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Abstract

Demand side management is an efficiency tool to manage the consumption of energy. In this thesis a
load controller is developed and used to store self-produced renewable energy as hot water in a
domestic hot water heater. There are challenges associated with the grid, which is operating near
max capacity. Instead of expanding the grid and make huge investments to handle grid peak periods,
the power consumption can be controlled and utilized better. To utilize all of the self-produced
energy, an ac controller is installed and monitored from a computer. A sensor for the temperature, a
valve controller and information about self-produced solar power are installed for the domestic hot
water heater and are set up in a program to drive the system. Information about the grid peak period
are used to choose when the heating element is turned on to raise the temperature. The valve is
discharging the tank based on a water consumption profile for an average house. The minimum
temperature is set to avoid bacteria and avoid affecting the end user. The results show that up to 8.9
kWh is stored as hot water each day which means the grid is reduced with the same amount of
energy. The energy is stored during low grid load periods and used in the peak periods to obtain
reduction of demand side power peaks. In this setup, PV system has maximum capacity of 1 kW and
it could be installed more PV panels to reduce the grid load even more. The test results show that it is
possible to reduce the load on grid in peaks between 27.9 to 54.3%, depending on the self-produced
power from the PV system. Demand side management has the ability to deliver technical and
economic benefits to customers as well as network operators.
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Preface

During the education in renewable energy, there have been a huge interest for solar power and the
knowledge have been increased a lot. To control a domestic hot water heater and heat the water
with self-produced renewable energy to reduce grid load is a big goal.

Professor Mohan Lal Kolhe have been the supervisor and the author want to express gratitude for
discussions and feedback during the whole thesis. Senior Engineer Johan Olav Brakestad have
contributed with discussion to the physical model- and the labview program and ordered the new
parts which was needed for the model. The author wants to express a gratitude for this
acknowledgement and discussions.

During the autumn, there was also done research together with fellow student Even Kleppevik Skaga.
The author also wants to express gratitude for all the research and discussions during this time.

iii



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

iv



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

)

Individual/group Mandatory Declaration

The individual student or group of students is responsible for the use of legal tools, guidelines for
using these and rules on source usage. The statement will make the students aware of their
responsibilities and the consequences of cheating. Missing statement does not release students from
their responsibility.

L I/We hereby declare that my/our thesis is my/our own work and that I/We have

not used any other sources or have received any other help than mentioned in
the thesis.

I/we further declare that this thesis:

e has not been used for another exam at another
department/university/university college in Norway or abroad;

e does not refer to the work of others without it being stated;
e does not refer to own previous work without it being stated;
e have all the references given in the literature list;

e is not a copy, duplicate or copy of another's work or manuscript.

I/we am/are aware that violation of the above is regarded as cheating and may
result in cancellation of exams and exclusion from universities and colleges in
Norway, see Universitets- og hggskoleloven §§4-7 og 4-8 og Forskrift om
eksamen §§ 31.

I/we am/are aware that all submitted theses may be checked for plagiarism.

I/we am/are aware that the University of Agder will deal with all cases where
there is suspicion of cheating according to the university's guidelines for dealing
with cases of cheating.

I/we have incorporated the rules and guidelines in the use of sources and
references on the library's web pages.



https://lovdata.no/dokument/NL/lov/2005-04-01-15
https://lovdata.no/dokument/NL/lov/2005-04-01-15
https://lovdata.no/dokument/SF/forskrift/2005-06-22-833
https://lovdata.no/dokument/SF/forskrift/2005-06-22-833
https://lovdata.no/dokument/SF/forskrift/2005-06-22-833
https://lovdata.no/dokument/SF/forskrift/2005-06-22-833

al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

vi



System design for a solar powered thermal storage - to
obtain reduction of demand side power peaks

Publishing Agreement

i

U - Universitetet
I i Agder

Authorization for electronic publishing of the thesis.

Author(s) have copyrights of the thesis. This means, among other things, the exclusive right to

make the work available to the general public (Andsverkloven. §2).

All theses that fulfill the criteria will be registered and published in Brage Aura and on UiA's web

pages with author's approval.
Theses that are not public or are confidential will not be published.

| hereby give the University of Agder a free right to

make the task available for electronic publishing:

Is the thesis confidential?
(confidential agreement must be completed)
- If yes:

Can the thesis be published when the confidentiality period is over?

Is the task except for public disclosure?
(contains confidential information. see Offl. §13/Fvl. §13)

XA

LA

LA

LA

CINEI

XINEI

CINEI

XINEI

vii




al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

viii



Syst.em desigp for a solar powered thermal storage - to ﬁ U| }Jgé"fgfitem
obtain reduction of demand side power peaks
Table of Contents
LY o1 1 - T PO PT PPV PTPPPTOP i
0= 1ol T TP PP POPOTOPRPUPPTOt iii
Individual/group Mandatory DeCIaration .........ccc.ececuieeeieeeiie ettt et eeee e et eare e e re e eeaeeesareeeans v
0 o [ T q Yo d oY =T o o 1= o | PP vii
TaDIE OF CONTENTS ..ttt et e s e et e s e e sabee e sabeesabeesaabeesabeeesabeesabeesaneeesabeennns ix
I o) =0 <L TR Xi
LISt OF TaBIES ..ttt ettt sttt e bt e bt e s bt e sae e sab e st e e b e e bt e beesne e e e e eneeen xiii
[\ o] - 1 To Yo DU PSPPSR PPPPO XV
ADDIEVIGLTIONS ...ttt b e sttt et e e b e bt she e sat e st e be e beennees xvii
S [0V oo [¥ ot i [o T TR O O OO T TP UPPPRPPPOTOPPPRPPPPTOt 1
00 S & 7= T <=4 (010D U IO 2
L.2 NV E ottt et e s s s s s e s see £ R R £ REREEA RReeeEeER R 2
1.3 PlUSS CUSTOIMIET ...ttt seeses s eeees s bbb s bR bR 3
T4 PIeVIOUS WOTK ettt s e s s s bR 3
ST U o T=S] T3 010 1 U= TP 4
D I [=To T V2SRRI 7
2.1 SOLAT CEILS ottt R R R R R R R 7
211 Structure of the SOIAT Cell. ...t sb et 7
2.1.2 EQUIVAIENT CITCUIT c..eveeeeeeeeeecrsersens s es e ssees s ssess s ssssss s esssss e ssesssesssenes 7
2.2 POWET ElECIIOMNICS .ueuriveereretreesesse ettt bbb 9
2.21 00 2) o 1) o 10
2.2.2 SCR TRYTISTOTS .ottt ssee s s es s b s s bbb s e s b 11
2.2.3 Single phase, phase-controlled thyTiStOTS ... ssesssees 13
2.2.4 AC VOItage CONITOILET ..ottt st 15
2.2.5 Single phase ac voltage CONIOLLET ...t seesssessenans 15
2.2.6 Single phase voltage controller with resistive 10ad ..., 16
2.2.7 StAtIC VAR CONTIOL ...ttt seesse bbb ses bbb s ses s 17
2.3 L0 g Le) o A 0 = o 18
2.3.1 TREIMIAL DOILET ..ottt s e s s bbb b 18
2.4  Energy cONSUMPLION Profile.... e esse s sssesssses s sssssssesssesssseens 19
2.5  Water cONnSUMPLION ProOfile.. e seessesss s sssss s sessss s sssesssesssseens 19
3. RESEAICN QUESTIONS ...ttt ettt sttt e b e b e b e sbee st e b e e b e e sreesane e 21
S Y 1=Y i o VoY ST UPPPRIN 23

ix



= n . .
System design for a solar powered thermal storage - to @I T U| }Jgé"fgf'tem
obtain reduction of demand side power peaks
4.1 PRYSICAl MOAE] ..ottt b st s bbb s 23
411 VA0 T 0 1<) (3PP 23
4.1.2 MICTO INVETEET w.cvuveereeeeeeseeeseesseessessseesssessse st seessss s s s bbb ss bbb s s R 25
4.1.3 000 01 10 B3 4] 1<) o o VPPN 26
4.1.4 DAQ modules, NI 9474, NI 9216 and NI 6211 .......oeomeemeerseersemsseesssssseesssessssssssssssssesens 27
4.1.5 TRYTO HRLP3 ... ooeeeeeeenseessseessessssessssesssssssssessssesssses s sssssss s ssssessssessssssssssssssssssssessssesssans 28
4.1.6 W ALET TANK..ceucerieerieeieetseteseteesse et sas bt s bbb bbb bbb s 31
D I 1o 1§ 21T 34
4.3 0 . (T 37
D RESUIES ettt ettt st et e b e b e be e she e sat e et e e beesheesane e 39
5.1 TESE Lttt ee s es e ss s s s s R R R R R AR AR R 39
5.2 TSE 2ttt bR AR AR R R AR AR R 40
TR T =] v OO 41
5i4  TESE Attt A AR AR R 41
5.5 TESE Sttt AR AR AR R 44
5.6 TESE Bttt ss st AR AR AR 46
TN A =] v PP 49
6. RESUILS @NA DISCUSSION. .. .eiiiiitieitiiriiiet ettt sttt ettt ettt e s bt st sttt esbeesbeesbeesateebeenbeesaeesanenas 53
00 N B ) Yot 033 () o PP 53
6.2 REIECHIONS ..ottt bbb bbb R bbbt 54
T CONCIUSION 1.ttt ettt b e s bttt e bt e bt e s bt e saeesat e eabe e be e beeabeesbeesabeenbeebeesbeesaeenas 57
8. FUIMNEr WOIK .ottt s 59
9. List Of REfEreNCeS ....ccviiviiiiiiiiiiii 61
10. PN o 01T 0T [T =1 RPN 65
IO R oV o T V' 1= (3PP 65
T0.2  MaAtlabh SCIIPT.cuiereeeeree ettt ssesss s ses s es s s s bbb s et 65
T10.3  LADVIEW SELUP cureureerieureereeuresseessesecssesssessssssessasssesssssessssssesssessssssesssssesssesss st sssssessesass s s sessssssssasessssssessasans 67
10.4  Installation Of thYTISTOT ...ttt es s s 71
10.5 PV POTEINTAL ..ceeeeeereeresecreerseesees et sesse e ssees s sesssess et s s s s bbb 73
10.6  ValVe MEASUTEIMENLES ...vveireeseeeessessssssesesssesss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssessnsans 73
10.7 PV SYStemM INSTaAllation. . .ot sesse e es e ses s ssssse e s s st 74



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

List of Figures

Figure 1 Estimate of solar electricity generation at UiA for 1 kW installed PV power. kWH at y-axis and

month at x-axis. Total yearly production of 1220 KWh [13]. c.ccnmnnssssesssssssssssssssssessssssesssnees 2
Figure 2 Distribution between price, grid and taXxes [14] ... nennensessesssssssesssssssssssssssssssssssssssssssssens 3
Figure 3 Temperature of the water and heating element turned on/off [15] ..eeeerrrermeeseenesseesseessesneens 4
FIgure 4 PV ProduUCION [15]. . ieninssnesessssessessssessessssesssssssesssssssesssssssesssssssssssssssessssesssssssesssasssesssssssssssssssesssassns 4
Figure 5 Cross section of the silicon p-n junction solar cell [18]. .. 7
Figure 6 Equivalent circuit model of a Solar Cell [19]. s 8
Figure 7 Ideal equivalent circuit model of @ Solar Cell [19].. et essseseens 8
Figure 8 Current vs voltage graph. [-V CUIVE [22]... et ressssssessssssessss st ssssssssssssssssssssssssssssassns
Figure 9 Power electronics iNtErface [24]. .. nrreneseressseressssssessssssesssesssssessssssesssssesssssssssasesessssssssssseens
Figure 10 DC/AC CONVEITEE [26]. coveerreeeerrerretressesssssssssssssssssssssssssssssssssssssssssssssasssssssssssasssssassasssssassssssssssssssssssessessesees 10
Figure 11 Switching cycle average voltage for single phase inverter [25]....vnnenesns
Figure 12 Thyristor symbol to the left and 4-layer devices to the right [25]

Figure 13 Thyristor circuit with inductance and resistive load in series with waveforms [25]......ccc....... 12
Figure 14 Full bridge single phase thyristor converter with redrawing for easier understanding [25].13
Figure 15 Waveform of Vd and Id [25].. e sessssssesssssesssssssessssssssssssssssssssssssssssssssssssssssssssssesssssssasans 13
Figure 16 Single phase ac voltage controller [30]. . eesssssssesssssssesssesssssssssssssssssssssssesans 15
Figure 17 Waveforms for single phase ac voltage controller [31]. .. 16
Figure 18 Static VAR CONTIOl [32]. rcrreireeirstresessssesessssesssssssesssssseesssssssessssssssssssssssssssssssssssssssssssssssssssssasasssssasans 18
Figure 19 CTC hot water tank [34]

Figure 20 Power peaks for a household through 2 days.......cccocnuenee.

