector is obtained is described in
the next chapter.

The efficiency vector for i-th module is defined as:

ﬁpvm,i = fv(np’um,i? Vnpvm,i)a (7) (634)

where:
Tpum,i 1s the efficiency of the i-th module (-),
Ypom,i is the efficiency escalation of the i-th module (-).

The production matrix of i-th module is calculated as:
]P)pvm,i = Qpym,i ° I_R@ . ﬁ;ﬂn,i? (kWh) (635)

where:
apum,i s the area of the i-th module (m?).

The efficiency vector for the whole photovoltaic system is defined as:

ﬁpv = fy(npva 'anv)' (7) (6'36)

The total production matrix is calculated as follows:

Npvm
Py = <Z Pp,,m,i> o ﬁg;. (kWh) (6.37)
=1

The transposed efficiency vector is broadcasted as follows:

Mpv,l Mpw,2 -+ Tpo,T
Tlpv,1 Tlpv,2 -+ Tpo,T

T

I R . ) (6.38)
Mpv,l Mpw,2 -+ Tpo,T

Note: The number of rows is the number of hours in the year, which is
8760. The number of columns is the number of years, which is T.

To compare how much electricity is produced and used to cover the con-
sumption, we need to calculate the difference between the production and
consumption. Firstly, we need to calculate the matrix of electricity consump-
tion as follows:

Ee = D, - EL (6.39)

cal»

where:
Dy is the distribution vector of the first energy source type (electricity) (-),
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—

FE¢q1 is the first row of the E., matrix, which represents the energy consump-
tion of the electricity (kWh).

The electricity from the photovoltaic system, which is used directly, is
calculated as follows:
Epupvl = min(va,Ecl), (640)

where:
min function is element-wise minimum.

The electricity consumption after the PV system is calculated as:
Ectapy = Ec1 — Epupot- (6.41)
The electricity produced, which is not used directly, is calculated as:
Eptapy = Ppo — Epupoi- (6.42)

Finally, we can calculate the maintenance costs of the photovoltaic system
as:

—

Cmpv = fé(cmpva 5cmpv>- (CCY) (643)

B 6.7.4 Battery

Battery takes matrices Ec14py and Epigpy as inputs. From the production
matrix [E,14p0, the battery takes energy to charge itself. The output of the
battery is a matrix with the same dimension as the input matrices E .1,
which represents the electricity consumption covered by the battery and 1,
which represents the electricity produced (not used before entering battery),
which was used by the battery. From the battery output, we can calculate
the final electricity produced, which was not used year as:

Eplab = Eplapv - Ilapubl- (644)
The final electricity consumption after the battery is calculated as:

IEclab = Eclapv - IEccbl' (6~45)
Finally, the maintenance costs of the battery are calculated as:

C_;mb = f(s(cmba 5cmb)- (CCY) (6'46)

B 6.7.5 Energy sell

The electricity produced, which was unused and is represented by Epiqp
matrix, is sold to the grid with the selling price. The revenues from selling
electricity are calculated as follows:

R, = broad (1,8760)" - By, (CCY) (6.47)

where:

P, is the first row of the Py matrix, which represents the selling price of the
electricity.
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B 6.7.6 Summary

Energy consumption is calculated as:

TT : IEclab
Ec=Eu—| ™) (kWh) (6.48)

where:
O represents that only the first row of the matrix is not zero, the other rows
are zero.

Total variable energy costs are calculated as follows:
Cy, =E.0P,, (CCY) (6.49)
Total energy costs are calculated as:
Ce =Cy + Py, (CCY) (6.50)
Total maintenance costs are calculated as follows:
Con = (CE | 1) + Crupo + Cotr. (CCY) (6.51)
The vector of total household costs is calculated as follows:
Cp = (C' 1)+ C,. (CCY) (6.52)
The vector of total household revenues is calculated as follows:

Ry = R,,. (CCY) (6.53)

B 6.7.7 Cash flow
The household cash flow vector is calculated as follows:
CFy =Ch— Ry, (CCY) (6.54)

Note: The cash flow is the costs cash flow, which means that the positive
values are costs and the negative values are revenues.

The household discounted cash flow is calculated as follows:
DCF), = CFpoVga (CCY) (6.55)
The total discounted cash flow is calculated as follows:
DCF, = (DCF}, | 1) (CCY) (6.56)
The cumulated cash flow is calculated as follows:
CCF,=W-CF, (CCY) (6.57)
Cumulated discounted cash flow is calculated as:

CDCFj, =W - DCF), (CCY) (6.58)
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B 6.7.8 What if analysis

What if analysis is used to determine how the household cash flow would
change according to certain variables. The what-if analysis plots the function
of DCF (z), where z is the input variable. The types of input variables are:

® Discount rate r
® Tax rate 7
® Inflation coefficient k,

For each input variable, the what-if analysis is calculated. The what-if
analysis is calculated for the range of the input variable values.

B 638 Compare analysis

Compare analysis compares two households, where one is the base household
and the other is mutated according to the user’s input. The base is denoted
with the number 0 and mutated with the number 1.

B 6.8.1 Mutations

The user defines the mutations. The app supports the following mutations:
® Add/Edit energy pricing for any energy source type.
® Remove appliances.
® Add new appliances.
® Add/Edit photovoltaic system.

® Add/Edit battery.

B 6.8.2 Analysis base

The analysis base defines basic information about the analysis. The basic
properties are:

® Years (evaluation time T)
® Investment (CCY)

® Externalities
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B 6.8.3 Externalities

The externalities represent the cash flow, which the household’s cash flow
cannot represent. For example, if we buy an appliance that saves us time, we
need to define the externalities, which are:

® External revenues R, (CCY /year)
® External revenues escalation coefficient d,. (-)

® External costs C. (CCY /year)

® External costs escalation coefficient d.. ()

B 6.8.4 Cash flow

From the knowledge of basic analysis, the cash flow of the compared analysis
is simple. First, we need to calculate the difference in cash flow between the
base and the mutated household. The difference cash flow vector is calculated
as:

CFa=CFpy—CFpi, (CCY) (6.59)

where:
CF}y is the cash flow vector of the base household,
CF; is the cash flow vector of the mutated household.

Note: The calculated cash flow represents the savings and revenues of the
mutated household.
The vector of the external revenues is calculated as follows:

R, = £9(Re,bve). (CCY) (6.60)

The vector of the external costs is calculated as follows:

—

C. = £5(C., b.0). (CCY) (6.61)
Finally, the vector of the total cash flow is calculated as:
CF=CFx+R.-C.. (CCY) (6.62)
The discounted cash flow is calculated as follows:
DCF = CF o Vg,. (CCY) (6.63)
The cumulative cash flow is calculated as follows:
CCF=W.CF—1. (CCY) (6.64)

Note: The investment is implicitly broadcasted.

The cumulative discounted cash flow is calculated as follows:
CDCF =W .DCF —1. (CCY) (6.65)

Note: The investment is implicitly broadcasted.
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B 6.8.5 Net present value
NPV of the compare analysis is calculated as follows:
NPV = (CF | Vga) = I = (DCF | 1) —I. (CCY) (6.66)

The IRR, PP, and DPP are calculated as described in the chapter on
economic background.

B 6.8.6 What if analysis

What if the analysis determines how the NPV will change if certain input
variables change. The what-if analysis plots the function of NPV (z), where
x is the input variable. The types of input variables are:

8 Discount rate r

B Tax rate 7

Inflation coefficient k,

Change in investment AT
® Change in external revenues AR,
® Change in external costs AC,

For each input variable, the what-if analysis is calculated. The what-if
analysis is calculated for the range of the input variable values.
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Chapter 7

Irradiance data

This chapter will describe how the irradiance data are obtained. As a brief
introduction, the irradiance data is a vector defined as:

IR,

- IRy
IR = : , (kW/m?) (7.1)

I Rg760

where:
IR; is the irradiance value at the i-th hour of the year (kW /m?) for a common
year with 8760 hours.

The values describe how much solar energy is received at a specific location,
as well as photovoltaic panel azimuth and slope (inclination). According to
this information, we can denote the vector IR as a function of the latitude,
longitude, azimuth, and slope:

IR=f(0,6,51,5), (kW /m?) (7.2)

where:

0 is the latitude (°), 6 € [—90, 90],

¢ is the longitude (°), ¢ € [—180,180],
B1 is the azimuth (°), 51 € [-90,90],
B2 is the slope (°), B2 € [0,90].

There are two methods of obtaining the irradiance data. The first one uses
the PVGIS API, which provides the irradiance data for a specific latitude,
longitude, azimuth, and slope. The second one is an option for users without
an internet connection, where the data are sampled from the PVGIS website
on specific latitudes, longitudes, azimuths, and slopes. The data are then
interpolated for the desired location, azimuth, and slope to get the irradiance
data. Both methods use data from the Photovoltaic Geographical Information
System (PVGIS), a solar radiation database [57].
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B 7.1 pvais AP

The PVGIS API is a straightforward way to obtain the irradiance data.
The API provides an endpoint where parameters such as latitude, longitude,
azimuth, and slope are passed into the URL as get parameters. The API
returns the irradiance data in CSV format [58]. This method is suitable for
users with an internet connection, as the data are obtained in real time when
some analysis in the application is performed.

B 7.2 PVGIS Lite

The PVGIS Lite is just a conceived name for the second method of obtaining
the irradiance data. The process starts with obtaining data on the specific
locations with specific values of azimuth and slope. The obtained data are
then interpolated to get the final irradiance values. This method is suitable
for users without an internet connection, as the data are obtained in advance
and stored in the application.

B 7.2.1 Points creation

The points on which the data are obtained could be created in many ways.
The most common way is to create a grid of points, where the points are
evenly distributed on the map. This method is simple, but the points are not
evenly distributed on the Earth’s surface as the Earth is not flat but a sphere.

The method used in this application is the Fibonacci sphere [59]. The
examples of the points created by the Fibonacci sphere are shown in the
following figure:

Figure 7.1: Fibonacci lattice [7].

For this application, 70 points were created. The points displayed on the
map are shown in the following figure. The map shows the density of the
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points is higher on the equator and lower on the poles. The map is just a
2D projection of the 3D sphere. On the sphere, the points are more evenly
distributed.

Fibonacci sphere
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Figure 7.2: Fibonacci sphere points.

The PVGIS database provides data only for the land points. The points on
the water are not helpful. Therefore, there is a need to filter out the points in
the water. Fortunately, there is a python package called global-land-mask
[60], by which we can quickly determine whether the point is on the land or
the water. The filtered points on the land are shown in the following figure.
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Fibonacci sphere on land

Latitude (degrees)

o
Longitude (degrees)

Figure 7.3: Fibonacci sphere on land points.

B 7.2.2 Obtain data

The data are obtained from the PVGIS API. A total of 8760 values are
obtained for each point on the map, and each point on the map, the data are
obtained for azimuths of -180, -90, 0, 90, 180, and slopes of 0, 30, 60, and 90.
The data are then stored in the CSV file. Not every predefined point on the
map has corresponding values in the PVGIS database. Therefore, data may
not be obtained at some point and will be skipped. The points with the data
are shown in the following figure.
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Latitude (degrees)

o
Longitude (degrees)

Figure 7.4: Map data points obtained from PVGIS.

B 7.2.3 Interpolation

The final part is the interpolation of the values. Let’s consider that we need
to get the irradiance vector for the point (6, ¢), with azimuth 5 and slope

Ba.

The database consists of a list of points:

{(01,61), (02, 02) .- (On, D)}, (7.3)

where:

0; is the latitude of the i-th point (°)

¢; is the longitude of the i-th point (°)

n is the number of locations in the database.

Note: For yeach point (0;, ¢;), there are values for the azimuths and slopes.
Firstly, we must find the three closest points to the point (0, ¢). We will

transform each point from spherical coordinates to Cartesian coordinates
using the following formulas:

7r T
x = cos(f - @) - cos(¢ - @),
7r ) T
Yy = COS(Q . @) . Sln(qb . @), (74)
z = sin(6 - U ).

180

Note: The radius is considered as 1.
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In the next step, we will take the first three points with the largest dot
product with the point (z,y, z). The dot product is defined as:

Z ZT;
Qulllvi|)=2-2ity vtz 2 (7.5)
z Zi

The three closest points will be then denoted as:

x €2 €3
Y1 y | Y2 , | Y3
21 z2 z3

With the corresponding spherical coordinates:

(2)(2) (%)

As mentioned, each point has the corresponding irradiance values for the
azimuths and slopes. The next step is to deal with the azimuths and slopes.
For each location, we need the closest values for the azimuth, which is less or
equal to the desired azimuth (down and up azimuth), such as these values are
not equal (if they are equal, the division by zero will result). Then, we also
need a down and up value for the slope with the same rules for down and
up azimuth. The values will then be interpolated using linear interpolation.
With this approach, we have a total of 12 irradiance vectors:

I_Rl,ad,sd7 I_Rl,ad,sw I_Rl,au,sd) I_Rl,au,suv
I_R2,ad,sda I_RQ,ad,sua I_RZ,amsdy I_R2,au,SU7 (kW/mz) (76)

IR3,ad,sd7 IRS,ad,suv IR3,au,sd) IR3,au,SU7

where:

I _Ri,ad,sd is the irradiance vector for the i-th point, azimuth down and slope
down (kW /m?),

I _Ri,ad78u is the irradiance vector for the i-th point, azimuth down and slope
up (kW/m?),

I_Ri,au,sd is the irradiance vector for the i-th point, azimuth up and slope
down (kW /m?),

I _Ri,au,su is the irradiance vector for the i-th point, azimuth up and slope up
(kW /m?).

Now, we can interpolate the values according to the slope:

. . - ~ B2 — B2,sd
IRi,ad = IRi,ad,sd —+ (IRi7ad7su - IRi,ad7gd) . m7
su s
' ' 7.7
2 = - - B2 — B2,sd (77)
IRi,au = IRi,au,sd + (IRi,au,su - IRi,au,sd) ’ m’
,SU 5S
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where:

I_Ri,ad is the interpolated irradiance vector for the i-th point, azimuth down
(kW /m?),

I_Ri,au is the interpolated irradiance vector for the ¢-th point, azimuth up
(KW /m?),

B2,s4 is the slope down (°),

B2,su is the slope up (°).

The next step is to interpolate the values according to the azimuth:

B1 — B1,ad

IR; = I_Ri,ad + (I_Ri,au - I_Ri,ad> : Brow—Brod
au ,a

(7.8)

where:

I_Ri is the interpolated irradiance vector for the i-th point (kW /m?),
B1,ad is the azimuth down (°),

B1,qu is the azimuth up (°).

Now, we have three irradiance vectors for the three closest points and
desired values of azimuth and slope. The vectors are denoted as:

IRy, IRy, IR5.

With the corresponding cartesian coordinates:

X1 €2 €3
y s | Y2 > | U3
21 zZ2 z3

As a final step, we need to interpolate the three points. However, here, the
points are on a sphere. Therefore, we will use interpolation on a sphere [61].
We need to find the irradiance vector for the point:

X

Y
z

We will calculate the following determinants:

r3 T X9
dety = |ys y y2|,
zZ3 2 29
r1 T X3
deto =11y y3l|, (7.9)
zZ1 £ Z3
To T I
dets =|y2 vy uy1].
zZ9 2 z2
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Using these determinants, we can calculate the weight coefficients for the
interpolation. The weight coefficients are defined as:

L et
Tdetal + deta] + Tdets]’
ldeta]
cy = , 7.10
2= det ][ + |deta] + [dets] (7:10)
ldets]
3

 ldeta|| + etz + [|dets||”

where:
||det;|| is the absolute value of the i-th determinant.

The final interpolated irradiance vector is then defined as:
IR=c¢1- IR, + ¢y - IRy 4¢3 IRs.  (kW/m2) (7.11)

Using this approach, we can get the irradiance vector for any point on
the Earth’s surface, including any azimuth and slope. When we sum the
interpolated irradiance vectors for demonstration, we can generate the scalar
field for the yearly irradiance. The interpolated irradiance map is shown in
the following figure:

Yearly irradiance with azimuth 0° and slope 0°

Latitude (degrees)

0
Longitude (degrees) 10

08

Figure 7.5: Interpolated irradiance map.

Also, we can present the irradiance depending on the azimuth and slope
of the specific point, which is 50° latitude and 14° longitude. The point is
concentrated in the middle of Europe in Czechia. The irradiance, depending
on the azimuth and slope, is shown in the following figure:
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Figure 7.6: irradiance depending on the azimuth and slope.

The values are larger than the actual values from PVGIS because, using
the Fibonacci lattice, there were no points in Europe. Therefore, the nerby
points are used mainly from Africa and Asia in the interpolation. As the
irradiance is larger in Africa and Asia, the interpolated values are larger than
the actual values.

79



80



Chapter 8

Software development background

This chapter will describe the different approaches to mobile development,
such as native development, hybrid development, and cross-platform develop-
ment. We will also describe the most common cross-platform development
frameworks like React Native, Xamarin, and Maui. Finally, the text will dive
into the Flutter framework, as we used it to implement the application for
energy evaluation.

B 8.1 Native development

Native app development refers to building applications for a specific operating
system, such as Android or iOS. Native applications are written in the
programming language specific to the platform [62].

In the past, when developers wanted to create an application for both
Android and iOS, they had to write two separate applications in two different
programming languages, which was expensive and time-consuming. This
approach has high initial costs, and the costs for future maintenance are also
high as the application needs to be updated twice.

The application for Android was generally written in Java, a programming
language developed by Sun Microsystems in 1995 [63]. Currently, the Kotlin
programming language is also widely used for Android development. Kotlin
is an open-source programming language developed by JetBrains [64].

Similarly, the application for iOS was generally written in Objective-C,
a programming language developed in the early 1980s [65]. In 2014, Swift
programming language was released by Apple [66]. Swift is currently the
primary programming language for iOS development. It has several enhance-
ments over Objective-C, like memory management, whereas, in Objective-C,
the developer had to manage the memory manually using pointers, while in
Swift, the memory is managed automatically. Other enhancements include
type inference, generic collections, more straightforward string manipulation,
and many more [67].
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B s> Hybrid development

According to [68], hybrid mobile development apps generally refer to apps
built using web technologies, such as HTML, CSS, and JavaScript. The core
of the application is then encapsulated in a native application. By using
plugins, the application can access native features of the device, such as
camera, GPS, etc. The drawback could be in the final performance, but the
performance is usually sufficient unless the application is very complex. The
advantage of this approach is that web developers can develop the application
and quickly deploy it to Android and iOS. This approach has low initial costs,
and the costs for future maintenance are low as the application needs to be
updated only once. The problem could be that the app store providers could
reject the application, as they prefer native applications.

Recently, Apple published in their App Store Review Guidelines that
the app should include features, content, and UI that elevate it beyond
a repackaged website and should have some unique or "app-like" features.
Otherwise, this app does not belong on the App Store [69]. This statement
made it harder for hybrid development as Apple could reject the final app.

B s3 Cross-platform development

Cross-platform development refers to the process of creating software applica-
tions that are compatible with multiple hardware platforms. This approach
enables a single application to function seamlessly on different operating sys-
tems like i0S, Android, and Windows. Common examples of cross-platform
applications include web browsers, which offer consistent performance re-
gardless of the computer or mobile device they are operated on. In mobile
development, cross-platform development is often used to create applications
for both Android and iOS using a single codebase. The most common cross-
platform development frameworks are React Native, Flutter, Xamarin, and
Maui [70].

The difference between hybrid and cross-platform development is that
hybrid development uses web technologies, while cross-platform development
uses specified technologies like React Native, Flutter, Xamarin, and Maui.
Both approaches have a single codebase, whereas native development has one
codebase for each platform [71].

B 8.3.1 React Native

React Native, developed by Facebook in 2015 as an open-source project, is a
widely used cross-platform framework. It enables developers to build mobile
apps using JavaScript. React Native allows developers to create applications
both for Android and iOS using the same codebase. Often, React Native is
compared with ReactJS (also developed by Facebook), which is a JavaScript
library for building user interfaces for websites. ReactJS and React Native
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use a mixture of JavaScript and a particular markup language called JSX.
However, the syntax differs as ReactJS uses HTML-like syntax and HTML
elements, while React Native uses native mobile user interface components
[70].

B 8.3.2 Xamarin

Xamarin is a cross-platform framework developed by Microsoft in 2011. It
enables developers to build mobile apps using C#. Xamarin allows developers
to create applications both for Android and iOS using the same codebase.
Xamarin uses a single language, C#, compiled into native code for each plat-
form. Xamarin also provides access to native APIs, which enables developers
to create native user interfaces [72].

B 8.3.3 Maui

Maui is a cross-platform framework developed by Microsoft. It is a successor
to Xamarin. Maui enables developers to build mobile apps using C#. Maui
allows developers to create applications for multiple platforms using the same
codebase [73].

. 8.4 Flutter

Flutter is a cross-platform and open-source framework developed by Google.
It enables developers to build mobile apps using the Dart programming
language. Flutter could develop applications for Android, iOS, Windows,
macOS, Linux, and the web. Flutter also provides access to native APIs,
which enables developers to create native user interfaces [74].

B 8.4.1 Widgets

Flutter uses widgets to build the user interface. Widgets describe their view,
given their current configuration and state. Widgets are the building blocks
of a Flutter app’s user interface, and each widget is an immutable declaration
of part of the user interface. Widgets are nested inside each other, and
the child widget, which is nested inside the parent widget, receives context
from the parent. The widget could add some additional information to the
context, which could be used by the child widget, which will obtain the
context afterward. When going up the widget tree, we will reach the root
widget, the container that hosts the Flutter app. This root widget is either a
Material App or a CupertinoApp [8].

B 8.4.2 Anatomy of Flutter application

The flutter anatomy could be split into the framework, the engine, and the
embedder. The framework is written in Dart and provides the building
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blocks for the application’s user interface. The engine is written in C++
and offers low-level rendering support using Google’s Skia graphics library.
The embedder is written in C++ and provides the platform-specific code
that communicates with the engine and the framework. The embedder also
provides the platform-specific code that hosts the Flutter app. The embedder
is responsible for starting the Flutter engine and running the Flutter app.
The Flutter engine renders the user interface and communicates with the
framework. The framework is responsible for building the user interface and
communicating with the engine. The framework is also responsible for sharing

with the embedder [§].

Dart App
Dart —<
z Framework .§
o C2
e dart:ui £
2
CiC+s ~<: s Engine
L Embedder AP (embedderh) |
- =
e
Embedder .
|atform- é ‘E
n':;enégm ‘< - E
| Platom-specificAPl | -
Runner

Figure 8.1: Anatomy of Flutter application [§].

B 8.4.3 Layout and rendering

The Flutter application has three types of trees: widget tree, element tree,
and render tree. The widget tree is a tree of widgets that describe the user
interface. During the build phase, the widget tree gets translated into an
element tree. In the element tree, each element is for each corresponding
widget. Finally, the render tree is created from the element tree. The render
tree is a tree of render objects that describe the layout and painting [g].
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Figure 8.2: Flutter trees [g].

One of the most important concepts, which denotes how the widgets are
placed and rendered, is: "Constraints go down. Sizes go up. The parent sets
the position." [75]. This rule governs how the widget tree is actually rendered.
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Figure 8.3: Flutter constraints and sizes [§].
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Chapter 9

Implementation

This chapter provides an introduction to the app implementation. The
development process and architecture will be described. At the end, the
chapter will dive into testing.

B a1 Development

This section deals with a brief description of the development, including IDE
and version control.

B 9.1.1 Integrated Development Environment

The app was developed using Visual Studio, a robust integrated development
environment developed by Microsoft [76]. It is widely used for various
programming languages, including Flutter development. It has a rich set
of features, such as code completion, debugging tools, and integrated Git
support, making it a preferred choice among developers.

Bl 9.1.2 Version Control System

As a Git system [77], the Sublime Merge was used, which, along with Git,
provides a decent user interface [78]. For remote storage, GitHub was used [79].
It is a widely adopted version control platform that facilitates collaborative
development and code management. It offers features such as pull requests,
branching strategies, and issue tracking, making it ideal for individual and
team-based projects.