Figure 21 Hot water profile for residential houses in EUrope [36]. .....ccvvnrensensnensenesnensesessessssessesssseseens 20
Figure 22 FIOWChart Of the SYSTEM. ... s s s 23
Figure 23 Picture of the 4 PV PANeIS USEd. ...ttt sse st ssssessssssssssssssssssssssesssssssesssssssesans 24
Figure 24 Picture of the PV prodUCLION. ... eesesesesesessessessesses s s sssssssssssessessessessessessessssssssssssens 24
Figure 25 PV productions and electricity demand over 2 days........cocenesnesnerneesseessessessessssssessesans 25
Figure 26 Micro grid inverter mounted at back on the PV panel. ... cneresenceesevesesessessessssesees 25
Figure 27 Fuse BOX in the PV [@h. .. sessss st ssss s ssesssssssssssssssens 26
Figure 28 Overview of the NI modules connected to the hot water heater and labview.......cccccceeveuuenee 27
Figure 29 In this picture the valve controller for the water tank is ShOWN. .......cvreceverecenerccerceesereeens 27
FIUre 30 DAQL MOAUIES. ..ceueecereereereeeerenes e sseesss s sssessessessessessessessessesse s s s s sss s ssnsssssnsns 28
Figure 31 Picture of the Thyro after it is installed......cccooeeevevevcenernenas

Figure 32 DIP SWItCh fOr TRYFO. et sesessessessessss s s s s 30
Figure 33 Electrical connection 0N the TRYIO. . ssesssssssssssssssens 30
Figure 34 DC power delivered to the thyristor and temperature. ... 31
Figure 35 Hot water tank with junction box and thyristor at top of it. ... 31
Figure 36 Water temperature in the tank..... e sae s aesens 32
FIBUIE 37 Waater PrOfil. ettt e sttt st s sttt t bt en bbb st entnnas 33
Figure 38 Temperature drop OVEr 5 NOUTS. ...t s ssssssssssessessssssssssssssssssssens 34
Figure 39 Electricity profile and Water Profile. ...ttt sttt sss st esseeans 34
Figure 40 Screenshot of the controlpanel where the parameters are set. ..., 35
Figure 41 Screenshot of the graphs during @ tESt. ...t eeseeas 36
Figure 42 Screenshot of the 1088INE CONLIOL. ..ttt sa s e s 36

Xi


file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521797
file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521797
file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521797

al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

Figure 43 Flow chart of the |abVieW [OZIC. ..ttt sttt st sss st sssssasssssesans 38
Figure 44 Results before the thyristor was installed, test L. ————— 40
Figure 45 Results of self-produced PV power over @ Week, test 2. .. 40
Figure 46 Temperature raise with self-produced PV-power, test 3. ......nnncnsnnessnsnesssssssesssssseens 41
FIUre 47 RESUIELS FOr TEST 4 ..ttt st st st 42
Figure 48 Energy taken from grid and grid profile from test 4. ... 44
FISUIE 49 RESUILS FOI TESE 5. ettt sttt ssssssssss s ssssss s sss s sss sttt st sssssssssssssssssssssessssssesens 45
Figure 50 Energy taken from grid and grid profile from test 5. ... 46
FIUIE 51 RESUILS FOI TEST B. ..vvrereerreeere ettt sssss et sss st sss st se s ss st sttt et st s sss st ssses st snsesasssnsanans 47
Figure 52 Energy taken from grid and grid profile for test 6. ... 49
FIUre 53 RESUIELS FOI TEST 7. ittt st st st st 50
Figure 54 Energy taken from grid and grid profile for test 6. ... 51
Figure 55 PV PANEIS [aDIE. .ttt ettt st s sttt sessssssssssssnssans 65
Figure 56 Overview oOf |abVIEW ProSram. ...ttt ssessssssssssssssessssssssssssssesssssssesssssssasans 68
Figure 57 PV, AMS and tE€MPEIatUre. . ssessssssessssssessssssesssssssssssssesssssssesssssssessssssssssssssssssssssssssssesssans 68
Figure 58 ValIVE iN [@DVIEW. .ttt sss st sttt sesss st st sesss st sesssasssnsnans 69
Figure 59 ThyriStOr iN [aDVIEW ...ttt ss st sse s sttt s st st s s st sss st entnans 70
Figure 60 Thyristor during inStallation. ...t ssssssssesesas 71
Figure 61 Thyristor With iINAICATIOrS. ...ttt b st s sttt s s st s s st entenans 72
FIUre 62 ThYISItOr SWItCRES. .ottt ettt ettt st s bbbttt nnans 72
Figure 63 PV potential from PVGIS [13]...cirinircinssessnsssessssssesssssssesssssssssssssssesssssssesssssssssssssssssssssssssssssesass 73

xii


file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521818
file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521818
file:///C:/Users/Anders/Desktop/master/MSc%20thesis%20Anders%20Lie,%20domestic%20hot%20water%20heater%20with%20PV%20system.docx%23_Toc9521818

al

System design for a solar powered thermal storage - to U| }Jgé"fgfitem

obtain reduction of demand side power peaks

A

List of Tables

Table 1 Setpoint fOr the thy iSTOr. .ttt st e pnnas 30
Table 2 PAarameters fOr TEST L. .t s st ss sttt sttt ss et tse st st ensenans 39
Table 3 PaArameEters fOr tESt At st s s st s e ee st se s e s e s e s e et s ne e e ae s 42
Table 4 TESt reSUILS TOr TEST 4.ttt b ettt st se et e p s 43
Table 5 Parameters fOr tESE 5. .o sesesssesessssee s ses s ss s s e st sess s sse st sessssssessssssessnssesssnsnesssnenens 45
I T o LRSI X UL K3 o gl =T T 45
TabIE 7 RESUILS TOF LESE B. ottt sse st sse st ss bttt s ettt bt ee st e penas 48
Table 8 PArameEters fOr tESE 7. .t s et s s ss s s ee st se s e s et st s st s e st 50
Table 9 RESUILS FOr TEST 7. ottt sssssssssssss s sss s s s sttt et 51
Table 10 Water discharge in the tank. .ttt sttt snsenans 73

xiii



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

Xiv



System design for a solar powered thermal storage - to
obtain reduction of demand side power peaks

Notation

Temperature [C]
Mass [kg]

Heat loss [W]
Power [kW]
Energy [kWh]
Efficiency [%]

S5 mv PO 3 o

Spesific heat for water [ﬁ]

(@]
<

Liter [L]

Current [A]

Voltage [V]

time [s]

Boltzman constant [JK]
electron electrical charge [C]
Inductance [H]

Capacitor [F]

Angular velocity [rad™]
Delay angle [rad]

0 g Oro ~ + < — —

XV

al

A

Universitetet
i Agder



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

XVvi



System design for a solar powered thermal storage - to
obtain reduction of demand side power peaks

Abbreviations

AMS  Advanced metering system
AC Alternating current

DAQ Data Acquisition

DC Direct current

DHWH Domestic hot water heater
kWh  Kilowatt hour

kW Kilowatt

NI National-instrument

NOK  Norwegian krone

PF Power factor

PV Photovoltaic

PVGIS Photovoltaic geographical information system
RMS Root mean square

SCR  Silicon controlled rectifier
STC Standard test conditions
VAR  Volt ampere requirements

xvii

i

U

Universitetet
i Agder



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

A

xviii



al

U i Universitetet

System design for a solar powered thermal storage - to i Agder

obtain reduction of demand side power peaks

)

1. Introduction

In Norway, the news often writes about the growing electricity prices and how the power
consumption increases. Up to 80% of the consumption in total goes to heating houses. From these
80%, about 15-20% is the water heater [1]. The power consumption varies through the day, and it is
in the mornings and evenings the consumption peaks. This means that the powerlines are highly
charged in these time intervals. This also applies the water heater. The water consumption is highest
in the morning and evening because of showering, cooking, house applications and so on.

Today consumers are paying the electricity bills monthly. The price is being calculated from the
average electricity price through the current month. The power meters that was installed in homes
earlier, did not have the opportunity to register in which time frame the electricity are being used.
You simply report your monthly consumption at the end of each month. To change this, grid
operators started installing new “smart” power meters (AMS) in the beginning of 2018. These power
meters can measure power consumption in real time. NVEs plan is to start having a price that varies
during the day depending on the consumers consumption from year 2021. In the periods of high
consumption, such as mornings and evenings, the prices will be higher. This will be done to make
people aware of power consumption, and to reduce their consumption during the grid peak hours

[2].

The power lines in Norway today are already limited. In periods where the consumption is high, the
lines are working on max capacity. If the power consumption keeps increasing, this will result in
upgrading requirements on the power lines in the future. This will lead to increased electricity prices
caused by increased rent prices. Norway have a tight cooperation with Europe when it comes to
electricity. They export and imports electricity to even out the prices. Because Norway has big water
reservoirs that can supply more that the whole country, renewable electricity is being sold to other
countries in Europe instead of producing with coal-, gas- and nuclear power [3]. In 2018 the
electricity prices have been twice the price compared to some months in 2017 [4]. Demand side
management is becoming a key ingredient to future power networks. It has the ability to deliver
technical and economic benefits to customers as well as network operators [5].

The electricity prices have increased a lot the last few years, at the same time the price for PV
systems have decreased [6]. In Norway there are more and more people installing alternative
solutions for power production. For a self-produced electricity power plant, Enova is supporting
private individuals with between 10000-28750 NOK [7]. In 2018, 837 private individuals were
supported, an increase from 146 in 2016 [8]. This implies that PV power plants is more popular and
more profitable than before.

There is also a huge increase in electric cars, which has a great influence on the grid. In 2015, 50000
electric cars were registered. In 2016, electrical car number 100000 was registered. In the end of
2018, there was 200192 electrical cars registered [9]. According to NVE, the grid can handle 1500000
electric cars in 2030 if they charge evenly through the day. It is expected to will be 1500000 electric
cars in Norway in 2030. There will also be local varies on the grid [10]. Statnett have planned

1
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investments for 35-45 billion the next 5 years, and they are planning investments for over 140 billion
in the future. This is historically large grid investments [11].

1.1 Background
In recent years, a range of strategies implementing the increase share of renewable energy have
been proposed. DHWH provide relatively high nominal power, normally from 2-3 kW and it has
storage capacity of 8-15 kWh. A more sophisticate use of DHWH was tested where 35 DHWH was
controlled to avoid grid peaks based on real time pricing over 1 year, with the controls they managed
to limit the usage in peak periods and the demand side management [2]. Since renewable energy has
variable production, it is necessary to design a system which will not affect the end user, without
regard to the energy production [12].

Although Norway is in the north, the sun conditions are good. In summertime, the sun lasts for about
20 hours a day. In the winter, the production is reduced due to lack of sun. In fact, the solar radiation
in Norway are comparable to counties in central Europe. In figure 1, an estimate of solar electricity
generation at UiA for 1 kW installed PV power is shown [13].

Estimate of solar electricity generation for
1kW installed power plant

180
160
140
120
100
a0
a0
40

1 2 3 - 3 = 7 8 9 10 11 12

Figure 1 Estimate of solar electricity generation at UiA for 1 kW installed PV power. kWH at y-axis and month at x-axis. Total
yearly production of 1220 kWh [13].

By installing a controller for the PV plant and storing the energy as hot water. For a grid connected
PV plant, some of the energy may be delivered to the grid in sunny summer days. With an optimized
controller the energy will be better utilized. It is possible to use all the energy production instead of
delivering it back to the grid. This will reduce the grid peaks in a household which will be economical
for private individuals, but also for the environment and grid operators [2].

1.2 NVE
In figure 2, it is shown the electricity prices for January 2019. It consists of three parts; fees, rent and
the power price. In total, the price was 1,19 NOK/kWh in January [14].
One reason for the price increasing, is that the consumption is increasing as well. The grid capacity is
reaching its max. By expanding, the rent will increase considerably, and the fees will increase as a
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result of this. Solar cells and other renewable energies can reduce the grid which will benefit the
consumer [14].