. 0.2 Architecture

The following subsection will describe the core architecture and design patterns
used in the app.
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B 9.2.1 Bloc pattern

The Bloc makes it easy to separate the presentation layer from the business
logic [9]. The following figure illustrates the basic concept of the Bloc pattern.
The UI layer interacts with the Bloc using events, which interacts with the
repository layer. The repository layer fetches data from the network or local
storage and passes them to the Bloc. The Bloc then emits certain states
like loading, error, and success with the fetched data. The Bloc pattern
ensures that the business logic is decoupled from the UI, making the app
more testable and maintainable.

‘ Mt‘es\
event
N A
[ J

ﬂm

data

Figure 9.1: Bloc pattern [9].

In the app, the bloc pattern is widely used mainly to handle states of the
pages, which requires obtaining data from the shared preferences (will be
described later). The commonly used states are loading, error, and loaded,
which the Bloc emits. The loaded state passes the data to the Ul layer, which
is displayed to the user.

Bl 9.2.2 Dependency injection

The dependency injection helps to provide services to the classes without
creating them directly [80]. In the app, the package Getlt was used [81]. It
is a simple service locator for Dart and Flutter projects. It allows developers
to register services and retrieve them anywhere in the app. In the app, the
services mainly for fetching data from the shared preferences are registered
as factory services, meaning that every time the service is requested, a new
service instance is created.

B 9.2.3 Freezed package

The Freezed package was used to create immutable classes [82]. With build
runner [83], the Freezed package generates the necessary code for the classes.
The generated code includes the equality and hashcode methods, which are
essential for comparing objects, along with the copyWith method, which helps
create a new class instance with the updated values. The Freezed package also
generates the fromJson and toJson methods used to serialize and deserialize
objects. The Freezed package ensures that the classes are immutable, making
them easier to reason with and less prone to bugs.
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B 9.2.4 Database

The shared preferences package was used to store the data locally [84]. It is
a simple key-value store that allows primitive data types such as integers,
strings, and booleans to be stored. The data stored in the app are serialized
to JSON format before being stored in the shared preferences. For example,
the household detail is stored as a JSON string in the shared preferences with
the key of the household ID.

B 9.2.5 Localization

The app supports English and Czech languages. The localization preferences
are saved in the settings and stored in the shared preferences. When the
app is loaded, the settings object is loaded from the shared preferences and
provided by the Bloc. From that, language is passed to the app.

B 9.2.6 Themes

The app supports light and dark themes. The theme preferences are saved in
the settings and stored in the shared preferences. When the app is loaded,
the settings object is loaded from the shared preferences provided by the Bloc.
From that, the theme is passed to the app.

B a3 Testing

The testing is an integral part of the development process. The following
subsections will describe the types of tests used in the app.

B 9.3.1 Unit tests

Unit tests are used to test the app’s business logic, mainly mathematical
calculations, as they are the app’s core. It helps to ensure that the calculations
are correct and that the app behaves as expected.

B 9.3.2 Integration tests

There are basic integration tests for the app. The integration tests are created
to test fundamental interactions in the app, like accessing pages and checking
if the data are displayed correctly. The integration tests are used to ensure
that the app behaves as expected when the user interacts with it.
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Chapter 10

Application User Interface

This chapter deals with the application user interface. At the beginning, the
logo and basic widgets of the application will be described. After that, the
screenshots of the app will be presented.

B 101 Logo

The app’s logo is simply constructed with three equal hexagons in green. The
hexagons are placed in a triangle shape. The logo is displayed in the following
figure.

Figure 10.1: Logo

B 102 Loading widgets

There are several loading widgets in the app. In this section, each loading
widget will be described and presented in a screenshot.
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10. Application User Interface

B 10.2.1 Splash screen

The splash screen is displayed when the app is loading. The splash screen is
displayed for a few seconds, and then the app is redirected to the home page.
On the splash screen, the logo is steady in the middle.

Figure 10.2: Splash screen.

B 10.2.2 Screen loading

The screen loading is displayed when some content is loading. The logo is
circling during the loading. The screen loading is displayed in the following
figure.
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10.2. Loading widgets

Figure 10.3: Screen loading.

B 10.2.3 Partial loading

Partial loading is used when some content is already loaded but some content
is still loading. The partial loading is displayed in the following figure.

Example house

) 8 B 6 x

Figure 10.4: Partial loading.

B 10.2.4 Loading dialog

The loading dialog is displayed chiefly after the user clicks the button and
the content is loading. The loading dialog is displayed in the following figure.
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Figure 10.5: Loading dialog.

B 10.2.5 Progress loading

Progress loading is used when the time to load the content is estimated to be
higher. The progress loading is displayed in the following figure.

<  What if analysis <  What if analysis

26“

Figure 10.6: Progress loading.

B 103 Main navigation

The main navigation is located in the left drawer. It contains links to the
main pages of the application. The following figure shows the main navigation
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of the application.

XA Examples
Households

i Energy distributions

Settings

About

Figure 10.7: Main navigation.

At the top, the app logo is located. Below the logo are links to the main
pages of the application. The links are as follows:

® Home page

Examples page

Households page

Energy distributions page

Settings page

About page

B 10.3.1 Home page

The following figures are from the home page. The left is from the top of
the home page, and the right is after scrolling down. On the home page, a
brief description of the app is located. After that, several cards containing
information about help, examples, and getting started are displayed. When
users click on the examples card, they will be redirected to the examples page
directly. The Getting Started section presents the steps users should follow
to use the app and obtain the results.
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Save Energy Save Energy

s T

Save Energy - Energy
consumption and photovoltaic
system analysis application

At some parts of the app, you can find the
help icon. Clicking on it will show you the
help for the specific part of the app.

The app models your household, such as its
appliances and energy consumption. It also
provides a wide range of settings and options

A Examples

You can load examples of households to see
how the app works. You can also use them as
a starting point for your household

to customize your household.

@ Help

At some parts of the app, you can find the
help icon. Clicking on it will show you the

help for the specific part of the app. |—> Getting started

1. Create a household

2. Add appliances to the household
A Examples

You can load examples of households to see
how the app works. You can also use them as
a starting point for your household.

3. Set the other facilities in the household

4. Edit the settings of the household

5. In the analysis tab of the household, go to
basic analysis and see the results!

6. In the analysis tab create Compare analysis
7. Go to newly created Compare analysis and
see the results!

|=> Getting started

1. Create a household 8. Check the what-if analysis in basic and

2. Add appliances to the household compare analysis!

Figure 10.8: Home page.

B 10.3.2 Examples page

On the examples page, there is an option to load the example house, creating
the household with predefined appliances and settings. This example house
will be assessed in more detail in the final chapter. On the left figure below,
the example page is displayed with the card for loading the example house.
The dialog for loading the example house is displayed on the right side.

Save Energy

ﬁ House

House with pre-set electrical appliances and
gas heating system. The electricity and gas
price list is entered here. Settings include
inflation, escalation, discount and more. This
is an example for a detailed analysis of
energy consumption in the house. There are
also examples of comparative analyses, such Load Example
as changing the electricity price list and

buying an energy-saving appliance.

Do you really want to load the
example Example house? If you
have a household with the same

name, it will be overwritten.

Cancel

Figure 10.9: Examples page.
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B 10.3.3 Households page

The households page is displayed on the following figure on the left side.
There is a scrollable list on the page in case there are multiple households,
which will overflow the page. Each card displays basic household properties
such as name, type, area, and currency. The options for edit and delete are
presented on each card. The delete dialog will be displayed when the user
clicks the delete button, as shown on the right of the figure below.

There is an option to create a new household by clicking the floating action
button (located at the bottom right on the left figure). The Create Household
page is displayed in the middle figure below. The user can set the household
name, type, area, and currency. The type is selected by clicking on the icons
at the top of the page. The name and area are input fields. The currency is
selected from the dropdown list.

Save Energy <  Add household

1} Example house 7 ﬁ ﬁ m
QIR  House  Business building

Type:

Area (m2):
Name
Currency:

Area (m?)
Delete household

| Do you really want to delete the
'éj Currency

household Example house?

EUR ~

Figure 10.10: Household pages.

B 10.3.4 Energy distributions page

The energy distributions page displays the list of energy distributions (right
screenshot). The energy distributions are defaults (constant at the top), tdds
(TDD1 to TDDS), and could also be custom-created by the user. By clicking
on the floating button in the bottom right, the user will be redirected to the
creation page. On the right side, the TDD1 detail is displayed. There are two
charts. The first is the yearly distribution, representing the distribution over
the year, where the first month corresponds to January. The second chart
is the daily distribution representing the distribution over the day with 24
values for each hour. For both distributions, it applies that the sum of the
values across the domain equals 1.
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Save Energy < TDD1

||l Constant ||l Yearly distribution
0.099
0.080
0.060

TDD1
th 0.040
0.020

0.000

il, T™oD2

1ls Daily distribution

0.058
0.050

il, ToD3

0.040

0.030

0.020
0.010

il, Top4

0.000

Figure 10.11: Energy distribution pages.

The creation page offers to set the name of the energy distribution and the
values for the yearly and daily distribution. The values are input fields where
the user can set the values. The value count is 12 for the yearly distribution
and 24 for the daily distribution. The app validates these counts, and the
user is informed of the error. The sum of the values does not have to be 1,
but the app will normalize the values to sum to 1. The figures below show the
creation page, where on the left side, the first part of the page is displayed,
and on the right side, the page’s content after scrolling down is displayed.

< Add energy distribution < Add energy distribution
0.060

Name
0.040

||l Yearly distribution

Values (split by space)
0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.0

4883 o—o—o—o—s—o—o—o—o—o—c—o tls Daily distribution

0.060 Values (split by space)

0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.040

0.020
0.000 0.030
0.020
0.010

1ls Daily distribution

0.000
Values (split by space)

0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

8:848

Figure 10.12: Energy distribution creation page.
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B 10.3.5 Settings page

The settings page allows the user to change the app’s color theme. The user
can choose between system, light, and dark themes. The system theme is the
default theme, which follows the system settings. The language options are
English and Czech. Finally, there are two options for the irradiance database:
the official PVGIS and custom-created PVGIS Lite (described in previous
chapters).

Save Energy

@ Color Theme

System ~

@ Language

English ~

@ Irradiance Database ®

PVGIS v

Figure 10.13: Settings page.

B 10.3.6 About page

The About page contains information about the app, and the name and
version are displayed.
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Save Energy

Save Energy - Energy consumption and
photovoltaic system analysis
application

Save Energy is an application that analyzes
energy consumption and electricity production
from photovoltaic systems. It offers extensive
features, including the creation of household
appliances, energy distribution, pricing
parameters configuration, financial
considerations, and more. The application
supports both primary and sensitivity analyses,
providing users with comprehensive insights.
The application is available in English and
Czech.

Application Details:
Name: Save Energy

Version: 1.0.0

Developed as part of a master's thesis project at
the Czech Technical University in Prague.

Figure 10.14: About page.

. 10.4 Household detail

The following section will present the content of household details. This
content could be reached by clicking the household detail button on the
households page. The household presented is the created example house,
which was already shown on the households page. The household detail page
is divided into several tabs. The tabs are switched by the bottom navigation
bar on the page. The tabs are as follows:

® Appliances
B Facilities
B Settings

® Analysis

Bl 10.4.1 Appliances tab

The appliances tab is the first tab when entering the household details. At the
top, the tab for each energy source type is located to switch the appliances.
The appliances are displayed in the expansion list. The appliance detail will
be shown when a user clicks the arrow on the right of the card. The following
figures display the appliances tab on the left side and the same tab on the
right after expanding the appliance detail. Each appliance has edit and delete
buttons when the appliance detail is expanded. The floating button in the
bottom right is for creating a new appliance.
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Example house Example house

§é 8 i o 3 « & 8 B 6 x

Electricity Electricity

Air conditioning 3¢ Air conditioning 3 R

Coffee machine e
Energy source type Electricity
. Consumption (KWh / year) 300
Dishwasher
Maintenance (CZK / year)
5 Count
Fridge
Total consumption (kWh / year)
Hair dryer Total maintenance (CZK / year)
/7 0
Iron

Coffee machine
Kettle

Dishwasher
Laptop

Light bulbs Q ° Fridge

Figure 10.15: Appliances tab.

The appliance creation page is displayed in the following figure. The user
can set the appliance energy source type by clicking on the icons at the
top of the page. Then, the name has to be written in the text field. After
that, the consumption type could be selected. The consumption type is how
the consumption is calculated. The user can choose between the following
options:

® Annual consumption - the consumption is set for the whole year.
® Input power - the input power and daily max load is set.
®8 Cycles - the number of cycles and consumption per cycle is set.

For each option, a different form is presented. After, the maintenance and
appliance count can be set in the input fields. Finally, the user can select
several appliance purposes by clicking the checkboxes. The purposes are as
follows:

® Heating

® Heating water
® Lighting

® Cooling

® Ventilation

There is also an option to choose an appliance from the predefined ap-
pliances. Each energy source type has several predefined appliances with
predefined values for consumption, maintenance, and count.
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<  Add appliance

< Add appliance <  Add appliance

Annuat consumption

{ © Y 4 O

Heat Gas Electricity Heat Gas

d B & x

Biomass Oil Coal Biomass

Consumption (kWh / year)

08 custom
Name

a Purpose

o Consumption type o Consumption type
8§ [0 Heating
Annual consumption ~ Annual consumption
Heating water

. Input power
Consumption (kWh / year) Const Lighting

— Cycles

Maintenance (CZK / year) Maintenance (CZK / year)

0 0

(m}
[m]
O cooling
[m]

Ventilation

Count. Count

1 1

Figure 10.16: Appliance creation page.

B 10.4.2 Facilities tab

The user can set the household facilities on the facilities tab presented in
the following figure. The facilities are the photovoltaic system and battery.
The photovoltaic system and battery could also be edited if the user wants
to change some values, not the whole system. The user can also delete the
facility by clicking on the delete button.

< Example house

B
== PV system
-

Figure 10.17: Facilities tab.
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B Photovoltaic system page

The photovoltaic system page is displayed in the following figure. The
photovoltaic system consists of a list of modules. The creation page for the
module is displayed on the right side of the figure. The area, azimuth, slope,
efficiency, and efficiency escalation could be set for each module. On the left
side, the creation page for the photovoltaic system page is displayed. For
the photovoltaic system, the user can set the efficiency, efficiency escalation,
maintenance, and maintenance escalation coefficient.

< PVsystem < Module

—
== Modules

Figure 10.18: Photovoltaic system creation page.

B Battery page

The battery properties, like capacity, power, etc., could be set on the battery
creation page in the figure below.
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< Battery

Capacity (kWh)

0.0

Power (kW)

0.0

Self discharge (% / year)

0.0

Depth of discha o
50.0

Efficiency (%
100.0

Efficiency escalation (-)

1.0

Maintenance (CZK / year)

0.0

)

Maintenance EC (-)

< Battery

Power (kW)

Depth of discharge (%)

Efficiency (%)

Efficiency escalation (-)

Maintenance (CZK / year)

Maintenance EC (-)
1.0

0.0

50.0
100.0
1.0

0.0

Figure 10.19: Battery creation page.

B 10.4.3 Settings tab

The settings tab consists of several settings cards, each for a specific part of
the settings. The following figure shows the settings tab. The figure is divided
into three parts, each at a particular vertical position. The parts to the right
side are the continuation of the page when scrolling down. Each settings part
will be described in the following subsections. Each part is displayed on a
separate card in the settings tab. The creation page for particular settings
will be displayed if the user clicks on the edit icon on the particular card. The
settings page will be presented and described for each part in the following

subsections.
< Example house

||l Energy distributions

Electricity

7

TDD1

Heat Constant

Constant

Constant

Coal Constant

Biomass

Consumption escalations

Electricity
Heat

Coal

Biomass

» Inflation
8838
) o)

Constant

7
1.00
1.00
1.00
1.00
1.00

< Example house

8638

\\\
0.020 N e+
0015
0.010
0.005

0.000

Energy pricings

1ls Etectricity * @

Company CEZ
253.06
Fixed rate EC (-) 150

Fixed rate (CZK / Month)

Variable rate (CZK / kWh) 8.12
Variable rate EC (-) 1.10
Selling price (CZK / KWh) 1.02
Selling price EC (-) 0.50

Figure 10.20: Settings tab.
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B Energy distributions

The first settings part is energy distributions. The user can assign the energy
distribution from the default, tdd, and custom distributions to each energy
source type.

<  Energy distributions <  Energy distributions

?.: Electricity Constant ~

a Gas

a Heat Constant ~

TDD1 ~

Constant ~

By oit

a Gas Constant ~

Constant ~

'.’ Coal
Bﬂ Oil Constant ~

Constant ~
% Biomass

'.\ Coal Constant ~

Constant ~

Figure 10.21: Energy distributions settings page.

B Consumption escalations

The page for settings consumption escalations is simple, with the text field
for the value for each energy source type.

< Consumption escalations

Electricity (-)
1.0

1.0

Coal ()

1.0

Biomass ()

1.0

Figure 10.22: Consumption escalations settings page.

105



10. Application User Interface

B Inflation

The inflation settings page has a text field for the values, where the user can
set the first n values for the first n years. Then, there is a dropdown to set

the type of how the values will continue. There is also an option to select
predefined inflations.

Inflation

Values (split by space)

0.030.02

< Inflation

Values (split by space)
0.03 0.02
Predefined

A2 Continue

A Continue

Last value

8838
0.020

Last value

Arithmetic mean
~ Geometric mean
¢ Harmonic mean

Linear regression

[
Linear regression (non-negative)
(¢

0 0 1 1 2 2 3 3 4 4 5

0 0 1 1 2 2 3 3 4 4 5

Figure 10.23: Inflation settings page.

B Energy pricings

The energy pricing settings page allows users to set the company name and
fixed, variable, and selling prices. For each price, there is an option to set the

escalation coefficient. The energy pricing could be assigned to every energy
source type.
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<  Energy pricing <  Energy pricing

s '

Heat

& x

Coal Biomass

Fixed rate (CZK / Month)

Variable rate (CZK / kWh)
8.121

ariable rate EC (-)

Fixed rate EC (-)
1.5

Selling price (CZK / kWh)

1.017
Variable rate (CZK / kWh)

8.121
_ g price EC (-)

Variable rate EC (-)
il

Figure 10.24: Electricity pricing settings page.

B Maintenance escalation coefficients

The maintenance escalation coefficients page is similar to the energy con-
sumption settings page. Similarly, there are text fields for the values for each
energy source type, where the user can assess escalation coefficients.

< Maintenance EC

Electricity (-)
1.0

1.0

oit ()
1.0

Coal ()
1.0

Biomass (-)

1.0

Figure 10.25: Maintenance escalation coefficients settings page.

B Financial parameters

The financial parameters settings page allows users to assign the discount rate,
tax rate, and default evaluation time. The text field assigns each variable.
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<  Financial parameters

Discount rate (%)

136

Figure 10.26: Financial parameters settings page.

Bl Location

The location settings page consists of two text fields for latitude and longitude.
There is also an option to set the location as the current location. Therefore,

the user can use GPS to set the current location or set the location manually
easily.

¢ Location

Latitude (°)
50.103723

Longitude (°)
14.390619

Figure 10.27: Location settings page.

B 10.4.4 Analysis tab

Finally, the analysis tab consists of two cards. The first is for basic analysis,
and the second is for comparison analyses. The basic analysis is at the top
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of the page with a button to start the analysis. The compare analysis card
consists of a list of buttons for each compare analysis. Each compare analysis
has a button to start the analysis along with edit and delete buttons. Also,
the add button at the top right corner of the compare analysis card redirects
the user to the compare analysis creation page.

< Example house

O Basic analysis

Go to basic analysis

@ Compare analysis

Figure 10.28: Analysis tab.

B Basic analysis

The basic analysis page is split into several parts. Each part has a title with
expandable content. The card with information about the part is displayed
when the content is expanded. The user could also display the what-if analysis
by clicking the button at the bottom of the page.
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< Basic analysis

Energy prices
Appliances
PV system
Battery
Energy sell
Summary

Cash flow

Figure 10.29: Basic analysis page.

B Compare analysis

The financial results card is presented at the top on the compare analysis
page. The card contains the financial results for the comparison analysis,
such as NPV, IRR, PP, etc. Below that card, the user could see the basic
analysis for the new household created by the compared analysis by clicking
on the button below the financial results card. Then, there is a button that
shows externalities. This button will show predictions for the future years of
the externalities. The set value and escalation coefficient of each externality
resolve this. Then, the user can see the cash flow prediction graphs by clicking
the cash flow button. Finally, there is an option to see the what-if analysis
by clicking the button at the bottom of the page.
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< Compare analysis

m Financial results

Years

Investment (CZK)

Payback period (CZK)
Discounted payback period (CZK)

Net present value (CZK)

Basic analysis of new household

Show externalities

Show cash flows

Figure 10.30: Compare analysis page.

The following figure presents the compare analysis creation page, where
the user can set the household’s mutations and the analysis’s basic properties.
At the top of the page, the text field for the name is presented, and right
after the card for analysis, basic data with an edit button is displayed. The
edit button will redirect the user to the edit page, where the user can adjust
values for the evaluation years, investment, externalities such as external
revenues and costs, and the escalation coefficients for revenues and costs.

After that, there is a carousel for creating new energy pricing for each
energy source type. If the pricing is not created, the household will use the
energy pricing from the original household, which is defined in the settings
tab. If the pricing is set, the original pricing will be replaced by the new one.
The edit page for the pricing is the same as the original one.

The next part is for removing and adding new appliances. There are two
cards presented. On the first one, the user can add appliances that will be
removed from the original one and count how many will be removed. The
second card is for adding new appliances. The creation page for the new
appliance is the same as for the original one.

Finally, the user can set the photovoltaic system and battery for the new
household. The original one will be used if the photovoltaic system is not set.
The battery works the same way. The user can set the new battery or use
the original one.
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<  Add compare analysis <  Add compare analysis

Name

[ ] Analysis basic data

Years
Investment (CZK) Remoave appliances
External revenues (CZK / Year)
External revenues EC (-)
New appliances

External costs (CZK / Year)

External costs EC (-)

Energy pricings

1ls Etectricity

Figure 10.31: Compare analysis creation page.
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Chapter 11

Example house

This chapter is focused on showing an example of how the app could be used
and what results it gives. The example sample is a family house with an area
of 200 m? located in Czechia. The house consists of several electric appliances,
which will be thoroughly assessed, and a gas heating system to heat the house
and water. The first two sections will analyze the current situation, including
setting up the appliances and settings in the app. Then, the following section
will focus on the basic analysis of the house, which provides insights into house
consumption and energy costs. Then, sections will evaluate specific options
for increasing the house’s energy efficiency. These options will be calculated
chiefly separately, as no combination of those options will be considered.
For each analysis, the economic evaluation table will provide values for the
PP, DPP, NPV, and IRR. Also, the what-if analyses will be presented as
screenshots from the app.

B 111 Appliances

The following table provides the list of electric appliances with their consump-
tion, maintenance costs, and count. The unit specification is under the table.
Each appliance consumption was calculated based on annual consumption,
input power, or cycles. The following subsections will deal with consumption
estimation and divide this complete table into three separate tables based on
the consumption estimation method. In each subsection, the crucial appli-
ances will be described in more detail as they will be virtually replaced with
new ones in the analysis parts.
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Name Consumption Maintenance Count
Dishwasher 266 200 1
Washing machine 162 200 1
Air conditioning 300 200 2
Iron 234 50 1
Light bulbs 29 0 10
TV 138 0 1
Oven 365 100 1
Stove 604 0 1
Fridge 254 0 1
Wifi router 105 0 1
Kettle 80 0 1
Coffee machine 52 0 1
Hair dryer 83 0 1
Microwave 43 0 1
Monitor 16 0 2
Laptop 292 0 2
Printer 9 0 1
Vacuum cleaner 47 100 1

Table 11.1: House electricity appliances.

Table units:
® Consumption: kWh/year
® Maintenance: CZK/year
® Count: —

The following table deals with the same list of appliances as the previous
table but provides total consumption and maintenance costs. These values
are simply calculated from values in the previous table multiplied by the
count of each appliance.
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Name Total Consumption Total Maintenance
Dishwasher 266 200
Washing machine 162 200
Air conditioning 600 400
Iron 234 50
Light bulbs 292 0
TV 138 0
Oven 365 100
Stove 604 0
Fridge 254 0
Wifi router 105 0
Kettle 80 0
Coffee machine 52 0
Hair dryer 83 0
Microwave 43 0
Monitor 32 0
Laptop 584 0
Printer 9 0
Vacuum cleaner 47 100

Table 11.2: Total consumption and maintenance of house electricity appliances.