Slik er stremregningen sammensatt (regneeksempel)
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Figure 2 Distribution between price, grid and taxes [14]

1.3 Pluss customer
When connecting a PV system today, the panels connect to an inverter which is connected to the
grid. The electricity is first being used in the household, and excess power will be transferred to the
grid. The power that’s being transferred, can also potentially be delivered to power-companies you
make deals with. This way you can get money back for your excess power. The price varies from
companies but is about 1 NOK/kWh [7].

1.4 Previous work
A research has been done for a PV system connected to a water heater in the autumn 2018. The
system has PV panels with total 1000 W connected to a hot water tank. In the hot water tank, there
is installed temperature sensors and a valve controller which can be opened and closed through a
digital signal. A program is made with different tests for when the hot water tank heating element is
turned on, and when the valve is opened to empty the tank. This physical system with a program was
already installed from previously thesis.

In the research project a new system was designed with different tests and some improvements. Due
to low PV production and lack of controls for the power delivered to the heating element, the
program was based on heating the water outside grid load peaks. It was concluded that more
controls need to be implement for better utilization of the PV production. More research about the
grid load was also needed and an overview of the grid load peak intervals. Figure 3 shows the results
of the research project where the heating element was turned on during the night to raise the
temperature and during day when there was PV production. The red graph is the temperature in the
tank, and the blue graph shows when the heating element is turned on and off [15].
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Figure 3 Temperature of the water and heating element turned on/off [15]

As the research project was done in the autumn and winter, it was poor sun conditions. The PV
production for 2 days in November is shown in figure 4. There are only a few hours with production
and it only reached 180 W.

P Production 48 hour poriod

—
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Figure 4 PV production [15].

1.5 Thesis outline
The structure of the thesis is shown in this section.

e Section 1 - Introduction
Section 1 present background and motivation for the thesis. It is also showing previously work
and what has been done from previous thesis.

e Section 2 - Theory
Section 2 present theory of the physical parts used in this thesis together with water- and grid
profile for an average household.

e Section 3 — Reasearch question
In this section the research question and the problem are presented.

e Section 4 — Methode
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In section 4 the physical model is presented with installation of new parts. It is also shown how
the labview program is set up and the logic behind it.

e Section 5 — Results
Several tests have been done and they are presented in section 5 with some discussion for
each test.

e Section 6 — Discussion and results
Section 6 present the results from the tests and some thoughts and reflections about the
results.

e Section 7 — Conclusion
In section 7 the conclusion of the thesis is presented.

e Section 8 — Further work
In section 8 further work is presented with suggestion for improvements in the system.

e Section 9 - List of references
In section 9 the references used in the thesis is presented.

e Section 10 - Appendix
In section 10 the appendix is presented. Some details about the program, installation and
results are shown.
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2. Theory

2.1Solar cells
Solar cells or photovoltaic (PV) cells are semiconductor devices that transfer sunlight into electrical
current or useable electric power. They were first produced in the 1950s from crystalline silicon with
6% efficiency. Today crystalline silicon remains the dominant PV material and is used all over the
world. When PV cells are being tested, they are doing it after standard test conditions (STC). Cell
temperature is set to 25 °C, irradiance is 1000 W/m2 and air mass is 1.5 (AM1.5). With this standard
it is easy to compare PV modules all over the world [16].

2.1.1 Structure of the solar cell
In the p-n junction solar cell, it is a uniform structure with two active layers. One of the layers is a
thin heavily doped top layer emitter, the other one is a thick moderately doped bottom layer/base.
The top emitter is about 0.3 to 0.8 um thick and the bottom base is 100 to 300 um thick. In the
emitter- and base there is opposite dopant species. The emitter is doped n-type with 10 /cm?
average concentration. The base is doped p-type with 10% /cm? uniform concentration. By making a
high temperature diffusion from gaseous or liquid source into the base material, the emitter is
formed. Surface concentration is steadily decreasing with depth till the n-type dopant concentration
is equal to p-type dopant. At this point, the material changes from n-type to p-type. The interface is
referred to as metallurgical junction. The p-n junction with electric field built in is formed around the
metallurgical junction. The space charge region width is around 1 um. This is shown in figure 5 [17].

antireflaction coating
| i d/ - fr-:»ntmma&
amnal
(s | @ * base

elactron-hole

pair
rear conlact

Figure 5 Cross section of the silicon p-n junction solar cell [18].

2.1.2 Equivalent circuit
In figure 6, an equivalent circuit model of a solar cell is shown. The current generator I is
representing the photogeneration mechanism. The diode is representing the dark recombination
current. |s and Ip are the magnitudes of the currents. The diode and current generator are oriented in
opposite directions because diode current detracts from photogenerated current. There are three
resistors in the equivalent circuit. Rqhis a shunt resistor or any parallel high conductivity paths. These
shunts can be on the edges on of the solar cell or through the solar cell. They can be caused by
crystal damage, metallization spike through junction or other things. A low Rq, will degrade Vo For a
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good silicon cell Rsh should be at least 500 Q. Rsis representing the series resistance at the metal
contact to semiconductor interface and in the top of the semiconductor interface. A high Rs will
degrade loitand in a good cell Rsshould be less than 0.5 Q. There can also be a load R, in series with Rs
and V is across this load [16].

R. i

VAT

iﬁax I
¥y
o

Figure 6 Equivalent circuit model of a solar cell [19].

There are two interesting cases in the equivalent circuit; an open circuit and a short circuit across the
load. Isis the short circuit current if the load is shorted. Vo is the open circuit voltage across diode
and generator if the circuit is opened. If Ry is very large and Rs is very small, it will be equal to Is. For
an ideal case, Rsnis very large and R; is very small. The equation for output current is,

Y (1)
I=1Isc =1Is —Id = Is — IO(eth—1>

lois the diodes inverse saturation current, V is the voltage, n is the diodes ideality factor, Vris the
thermal voltage which is Vr= KT/q where K is Boltzmann constant, T is absolute temperature and q is
electrons electrical charge. Isis equal to Isc because its ideal case. In figure 7, it is shown the ideal
equivalent circuit model [19].
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Figure 7 Ideal equivalent circuit model of a solar cell [19].

For open circuit voltage the output current | is zero. The equation is given by,

av (2)
0 =1Isc—1Id =1Isc —10(enkT — 1)

And the open circuit voltage is given by,
nkT

Voc = i ] )

i[5 11
*n10+
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Equation 3 for Voc shows that the open circuit voltage increases as the saturation current decreases.
This equation also shows that higher n increases the Voc. For silicon cells n = Eg=1.12 eV which is
smaller than example GaAs cells which has Eg= 1.42 eV and will have a higher efficiency [20].

In figure 8, a |-V curve for solar cells is shown. The maximum power is given at Imp and Vmp.
Efficiency n is the ratio of input- and output power given by,
N = Poutput/ Pinput
N = maxVmax/Pinput (4)
N = IscVocFF/Pinout

Where FF is the fill factor. Fill factor is the squareness of the Pmaxcurve [21].
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Figure 8 Current vs voltage graph. I-V curve [22].

2.2 Power electronics
Power electronics circuits converts electric power with electronic devices from one form to another.
Semiconductor devices is used as switches to function power electronic circuits by controlling or
modifying voltage or current. Power electronic application are used in a wide area from high power
conversion equipment such as dc transmission and everyday devices such as power supplies to
computers or electric screwdrivers. The circuit of the devices varies from milliwatts to megawatts
and power electronic are used to control them. The typical conversation where power electronic
application is used, is when dc voltage is converted to ac voltage, ac voltage to dc voltage,
conversation of an ac power source where amplitude or frequency is changed, or conversation of
unregulated dc voltage to regulated dc voltage. In a power electronic application there is a circuit-
and control theory, electronics, electromagnetics, heat transfer and microprocessors for controls
[23]. An overview of the power electronics interface is shown in figure 9.
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Figure 9 Power electronics interface [24].

2.2.1 Inverter
Inverters used for PV systems converts dc power to ac power. An inverter can be connected to single
phase utility grid or three phase utility grids. The switching cycle is shown in figure 10. There are two
switching power poles where the inductance if the low pass filet is establishing the current ports of
the two power poles [25].

o e, ¥
S, (P': I] .54 ]9 = -ln.t D‘
L1 F'wo- Level
S —t - Gnd-
Al Cin T~ 1 E TC Connected
Svstem L Y .
(b s Inverter
-! a i) 3 :) TBJ D,
N LN | l & y . { . i T -

Figure 10 DC/AC converter [26].

The switching cycle average voltage is being synchronised as shown in figure 11.

Vi—

Voo = 05V,

Figure 11 Switching cycle average voltage for single phase inverter [25].
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This switching cycle average voltage can be calculated from,
Vo = Vg sin (wit) (5)

And the common mode power supply can be calculated from,
vd (6)

Veom =

From figure 11, the output pole voltage with respect to hypothetical neutral n can be calculated,
~ V0 . )
van=V7 and vbn=-V7 (7)

And the switching cycle average voltage are,
VAL BRI 7. S (8)
Van =—+ andvbN—2 5
On the dc side to calculate the switching cycle average current, the ac side current is assumed
sinusoidal and lagging between the output ac voltage Vo(t) = Vo sin (wt) with angle ¢,

To(t) = lo sin (wt — ¢) (9)

The ripple is assumed zero in the output current, then the output power can be calculated from the
average output voltage and average output current,
Po =\70 Io (10)

If the inverter is assumed lossless the average input current can be calculated by equating the input
power to the average power,

o= Vo Tok -V T# —= sin (wt-b) = 0.5 VT % — - V% _ 11
[ volo*Vd=VI*Vdsm(wtcb) 0.5VI*Vdcos(¢) O.55VI*Vdcos(2wt ) (11)

Equation 11 shows that the switching cycle average current has a dc component I which is
responsible for the power transferred to the ac side of the inverter [26].

2.2.2 SCR thyristors
Thyristors converters were historically used to preform task that now switch mode converters are
preforming. Now thyristor converters are typically used in very high-power levels for utility
applications. The thyristor converters can be considered as a controlled diode. Like diode, thyristor
controllers are available in very high currents and voltages. There are different types of thyristor
converters, but Silicon Controlled Rectifiers (SCR) are the most common. These thyristors are 4-layer
devices (p-n-p-n) which is shown in figure 12. When a reverse voltage across the thyristor is applied,
the current flow is blocked by the junctions pnl and pn3. When a polarity voltage across the thyristor
is applied and the gate terminal is open, the current flow is blocked by the junction pn2 and the
thyristor is in a forward blocking state condition. Applying a small positive voltage to the gate when
the thyristor is in forward blocking state will supplies a pulse of gate current that latches the thyristor
in its on state and the gate current pulse can be removed [25].

11
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Figure 12 Thyristor symbol to the left and 4-layer devices to the right [25].

A thyristor with an inductance and a resistive load in series is shown in figure 13 (a). At wt=0 the
input voltage begins its positive half cycle and if this was a diode the current would start to flow.
Thyristors is controllable and the start of conduction can be delayed with an angle a. There is
normally a small loss of voltage across the thyristor of 1 to 2 volts which we idealize as zero. vqis
equal to vsin figure 13 (b) and vgis shown with darker waveform. The current isis equal to vq4/R. Since
the current cant reverse through the thyristor, it is zero at wt=m and until the gate pulse is applied in
the next cycle. There is some delay in the current is because of the inductance. The average load
voltage value V4 is shown with the dotted line in figure 13 (b) [27].

{b)

Figure 13 Thyristor circuit with inductance and resistive load in series with waveforms [25].

The average load voltage V4 can be calculated with the formula,

TT
1 _ Vs (12)
Vd = E_f Vssin(wt) * d(wt) = o (14 cos)
a

Where Vs is peak of the input ac voltage.

12
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2.2.3 Single phase, phase-controlled thyristors
In figure 14 (a), a full bridge phase-controlled converter is shown. This converter is for controlling
rectifications of the single-phase utility voltage. To easier understand the principle it is redraw
without the inductance in the figure 14 (b). l4 is representing the load on the dc side.

Lg

1 3

(a) (b)

Figure 14 Full bridge single phase thyristor converter with redrawing for easier understanding [25].

The thyristors 1-2 and 3-4 are working as two pairs. a is the delay angle for the gate pulse supplied
for the thyristors. For thyristors 1 and 2 is the natural conduction wt=0 applied and for thyristors 3
and 4 wt=180. In figure 15, the waveforms of Vgand lgis shown.