Table units:
® Total Consumption: kWh/year
® Total Maintenance: CZK/year

The following two tables have the same architecture as the previous two
for electric appliances. These two tables deal with the gas appliances. The
only gas appliance is the heating system.

Name Consumption Maintenance Count
Heating system 11 500 1 000 1

Table 11.3: House gas appliances.

Table units:
® Consumption: kWh/year
® Maintenance: CZK/year

® Count: —
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Name Total Consumption Total Maintenance
Heating system 11 500 1 000

Table 11.4: Total consumption and maintenance of house gas appliances.

Table units:
® Total Consumption: kWh/year

® Total Maintenance: CZK /year

B 11.1.1 Based on annual consumption

The following table provides the list of electric appliances with the consump-
tion based on the annual consumption. The unit specification is under the
table. The consumption of each appliance was calculated based on the annual
consumption. This method is the simplest one, as the annual consumption
directly equals the consumption of the appliance. However, it can only be
used on certain types of appliances.

Name Annual Consumption
Air conditioning 300
Fridge 254

Table 11.5: House electricity appliances based on annual consumption.

Table units:

® Annual Consumption: kWh/year

B Fridge

The fridge presented in the house is SAMSUNG RB33B610ESA/EF with 254
kWh /year consumption [I0]. It is a combination of fridge and freezer. The
freezer’s capacity is 114 liters, and the fridge’s capacity is 230 liters. The
energy category is E. The image with the label is presented below.
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Figure 11.1: Fridge [10].

B 11.1.2 Based on input power

The following table provides the list of electric appliances with the consump-
tion based on the input power and daily max load. The unit specification is
under the table. The consumption of each appliance was calculated based
on the input power and daily max load. This method is more complex as
it requires knowledge of the appliance’s daily maximum load. The annual
consumption is calculated as the product of the input power, daily max load,
and number of days in a year.
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Name Input Power Daily Max Load
Iron 3.000 0.214
Light bulbs 0.040 2.000
TV 0.095 4.000
Oven 3.500 0.286
Stove 5.800 0.286
Wifi router 0.012 24.000
Kettle 2.200 0.100
Coffee machine 1.450 0.100
Hair dryer 2.300 0.100
Microwave 1.200 0.100
Monitor 0.015 3.000
Laptop 0.200 4.000
Printer 0.250 0.100
Vacuum cleaner 0.650 0.200

Table 11.6: House electricity appliances based on input power and daily max
load.

Table units:
® Input Power: kW

® Daily Max Load: hour

B Light bulbs

The house has old light bulbs with a power of 40 W. The daily max load
is derived from the average length of lighting per day in the United States
(US) as 2 hours per day [85]. As this light has large power, the category
on the energy label is G, which is the worst category. These light bulbs are
currently banned in the European Union (EU). Therefore, they are being
sold as industrial light bulbs [86].
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Figure 11.2: Light bulb.

Hl Stove

The stove is a glass-ceramic ETA 679190000 with four cooking zones [3]. The
first zone has the power of 1.8 kW, and the second and third zone has the
power of 1.2 kW. The fourth zone has adjustable power from 1 to 2.2 kW|3].
The daily max load is 1 hour per day.

Bl 11.1.3 Based on cycles

The following table provides the list of electric appliances with the consump-
tion based on the cycles. The unit specification is under the table. The
consumption of each appliance was calculated based on the cycles. This
method is complex as it requires knowledge of the cycles of the appliance.
The annual consumption is calculated as the product of the consumption per
cycle and the number of cycles in a year.

Name Cycles Consumption
Dishwasher 280 0.950
Washing machine 220 0.740

Table 11.7: House electricity appliances based on cycles.

Table units:
8 Cycles: —

® Consumption per Cycle: kWh/ cycle
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B Dishwasher

The dishwasher is WHIRLPOOL WBC 3C26 X, which consumes 95 kWh/
100 cycles [10]. Tt could fit 14 packs of dishes. Water consumption is 9.5 liters
per cycle. According to the energy label, the dishwasher is in the category E.
The number of cycles has been set to 280 per year [87].
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Figure 11.3: Dishwasher [I0].

B Washing machine

The washing machine is AMICA PPF 61002 EW. It has a consumption of 74
kWh/ 100 cycles [10]. The washing machine has a 6 kg capacity. It consumes
43 liters of water per cycle. The energy label is in the category E. The number
of cycles has been set to 202 per year [88)].
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Figure 11.4: Washing machine [10].

B 112 Settings

The following subsections will describe the house settings. The settings
include energy distributions, escalations, escalation coefficients, inflation,
financial parameters, etc.

B 11.2.1 Energy distributions

The electricity has the distribution of TDD4, which is commonly used for
tarif DO2d, where no thermal usage of electricity is presented. The TDD4
is not precise, but it is the standard distribution in Czechia and could be
used as a rough estimate. The distribution is only used when analyzing
the photovoltaic system. When we perform basic equipment analysis, the
distribution is unnecessary. The constant distribution is assigned to the other
energy source types.

Electricity TDD4

Heat Constant
Gas Constant
Oil Constant
Coal Constant
Biomass Constant

Table 11.8: House energy distributions.
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B 11.2.2 Consumption escalations

All consumption escalations are set to 1, meaning the consumption will stay
the same over the years. There will be no increase or decrease in consumption
over the years.

Electricity 1.00

Heat 1.00
Gas 1.00
Oil 1.00
Coal 1.00

Biomass 1.00

Table 11.9: House consumption escalations.

B 11.2.3 Inflation

The inflation is set according to the Czech National Bank forecast. Inflation
in 2024 (year 0) is 2.6 %. Then it will be 2 % as this is the goal of the Czech
National Bank [I1]. The inflation forecast is presented in the figure below.
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90% 70% I 50% H 30%

Figure 11.5: Czech National Bank inflation forecast [I1].

B 11.2.4 Energy pricings

The energy pricing used in this household is for electricity and gas. In the
following subsections, both prices will be described with their components.

B Electricity
Electricity pricing is from the CEZ company. The pricing is for the D02d

tarif and 3x25A circuit breaker. The following table presents each component
of the pricing, where the values are with Value Added Tax (VAT).
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Component Value
Tarif Do2d
Circuit breaker 3x25A
Fixed payment for reserved power 248.05 CZK/month
OTE activity 5.01 CZK/month
Total fixed price 253.06 CZK/month
Price for energy 4.7916 CZK/kWh
Price for distribution 2.43895 CZK/kWh
Electricity tax 0.03424 CZK/kWh
Price for system services 0.25751 CZK/kWh
POZE 0.59895 CZK/kWh
Total variable price 8.12125 CZK/kWh

Table 11.10: Electricity pricing components [19].

The values for fixed and variable prices will be rounded to three decimal
places. Before we present the final table, we need to consider the selling price.
The selling price is also based on the CEZ company pricing, where the selling
price from the photovoltaic system is calculated as follows:

Price = ¢ OTEpr - CNB rateczi/pur — 500 CZK, (11.1)

where:

Price is the selling price from the photovoltaic system (CZK/MWh),

¢ OT Epr is the price of day market organized by OTE (EUR/MWh),
CNB rateczk/pur is the exchange rate CZK/EUR declared by the Czech
National Bank [89].

For the 12th of April 2024, the day market price organized by OTE is 59.9
EUR/MWh (Base load) [90]. For the same day the exchange rate CZK/EUR
is 25.33 [91]. The selling price is then calculated as follows:

Price =59.9 - 25.33 — 500 = 1017.267 CZK/MWh =~ 1.017 CZK /kWh.

The final table with the electricity pricing is presented below. The escalation
coefficient for a fixed price is set to 1.5, which should take into account a
more significant increase in the fixed price. The escalation coefficient for the
variable price is set to 1.1. The escalation coefficient for the selling price is
set to 0.5, which should consider that the selling price will increase slower
than other components.
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Company CEZ
Fixed price (CZK/month)  253.06
Fixed price EC (-) 1.50
Variable price (CZK/kWh) 8.12
Variable price EC (-) 1.10
Selling price (CZK/kWh) 1.02
Selling price EC (-) 0.50

Table 11.11: House electricity pricing.

Bl Gas

The gas price is from the GasNet company. The following table presents each
pricing component, where the values are with VAT.

Component Value
Tarif according to annual consumption from 7.56 to 15 kWh/year
Fixed payment for commercial part 154.88 CZK/month
Fixed payment for distribution part 198.22 CZK/month
Total fixed price 353.1 CZK/month
Price for energy 2.1659 CZK/kWh
Price for distribution 0.39406 CZK/kWh
Total variable price 2.56 CZK/kWh

Table 11.12: Gas pricing components.

The final values are presented in the table below. The selling price is
not considered as no source will produce gas in the house. The escalation
coefficient for a fixed price is set to 1.3, and for the variable price, it is set to
1.2, as we expect the gas variable prices to increase faster than the electricity
prices.

Company GasNet
Fixed price (CZK/month) 353.10
Fixed price EC (-) 1.30
Variable price (CZK/kWh) 2.56
Variable price EC (-) 1.20
Selling price (CZK/kWh) 0.00
Selling price EC (-) 1.00

Table 11.13: House gas prices.
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B 11.2.5 Maintenance escalation coefficients

The maintenance escalation coefficients are set to 1, meaning the maintenance
costs will stay the same over the years.

Electricity 1.00

Heat 1.00
Gas 1.00
Oil 1.00
Coal 1.00

Biomass 1.00

Table 11.14: House maintenance escalation coefficients.

B 11.2.6 Financial parameters

The nominal discount rate is 4 %, the interest rate on a savings account in
mBank [92]. The value is nominal as the inflation is already integrated into
the rate. According to the Czech National Bank, the inflation is forecast 2.6
% [11]. We can, therefore, calculate the real discount rate as follows:

140.04

1 0.013 ~ 1.36 %.
T 15 0.026 0.013 ~1.36 %

The tax rate in Czechia is 15 % [93]. The default evaluation time is set to
10 years, which will be used to determine how long the basic analysis will be
evaluated. All parameters together are presented in the table below.

Discount rate (%) 1.36
Tax rate (%) 15.00
Default evaluation time (years) 10

Table 11.15: House financial parameters.

B 11.2.7 Location parameters

Location parameters are set to the Czechia. The values for latitude and
longitude are in the table below.

Latitude 50.103723
Longitude 14.390619

Table 11.16: House location parameters.
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B 113 Basic analysis

In the beginning, the consumption and cost analysis is done on all energy
source types together. Then, the analysis is divided into electricity and gas.
The values in the tables are for the first year, and then they get escalated.

B 11.3.1 Appliances

The following table provides the consumption for all appliances for all energy
source types. We can calculate the energy costs using the consumption and
fixed and variable prices. The maintenance costs are also calculated. The
total costs are the sum of the energy and maintenance costs.

Consumption (kWh) 15 457
Fixed costs (CZK) 7273
Variable costs (CZK) 61 579
Energy costs (CZK) 68 852
Maintenance (CZK) 2 050
Total costs (CZK) 70 902

Table 11.17: Basic analysis of house appliances.

B Electricity

The following table is similar to the above, but it focuses only on the electricity
appliances. The values are the same as in the previous table, but only for the
electricity appliances.

Consumption (kWh) 3 957
Fixed costs (CZK) 3 036
Variable costs (CZK) 32 139
Energy costs (CZK) 35 175
Maintenance (CZK) 1 050
Total costs (CZK) 36 225

Table 11.18: Basic analysis of house electricity appliances.

B Gas

The following table presents the basic analysis of the gas appliances. The
values are the same as in the first table, but only for the gas appliances.
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Consumption (kWh) 11 500
Fixed costs (CZK) 4 237
Variable costs (CZK) 29 440
Energy costs (CZK) 33 677
Maintenance (CZK) 1 000
Total costs (CZK) 34 677

Table 11.19: Basic analysis of house gas appliances.

B 11.3.2 Cash flow

The house evaluation is done over 10 years. The cash flow is presented in
the table below. The cash flow is the costs cash flow, where the costs have
a positive sign and revenues have a negative sign. The total cash flow and
total discounted cash flow are sums of the cash flow and discounted cash flow
for 10 years of operation.

Years 10
Total cash flow (CZK) 793 330
Total discounted cash flow (CZK) 655 431

Table 11.20: Basic analysis of house cash flow.

B 11.3.3 What if analysis

The what-if analysis is done for the discount rate, tax rate, and inflation
coefficient as independent variables (horizontal axis). The dependent variable
for each analysis is the total discounted cash flow. When the discount rate
rises, the total discounted cash flow decreases, as the higher discount rate
means that the future cash flows are less valuable. The tax rate does not affect
the total discounted cash flow, as there are no sales from energy production.
The inflation coefficient also affects the total discounted cash flow. When
it is set to 1, the total discounted cash flow is the same as the value in the
table above. As it increases, the total discounted cash flow decreases. This is
not so intuitive as the higher inflation will increase the costs. Therefore, the
total discounted cash flow will be higher. However, inflation also affects the
discount rate (calculating the nominal discount rate), decreasing the total
discounted cash flow.
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Figure 11.6: What if analysis of the house.

Note: The values on the y-axis are the total discounted cash flow in CZK.

B 114 New electricity pricing

The new electricity pricing is the first example of the compare analysis. The
current pricing is from the CEZ company, and the new one is from the MND
company [20]. This company is not a distributor, as the distributor will still
be CEZ. The company is only selling the energy. Each component of the new
electricity pricing is presented in the table below with the VAT. The tariff is
D02d, and the circuit breaker is 3 x 25A, the same as in the current pricing.
The fixed and variable prices are calculated as the sum of the components.
The new pricing is then compared with the current pricing.

Component Value
Tarif D02d
Circuit breaker 3x25A
Fixed payment for reserved power 248.05 CZK/month
OTE activity 5.01 CZK/month
Total fixed price 253.06 CZK/month
Price for energy 3.618 CZK/kWh
Price for distribution 2.43895 CZK/kWh
Electricity tax 0.03424 CZK/kWh
Price for system services 0.25751 CZK/kWh
POZE 0.59895 CZK/kWh
Total variable price 6.49765 CZK/kWh

Table 11.21: Electricity pricing components [20].
According to the table, the fixed energy price is the same as the current
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pricing, but the variable price is lower. The selling price will stay the same,
and all escalation coefficients will stay the same. Therefore, the new electricity
pricing will only have a variable price of 6.498 (value is rounded).

The results of the new electricity pricing are presented in the table below.
The NPV is 59 118 CZK, which means that by changing the electricity pricing,
the house will save 59 118 CZK in 10 years. The payback and discounted
payback periods are 0 years because no investment is needed to change the
pricing. The IRR is high, but mathematically, it goes to infinity as there
are no negative cash flows, and investment is zero. The huge value resulted
from the limited number of steps in IRR calculation, which is done using
Newthon’s method.

Years 10
Investment (CZK) 0
Payback period (years) 0
Discounted payback period (years) 0
Net present value (CZK) 59 118
Internal rate of return (%) 12998.38

Table 11.22: New electricity pricing results.

The what-if analysis is presented in the figure below. When increasing
the discount rate, the NPV goes down rapidly, whereas for 20 %, the NPV
goes down to the value of around 27 000 CZK, which is less than half of the
original value. The inflation coefficient also negatively affects the NPV.

Discount rate Inflation coefficient Change in external revenues
6.0e+4
6.0e+4
5.9e+4
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Tax rate Change in investment Change in external costs

Figure 11.7: What if analysis of new electricity pricing.

Note: The values on the y-axis are the NPV in CZK.
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B 115 Switching off wifi router at night

When switching off the wifi router at night, the appliance is virtually removed
from the appliances. Then, a new wifi router appliance is added with the
same input power, but the daily max load is changed from 24 to 16 hours per
day. This results in electricity consumption savings. The investment is zero
as no investment is needed to switch off the wifi router at night. Externalities
are not presented. The results are presented in the table below. The IRR
makes no sense as no investment is needed. Mathematically, the IRR goes to
infinity, as in the previous example.

Years 10
Investment (CZK) 0
Payback period (years) 0
Discounted payback period (years) 0
Net present value (CZK) 7 857
Internal rate of return (%) 3250.20

Table 11.23: Switching off wifi router at night results.

The what-if analysis is presented below. The discount rate affects the NPV,
where the NPV decreases with an increasing discount rate. The inflation
coefficient also affects the NPV, where the NPV decreases with an increasing
inflation coefficient. Other parameters do not affect the NPV.

Discount rate Inflation coefficient Change in external revenues
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Figure 11.8: What if analysis of switching off wifi router at night.

Note: The values on the y-axis are the NPV in CZK.
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B 116 New fridge

The new fridge is GORENJE NRC69BSXL5 with an annual consumption
of 132 kWh [10]. The fridge and freezer have capacities similar to those of
the current one. The main difference is in annual consumption, which is
lower than in the previous one. The energy category is B rather than E. The
investment is calculated as a sum of the price of the fridge and the installation
price. The new fridge price is 17 990 CZK, and the installation price is 699
CZK. Therefore, the total investment is 18 689 CZK. The lifetime is estimated
as the standard lifetime of the fridge [94].

SIENERGY i

NRC69BSXLS5

Figure 11.9: New fridge [10].

The NPV result is -7 037 CZK, which means that the appliance replacement
is not economically effective. The payback period is -1, meaning the investment
will never be returned. The real IRR is -4.99 %. The results are presented in
the table below.
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Years 13
Investment (CZK) 18 689
Payback period (years) -1
Discounted payback period (years) -1
Net present value (CZK) -7 037
Internal rate of return (%) -4.99

Table 11.24: New fridge results.

However, here the estimation is that we have already bought the old one,
which has a long life long enough to cover the new lifetime, and we are only
considering buying the new one. If, for example, the old one is at the end of
a lifetime, and we need to buy a new one and consider two options, if the
same or the more energy-effective, the situation will be different. The old one
costs 9390 CZK [10]. This means that the difference in investment between
new and old fridges is (not taking installation costs as they are the same for
both fridges):

17990 — 9390 = 8600 CZK.

The investment will be, therefore, 8 600 CZK. The NPV will be then:
—7037 + (18689 — 8600) = 3052 CZK,

This means that the situation will be different and that energy-efficient fridges
will be more economically effective. Therefore, we can state that the NPV
will be between -7 037 and 3 052 CZK based on the lifetime of the old fridge.

The what-if analysis is presented below. When the discount rate increases,
the NPV decreases as expected. Here, the NPV is sensitive to the change
of investment, where the NPV is around 12 000 CZK for 0 investment and
roughly -25 000 CZK for double investment.
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Figure 11.10: What if analysis of new fridge.

Note: The values on the y-axis are the NPV in CZK.

B 11.7 New dishwasher

The new dishwasher analyzed in this section is WHIRLPOOL WIO 30540
PELG, which has properties similar to the current one. The annual consump-
tion is less, with a value of 64 kWh [I0]. As the capacity is the same as the
current one, thus the number of cycles per year will be the same. The price
of the dishwasher is 11 806 CZK, and the installation price is 1 758 CZK.
Therefore, the total investment is 13 564 CZK. The lifetime is estimated as a
standard lifetime of the dishwasher [95].

133



11. Example house

ENERG’ &

WHIRLPOOL WIO 30540 PELG

64 kwh /@

. /
O B[
14x 9,5L
O =)
3:20 ABcp

aozieroz

Figure 11.11: New dishwasher [10].

The NPV result is negative, which means that the appliance replacement is
not economically effective. The payback period is -1, meaning the investment
will never be returned. Nevertheless, again, we are considering that the old
one has an entire lifetime, just like the new one, and we are making this silly
replacement. The old dishwasher costs 12 990 CZK [I0], which is more than
the new one. Therefore if we consider that we need to decide between buying
the current one again or buying the new one, the new one will be better.

Years 12
Investment (CZK) 13 564
Payback period (years) -1
Discounted payback period (years) -1
Net present value (CZK) -5 867
Internal rate of return (%) -6.67

Table 11.25: New dishwasher results.

The what-if analysis is presented below. The NPV dependency is similar
to the previous example, with negative dependency on the discount rate,
inflation coefficient, and change of investment.
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Figure 11.12: What if analysis of new dishwasher.

Note: The values on the y-axis are the NPV in CZK.

B 11.8 New washing machine

The analysis of the new washing machine is similar to the analysis of the
new dishwasher because both appliances have consumption estimated based
on cycles and consumption per cycle. Here, the new washing machine is a
TOSHIBA TW-BL70A2CZ(SS) with similar properties and capacity as the
old one, with a difference in annual consumption of 49 kWh [10].
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Figure 11.13: New washing machine [10].
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The price of the new washing machine is 7 719 CZK with an installation
price of 699 CZK. The total investment is 8 418 CZK. The lifetime is estimated
as a standard lifetime of the washing machine as 10 years [96]. The NPV
is negative, but as in the previous examples, the consideration is simplified
to buying the new one. The price of the old washing machine is 5 999 CZK
[10]. Therefore, if we consider the decision between buying the new one or
the old one, we need to subtract this value and the installation price from
the investment.

Years 10
Investment (CZK) 8 418
Payback period (years) -1
Discounted payback period (years) -1
Net present value (CZK) -4 306
Internal rate of return (%) -10.21

Table 11.26: New washing machine results.

The what-if analysis is presented below. The NPV dependency is similar
to the previous example, with negative dependency on the discount rate,
inflation coefficient, and change of investment.

Change in external revenues
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Figure 11.14: What if analysis of new washing machine.

Note: The values on the y-axis are the NPV in CZK.
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B 11.9 LED light bulbs

This analysis considers that all light bulbs will be replaced with new LED
light bulbs with a power of 7 W and a lifetime of 25 000 hours [3].
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Figure 11.15: LED light bulbs [3].

The price for a pack with three light bulbs is 199 CZK. Therefore, for ten
light bulbs, we can estimate the price for one light bulb by simple division.
Therefore, the price for ten light bulbs is 663 CZK, which is the initial
investment. The lifetime is estimated at 25 000 hours divided by daily max
load (2 hours) and the number of days in year (365), which results in roughly
30 years. The NPV, therefore, is over 40 000 CZK for 30 years of operation.
The payback period and discounted payback period are both one year.

Years 30
Investment (CZK) 663
Payback period (years) 1
Discounted payback period (years) 1
Net present value (CZK) 47 634
Internal rate of return (%) 288.27

Table 11.27: LED light bulbs results.

The NPV is sensitive to the change in discount rate, where the NPV
decreases with the increasing discount rate. The inflation coefficient positively
affects investment when it increases. The change in investment is affecting
the NPV in a negative way, but not so much.
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Figure 11.16: What if analysis of LED light bulbs.

Note: The values on the y-axis are the NPV in CZK.

. 11.10 Induction stove

The new induction stove is BOSCH PIE651FC1E Serie 6 [10]. The annual
consumption is estimated based on input power and daily max load. The
input power of old induction stove for all four hotplates is 5.8 kW with daily
max load of 1 hour. According to [97], the efficiency of the old flass-ceramis
stove is 70 %, and the efficiency of the new induction stove is 90 %. Therefore,
we can calculate the new input power as follows:

0.7
5.8 — =~ 4.51 kW.
0.9

To be more precise, we can also recalculate the daily max load. The
approach will be on the basis of time to boil 2 liters of water, which is 9
minutes for a glass-ceramic stove and 5 minutes for an induction stove. The
daily max load will be then:

5
0.286 - —~
9

~ 0.159 hours.

The price of the new induction stove is 8 654 CZK, and the cost of assembly
is 1 899 CZK. This results in a total investment of 10 553 CZK. The lifetime
is estimated as a standard lifetime of the induction stove [98].

The NPV is positive, with a value of around 15 000 CZK for 10 years. The
payback period and discounted payback period are 4 years. The IRR is 22.69

%.
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11.11. Dryer

Years 10
Investment (CZK) 10 553
Payback period (years) 4
Discounted payback period (years) 4
Net present value (CZK) 15 122
Internal rate of return (%) 22.69

Table 11.28: Induction stove results.

The what-if analysis is presented in the figure below. The discount rate
and change in investment are affecting the NPV as predicted. The inflation
coefficient has a negative affection on the NPV.