-~ 'I.Fd

I - - e L _._,.-" 'L'KH
] . - N ——— e TR _____..-
o Mt.2 [‘!3.4 ! M 1,2
i — -
Ly 0 sammme 51
ﬂ, ____..-"- = = -..__-‘ 'rd == Tm T e wi
o =Iy ———— 2= wt

&
34 —fe—— 1,2 —le 34

Figure 15 Waveform of Vd and Id [25].

For the input voltage positive half cycle, thyristor 1 and 2 are forward blocking until wt= a where they

are gated when they immediately begin to conduct isbecause Ls is set to zero. In this state thyristor 3
and 4 becomes reverse blocking. Fora<wt<a+m,

V(t) = Vs (t) (13)
and
is(t) = ld (14)

13
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Equation (13) and (14) are valid for the positive half cycle until it reaches a + m and negative half
cycles. When it reaches the negative half cycles thyristor 3 and 4 is gated and lyis being conducted.
Fora+n<wt<a+2nm,

Va(t) = -Vs(t) (15)
And,
is(t) =-lg (16)

Equation (15) and (16) are valid for the negative half cycle until it reaches a + 2rt and the positive
halve cycle again and it restarts with equation (13) and (14). It is possible to calculate the average
voltage Vgacross the dc load of the converter. It is done by averaging the V4(t) from figure 15, in the
intervala<wt<a+T,

1

a+m . 2 (17)
Vd =— f Vssinwt * d(wt) = —Vs cos(a)
T J, I

The input current on the ac side is is shifted by the angle a which is shown in figure 15. The is(t)
fundamental frequency component has a peak value of,

4
Isl=-—1d (18)
T
Now as Vsand s is known, the power P from the AC side can be calculated with,
1
P = > Vs * Is1 cos(a) (19)
Assuming no power loss in the thyristor, the formula can be rewritten as,
(20)

1
P = 3 Vs = Islcos(a) =Vd=Id

From the waveform in figure 15, the dotted waveform is the fundamental frequency amplitude Is;
and the current is rectangular. The harmonics h of is can be expressed with Fourier analysis as,
Is1 (21)

Ish=——
U=

Where h is the odd values 3, 5,7 etc.

From the same graph, in figure 15, by the delay angle g, is: is displaced with respect to vs and the
reactive power is,

1
Q= EVS * [s1 * sin(a) (22)

So far, the inductance Lsis set to zero. Now it is assumed it is not zero, and the current on the ac side
takes finite time to reverse its direction through the inductance. The dc side will still be the same.
Now when the thyristors 1 and 2 is gated they will begin to conduct. The current is not jumping
instantaneously from -lgto +lg4, but it changes smoothly through L. Instead of calculating the volt-
seconds, volt-radian is calculated for Ls>0. Volt-radian can be calculated from v.= (Ls dis/dt) in the
interval a+u,

14
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dis dis (23)
f Vlid(wt) =Ls f It (wt) = wLs f Edt = wLs f dis = 2wLsld
a a =Id =Id

Equation (23) shows the voltage lost to circumstances and for each half cycle or for each i, equation
(24) can be used,

2
AVd = - wlLsld (24)

From the equation (17), Vd = 2/m V; cos(a) it not calculated with the inductance. Now as the loss
from inductance is known, the formula can be rewritten as

2 2
Vd = —Vscos(a) ——wLsld (25)
/s s

2.2.4 ACvoltage controller
Ac voltage controllers are converters which controls the voltage, current and power delivered from
and ac supply to and ac load. Switches are connected to the source for controlling voltage intervals.
The switches are controlling the phase of during every cycle from the source. Some of the waveforms
are removed before it reaches the load. There is also possible to connect and disconnect several
cycles with integral cycle control. This controls have a fast response time and can change from each
cycle. This technology is very common and used in everyday applications such as light dimmer
circuits and speed control of motors. Both input and output voltage are ac [28].

2.2.5 Single phase ac voltage controller
In figure 16, a single-phase voltage controller is shown. There are 2 electronic switches, one in each
direction. Because of these switches in parallel it is possible to have the current in both directions in
the load. This SCR connection is called invers parallel or antiparallel and is equivalent to a triac. It is
the same principle as in chapter 2.2.2 of SCR thyristors [29].

+ | ~ -[-'\ =

L I '] Ly
v, .. R
o

Figure 16 Single phase ac voltage controller [30].

In this case the current contains both negative and positive half cycles. For the circuit in the figure 16,
switch T; conducts when it is gated in the positive half cycle and conduct until the current reaches
zero. Here is the different from chapter 2.2.2, when the half cycle is negative. Switch T, is gated in the
negative half cycle providing a negative load current. If the gate signal for T is half period after T,,
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the negative half cycle analysis is identical to the positive half cycle except of the algebraic sign for
the current and voltage. The waveform is shown in figure 17 [16].

Figure 17 Waveforms for single phase ac voltage controller [31].

2.2.6 Single phase voltage controller with resistive load
The waveforms from figure 17 shows a single-phase controlled voltage controller with a resistive load
like a common light dimmer circuit. The voltage vs(wt) is,
Vs(wt) = Vmsin(wt) (26)
And the output voltage is,

YO(wt) = {Vm sin(wt), a<owt<mat+n<owt< 271} (27)

o, else

To determine the rms load voltage, advantage of positive and negative symmetry of the voltage
waveform is taken and necessitation evaluation of one-half period of the waveform,

(28)

a sin(2a)

Vo _ |2 [ Vmsi 2d i
,Tms = E_f ([Vmsin(wt)]) (‘Ut)—ﬁ p 21

When a is zero the load voltage is a sinus curve with the same rms value as the source. From this
formula the rms current through the load can be calculated from,
V0,rms (29)

10, =
rms R

The power factor (pf) can be calculated from,
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(V20,rms)
_ P _ P T R _ V0, rms
pf = S Vs,rmsls,rms V0,rms = Vs, rms

Vs, rms R
Vm a . sin(2a)
7 \/ AN
- vm
V2

a sin(2a
_ Jl__+ (2a)
T 21

When a is 0 the pf is 1 which is the same for an uncontrolled load without any controller. When a >0

(30)

the pfis between 0 and 1.

Because of the half wave symmetry, the average current in the source is zero. The average current in
the SCR is,

(31)

Vm

>R (1 + cos(@))

T
I 1fvm'(t)d(t)
scr,avg = — | —sin(w wt) =
9= ) R
a
And since each of the SCR carries half of the line current, the rms current through each SCR can be

calculated from the equation (32) [29],
10, rms (32)

V2

Iscr,rms =

2.2.7 Static VAR control
For power factor improvements a capacitor is placed in parallel with inductive load. For a load with a
constant reactive volt ampere requirement (VAR) a fixed capacitor can be used to correct the power
factor unity. A load with varying VAR requirement, changing power factor is arranged by the fixed
capacitor. A circuit is shown in figure 18 where an ac voltage controller is used for maintaining unity
power factor for varying load VAR requirements. A fixed amount of reactive power is supplied from
the power factor correction capacitance and it is more than required from the load. Depending on
the angle of the two SCRs, the parallel inductance absorbs a variable amount of reactive power. The
reactive power absorbed by the load is controlled to match the reactive power supplied by the
inductor capacitor. The delay angle is adjusted to maintain unity power factor after the VAR
requirements of the load changes. This type of correction of the power factor is known as static VAR
control. Static VAR control can change the load requirement quickly. Instead of having discrete levels
like capacitor banks, which are switched in and out with circuit breakers, reactive power is
continuously adjustable with the static VAR control [29].
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Figure 18 Static VAR control [32].

2.3 Energy storage
Thermal energy storage is storing heat which can be use later under varying conditions such as
temperature or power. The main use of thermal energy storage is to overcome the mismatch
between generation and use of energy. Energy is stored in a system where it is used at a later time.
There are several benefits with storing thermal energy such as achieving more efficient use of
energy, better system performance and reducing capital and operation costs because of high power
peaks. There are three main types of thermal storage, sensible heat storage, latent heat storage and
thermochemical storage [33].

Sensible heat storage is when temperature is increasing or decreasing temperature of a storage
material. The material can occur in different shapes as water, air, oil and so. There are advantages
and disadvantages for each material, but normally the material is chosen based on the heat capacity.

Latent heat storage is using the phase transition of a material usually by solid-liquid phase is
changed. Upon melting, heat is transferred to the material which is storing the heat at constant
temperature. An example for this is water used as ice for cold storage.

When a chemical reaction with high energy involved is used to store energy, it is called
thermochemical energy storage. The heat and the product should be able to store separately. High
temperature is used in the reactions, normally above 400 °C. Normally a heat exchanger is used to
transfer the heat to desired shape [33].

2.3.1 Thermal boiler
In figure 19 it is shown a domestic hot water heater. DHWH are a thermal storage which stores
energy as hot water. The cold water enters the tank in the bottom where the heating element is
placed. As the water is lighter when it is hot, it rises to the top of the tank. In the top the outlet of the
water is placed to utilize that the water is hottest in this area. The heating element is placed in
bottom together with the valve for cold water, and at the top of the tank, the outlet of water is
placed due to inertia in water temperature [34].
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Figure 19 CTC hot water tank [34].

2.4 Energy consumption profile
In figure 20 an energy consumption profile of a typical house for two days is shown. This profile is
based on the spot price in Kristiansand in January given by Nordpool and assume the grid load
follows the spot price changed from hour to hour [35]. This graph shows that the power peak is in
the morning between 06:00-10:00 and 18:00-22:00. The lowest grid load is during night-time at 3:00.
For an average household the energy consumption is 25000 kWh yearly. This is 68.5 kWh each day
and 2.85 kWh each hour. The graph below is adjusted so the average consumption is 2.85kW each
hour.

3600 T T T T T T

Grid consumption

3400 - -

3200 - -

3000 — 3

2800 - -

Grid consumption [W]

2600 - .

2400 — 3

2200 1 | | | | | | 1 |
0 5 10 15 20 25 30 35 40 45 50

Time [h]

Figure 20 Power peaks for a household through 2 days.

2.5 Water consumption profile
In figure 21 a water consumption profile of a typical house for a day is shown. The graph shows its
biggest consumption in the morning and in the evening. This graph shows the peak for a residential
house, while for hospitals, commercial buildings, offices etc the consumption profile is different. For
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a European household the water consumption is distributed between shower, bath, sink and
household applications like dishwasher, washing machine and cloth washes. It is showering which
uses most of the hot water and an average shower uses around 14 litres per minute [36]. The
temperature in a hot water tank must always be higher than 60 °C because of salmonella [37].

AN
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1] 2 4 [} a 0 12 14 16 18 2 22 M4
Tirmez (Howis)
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— Winmer
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Heat water use (litres per hour)
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Figure 21 Hot water profile for residential houses in Europe [36].

In Norway a household have a yearly average water consumption for both cold and hot water of

133760500 = 3751[38]. Around 190 | of this is hot water

137000 litres. Each day this is an average of
[36].

The specific heat capacity for water (Cv) is 4.186 J/g ¢ °C. Calculation for how much energy is needed
for heating 1 litre water is shown in equation (36)

Density of water is shown equation (33)

p= 997—k% where 1 m?is 1000 |. (33)
m
_997kg _ kg
P= Tooo1 0.997 L

And with density, the specific heat capacity (Cv) for water can be calculated in equation (34)

k
21862 o + 10008+ 09979 = 4173 gec (34)
g kg l l
Calculations from J to W is shown in equation (35)
1] = 1Ws (35)

3600) = 3600Ws =1W %3600s * 1Wh

36005

And the calculation for how much energy is needed to heat up 1 | water 1 °C is shown in equation
(36)

e (36)
w — 1 15917W_h (1)0(:
3600 o l
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3. Research Questions

In this thesis, the energy produced by a PV system is being stored as hot water. A controller is made
to control the water flow- and heating of water in a DHWH. The energy from the solar cells is heating
the water, and the system is connected to the grid which prevents the water from getting cold in
case of poor PV production. The water will be heated when the grid is outside the peak period, to
reduce load on the grid. An AMS meter is connected to measure the use of energy. Production from
solar cells will be picked up and registered on a computer to utilize the power produced. The
controller is connected to a temperature sensor, valve control of water and the heating element to
simulate relevant tests in a household. The system was tested during the energy research project and
a program was made in labview. From the results and discussion, it was concluded that a thyristor
had to be installed for more controls and further testing to reduce grid load in peak periods. From
this research, the thesis title is,

“System design for a solar powered thermal storage - to obtain reduction of demand side power
peaks”

The purpose of this work is to optimize heating of hot-water and to utilize PV-production with the
grid and water consumption in consideration, without affecting the end-user. The PV produced
energy is used to heat the water rather than deliver back on the grid. To avoid grid load peaks a
thyristor is controlled, and the electrical heater is only supplied with the solar production as much as
possible. From research the electricity and water consumption profile are high in the evening and in
the morning. Since the PV production is highest in the middle of the day, this task will try to store this
energy and use it in grid load peaks. Is it possible to avoid grid peak periods and heat up the water
with solar power without affecting the end user?