Discount rate Inflation coefficient Change in external revenues

e

0, 0y ¢, Cg 2 0 O O %
P % P % % 0 D % %

Tax rate Change in investment

Change in external costs

1.5e+4

Figure 11.17: What if analysis of induction stove.

Note: The values on the y-axis are the NPV in CZK.

B 11.11 Dryer

The dryer is BEKO DPS 7405 G B5 with a consumption per cycle of 1.68
and a similar capacity of 7 kg that could handle the pack of cloats from the
washing machine [I0]. The number of cycles is the same as for the washing
machine.
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Figure 11.18: Dryer [10].

This analysis considers the external revenues as if the clothes are put
into the dryer. They don’t have to be hung. Therefore, the saved time is
considered revenue. For estimation, the time saved per cycle is 0.15 hours,
which is 9 minutes, and the time costs are 200 CZK per hour. The escalation
coefficient is 1. The dryer costs 9 099 CZK. With the assembly of 699 CZK,
the total investment is 9 798 CZK. The lifetime is estimated as a standard
lifetime of the dryer [99]. The maintenance costs for a dryer are estimated at
300 CZK per year. The results are shown in the following table.

Years 10
Investment (CZK) 9 798
Payback period (years) 3
Discounted payback period (years) 4
Net present value (CZK) 20 033
Internal rate of return (%) 30.52

Table 11.29: Dryer results.

The discount rate is negatively affecting the NPV at a slightly higher
rate. The inflation coefficient also affects the NPV negatively. The change in
investment is also affecting negatively, where the 100 % increase in investment
is decreasing the NPV by half. Here, the change in external revenues positively
affects the final NPV as the externality is presented.

140



11.12. Heat pump
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Figure 11.19: What if analysis of dryer.

Note: The values on the y-axis are the NPV in CZK.

B 11.12 Heat pump

The heat pump is NORDIline N6B - 8,25 kW with the price and assembly
costs 164 900 CZK [100]. As the heat pump sometimes requires additional
construction work, the investment was estimated as 200 000 CZK.

Figure 11.20: Heat pump.

In case of a household mutation, the heat pump will be used for heating,
heating water, and cooling. Therefore, the air conditioning and gas heating
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11. Example house

system will be removed and replaced with the new appliance heat pump with
electricity energy source type. The heat pump efficiency is estimated as 3.5
(350 %) [101]. On the other hand, the efficiency of the gas heating system
is estimated as 85 % [102]. Therefore, the annual electricity consumption to
cover the gas heating system is calculated as follows:

11500 - % ~ 2793 kWh.

The air conditioning also has to be resolved. For simplification, the efficiency
of air conditioning will be considered as 100 %. The annual electricity
consumption from air conditioning is calculated as follows:

1
600 - — ~ 171 kWh.
3.5

The total annual consumption is then:
2793 4+ 171 = 2964 kWh.

The lifetime is estimated at 20 years [I03]. The maintenance costs are
estimated at 1000 CZK per year. The results are presented in the table below.

Years 20
Investment (CZK) 200 000
Payback period (years) 16
Discounted payback period (years) -1
Net present value (CZK) -5 545
Internal rate of return (%) 1.08

Table 11.30: Dryer results.

The what-if analysis results are presented in the figure below. The discount
rate affects the NPV in a negative way, where the NPV decreases with the
increasing discount rate. The inflation coefficient has a positive effect on the
NPV with its increase. The change in investment has a significant affection
on the NPV.
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Figure 11.21: What if analysis of heat pump.

Note: The values on the y-axis are the NPV in CZK.
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Chapter 12

Conclusion

Developing an application designed to conduct comprehensive technical and
economic evaluations of household tasks presents a complex challenge that
demands increased attention to various critical components. This endeavor
requires thoughtful consideration, encompassing mathematical formulations,
technical and economic considerations, software implementation, and user
interface design.

Beginning with mathematical formulations, the foundation of the appli-
cation’s functionality lies in formulating algorithms that accurately assess
and analyze household tasks. These algorithms must be robust and adapt-
able, accommodating diverse scenarios and variables inherent to household
activities.

Moreover, through optimized task management strategies, household tech-
nical and economic impact must be integrated into the model, reflecting
factors such as energy consumption, cost analysis, and potential savings.
Incorporating economic variables adds depth to the application’s analytical
capabilities, empowering users to make informed decisions regarding resource
allocation and efficiency improvements within their households.

Furthermore, translating these technical and economic analyses into a
user-friendly interface is crucial to the application’s development. The user
interface serves as the primary point of interaction between the application
and its users, shaping their experience and facilitating intuitive navigation
through complex data and functionalities. Design considerations encompass
visual aesthetics, usability principles, and accessibility standards to ensure
that the interface effectively communicates information and empowers users
to leverage the application’s capabilities.

The thesis commences by elucidating energy audits, detailing their method-
ology and execution. Subsequently, it explores the certification of building
energy efficiency and labeling appliances for energy consumption. The narra-
tive then transitions to assessing existing mobile apps available on the Play
Store, scrutinizing their functionality and user interfaces.

The thesis then delves into the mathematical and economic groundwork
for developing the application’s core mathematical model. These sections
cover fundamental mathematical operations, extending to intricate financial
calculations, focusing on matrices, vectors, real and nominal values, inflation,
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cash flow discounting, and key financial metrics like PP, DPP, NPV, and
IRR.

A pivotal chapter then proceeds to construct the mathematical model of the
application, leveraging insights from preceding chapters. This detailed model
lays the foundation for the subsequent software implementation. Amidst these
sections, a brief chapter elucidates the acquisition of irradiance data crucial
for analyzing photovoltaic panels. It outlines two methods: one utilizing
the PVGIS API and another explicitly crafted for the thesis, involving data
interpolation from locations.

The second segment of the thesis elaborates on the actual software de-
velopment process, detailing the technologies employed. The application
uses the Flutter framework, utilizing Dart programming language for cross-
platform compatibility across Android, iOS, web, and desktop environments.
Employing the BLoC pattern for state management, the application seam-
lessly integrates business logic with the user interface. Additional packages
like Freezed and Getlt enhanced the development workflow. Noteworthy
features include support for dark and light themes, multilingual support
(Czech and English), and customizable preferences without necessitating user
authentication.

The final chapter showcases the application’s practical utility by analyzing
a sample house in Czechia. This involves setting up appliances, estimating
consumption, adjusting for inflation and pricing variations, and presenting
analyses and what-if scenarios via graphs and tables, highlighting key financial
metrics such as PP, DPP, NPV, and IRR. The table below summarizes key
financial metrics for sample house analyses.

Name PP DPP NPV (CZK) IRR (%)
New electricity pricing 0 0 59 118 12998.38
Switching off wifi router at night 0 0 7 857  3250.20
New fridge -1 -1 -7 037 -4.99
New dishwasher -1 -1 -5 867 -6.67
New washing machine -1 -1 -4 306 -10.21
New LED light bulbs 1 1 47 634 288.27
Induction stove 4 4 15 122 22.69
Dryer 3 4 20 033 30.52
Heat pump 16 -1 -5 545 1.08

Table 12.1: Example house analysis summary.

The development process for the application proved to be a lengthy en-
deavor, encompassing intricate considerations regarding the mathematical
core, data acquisition, and presentation to the end-user. Iterative refinement
was essential, with numerous parts undergoing rewriting to align with the
envisioned functionalities. A key challenge lies in establishing the robust
mathematical foundation upon which the application operates. Unlike tradi-
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tional spreadsheet models, where bugs can be promptly identified through
direct observation, coding necessitated a meticulously crafted mathematical
model to ensure accuracy.

Navigating the constraints of mobile space posed additional challenges,
particularly concerning the visualization of line charts. Adjustments, such
as rotating axis labels and relocating titles, were often required to optimize
display within the limited screen on mobile devices. Despite these challenges,
leveraging a programming language facilitated the creation of unit tests,
providing a crucial advantage in validating mathematical operations and model
components. This capability benefits complex models, offering assurance
during development and future maintenance.

To summarize, ongoing efforts are crucial to address potential bugs and
optimize feature performance post-release. Continuous updates will be pivotal
in refining the application’s functionality and user experience. A website under
the domain "save-energy.cz" was established to complement the application,
offering additional resources and information. The QR code below directs
users to this website, facilitating access to comprehensive details about the
application and related services.

Figure 12.1: Application web QR code.
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Appendix A

Physics fundamentals

The upcoming appendix introduces fundamental physics principles, initially
focusing on the laws of thermodynamics and heat transfer mechanisms. Sub-
sequently, the appendix delves into the explanation of Fourier’s law of heat
conduction and the heat equation. Finally, material properties are introduced.
This appendix aims to equip readers with the indispensable foundational
knowledge necessary for understanding the energy evaluation applications
discussed in subsequent work.

B A1 Laws of thermodynamics

The laws of thermodynamics are fundamental principles that govern the
energy behavior in a system. The laws of thermodynamics are essential for
understanding the energy transfer and conversion processes.

B A.1.1 First law of thermodynamics

According to [104], energy can neither be created nor destroyed in a system of
constant mass, but it can be converted from one form to another. For example,
a mass of gas contained within a cylinder fitted with frictionless piston at
constant temperature and heat ¢ supplied to the system. By absorbing this
heat, the gas performs the amount of work w by expansion. The following
equation gives the first law of thermodynamics:

AU =g —w, (J) (A1)

where:

AU is the change in internal energy (J),

q is the heat added to the system (J),

w is the work done by the system (J) [L04].

B A.1.2 Second law of thermodynamics

The second law of thermodynamics states that the total entropy of an isolated
system can never decrease over time [L05, p. 585]. The entropy is a measure
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of the disorder or randomness of a system defined as:

AS=S5;—-85;= ‘fd;?, (J/K) (A.2)
where:
AS is the change in entropy (J/K),
S is the final entropy (J/K),
S; is the initial entropy (J/K),
i is the initial state,
f is the final state,
dQ is the heat transferred to or from the system (J),
T is the temperature of the system (K) [105, p. 585].

B A.1.3 Third law of thermodynamics

According to [106], the entropy of an isolated system approaches a constant
value as the system’s temperature approaches absolute zero (0 K), the coldest
temperature possible. This temperature cannot be reached in practice.

. A.2 Heat transfer mechanisms

Heat transfer mechanisms govern the transfer of heat from one place to
another. It can be defined as a movement of heat across the system’s border
due to a temperature difference between the system and its surroundings [107].
There are three main mechanisms of heat transfer: conduction, convection,
and radiation.

B A.2.1 Conduction

According to [I0§], conduction is a movement of kinetic energy in materials
from a higher temperature to a lower temperature through a substance. It
results from direct contact with those materials. The molecules will give their
energy to adjacent molecules until an equilibrium is reached. Fourier’s law
of heat conduction describes the heat transfer by conduction. According to
[107], the examples of heat conduction are the following:

B Jroning of clothes, where the heat is conducted from the iron to the
clothes.

® Transferring heat from hands to ice cube.
B A.2.2 Convection

Convection is the transfer of heat via a fluid (liquid or gas) by the movement
of the fluid itself [I09]. When the fluid moves from one place to another, it
carries heat. According to [I09], the examples of convection are following:
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® Heating a room where the warm air rises and circulates around the room.

® Boiling water on a stove, where the hot water rises.

B A.2.3 Radiation

Radiation is the transfer of heat through electromagnetic waves, which does
not require a medium to transfer heat According to [I07]. According to [107],
the examples of radiation are following;:

® UV rays coming from the sun.

® Microwave oven.

. A.3 Fourier’s law of heat conduction

Fourier’s law is an essential principle that describes the heat transfer by
conduction [I10]. It states that the heat flux is proportional to the negative
temperature gradient, meaning if we have two points with different tempera-
tures, the heat will flow from the hotter point to the colder point [I10]. The
following equation gives the differential form of Fourier’s law:

7= —k VT, (W/m?2) (A.3)

where:

q is the heat flux (W/m?),

k is the thermal conductivity (W/ (m - K)),
VT is the temperature gradient (K/m) [L10].

The following equation gives the one-dimensional form of Fourier’s law:

dr

Py (W/im2) (A4)

q=—k
where:
q is the heat flux (W/m?),
k is the thermal conductivity (W/ (m - K)),
% is the temperature gradient (K/m) [110].

B A4 Heat equation

The heat equation is a partial differential equation describing the heat distri-
bution in a given region over time [ITI]. The heat equation is derived from
the first law of thermodynamics and Fourier’s law of heat conduction [I11].
The following equation gives the heat equation:

oT
T V3T, (K/s) (A.5)
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where:

%—? is the rate of change of temperature concerning time (K/s),
« is the thermal diffusivity (m?/s),

V2 is the Laplacian operator [112],

T is the temperature (K),

V2T is the Laplacian of temperature (K/m?) [I11].

B A5 Material properties

Material properties describe how well material stores and conducts heat. The
most important material properties are heat capacity, thermal conductivity,
thermal diffusivity, thermal resistance, and heat transfer coefficient.

B A.5.1 Heat capacity

Heat capacity is a material property that describes the amount of heat
required to raise the temperature of a unit mass of a material by one degree
Celsius (Kelvine) [I13]. The heat capacity is represented by the symbol ¢,
with units of J/ (kg - K) [113].

B A.5.2 Thermal conductivity

Thermal conductivity is a material property that describes the ability of a
material to conduct heat. The higher the thermal conductivity, the better
the material conducts heat [I14]. In Fourier’s law, the thermal conductivity
is represented by the symbol k. However, the A symbol is commonly used
to represent the thermal conductivity. The unit of thermal conductivity is
W/ (m - K) or in ST units J/ (s - m - K) [114].

Usually, when buying a material, the manufacturer provides thermal con-
ductivity. The thermal conductivity of some common materials is shown in
the following table.

Material Thermal conductivity at 25 °C (W/(m - K))

Air 0.024
Wood (oak) 0.17
Steel 43
Aluminum 205
Water 0.58
Concrete 1.7

Table A.1: Thermal conductivity of common materials [21].

B A.5.3 Thermal diffusivity

Thermal diffusivity is a material property that describes the ability of a
material to conduct heat relative to its ability to store heat [115]. The
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thermal diffusivity is calculated using the following equation:

= A mQS
=" (w2/s) (A6)

where:

«a is the thermal diffusivity (m?/s),

A is the thermal conductivity (W/ (m - K)),

p is the density (kg/m?),

¢p is the specific heat capacity (J/ (kg - K)) [115].

B A.5.4 Thermal resistance

Thermal resistance describes the ability of a material to resist the flow of
heat [IT16]. The thermal resistance is calculated using the following equation:

R = v (m? - K/W) (A.7)
where:
R is the thermal resistance (m? - K/W),
d is the thickness of the material (m),
A is the thermal conductivity (W/ (m - K)) [116].

B A.5.5 Heat transfer coefficient

The average heat transfer coefficient is usually calculated for the building to
determine the heat loss. The heating system can be designed according to
the calculated average heat transfer coefficient. The average heat transfer
coefficient of the building envelope determines the average heat losses per
meter square of the building envelope when the temperature difference between
the inside and outside of the building is 1 K [I17]. The average heat transfer
coefficient is calculated using the following equation:

1
Un = 1 ZZ: Ui - A, (W/ (m?-K)) (A.8)

where:

U, is the average heat transfer coefficient (W/ (m? - K)),

A is the total area of the building envelope (m?),

U; is the heat transfer coefficient of the i-th part of the building envelope
(W/ (2 - K)),

A; is the area of the i-th part of the building envelope (m?) [I17].

The partial heat transfer coefficient is calculated using the following equa-
tion:

Ui = —, (W/ (m?-K)) (A9)
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where:
R; is the thermal resistance of the i-th part of the building envelope (m?-K/W)

[117].
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Appendix B

Mathematical background

This appendix describes the mathematical background used in the work. The
following sections describe the basic operations with vectors and matrices,
the Kronecker delta, sequences, linear regression, degrees, radians, spherical
coordinates, and Newton’s method.

. B.1 Vectors

The following section describes the basic operations with vectors, including
addition, subtraction, and scalar multiplication.

B B.1.1 Addition

If we have two vectors @ and b of the same dimension n, we can add them by
adding the corresponding elements of each vector. According to [118], the
following formula does this.
a; + by
a+b= : € R". (B.1)
an + by

Il B.1.2 Subtarction

If we have two vectors @ and b of the same dimension n, we can subtract
them by subtracting the corresponding elements of each vector. According to
[119], the following formula does this:

al — b1
i—b= : e R". (B.2)
an — by,

B B.1.3 Scalar multiplication

If we have a vector @ of dimension n and a scalar k£ € R, we can multiply the
vector by the scalar by multiplying each element of the vector by the scalar.
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According to [120], the following formula does this:

k-a=k-| | = : e R"™ (B.3)

an k-ap

. B.2 Matrices

The following section describes the basic operations with matrices, including
addition, subtraction, multiplication, scalar multiplication, vector composi-
tion, and transposition.

B B.2.1 Addition

The addition between two matrixes A and B of the same dimensions n X m

is done by adding the corresponding elements of each matrix. The following
formula does this [121]:

ai; - Gim b1 -+ bim
A+B=| i i |+ o 1] =
Qn1 - Anm bnl te bnm (B4)
a1 +biy - aim +bim
— : .. : G Rnxm.
a1 +bp1 0 A + b,

B B.2.2 Subtraction

The subtraction between two matrixes A and B of the same dimensions
n X m is done by subtracting the corresponding elements of each matrix. The
following formula does this [122]:

ailr -+ Qim bin -+ bim
A-B= : : -1 - : =
an1 - Anm bnl e bnm (B5)
ai1 —bin -+ arm —bim
= : " : € R™™,
anl — bnl ot Apm — bnm

B B.2.3 Multiplication

The multiplication between two matrixes A € R"*™ and C € R™*P is done
by multiplying the rows of the first matrix by the columns of the second
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matrix. The following formula does this [123]:

air o Gim cin o Cip
ac={: ol o =
anl1 - Adnpm Cml *° Cmp
air-Ci1+ o+ aim - Cml o A11 - Clp T+ Aim t Cmp
= e R™P.
Gp1 - C11+ -+ 8pm - Cml " Qpl-Clp+ -+ Qnm " Cmp
(B.6)

B B.2.4 Scalar multiplication

The scalar multiplication of a matrix A € R™™ by a scalar k is done by
multiplying each element of the matrix by the scalar. The following formula

does this [124]:

ailp - Aim
anl - Adpm
(B.7)
k'all k'alm
k'anl k’anm

B B.2.5 Vector composition

The vector composition is a special case of matrix multiplication, where
the second matrix is a vector. The vector composition between a matrix
A € R™™ and a vector b € R™ is done by multiplying the rows of the matrix
by the vector. The following formula does this [125]:

ai; - aim by
Ab=| 1 o ] =
ani "'+ Anm bm
aiy by + -+ aym by
= : € R".
ap1 - b1+ 4+ apm - by

B B.2.6 Transposition

The transposition of a matrix A € R™*™ is done by switching the rows with

the columns. The following formula does this [126]:

ai - Aim ai - anl
AT = - = = .. | eR™" (B.9)

Gp1 - Anm Q1lm =  Anm
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. B.3 Kronecker delta

The Kronecker delta is a discrete version of the delta function defined by the
following formula [127]:

1 i
b= (B.10)
0, ife#j.

B B4 Sequence

The sequence is a list of numbers in a specific order. The sequence can be
finite or infinite [I128]. The following formula defines the sequence [128§]:

(ak)p—1 = (a1, a2,...,ay). (B.11)

B B.5 Linear regression

Suppose we have a vector & of dimension n of independent variables and
a vector ¢ of dimension n of dependent variables. We want to calculate
the linear regression coeflicients 8y and (1 for the linear regression model
y = Bo+B1-x, such that the sum of the squared residuals (errors) is minimized.
The residuals and square residuals are shown in the following figures:

Residuals Squared residuals

-2 - 0 1 2 -2 - 0 1 2

Figure B.1: Residuals and square residuals [12].

This method is called the ordinary least squares (OLS), and the problem
is to find the coefficients By and 51 that minimize the following function:

n

F(Bo.B1) = (yi — (Bo+ Br - 1))* (B.12)

i=1

For minimization, we can set the partial derivatives of the function f (S, 51)
concerning the coefficients 5y and 31 to zero. The partial derivatives are

170



B.6. Degrees and radians

shown in the following formulas:

= 2;@ — (Bo + B1-w:) =0, (B.13)
ggl _ 2293 (i — (Bo + B1 - ) = 0. (B.14)

The solution of the system of equations is shown in the following formulas
[12):
i (@i —T) - (yi — )
iy (w —m)?2 (B.15)
fo=y—P1-T.
Here the Z and i are the arithmetic mean values of the vectors ¥ and ¥
and are defined by the following formulas:

b=

8|

Il
3

&

-
I
—

(B.16)

<
I
II= 3=

1=
s

@
I
—

B B6 Degrees and radians

The degrees and radians are two units used to measure the angles. The
degrees are used in everyday life, but the radians are used in mathematics.
The following formulas do the conversion between the degrees and radians

: 180
degrees = radians - —. (B.17)
T

B B7 Spherical coordinates

According to [I30], the spherical coordinates are a system of coordinates used
to locate a point in space by using the distance from the origin and two
angles. The following formula defines the conversion between the spherical
coordinates and the Cartesian coordinates:

x =1 -sin(f) - cos(¢),
y =7 -sin(0) - sin(¢), (B.18)

z=r-cos(f).
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. B.8 Newton’s method

Newton’s method is an iterative method for finding the roots of the function.
The following formula defines Newton’s method:

— f(xn)
Tpi1 = Tn Flan)’ (B.19)

where:

Ty is the n-th approximation of the root,

Zn41 is the (n + 1)-th approximation of the root,

f(xy) is the value of the function at the n-th approximation,

f'(xy) is the value of the function’s derivative at the n-th approximation

[131].

If the derivative is not known and must be computed numerically in each
point as:

f(@n) = fon =+ hf)L — fl@n), (B.20)

where:
h is the step size.

Then the, Newton’s method can be rewritten as:

fxn) - h
flan+h) — f(zn)

Tpal = Tp — (B.21)
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Appendix C

Application assets

B c1 Play store

B C.1.1 Feature graphic

< Example house

Save Energy « 1 8 a8 & x

Electricity

Energy consumption
and photovoltaic system
analysis application.

Air conditioning ¢
Coffee machine
Dishwasher

Fridge

Hair dryer

Iron

Figure C.1: Play store feature graphic.
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B C.1.2 Phone screenshots

Save Energy Example house
i 8 m
ﬁ Example house Z O
Type: Electricity

Area (m?):
Currency: Air conditioning ¢

m Coffee machine
Dishwasher
Fridge
Hair dryer

Iron

¢« [Example house

||I Energy distributions a
Electricity TDD1
Heat Constant

Constant
Constant
Coal Constant

Biomass Constant

. Consumption escalations /"

Electricity 1.00
Heat 1.00
100
1.00
Coal 1.00
Biomass 1.00

e

Appliances 2 s Settings Appliances  Facilities

Figure C.3: Play store phone screenshots.
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Il C.1.3 Tablet screenshots

< TDD1

ths Yearly distribution

0099 g

0.080

@@ Home
0.060

X Examples o
B3 Households 0020

0.000
% Ene 9 10 11 12

8 Settings
gl Daily distribution

® About

0.058
0.050
0.040
0.030
0020
0010

0.000
12 4 6 8 10 12 14 16 18 20 22 24

Figure C.4: Play store tablet screenshots.

. C.2 Other assets

Save Energy < Example house

= 4 6 B

ﬂ Example house

Type: Electricity
Area (m?):

Currency: Air conditioning 3

m Coffee machine

Dishwasher

Fridge

Hair dryer

Iron

Kettle °

e (5]

Facilities E s Analysis

Figure C.5: Phone graphic.
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C. Application assets

< Example house

PV system

Appliances

Example house

Ilx Energy distributions
Electricity

Heat

Gas

oil

Coal

Biomass

4
TDD1
Constant
Constant
Constant
Constant

Constant

Consumption escalations /'

Electricity
Heat

Coal

Biomass

Appliances

Figure C.6: Phone graphic.
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Appendix D
Content of Enclosed CD

B save__energy - the source code of the application.

® pvgis - the source code for creating the PVGIS Lite database.
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