Different tests which corresponds to a household are set up and simulated. The results show how the
temperature in the tank is changing and how this affects the grid.
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4. Methods

4.1 Physical model
In figure 22, an overview over the system is shown. The PV panels are connected to micro grid
inverter. Two panels are connected in parallel to one micro grid inverter. These inverters are
connected to wifi and are sending production information to a computer in the lab. It is also
connected to grid and its own fuse. On the fuse, a smart meter is installed to measure the energy
consumption. This fuse is installed for this system, and only the domestic hot water heater is
connected. On the DHWH, it is installed a temperature sensor and a switch to open and close a valve
for the water. The computer is receiving data from the temperature sensor and the labview model
specifies when the valve should open and close. There is also a thyristor controller connected before
the hot water tank to control the power delivered to the heating element. How much power
delivered to the heating element in the hot water tank is specified by the computer and the labview
model.

Water
heater
tank

Figure 22 Flowchart of the system.

4.1.1 PV panels
Figure 23 shows 4 PV panels which is used in this report. Each PV panel has a peak power at 250 W
and 2 panels are connected to 1 inverter in parallel. These PV panels uses polycrystalline technology
which has lower efficiency, but also lower cost [39]. A picture of the panels is shown below. They are
mounted on top of the roof at UiA. The micro grid inverters are mounted at the back of 2 panels.
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Figure 23 Picture of the 4 PV panels used.

In figure 24, it shows how the values from the PV panels are shown in the computer in the lab. The
power of each panel is measured, and they are added together for the total production.

4040001 TTSET-A 214w .0 Hz M4V 14°C 2009-05-18 17:12:14
404060071 7 T3R7Y-H 1w MO Hz 244N 142C 20080-03-18 1711214
4040001920353-A 206 W .0Hz 43V 139C 2009-03-18 17:12:14
A0400162053. B 210W 30.0Hz FLERY 19°C 2009.03-18 17:12:14

Figure 24 Picture of the PV production.

Figure 25 shows the electricity demand for a household and the PV production over 2 days. The PV
production are at highest at daytime when the electricity demand is quite low. Therefore, it is useful
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to store the energy and use it when the electricity demand is high. The water demand profile follows
the grid profile. The DHWH will work as the energy storage in this thesis.
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Figure 25 PV productions and electricity demand over 2 days.

4.1.2 Micro inverter
In figure 26, one of the two micro inverters mounted on the PV panel is shown. This micro inverter
has maximum input 500W and has 2 inputs for PV panels. Two panels are connected to each inverter
in parallel, and the inverter transmits the power from dc to ac with 95.5% efficiency. A cable is
stretched from the roof and to the PV-lab. In the PV lab it is connected to its own fuse. From this fuse
there is one socket for the water heat tank.

Figure 26 Micro grid inverter mounted at back on the PV panel.

To use the power from the PV panels to heat up the water, the production must be known. A wifi
module is connected to the microinverters to show the production. This production is then possible
to read on the computer in the PV-lab for further experiments. It also has a display where the
production can be read without the computer in the PV lab.
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In figure 27, the fuse box in the PV lab is shown. One fuse is connected to the micro grid inverter and
one fuse has a socket for the DHWH. The third fuse is for another PV system which is disconnected
and not used in this thesis. For measuring how much electricity is used from the fuse with the hot
water tank, an AMS is installed. This is also connected to wifi and the values can be read on the
computer in the lab.

Figure 27 Fuse box in the PV lab.

4.1.3 Control system
To be able to control the water heater tank, some measurements and controls are necessary. One
sensor installed is for the temperature in the water. This is important for the control system, so the
water temperature won’t be too low or too high. There are two control signals for the tank, one is for
the valve and one is for the heating element. The valve switch is used to discharge the hot water
from the tank and fill it up with cold water, just like in households. The other control is the thyristor
regulator to control how much power the heating element is allowed to use. This is used for the
heating element to heat the water only with the self-produced PV energy. On sunny days where the
solar panels can produce up to 1 kW, the heating element is only supplied with the self-produced PV
power between 0-1000 W and no power from the grid is used. In figure 28, an overview of the
national instrument (NI) modules are shown.
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Figure 28 Overview of the NI modules connected to the hot water heater and labview.

In figure 29 it is shown the valve controller installed for the system. With this controller it is possible
to open and close the valve with a water profile from labview.

Figure 29 In this picture the valve controller for the water tank is shown.

4.1.4 DAQ modules, NI 9474, NI 9216 and NI 6211
NI 9474 is a digital output module connected to labview. It is compatible with signals from 5 to 30V
and works with logic levels and signals directly to a lot of switches, transducers and other devices. In
this case it is used for the valve and can open/close the valve. This device is connected with the logic
in LabVIEW to control the valve as desired. By discharging the tank with this valve control, a
simulation for normal households can be done.

NI 9216 is a resistance temperature detector temperature input module. It receives digital signals
and they can be read in LabVIEW. This module is connected to LabVIEW to measure the temperature
in the water tank, so it won’t be too high or too low. This is used in the simulations to simulate
normal households. The temperature sensor is installed in the bottom of the tank where the cold
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water is entering. This is done because the temperature can be different in different places in the
tank. It is important that the water is minimum 60 °C because of salmonella.

NI 6211 is a multifunction module which is used to send analog output signal from labview to the
thyristor. The thyristor can then be controlled to powering the heating element as wished. The signal
used in this task is 0-10 V. In figure 30, all the NI modules used in this thesis is shown.

- AEEENER
P —— L] v n

]

Figure 30 DAQ modules.

4.1.5 Thyro HRLP3

To utilize the power produced from the PV panels, a converter for control of the power delivered to
the hot water tank was needed. After some research a Thyro HRLP3 was ordered so it could be
installed in the system. The Thyro is a thyristor power controller with system bus interface,
integrated semiconductor fuse, synchronization option and control of voltage. It is possible to
program it and read data from a software adapted to this converter. The ac input voltage range for
the converter is 172V to 440V. A 24V power supply ac or dc is installed to power the internal system
in the thyristor. It is 1 phase and has 50 Hz operating frequency, so it fits to the grid in the lab. The
operation mode can be TAKT, VAR or QTM. The setpoint input can be 0-20mA or 0-10V where the
precision is better than 3% with U control and better than 1.5% with | control. The Thyro also has led
lights for error message and for how much the output is. This is an indicator and is useful for
monitoring the system and to troubleshoot if there is something wrong. A picture of the Thyro is
shown in figure 31.
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Figure 31 Picture of the Thyro after it is installed.

The software which came with the Thyro was limited, so the parameters was set manually. Table 1
shows the DIP switch for the Thyro. S1.1 and S1.2 are the operating mode. S1.1 is set to zero and S1.2
is set to one, then the operating mode is VAR. S1.3, S1.4 and S1.5 are all set to zero and this is the
control mode which is set to U*U. Setpoint is given by 51.6, S1.7 and S1.8. They are all set to zero
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which is 0-10V setpoint. This signal is supplied to the Thyro from Labview. S.9 is set to 0 and S.10 is
set to one. This is analog output which are set to 0-10V.

Table 1 Setpoint for the thyristor.

Switch Value
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

P OO|lO0O|O0O|O0C|O|O|F]|O

The DIP switches are shown in figure 32.

51.10
518 :-’_j
518

517 9
516 —
15 —
514 —

513 —=
s12

211 =§

Off =@—p= On

Figure 32 DIP switch for Thyro.

Figure 33 shows the electrical connectors for the Thyro. It is installed before the heating element for
the hot water tank. L1 is entering at U1 and leaving at U2 where it continues to the heating element.
After U2 there is a connection between N and X.1.1 with a 2 A fuse. This is done to synchronization of
the ignition pulse. The ground is connected to GND. The setpoint 0-10 V is connected to X2.3 and
X2.4. A pulse lock jumper is installed between X2.1 and X2.2. The power supply which is 24V dc is
connected to X11.1 and X11.2.

LU LU LU
Rs X =

=

*1 K10 11 Xz h ek X3

|:_|;| D;l I:_I;IIIIIIIIIIHI=IIIIIIIIII_INI_HI

4 B3 A Is EROCh - 0O WD A

Figure 33 Electrical connection on the Thyro.
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To test he thyristor in the program it was logged for 20 hours. At some intervals it should run for 1.95
kW and when the PV panels had production it should only deliver the same amount of power to the
heating element as the PV production. The dc voltage delivered from the labview program was 0-10
V. This was a rainy day with lack of sun, but the graph below shows the input dc voltage and how the
temperature raise with it. When the dc voltage is 10 V the temperature is growing fast, and when the
dc voltage is around 1V, there is some temperature raise. The temperature is falling when the dc
voltage is below 0.25 V which is under 50 W delivered to the heating element.
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Figure 34 DC power delivered to the thyristor and temperature.

4.1.6 Water tank
Figure 35 shows the water tank with the junction box and the thyristor at top of it. There is also other
sensors and controls installed to the tank which is not used in this task. There is also installed an
on/off button for the valve and the heating element on top of this junction box. The water tank has
194 litres capacity. The heating element for this tank is 1.95 kW.

Figure 35 Hot water tank with junction box and thyristor at top of it.
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The tank with 194 | water capacity is a normal hot water tank for households. It has a mechanical
thermostat which can be turned from 65-80 °C. Water is entering the tank with around 7 °C.
Calculation to heat up whole the tank from 7 °C to 65 °C is,

Wh (37)
Cv = 1.15917T $°C* 1941 = (65—7)°C = 13042—Wh = 13.04 kWh
1000m
And the time needed to heat 194 liters to 65 °C s,
13.04 kWh (38)

Tos5rw - o07h

6.67 hours is the time the electrical heater must be turned on to heat the water from 7 to 65 °C. This
test is also done with the labview model and the water tank. The valve was opened for a long time
and the water was stabilised at around 7 °C. After 23200 seconds or 6.72 hours, the temperature
reached 65 °C. This is a bit more than the theoretical value, due to inaccuracies in the temperature
and due to some heat loss. The graph of this test is shown in figure 36.
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Figure 36 Water temperature in the tank.

375 lis total consumption of cold- and hot water. According to Hafslund, the water heater tank is on
for 70 hours each week which is 7 hours each day [1]. The equation below shows how much energy is
needed each day,

7h*195kW =13.65 kWh (39)

With 13.65 kWh, it can be calculated how much water is heated each day. The mechanical
thermostat is set to 70 °C standard, and the calculation is shown in equation 40,

13650 Wh (40)
T = 18691

115917 rgoe* (70 = 7)°C
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According to CTC, Ferro Term is their bestseller of all times. Therefore, the thesis is based on the fact
that this hot water tank is average for households in Norway. When the valve is discharging the
DHWH, 1 litre is discharged every 3 seconds [40].

Comparing the water profile from the theory and the fact that a house uses around 190 | hot water
each day, different water profiles can be made. The main usage of water is in the morning and in the
evening due to showering, and household appliance is running at these times. Figure 37 shows a
typical valve profile for a household and similar profiles are used in tests. In the morning, the valve is
open until 75 liters is emptied, and the same for the evening. In the middle of the day, the valve is
opened for 2 small cycles and emptying the tank for 15 liters each time.
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w B a
o o o
T T T

Water drainage [liter]

N
o
T

Time [h]

Figure 37 Water profile.

There is also some heat loss in the water to the surroundings. To measure this the tank was heated
up and the temperature fall was logged over 5 hours. The temperature dropped from 63.9 °C to 60.3
°C. Calculation of the heat loss is shown in equation 41,
Wh 1Wh (41)
1.15917T $°C+ 1941 = (63.9 — 60.3) °C * —Wh = 0.81 kWh

1000m

0.81 kWh is the power lost over 5 hours which means 3.88 kWh is lost over 1 day. This is shown in
figure 38.
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Figure 38 Temperature drop over 5 hours.

It is also interesting looking at the water demand profile and the electricity demand profile. Figure 39
shows the electricity profile and the water profile over 48 hours. It shows that the water is used
when the electricity demand is high. The hot water tank normally uses around 15-20% of the total
electricity demand in a household and that is why the electricity demand is high at the same time as
the water consumption is high, which makes the grid load high in the same period.
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Figure 39 Electricity profile and water profile.

4.2 Labview
Labview is a graphical program which visualize every aspect of application including hardware
configuration, controls and measurement data. With labview it is possible to read temperature, read
PV production, turn on and off the valve, and with the thyristor, it can deliver power from 0-1950W
to the heating element. Each part is inserted into a logical program so that every part depends on
each other and communicates. The valve is open and closed based on a water consumption profile.
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Labview is sending a digital output signal to the NI 9474 module which opens and close the valve.
Temperature in the tank is measured and sent as a digital input signal to NI 9216 so it can be read in
labview. To heat the water an analog output signal is sent through NI 6211 to the thyristor to control
the heating element. Data from the PV system is also measured and used in labview to make
constrains for the system. This data is coming from the micro grid inverter which send it by wifi.

Figure 40 shows where the parameters for the heating element and valve is set. Tmax and Tmin is
also set here. The time in hours and days is set for how long the simulation will last. There are
intervals where a lower limit and higher limit is set for heating element and valve. When the time is
between these limits, it turns on. Else it is off. Tmax morning and Tmin morning is used to increase
the temperature in the tank in an interval. This is useful to heat the water in the night when the load
on the grid is low. Thyristor time is set to reduce the power in grid load peaks. PV and Json is the URL
address to get the production from the PV panels and to measure the load on the fuse with the hot
water tank from the AMS.

http://192.168.1.101/cgi-bin/home

http://192.168.1.103/output.json

Figure 40 Screenshot of the controlpanel where the parameters are set.

Figure 41 shows the graphs in labview. This is helpful during the simulations to show the values and
how each parameter is operating. The graphs from labview is not used in the report, but only an
indicator during simulations. Instead the values are logged in another file so it can be handled with in
matlab.
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Figure 41 Screenshot of the graphs during a test.
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In figure 42, the logging of the values is shown. Here it is possible to choose which values should be
logged and which should not. When they are logged here, they can be handled in matlab for better

display and more opportunities. Each parameter is logged as a .lvm file.

Filename 4
a C:\Users\PV\Desktop\Logg\PV_log.lvm ;b_] Json Log Temp Log
Filename O

‘ PV L
! | C:\Users\PW\Desktop\Logg\ =2 Vaiuelog 09
Filename 3 Thyristor
lq C:\Users\PV\Desktop\Logg\ = Heat element log

Filename 2

C:\Users\PW\Desktop'\Logg\ E‘
18 Valve_log.lvm

Filename 5
ly Ci\Users\PV\Desktop\Logg\ "=l
| Heatingelement_log.lvm

Filename 6

C:\Users\PW\Desktop\Logg\ E‘
' Thyristor_log.lvm

Figure 42 Screenshot of the logging control.

36



al

U - Universitetet

System design for a solar powered thermal storage - to 1A i Agder

obtain reduction of demand side power peaks

A

4.3 Logic
In figure 43, a flow chart for the program is shown. When the time is on, the first thing that is
checked is the temperature. If the temperature is below Tmin, heating element is always on, so the
end user won’t be affected. Since the grid load is lowest in the night the Tmin is increased at this
time. If the temperature is above Tmaks, the PV production is delivered to the grid due to high
pressure in the tank. As an extra safety, the valve is opened if the temperature is above 100 °C. When
there is PV production, all the power produced is delivered to the heating element to heat up the
water and store the energy as hot water. Since the PV production is highest during daytime when the
grid load is low, it is useful to store it and use it in the evening when the grid load is high.
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5. Results

Several tests have been made to simulate different scenarios for a household. It is made a graph for
the grid load, as it is quite similar each day. Because there are many houses connected and the
average load on the grid is stable, the same grid load profile is used in every test. In the tests, the grid
load peak has been avoided as good as possible. The most important is to not affect the end user,
and make sure the hot water tank does not store bacteria. In the beginning, some tests were made
before the thyristor were installed to compare the tests to each other. Since the average water
consumption for a household is around 190 liters each day, each test empties the tank for this
amount of water, but in different intervals. From research, the largest consumption is in the morning
and in the evening, therefore the tank empties most water in these timeframes in every test. As the
highest grid load is in the same interval, the heating element avoids these intervals as far as possible.
The minimum temperature is also set for 60 °C and when the temperature is below, the program is
set to turn on the heating element until the water is 5 °C above Tmin. Tmax is set to 95 °C due to high
pressure if the water goes above this. When the temperature reaches Tmax, the PV produced power
is delivered to the grid instead of to the heating element.

51Test1
This test was done before the thyristor was installed and the test was started in the morning at
10:00. At this point the labview program raised Tmin to 65 °C when there was PV production over
100 W. For PV production over 500 W, Tmin was raised to 70 °C.

As shown in figure 44 a, the temperature is stable at 60 °C until the valve is opened. In figure 44 b,
the 3 valve openings in this test is shown, the first time it empties the tank for 20 litres, the second
time 30 litres and the third time 80 litres. The parameters for test 1 are shown in table 2.

With this setup the heating element used a lot of power from the grid in the peak period. Figure 44 d
shows the heating element power and figure 44 e shows a grid profile for an average household.

Table 2 Parameters for test 1.

Time 42 hours
Tmin 60

Tmax 95

Valve open during day 60 seconds
Valve open evening 240 seconds
Valve during day 90 seconds

During the night, it was still possible to increase Tmin to reduce the power needed in the morning
when there is high water consumption. During the day when the PV panels produced power, it was
not possible to heat the water without the grid. As shown in figure 44 c, the PV power varied from 0
to 700 W. With this production, it was needed 1250 to 1950 W from the grid. There were also some
network problems with AMS and it was disconnected. It had to be reinstalled and were repaired for
further tests.
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Figure 44 Results before the thyristor was installed, test 1.

5.2Test 2
To look at the solar potential, the production was logged over 1 week. From PVGIS the average PV
production in April is 4.7 kWh [13]. Figure 45 shows the production for the 4 PV panels which is
installed for this system. The average production through this sunny week was 6.3 kWh each day.
This is high, but it shows the potential for energy production and there is energy which could be
stored. If this energy can be controlled and used when needed, the load on the grid can be reduced
of the same amount of power. While the PV production was logged, the thyristor controller was
installed for further tests.
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Figure 45 Results of self-produced PV power over a week, test 2.
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5.3Test 3

In this test the thyristor controller was installed. At a sunny day it was tested to heat the water only

with the power from the PV panels and without affecting the grid. Over 10 hours, the temperature
raised from 12 °C to 52 °C as shown in figure 46 a.

In figure 46 b the PV production is shown, and the highest temperature raise is in middle of the day
when the production in the PV power is between 900 and 1000W. With the formula from equation
36, the total energy stored as water for this day is calculated to 8.9 kWh. This result shows the PV
production can’t heat all the water itself above Tmin, because the production is too low, and the grid

is also needed to heat it up. The AMS meter shows no power taken or delivered to the grid in figure
46 c.
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Figure 46 Temperature raise with self-produced PV-power, test 3.

5.4Test 4

This test was going for 45 hours. The Tmin was set to 65 °C and Tmax to 95 °C. It started at 10:00 and
there was just one small valve opening during the day, discharging the tank for 10 liters. The valve
openings are shown in figure 47 b. In the evening there was a valve opening which discharged the
tank for 80 litres. At this point the temperature decreased to 30 °C and the heating element was
turned on to heat the water up to Tmin. Temperature during test 4 is shown in figure 47 a.

In the night, the Tmin was raised to 85 °C when the grid load was low. The valve then opened again in
the morning discharging the tank for 80 litres. Due to low temperature, the heating element is turned
on even if the grid load is high. The heating element power is shown in figure 47 d.

During the day when there is good PV production, the water is heated only with this self-produced
energy. Figure 47 c shows the PV production and figure 47 a show the temperature raise to around
95 °C. At this point some energy is delivered to the grid due to avoid high pressure in the tank. There
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are also 2 small valves opening discharging the tank for 10 litres each time. The temperature is high
here and no energy from the grid is needed. The parameters for test 4 are shown in table 3.

In the evening the valve is turned on, discharging the tank for 80 litres. The heating element is turned
on until the water temperature reached Tmin.

The last time the heating element was turned on, this test was during the night to increase Tmin to
the next morning.

The first 21 hours, the tank was emptied for 90 litres. The next 24 hours, the tank is emptying for 180
litres which a normal water consumption for a household. The heating element is only turned on for
1.39 hours the first day and 5.7 hours the other day. The heating element avoids the grid load peak in

the evening, but in the morning the temperature gets too low due to long valve opening and need
some power from the grid.

Table 3 Parameters for test 4

Time 45 hours
Tmin 65

Tmax 95

Tmin from 03:00-06:00 85

Valve open morning 240 seconds
Valve open evening 240 seconds
Valve during day 90 seconds

Figure 47 shows the temperature in the tank, the valve openings, the PV production, the heating
element and how much power it is turned on with, and the average grid consumption.
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Figure 47 Results for test 4.
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In table 4, it shows how much power is taken from the grid. The first interval, all the power is taken
from the grid because of no PV production. The water is heated up during the day which reduce the
power needed at this time to reach the Tmin.

The second interval is in the night to raise the Tmin and at this time the grid load is low.

The third interval is in the morning after a long valve opening. Here the temperature is high because
of the Tmin raise in interval 2. Due to some PV production the grid is charged with 450 W less and
the average power taken from the grid is 1500 W.

The fourth interval is similar to the first where there is a valve opening in the evening and the heating
element is turned on to heat the water above Tmin.

The fifth interval is similar to the second one where Tmin is raised during the night to increase
starting temperature for the morning.

Total water usage for this test was 270 litres and 12.4 kWh are taken from the grid to heat the water.
From equation 36, to heat 270 litre of water, 18.1 kWh is needed which means 5.7 kWh have been
produced with the PV system and stored. This is shown in the table below.

Table 4 Test results for test 4.

Interval Time [hours] Mean power taken Total energy taken
from grid [W] from grid [Wh]

1 1.39 1950 2710.5

2 1.89 1950 2685.5

3 1.06 1500 1590

4 1.35 1950 2710.5

5 1.41 1930 2721.3

Total 12417.8

In figure 48, it is shown the heating element power (a) and a grid load profile for an average
household (b). Figure 48 (a) is the actual power taken from grid to the heating element. Between
hour 35 and 40 there is negative values because it delivers power to the grid. The second graph show
the average energy consumption for a household.
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Figure 48 Energy taken from grid and grid profile from test 4.

Test 4 is the first one with the thyristor controller installed and where a water profile for a household
is simulated. The parameters are set to simulate a household with an average water consumption.
The results show 5.7 kWh is stored as hot water and the grid load is reduced with the same amount
of energy. There is still energy taken from the gird in peak periods because of low temperature.

55Test5
This test was started at 10:00 and ended at 02:00. As the starting temperature was low, the heating
element was turned on until the water reached 60 °C. Some of the power came from the PV panels
and some from the grid. The temperature during the test is shown in figure 49 a.

After the temperature reached 60 °C, the power from the PV production continued to heat up the
water to around 80 °C before the valve was opened and emptying the tank for 10 litres at 15:30.
There is a drop in the temperature after the small valve opening to around 70 °C, but the PV is
heating it up to around 80 °C again. There are three valve openings in test 5, and they are shown in
figure 49 b.

Three hours later, at 18:30, the valve is opened for the second time and emptying the tank for 10
litres. Now the PV production is poor, and the temperature is not heated because there is high load
on the grid in this period and the temperature is above Tmin. The PV production during the day is
shown in figure 49 c and the power delivered to the heating element is shown in figure 49 d. Figure
49 e shows a gird profile for an average household.

In the evening the valve is opened for the last time and emptying the tank for around 80 litres. The
temperature drops to around 30 °C and it is needed power from the grid to heat the water up again.
This was a cloudy day with unstable PV production and still the temperature is raised to around 80 °C
with 2 valve openings. The parameters for test 5 are shown in table 5.
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Table 5 Parameters for test 5.
Time 16 hours
Tmin 60
Tmax 95
Valve open evening 240 seconds
Valve during day 30 seconds x2
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Figure 49 Results for test 5.

In table 6 it is shown how much power is taken from the grid. As the water started with low

temperature the heating element was turned on for 2.41 hours with an average of 1250 W taken

from the grid.

In the evening the heating element was turned on for 1.2 hours until the temperature reached Tmin.

Total water usage for this test was 90 litres and 5.3 kWh are taken from the grid to heat the water.

As all the water also needed to be heated from 31 °C to 60 °Cin the start. Total 90 litres are emptied,
and 194 litres is heated from 31 to 60 °C. The energy needed for this is 11.6 kWh. This means the PV
produced energy stored as hot water this day was 6.3 kWh. This is shown in table 6.

Table 6 Results for test 5.

Interval Time [hours]

Mean power taken
from grid [W]

Total energy taken
from grid [Wh]

241

1250

3020

1.20

1950

2347.6
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Total | 5367.6

Figure 50 shows the heating element power taken from grid (a) and a grid profile for an average
household (b). Figure 50 a is the actual power taken from grid to the heating element. No power is
delivered back to the grid in this test because the temperature in the tank never reached Tmax.
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Figure 50 Energy taken from grid and grid profile from test 5.

This test was done to simulate a lower water consumption. From the graphs, it shows that energy
still is needed in grid load peaks.

5.6Test6
Test 6 was started at 05:00 in the morning and lasted for 24 hours. The temperature started at 60 °C
and the Tmin was raised to 85 °C due to low grid load. The tank used 111 min to heat the water up to
85 °C. There was also some PV production which increased the temperature to almost 90 °C. The
temperature during the test is shown in figure 51 a.

After 6 hours when the clock was 11:00 the valve was turned on, discharging the tank for 70 litres. All
the valve openings are shown in figure 51 b. The temperature dropped below Tmin to around 35 °C
and was heated up as the heating element was turned on with full power until Tmin was reached. It
used 53 minutes to reach Tmin and as shown in figure 51 c, the PV production was between 600 to
1000W, and the average power taken from grid was 1180 W.

In the middle of the day it was 10 small valves opening, emptying the tank for total 50 litres. There
was enough PV production to heat the water without the grid at this point. In the evening there were
two valve openings. The first one made the temperature drop to 55 °C and the heating element was
turned on for 21 minutes to heat it up again. The average power taken from the grid was 1925 W.
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The last valve opening this day, discharged the tank for 70 litres and dropped the temperature to 25
°C. At this time, there was no PV production and all the power were taken from the grid to heat the
water up again. This time the heating element was turned on for 76 minutes and all the power was
taken from the grid. The power delivered to the heating element is shown in figure 51 d. In figure 51
e a grid profile for an average household is shown to compare the power delivered to the heating
element and the grid peak.
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Figure 51 Results for test 6.
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Table 7 shows the power taken from the grid. There were four intervals where the heating element
was turned on with full power due to low temperature.

In the first interval the heating element was turned on for 1.85 hours, increasing Tmin before high
water usage in the morning.

In the second interval, the heating element was turned on for 0.88 hours in the grid load peak period
due to low temperature. The PV production was high, and the average power taken from grid was
1180W.

In the third interval the temperature was turned on for 0.35 hours due to low temperature. The
water was quick heated to above Tmin.

The fourth interval is when there was a large valve opening and the temperature decreased to 25 °C.
The heating element was turned on for 1.27 hours before the temperature reached Tmin.

Total water usage for this test was 190 litres and 7.8kWh is taken from the grid to heat the water. To
heat 190 litres to 65 °C, 13.0 kWh is needed. In this test it means 5.2 kWh is produced and stored as
hot water.

Table 7 Results for test 6.

Interval Time [hours] Mean power taken Total energy taken
from grid [W] from grid [Wh]
1 1.85 1950 3607.5
2 0.88 1180 1038.4
3 0.35 1925 673.7
4 1.27 1950 2476.5
Total 7796.1

In figure 52, it is shown the heating element power (a) and a grid load profile for an average
household (b). Figure 48 (a) is the actual power taken from grid to the heating element. At 11:00 and
between hour 14:30 and 17:00, there is negative values because it delivers power to the grid. The
second graph show the average energy consumption for a household.

48



al

System design for a solar powered thermal storage - to

U . Universitetet
. . . [ i Agder
obtain reduction of demand side power peaks

o)

2000

T T T — T
Powertaken from grid
1000 ﬁ —
0 ”

‘\
15

Power taken from grid [W]

20 25 30

-1000 L
5

10

(a) Time [h]

3400

Grid profile B

3200

3000

Grid [W]

2800

2600

2400

(b) Time []

Figure 52 Energy taken from grid and grid profile for test 6.

In this test, there is needed a lot of energy in the grid load peak. There have been done 3 tests with
different intervals and different water consumptions after the thyristor is installed. Even when the PV

production is good, there is not possible to avoid grid load peaks. After these tests, the program is
changed for test 7.

5.7Test 7
Test 7 lasts for 45 hours, and before it was started, some changes were done in the labview program.
From previous tests, it is known that the heating element is turn on for shorter intervals in the grid
peak because the water is pre-heated during the night and during daytime with PV production. Now
a new constrain is inserted, and the heating element will not use more than half the power in grid
peak periods. This means in the morning between 06:00-10:00 and in the evening between 18:00-

1950 W — 975 W.

22:00, maximum power taken from the grid is

This test was stared 19:00 and the temperature started at 60 °C. To simulate a household the valve
was first opened in the evening and emptying the tank for 80 litres. As this valve opening was in a
grid load peak, the heating element was turned on with half power, even the temperature was low.
The temperature in the DHWH during test 7 is shown in figure 53 a and the valve openings is shown
in figure 53 b.

The heating element was on with half power until 22:00 when the grid load is lower and then it
turned on with full power until the temperature reached 60 °C. Like the previous tests, it was turned
on again during night to raise the starting temperature for the morning. The power delivered to the
heating element is shown in figure 53 d.
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In the morning the valve was opened and discharging the tank for 80 litres. As this is in a grid load
peak, the heating element was turned on with half power. The PV production had also started for the
day, and the power taken from grid is between 450 and 50 W. The valve openings during test 7 are
shown in figure 53 b and the PV production is shown in figure 53 c.

During the day, the valve is opened 6 times discharging the tank for 9 litres each time. Because of
high PV production, no load from the grid is needed.

In the evening 80 litres are discharged again, and the temperature decrease below Tmin. The heating
element is turned on with half power again because it is in a grid load peak.

During the night Tmin is raised to 85 °C and the heating element is running for full power. The
starting temperature for the last day is high, and the tank is discharged for 80 litres. As the PV
production is poor, almost all the power delivered to the heating element is taken from the grid. The
heating element is running for half power as it is grid load peak. The parameters used in test 7 is
shown in table 8.

Table 8 Parameters for test 7.

Time 45 hours
Tmin 60
Tmax 95
Valve open morning/evening 240 seconds or 80 litres
Valve during day 27 seconds each time or 9 litres
Heating element power reduced to half 06:00 to 10:00
18:00 to 22:00
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Figure 53 Results for test 7.
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Figure 55 show the heating element power (a) and a grid profile for an average household. Figure 55
a is the actual power taken from grid to the heating element. As figure 55 a and b shows, the heating
element is using max 975 W in grid load peaks to reduce the peak. In the first morning there is less
than 450 W taken from grid due to good PV production. In the second morning the PV production is
close to 0, and almost all the power is taken from the grid. In low grid load periods, the heating
element is running with full power.
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Figure 54 Energy taken from grid and grid profile for test 6.

The average and total power taken from the grid is shown in the table below. Total water usage for
this test was 374 litres and 14.1 kWh are taken from the grid to heat the water. To heat 374 litres to
60 °C, 22.9 kWh is needed. In this test it means 8.8 kWh is produced and stored as hot water. The
power taken from grid in peaks is never higher than 975 W. This is shown in table 9.

Table 9 Results for test 7..

Interval Time [hours] Mean power taken Total energy taken
from grid [W] from grid [Wh]

1 2.14 975 2085

2 0.42 1950 823

3 2.12 1890 4013

4 1.48 310 455

5 2.06 975 2013

6 1.76 1910 3353

7 1.56 910 1416

Total 14158
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In test 7 the total energy stored is comparable to test 4, 5 and 6. The main difference is that the
power taken from grid in peaks are reduced to half. This makes the power taken from the grid more

even through the day.
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6. Results and Discussion

6.1 Discussion
Tests two show that there is big potential in the PV production. The water profile and grid profile
show when the grid load is high. The PV production during a day is starting early in the morning and
ending in the evening. The grid load peak is in the morning after the PV production has started, and
in the evening before the PV production has ended. In the middle of the day when the PV production
is at its highest, the grid load is low. Therefore, all the energy is stored and used in the peak period in
the evening.

Because of high water consumption in the morning, Tmin is turned up during the night at low grid
load period to decrease the power needed in the grid load peak. Figure 47, 49, 51 and 53 shows that
increasing the temperature during the night, reduce the power needed in the morning, but not
enough when much water is discharged from the DHWH. The heating element is turned on even in
the grid load peak period to avoid temperature below Tmin in the first 6 tests. Since the PV
production already has started, the heating element uses less than 1.95 kW depending on the sun
conditions. From these test results and PV production graphs, it is known that in the peak period in
the morning, the PV production is between 30-50% of max installed capacity in sunny days. For this
system it means 300-500 W is coming from the PV production and the rest is coming from the grid. In
the morning grid peak period, the power taken from the grid is reduced with 300 to 500 W in test 1-
6.

From the first test, the labview program was tested and without the thyristor controller it is not
possible to utilize all of the self-produced PV power. It was possible to choose intervals to turn on the
heating element and avoid some of the grid load peaks. Tmin was increased when there was PV
production to heat the water without taking all the power needed for the heating element from the
grid. After this test the thyristor was installed and meanwhile the PV production was logged and
showed in test 2.

For the third test the thyristor was installed. The first test after the thyristor was to heat the water
only with the power from the PV system. It shows that the power from the PV system is not enough
to heat the temperature to above Tmin during a day. All the power from the PV system is utilized
with the thyristor controller and stored as hot water. From this test it is known the grid is needed and
a logic between the PV production, grid load peaks and temperature are set up for further tests.

The fourth test lasted for 1.5 day. The first day it was used 90 litres of water and the second day it
was used 180 litres of water. To heat 270 litres of water to 65 °C, which was Tmin in this test, it
requires 18.2 kWh and in this test 12.4 kWh was taken from the grid. This means the PV system
heated the water with total 5.8 kWh. The heating element was on in the grid load peak in the
morning, but due to some PV production the power taken from grid was reduced from 1950 W to
1500 W. The water was also heated during the day from the produced PV power to reduce the
amount of power needed in the evening. In the second day, the temperature was heated from 65 °C
to 90 °C only with the PV production. To increase the water temperature with 25 °C, which the PV
power did, 5.6 kWh is required. This means the grid load will be reduced with the same amount of
power.
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The fifth test lasted for 16 hours were the temperature started at 31 °C. In this test the heating
element started on with an average power taken from the grid at 1250 W in the morning grid peak
period. It was also turned on in the evening where all the power was taken from the grid. Total 5.3
kWh was taken from the grid. The tank was emptied for a total of 74 litres in this test which requires
4.5 kWh to heat up to 60 °C. Considering the water started at 31 °C, it also had to heat 194 litres to
60 °C which requires 4.5 kWh.

The sixth test lasted for 24 hours and total 7.8 kWh was taken from the grid. The tank was emptied
for 190 litres, which require 11.6 kWh to heat from 7 to 60 °C. Here the grid peak in the morning was
avoided as the starting temperature was high and due to PV production when the temperature was
low, an average of 1180 W was taken from the grid. When there were 11 small valve openings in the
day, the water was supplied only by produced PV power. In the evening the grid was needed due to
low temperature and since there was no PV production all the power was taken from the grid.

The seventh test lasted for 45 hours, and before the test started some improvements were done in
labview. Since the PV production varies from each day and even with good production much power is
taken from grid, a constrain is made for the heating element. In grid load peaks, the heating element
is only running for half power, regardless of the temperature. This reduce the power taken from grid
to between 50-975 W depending on the self-produced PV power. During the test, 8.8 kWh is stored
as hot water, and the power taken from grid is reduced to half in grid load peaks.

The average power used in a household is between 2400 and 3500 W. By reducing the power taken
from grid to between 975 and 50 W in grid peaks, like in test 7, the average consumption will be
reduced to between 1600 and 2525 W and the grid load will be more even. The grid load can be
reduced with minimum (975/3500) W = 27.9% and maximum (1900/3500) W = 54.3% in grid peaks
with this setup in labview.

6.2 Reflections
One way to avoid the grid load peaks, is to install more PV power. If the production is 500 W in grid
load peak, like in some of the tests, it would need 4 times more installed PV power to avoid taking
power from the grid. A system with 4 kW installed could possible deliver all the power needed for a
hot water tank in the load grid period in the morning. Nevertheless, it will have high production in
the middle of the day which will force this system to deliver power to the grid. For a normal house,
this power will be used in other appliance, still, some of the power may be delivered back to the grid
based on energy consumption in the household. Another way to increase the power produced in the
morning and the evening, and have a smoother production, could be to turn the panels east-west
instead of south.

The grid load profile for an average household varies from 2400 to 3500 W. From research, the

DHWH uses 15-20% of the total energy, and the water consumption is high in grid peak periods. The
DHWH is affecting the grid peaks and is one of the reasons the grid load is peaking in morning and
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evening. By reducing the heating element power in peaks and rather heat the water during night and
with self-produced energy during the day, it would be a smoother consumption during a day.

The hot water tank is available in different sizes, 115 litres with 1.95 kW, 194 litres with 1.95 kW or 3
kW, and 285 litres with 3kW. The tank with 115 litres with 1.95 kW would heat the water up faster as
the volume is lower, and the power could be reduced in grid peak periods for this water tank. With
the tank which has 3 kW and 194 litres, the power could be reduced to 1.95 kW in grid peak periods
as for the other model with 1.95 kW max. The model with 285 litres has a bigger volume and
therefore needs more power to heat the water up with same amount of time.

There are many sensors and controllers installed in this system, which means there is many potential
errors. The first one is the temperature sensor. The whole system is based on this value. Since the
water has different temperature at different places inside the tank, the sensor is installed where the
water is coldest. When the inlet water reaches the Tmin, the heating element is turned off. Still there
is some increase in the temperature because the hot water will mix with the cold. The water is
entering with around 7 °C and mixed with the water which can be up to 95 °C. At the same time, it is
heated and then there will be some inaccuracies. Because the sensor is installed in the bottom of the
tank, the water is heated up more than needed, but it is done to be sure there will be no bacteria and
it will not affect the end user.

The thyristor installed are controlled from 0-10V. The margin is 3% which means it can deliver power
up to 29.5 W more or less than it should. It also uses 2 W and together with the precision the heating
element will be less efficient than without a thyristor controller.

In the tank there are installed temperature sensors and other sensors for previously tasks. This
occurs to heat loss and is making the tank less efficient. The efficient was measured to be 4.32 kW
which is high.

The valve openings are based on water profiles where mostly of the water are used in the morning
and the evening which can be different for households. For more accurate profile this should be
measured in some houses over longer time.

The grid load profile is taken from Norcool which controls the energy price and has statistics over
energy consumption. This profile is accurate for average consumption but can be different for
households. It is also based on consumption from hour to hour and for more detailed test it should
change for each second. These values are taken from January in Agder. It will vary from month to
month as most of the power goes to heating, the energy consumption is higher in the winter
compared to the summer because of the outside temperature in the summer.
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7. Conclusion

In this thesis, a domestic hot water heater was built with sensors and controls to simulate tests
similar to a household. The main focus was to obtain reduction on demand side power peaks without
affecting the end user. The domestic hot water heater should store as much of the produced energy
as possible rather than deliver the energy back to the grid. The energy is stored as hot water. A
domestic hot water is installed on almost every household and uses 15-20% of the total energy. By
controlling when the heating element is turned on and heating the water during daytime with
produced renewable energy, the demand side power peaks can be reduced.

From previous research thesis the domestic hot water heater is turned on and off based on grid
power peaks. It was also turned on in periods when there was PV production, to reduce some of the
demand side energy needed. By installing new controls, the labview system could be redesigned and
utilize all the produced PV energy. During the daytime when the PV production is high and water
consumption is low, all the energy is stored until the evening when the water consumption is higher.
Since the water consumption also is high early in the morning when there are poor PV productions,
the temperature in the tank is raised during the night when demand side power peaks are low.

In the first test, the system was running without the thyristor controller. Here it is shown how the
heating element is turned on outside demand side power peaks and the temperature is raising. After
this test the PV production was logged over a week while the thyristor controller was installed. The
PV production was higher than expected and shows is a huge potential. With the thyristor controller
installed, the water was heated over a day only with the produced energy. The water was heated to
almost 60 °C which means it stored 8.9 kWh as hot water. The three following tests have different
water profiles, PV production and duration time. It is discharging the tank for the same amount of
water as an average household. The results in test 4,5 and 6 shows the demand side power peaks are
reduced, but as there is only 1 kW installed PV power the demand side is still needed to heat up
some of the water. As the temperature is raising during the night, the time interval for the heating
element in the morning is shorter. There is also some PV production which reduce the demand side
power needed. During the day the temperature is raising which makes the time interval for the
heating element in the evening shorter.

With some improvements before test 7 was running, the power taken from grid in peaks was
reduced to between 50-975 W depending on the PV production, which are less than half compared
to test 1 before the thyristor was installed. When the PV production was at its highest, the grid load
was reduced with 1900 W in peak period. The grid was reduced with 27.9 to 54.3 % power in gird
peaks depending on the self-produced PV power and compared to the average grid power of 3500
W. Total 8.8 kWh was stored as hot water in this test.

As the prices will change with the demand side power in the future, this will benefit customers as
much as grid operators. As there is still unknown how the prices will change, this thesis assumes they
will follow the energy consumption profile. The controller is designed and can be implemented in a
household for further tests and more accurate water- and energy consumption profile. With the
labview, PV system and sensors/controls it is possible the reduce the demand side energy.
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8. Further work

The physical model is built together with the labview model. Because of some parts needed to be
ordered and installed in the system, and a new labview model needed to be designed, the testing
started in April. Each test normally lasted for at least 1 day, and due to short time, there were only 7
tests done. Below there are some suggestion for improvement of the system.

- Asensor for valve opening and heating element could be installed in a household to compare
the lab tests with a real water and electricity consumption.

- The whole system could be implemented in a household.

- Better water consumption profile and measuring for an actual house.

- The labview program could be changed to use real time and date for more accurate tests.

- There were some issues with the PV wifi connection, which turned the thyristor controller off.
Wire connection instead of wifi would make it more accurate.

- The DAQ module connected to the thyristor could be changed and controlled with 4-20mA.

- Try the system with another domestic hot water heater as there are many different variants.

- In some tests the computer had problems logging all the values. The logging can be changed
to log fewer values.

- Install more PV panels to increase production.

- The system can be tested over one year to look at the differences in the spring, summer,
autumn and winter.
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10.Appendices

10.1 PV panels
Figure 55 shows the label of the PV panel. The panels are 250W, polycrystalline technology.

Figure 55 PV panels lable.

10.2 Matlab script
Below the matlab script is shown. There are some differences from the tests and for which results is
being handled.

clear
close
clc

%load PV log

load PV_log.lvm
PV_time=(1/3600/24)*PV_log(:,1);
PV=PV_log(:,3);

%load Thyristor log

load Thyristor_log.lvm
Thyristor_time=(1/3600/24)*Thyristor_log(:,1);
Thryistor=Thyristor_log(:,3);

%load Heatingelement log
load Heatingelement_log.lvm
Heatingelement_time=(1/3600/24)*Heatingelement_log(:,1);
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Heatingelement=Heatingelement_log(:,3);

%load Temperature log

load Temp_log.lvm
Temp_time=(1/3600/24)*Temp_log(:,1);
Temp = Temp_log(:,3);

%load Valve log

load Valve_log.lvm

Valve_time= (1/3600/24)*Valve_log(:,1);
Valve = 10*Valve_log(:,3);

%load json log

load json_log.lvm

Json_time= (1/3600/24)*json_log(:,1);
Json=json_log(:,3);

%load grid price

load price.lvm
price_time= price(:,1);
price= (2.4/10)*price(:,3);

%plotting
plot(Thyristor_time, Thryistor)
hold off
plot(Heatingelement_time,Heatingelement)
hold off

plot(PV_time,PV)

hold off
plot(Valve_time,Valve)

hold off
plot(Temp_time, Temp)

hold off

plot(Json_time,Json)

hold off

plot(price_time,price)
hold on
plot(water_time,water)
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10.3 Labview setup
In figure 56, an overview of the labview program is shown. There is not possible to zoom in the
program, so all pictures are grouped together. The main controls and sensors are temperature
sensor, valve control, thyristor, AMS info and PV production info.

i
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In figure 57, it is shown how the PV information-, AMS information- and temperature information are
sampled. The PV information is logged, and it is also connected to the thyristor for controls. A DAQ
assistant is used to sample the temperature data and are also sending it to the thyristor for controls.
The AMS is only for measuring load on the fuse and is not used in any logic.
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In figure 58, the valve control is shown. A DAQ assistant is used in labview and turned on/off to
discharge the tank for water. The valve is opened based on a water profile, and normally around 190
litres are emptied each day.
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Figure 58 Valve in labview.

In figure 59 the thyrstor controller are shown. It is activated based on PV production, water
temperature and a grid load profile. It is controlled between 0 to 1950 W and the input signals used
is0-10 V.
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Figure 59 Thyristor in labview.
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10.4 Installation of thyristor
Some pictures were taken during the installation of the thyristor controller and is shown in figure 60,
61 and 62. Figure 60 demonstrates the wires connected.

Figure 60 Thyristor during installation.

Figure 61 shows the indicators and where the connection for Thyrotool pro is placed.
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Figure 61 Thyristor with indicatiors.

Figure 61shows the DIP switches for the thyristor controller.
L%

Figure 62 Thyrsitor switches.
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10.5 PV potential
PV potential from PVGIS used to compare some of the PV production results in the thesis. This is for a
system of 1kW turned against south, installed at UiA, Jon Lilletuns Vei 9, 4879 Grimstad. The total
estimated energy production over a year is 1220 kWh. This is shown in figure 63.

Fixed system: inclination=35. orientation=0¢

Month E; | Ew | Hy | Hy

Jan 1.03| 31.9| 1.03 324
Feb 1.80| 304 184 513
Mar 377 117| 3098 123
Apr 468 140| 309 153
May 538 167| 6.04| 187
Jun 363 169| 644 193
Jul 529 164| 610 189
Aug 476 148 343 168
Sep 336 101| 374 112
Ot 215 668 231 T1.7
Nov 1.17| 35 122 363
Dec 084 261 086 266
Yearly average 333 101| 368 112
Total for year 1220 1340

Figure 63 PV potential from PVGIS [13].

10.6 Valve measurements
To measure how much water is removed when the valve is opened, the time was taken while the
valve was opened. At first the valve was closed when 5 litres where emptied of the tank, and after
the test was done again, but for 10 litres. The results are shown in the table 10. The average
discharge of water is 0.33 litres/second.

Table 10 Water discharge in the tank.

Valve opened until 5 liters are removed

Test1 15.19s
Test 2 15.29s
Test 3 14.99 s
Test4 15.08 s
Test5 15.18 s

Valve opened until 10 litres are removed

Test 6 30,01s
Test7 30.40s
Test 8 30,36
Test 9 30,42 s
Test 10 30,30s
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10.7 PV system installation
As PV systems are more common, the prices have also decreased a lot over the last few years.
Solcellespesialisten are installing complete PV system for households on existing roofs. For a
complete system which consists of 12 panels, inverter, mounting system and installation the total
price is 56900,- NOK. The support from Enova is 14125,- NOK which makes the total price after Enova
42775,- NOK [41].

A PV system with 3.3 kW installed will produce 3696 kWh yearly according to PVGIS. With the
electricity price of 1.19 NOK/kWh and 3696 kWh produced yearly, this will be a saving of 4398 NOK
yearly. With the total price of the PV system, it will take 9.7 years before it is produced energy worth
as much as the PV system. This is assumed all the energy is used in the house and not delivered back,
and a constant price.
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